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A B S T R A C T   

Surface texturing is widely investigated for the modulation of the surface properties and biological response of 
implantable materials. Laser is a green technology for the obtainment of specific patterns without the employ
ment of toxic chemicals. In the present research, a picosecond laser treatment was applied to commercially pure 
titanium and Ti6Al4V alloy for the obtainment of aligned grooves characterized by micrometric width and 
spacing but submicrometric depth to promote fibroblast alignment and discourage bacterial adhesion. Surface 
topography and roughness of laser-textured surfaces were characterized using confocal microscopy, contact 
profiler, and Scanning Electron Microscopy. Zeta potential titration curves and contact angle measurements were 
used for the investigation of surface charge and wettability, while X-Ray Diffraction was employed for crystal
lographic characterization. Finally, the biological response (fibroblast adhesion and alignment and bacterial 
adhesion) was assessed. Similar results were obtained on commercially pure Ti and Ti6Al4V. Grooves with the 
designed features were obtained (about 15 μm spaced and 0.2μ deep) and the treated surfaces had a complex 
micro- and nano-scale morphology which reduced wettability. No evident chemical modification occurred. The 
treated surfaces were biocompatible and grooves had a contact guidance effect on human fibroblasts. The ob
tained topography had anti-adhesive action on bacteria (Staphylococcus aureus).   

1. Introduction 

Laser is widely employed in the additive manufacturing of titanium 
and its alloy for medical applications [1,2] and for the localized treat
ment of peri-implantitis [3,4]. However, it is gaining increasing interest 
also for the surface texturing of titanium for obtaining different patterns 
(e.g. pits, grooves, pillars), roughness, and chemical compositions using 
different laser-based techniques (e.g. laser ablation, laser-induced peri
odic surface structures - LIPSSs, laser melting, direct laser interference 
patterning – DLIP, matrix-assisted pulsed evaporation - MAPLE). One of 
the great advantages of laser-based techniques is the absence of any 
surface contact and contamination [5–7]. Moreover, laser is an envi
ronmentally friendly technique that does not involve the use of toxic 
chemicals, it is free from byproducts, and it is characterized by short 
processing times and reasonable costs [5–7]. Various lasers, such as 
neodymium-doped yttrium aluminum garnet (Nd:YAG), copper–vapor, 
Nd:glass (silicate or phosphate glasses), the diode laser, 

ytterbium-doped laser, and excimer laser, have been used for titanium 
surface texturing considering impulse applications (with pulse widths of 
microseconds, nanoseconds, picoseconds, or femtoseconds) or working 
with a continuous wave [5–7]. Numerous parameters can be varied in 
laser texturing processes (e.g. focal position, power, number of pulses, 
energy density – fluency, number of scans, and scanning speed) making 
it possible to obtain a large variety of surface features [5]. 

The surface modification of titanium and its alloy is widely investi
gated in the development of dental implants for supporting the growth 
of both bone [8,9] and soft tissue [10,11], for successful tissue inte
gration and gum sealing. Parallelly, surface modification can help in 
reducing the risk of bacterial contamination, which is a significant 
problem in dental implantology [12]. 

Laser surface modifications of titanium and titanium alloys have 
been used for the obtainment of bioactive surfaces (able to induce cal
cium phosphates precipitation in vitro) [13], to improve protein ab
sorption [14], osteoblast adhesion [15,16], and fibroblasts orientation 
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[13,17]. A certain ability to reduce bacterial adhesion has also been 
observed on laser-textured titanium surfaces [17,18]. A significant in
terest in laser surface texturing has been demonstrated also by dental 
implant producers, as confirmed by commercial dental implants with 
laser-treated surfaces aimed at improved bone [19,20] or soft tissue [21] 
attachment. A reduction of bacterial adhesion on laser-treated dental 
implants has also been reported [19]. 

In the present research, a picosecond laser treatment was used to 
obtain oriented grooves and multiscale texture (micro- and nano-scale) 
on commercially pure (Ti-cp, grade 2) and Ti6Al4V alloy to improve 
gingival fibroblasts adhesion and orientation. The main innovation of 
the present work is related to the combination of groove topography 
(able to guide cell orientation) and micro/nano features able to support 
cell adhesion and avoid bacterial one. This combination is possible by a 
proper design of structures’ dimensions. In fact, differently from the 
research works reported in the literature and from commercial laser 
modified dental implants, the obtained grooves were characterized by 
micrometric (15–20 μm) width and spacing but submicrometric depth, 
making possible the maintenance of an average surface roughness (Ra) 
lower than 0.2 μm. This is of particular interest for a surface with a low 
risk of bacterial contamination because it is the threshold, reported in 
the literature, not to increase bacterial adhesion [22–24]. Moreover, the 
topography of these grooves is characterized by nanofeatures able to 
affect cell and bacterial behavior. The eventual effect of the nano-scale 
topography on reducing bacterial contamination was also investigated. 

2. Materials and methods 

2.1. Samples preparation 

Square samples (1 × 1 cm), 1 mm thick, were cut from a sheet of 
commercially pure titanium grade 2 (ASTM B265-13A, annealed, Tita
nium Consulting and Trading) or Ti6Al4V (grade 5, ASTM B265, annea 
led, Titanium Consulting and Trading). Samples were mechanically 
polished with SiC abrasive papers up to 4000 grit and then washed once 
in ethanol for 5 min and twice in ultrapure water for 10 min in an ul
trasonic bath. Mechanically polished samples will be designed as Ti-cp - 
MP and Ti6Al4V – MP from now on. 

2.2. Laser surface texturing 

A picosecond 100 W IR (infrared) laser system (HyperRapid NX 
model, Coherent, Germany) with a Galvo scanner head was used for the 
surface texturing of Ti-cp and Ti6Al4V samples. 

Texturing was performed in air with a frequency of 500 kHz, a 
selected power of 20 W and a scanning speed of 1000 mm/s as optimized 
parameters for the obtainment of the desired grooves on Ti-cp and 
Ti6Al4V. 

Laser-treated samples will be designed as Ti-cp - L and Ti6Al4V – L 
from now on. 

2.3. Physical and chemical surface characterization 

Surface topography and roughness were investigated using confocal 
microscopy (Zeiss LSM 900, Oberkochen, Germany, 20×/ 
0.95×objective and 10× further magnification from camera) and con
tact profilometry (Intra Touch, Taylor Hobson, Leicester, United 
Kingdom). A representative area per each type of sample was observed 
by confocal microscopy. At least 3 line profiles were measured, for each 
sample type, by contact profilometry. Roughness parameters were ob
tained according to the ISO4287 standard using the instrument software 
(TailyMap). Data have been analyzed by means of one-way ANOVA, 
with a significance level p < 0.05. 

Surface morphological features, such as micro-grooves and nano
texture, were observed using Scanning Electron Microscopy (SEM, 
JEOL, JCM 6000 plus) and Field Emission Scanning Electron Microscopy 

(FESEM – SUPRA™ 40, Zeiss) respectively, both equipped with Energy 
Dispersive Spectroscopy (EDS) for chemical semi-quantitative analyses. 
SEM was sufficient for imaging up to 10000×, useful for the detection of 
grooves and micrometric features, while FESEM was necessary for the 
proper investigation of nanometric features. 

The crystalline structure was studied through X-Ray Diffraction 
(XRD) in Bragg-Brentano configuration (XRD – PANalytical X’Pert Pro 
PW 3040160 Philips, Malvern Panalytical, Egham, United Kingdom) and 
the patterns were analyzed by XPERT High Score software. 

Surface wettability was investigated through static contact angle 
measurements (DSA-100, KRÜSS GmbH, Hamburg, Germany) using 
ultrapure water as a wetting fluid. A drop of ultrapure water (5 μl) was 
deposited on the surface of the sample and the contact angle with the 
surface was measured by the instrument software (DropShape Analysis). 
At least 3 measurements for each surface type were acquired. 

The zeta potential in the function of pH was measured through an 
electrokinetic analyzer (SurPASS, Anton Paar) equipped with an 
adjustable gap cell. A solution of 0.001 M KCl was used as an electrolyte 
and its pH was adjusted by the addition of 0.05 M HCl for acid titration 
and 0.05 M NaOH for basic titration through the instrument’s automatic 
titration unit. The same set of samples was used for basic and acid ti
trations, running the basic one first, followed by copious rinsing, and 
finally by the acid titration. 

2.4. Biological characterizations 

2.4.1. In vitro cytocompatibility evaluation 

2.4.1.1. Cells cultivation. Human fibroblasts were used to assay speci
mens’ cytocompatibility. Cells were purchased from the American Type 
Culture Collection (ATCC, VA, USA, CRL-4061) and cultivated using the 
alpha-modified minimal essential medium (α-MEM, from Sigma- 
Aldrich, Milan, Italy) supplemented with 10% fetal bovine serum 
(FBS, Lonza, Milan, Italy) and 1% antibiotics (penicillin/streptomycin) 
at 37 ◦C, 5% CO2. When cells reached 80–90% confluence, they were 
detached by trypsin/EDTA solution, collected, and used for experiments. 

2.4.1.2. Direct cytocompatibility. Specimens were heat sterilized at 
180 ◦C for 1 h in a dry oven before biological tests. Sterile specimens 
were gently seeded to a new 12-multiwell plate by sterile tweezers 
avoiding any surface damage. Then, a defined number of cells (1 × 104 

cells/specimens) were dropwise (100 μl) seeded directly onto the spec
imens’ surface and allowed to adhere for 2 h at 37 ◦C, 5% CO2. After
ward, each well was rinsed with 1 ml of fresh medium, and the cells were 
cultivated for 24-48-72 h. At each time-point, specimens were first 
moved to a new multiwell plate, and then cell viability was verified 
using metabolic activity by the metabolic colorimetric Alamar blue 
assay (alamarBlue®, ThermoFisher, Waltham, MA, USA) following the 
manufacturer’s instructions. Briefly, at each time-point, supernatants 
were removed from each well-containing cell and replaced with Alamar 
blue solution (10% v/v in fresh medium). Plates were incubated in the 
dark for 4 h and then 100 μl were removed, spotted into a new black 96- 
well plate and fluorescence signals were evaluated with a spectropho
tometer (Spark, from Tecan Trading AG, Switzerland) using the 
following set-up: fluorescence excitation wavelength 570 nm, fluores
cence emission reading 590 nm. As a control, the Alamar solution in 
contact with test materials solely (intended as cells-free) was applied 
and compared with the fluorescence of the same solution to exclude any 
reading background due to the reactive groups on the surface. Results 
were expressed as relative fluorescence units (RFU). 

2.4.1.3. Morphological analysis. After 72 h in culture, the morphology 
of seeded cells was visually checked by Fluorescent Imaging (IF) and 
SEM. For IF staining, cells were fixed at room temperature by Immunofix 
solution (Bio Optica, Milan, Italy) for 15min; then, they were washed 3 
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times with phalloidin (ab176759, AbCam, Cambridge, UK) and 4′,6- 
diamidino-2-phenylindole (DAPI, Sigma-Aldrich, Milan, Italy) to visu
alize cytoskeleton f-actin filaments and nuclei, respectively. 

For SEM imaging, specimens were fixed overnight in 4% glutaral
dehyde (from Sigma-Aldrich, Milan, Italy, 4 ◦C, diluted in cacodylate 
buffer) and then dehydrated by the alcohol scale (50-70-90-100%, 1 h 
each). Then, samples were treated in hexamethyldisilazane (Sigma- 
Aldrich, Milan, Italy) for 20 min at room temperature, mounted onto 
aluminum stubs with conductive carbon tape to undergo surface 
metallization through a gold layer, and observed with a JSM-IT500 SEM 
using secondary electrons (from Jeol S.P.A., Basiglio, Italy). 

2.4.2. In vitro antibacterial activity 

2.4.2.1. Strain growth conditions. Specimens’ antibacterial or anti
fouling properties were tested against the pathogen, strong biofilm 
former, and multi-drug resistant strains Staphylococcus aureus (S. aureus, 
ATCC 43300). Bacteria were cultivated in Trypticase Soy Agar plates 
(TSA, Sigma-Aldrich, Milan, Italy) at 37 ◦C until round single colonies 
were formed; then, 2–3 colonies were collected and spotted into 30 ml of 
Luria Bertani broth (LB, Sigma-Aldrich, Milan, Italy). Broth cultures 
were incubated overnight at 37 ◦C in agitation (120 rpm in an orbital 
shaker), then they were diluted with fresh medium till a final optical 
density of 0.001 at 600 nm was reached corresponding to a final number 
of 1 × 105 cells/ml as previously described [25]. 

2.4.2.2. Antibacterial evaluation. Bacteria at the final concentration of 1 
× 105/specimen [26] representative for acute infection in bone-related 
models [27,28] were directly seeded onto the surface of the specimens 
and allowed growth for 90 min or 24 h at 37 ◦C in an incubator with 5% 

CO2 and 95% humidity allowing for biofilm formation [29]. Afterward, 
specimens were collected, carefully washed 3 times with sterile PBS to 
remove non-adherent cells, and seeded into a new plate. The number of 
viable colonies adhered to the specimens’ surface was determined by the 
colony-forming unit (CFU) count; specimens were moved to tubes con
taining 1 ml of PBS, and the biofilm was detached from specimens by 
sonicator and vortex (30 s, 3 times each). Then, 100 μL of supernatant 
were collected from each tube and used to perform six serial 10-fold 
dilutions, by mixing 20 μL of bacterial suspension with 180 μL of ster
ile PBS. Twenty microliters (1/10 of the 200 μl contained in each well 
after the dilution) were then collected from each dilution, spotted onto 
plates containing LB agar medium, and incubated for 24 h at 37 ◦C. 
Lastly, the CFU/ml were counted as previously detailed by the Authors 
[30]. 

Finally, the morphology and the biofilm-like 3D structures of the 
adhered bacteria were investigated by SEM as previously described. 

2.4.3. Statistical analysis of data 
Biological assays were performed in triplicate. Groups were 

compared by the one-way ANOVA using Tukey’s test as a post-hoc 
analysis. Significant differences were established at p < 0.05. 

3. Results and discussion 

3.1. Physical-chemical characterization 

Topographical images obtained using confocal microscopy and 
roughness parameters measured by contract profilometry on the treated 
surfaces (Ti-cp-L and Ti6Al4V-L) are shown in Fig. 1. As a reference, the 
images and the values obtained by contact profilometry on smooth 

Fig. 1. Topographical images obtained by confocal microscopy of (a) Ti-cp – MP (200× mag.) (b) Ti6Al4V – MP (200× mag.), c) Ti-cp – L (200× mag.) and d) 
Ti6Al4V – L (200× mag.). (e) Roughness parameters obtained by contact profilometry. 
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(mechanically polished) surfaces are also reported (Ti-cp-MP and 
Ti6Al4V-MP). 

Aligned grooves with a few tens of microns spacing were clearly 
visible on both surfaces confirming the effectiveness of laser texturing. 

As expected, the mean roughness (Ra) was very low on Ti-cp-MP and 
Ti64-MP (0.037–0.052 μm) and higher, ≈0.2 μm, for Ti-cp-L and 
Ti6Al4V-L. The difference between the Ra values of MP and corre
sponding L sample was statistically significant (p < 0.05). This was the 
first indication that the produced surfaces were in line with the initial 
design: roughness was lower than the threshold (0.2 μm) reported in the 
literature for not increasing bacterial adhesion [22–24]. Even if Ra is a 
widely used reference value, several topographical parameters are 
needed to describe in detail a surface [26]. Rz values are sensitive to the 
highest peaks and lowest valleys [31] and an increase in these values 
was observable after laser texturing due to the appearance of grooves 
and holes typical of laser treatments. Also the difference between the Rq 
values of MP and corresponding L sample was statistically significant (p 
< 0.05). Skewness (Rsk) describes the symmetry of the profiles around 
the mean line [31], in particular, negative values are measured on sur
faces characterized more by valleys than by asperities, while positive 
values are representative of surfaces with the opposite [31]. Mechani
cally polished and laser-textured surfaces typically show negative 
skewness values because they come from subtractive treatments. The 
experimental values obtained on Ti-cp-L and Ti6Al4V-L were negative, 
as expected. Finally, kurtosis (Rku) describes the distribution of peaks 
and valleys in height (a measure of the peakedness of the profile). Values 
higher than 3 indicate the presence of sharp surface features (many 
peaks and/or valleys with pointed morphology), while values lower 
than 3 indicate a surface with negligible presence of sharp peaks and 
deep valleys and a more smoothed morphology of surface features. 
Values close to 3 indicate a Gaussian distribution in the height of peaks 
and valleys [31]. Except for Ti-cp – MP, the measured Rku values are 
close to 3. This can be explained by the low hardness of Ti-cp which was 
deeply engraved during the polishing procedure. In fact, the high values 
of Rsk and Sku for this surface can be explained its low surface hardness 
and the unavoidable presence of polishing defects. On the other hand, 
the here optimized laser surface texturing is able to produce surfaces 
with sub-micrometric oriented grooves without sharp peaks and deep 
valley and with a smoothed morphology, which is not so common for 
laser textured titanium alloys [32]. In conclusion, a texture with a 
negative asymmetry (Rsk) and Gaussian peak distribution in height 
(Rku) can be beneficial for cell adhesion, as it was on Ti-cp-L and 
Ti6Al4V-L, while sharp asperities could discourage cell adhesion [7–11]. 

The surface morphology of the treated surfaces (Ti-cp-MP and 
Ti6Al4V-L) is shown, by SEM/FESEM images at different 

magnifications, in Fig. 2. 
At low magnification (400×, Fig. 2a–e) grooves about 15 μm spaced 

are visible on Ti-cp-L and Ti6Al4V-L. Due to their limited depth (≈0.2 
μm, as estimated from roughness measurements - Fig. 1c), dashed half 
lines have been introduced to facilitate their detection on the image. The 
low depth of these grooves is one of their main difference from laser 
surface textures actually employed in biomedical applications. 
Increasing the magnification at 1000× (Fig. 2b–f) a periodic structure of 
a few microns is evident on both laser-treated surfaces. The main width 
of these structures (see arrows in Fig. 2 c and g) is between 0.75 and 
1.70 μm. At higher magnifications (10000× and 100000× Fig. 2c, d, g, 
and h) globule-like nanofeatures (50–200 nm) are visible on the 
micrometric periodic structures. In conclusion, the designed grooves 
were obtained and the treated surfaces have a complex morphology with 
features at the micro-and nano-scales. 

XRD spectra of commercially pure Titanium and Ti6Al4V alloy 
before and after laser texturing are reported in Supplementary Fig. S1. 
All the peaks can be assigned to alpha titanium (reference pattern 00- 
044-1294). As previously observed by the authors [33], peaks of beta 
titanium are usually evident for Ti6Al4V alloy only after bulk thermal 
treatments. Laser texturing induces a local surface heating which does 
not affect the bulk material structure nor in terms of beta titanium for
mation nor in terms of deep oxidation, only a thin surface oxidation 
layer can be supposed, as described in the following. Moreover, no 
martensite formation can be observed on these specific laser-textured 
samples, differently from what often occurs on titanium surfaces 
treated by laser or electron beam [33,34]. 

The contact angle of ultrapure water on mechanically polished sur
faces was 60.3 ± 8.0◦ for Ti-cp and 72.4 ± 1.8◦ for Ti6Al4V, in line with 
the values reported in the literature for the same materials [35,36]. After 
laser texturing an increase of the contact angle can be registered on both 
surfaces, in fact, values of 70.33◦ ± 7.5◦ and 84.76◦ ± 2.2◦ have been 
measured on Ti-cp – L and Ti6Al4V – L, respectively. A discussion of 
these values is reported later considering the measured zeta potential 
titration curves, too. 

Zeta potential titration curves of commercially pure titanium and 
Ti6Al4V alloy before and after laser texturing are reported in Fig. 3. 
These curves gave information about the isoelectric point, chemical 
reactivity of surface functional groups, and wettability. Moreover, the 
standard deviation of the measurement gives indication about surface 
stability at the tested pHs [37]. 

The isoelectric points of Ti-cp - MP and Ti6Al4V - MP were 4.09 and 
3.68, in line with the values reported in the literature [38,39] for sur
faces without specific functional groups with acidic/basic behavior 
[40]. After laser texturing, a moderate shift toward more basic values 

Fig. 2. SEM/FESEM images of Ti-cp – L surface (a–d), SEM/FESEM images of Ti6Al4V – L surface (e–h).  
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(4.55 for Ti-cp – L and 4.71 for Ti6Al4V – L) was observed: the formation 
of an oxide layer with a slight prevalence of basic OH groups can be 
supposed. The laser texturing is performed in air and induce a local 
increase of the temperature, in these conditions a certain surface 
oxidation is expected and confirmed by surface coloring typical of tita
nium oxides. All the surfaces are expected to be negatively charged at 
physiological pH. On the other hand, the laser-textured surfaces had a 
slight positive charge at inflammatory pH (4–5), differently from the 
mechanically polished ones. Two small plateaux, one in the acidic range, 
with an onset close to 3, and one in the basic range, with an onset at 8.5 
can be observed. They can be associated with the formation after laser 
texturing of an oxide layer with OH groups with respectively low basic 
or acid strength, completely protonated/deprotonated only at very 
high/low pHs. Considering the slope of the curve around the isoelectric 
point, which is correlated with surface wettability [40], it is not 
significantly altered after the treatment, suggesting that the increase in 
the contact angle observed in the wettability tests is mainly related to 
topographic factors and not to chemical ones. This means that no hy
drophobic species are introduced on the surface by the laser treatment, 
as expected. 

Looking at the standard deviations of the measurements it can be 
observed that they are very small, supporting a high stability of the 
surfaces in the tested pH range. 

3.2. Biological characterizations 

3.2.1. Cytocompatibility evaluation 
After the laser-assisted surface modification, the cytocompatibility of 

the developed materials was tested as the first biological property. As 
previously shown in Fig. 2 by FE-SEM imaging, the obtained surfaces’ 
topography resembles a well-oriented topography that can be hypoth
esized as influencing/guiding cells in the early adhesion phase. This 
contact-guidance effect can be of particular interest for implantable 
biomaterials such as dental abutments, where the success of the implant 
is strongly related to the mechanical stability of the device-gingiva 
sealing. In fact, the tight connection between cells and the device’s 
surface represents a key factor protecting the implant from harmful 
micro-oscillations by the extracellular matrix deposition [41]; more
over, a strong tissue-device connection can efficiently prevent bacterial 
adhesion and colonization, a devasting event that can bring to the 
implant failure if bacteria can move to the bone site where the screw 
supporting the abutment is surgically inserted a few months earlier [42]. 
Based on these premises, we selected to use human gingival fibroblasts 
(HFG) for the tests, as cells representative for the gingiva connecting to 
the abutment, and a focus was put on the Ti6Al4V substrate because it 
has large employment for abutments [43]. As a confirmation, such bulk 
surfaces can be considered as positive controls to rank the cyto
compatibility of the laser-modified ones because the metabolic activity 
of HFG cells cultivated onto their surfaces is comparable to that one 
reported by the same cells cultivated onto the gold-standard polystyrene 
as reported in the Supplementary Fig. S2. 

Results are reported in Fig. 4. In general, the laser surface treatment 
did not introduce any toxic elements or compounds as the metabolic 
activity of HGF cells cultivated onto laser-treated specimens (Ti6Al4V – 
L) was not significantly reduced in comparison to the bulk Ti6Al4V – MP 
at all the tested 24-48-72 h’ time-points (p > 0.05, Fig. 4 a). Accordingly, 
the viability of the surface-seeded cells was always >70% in comparison 
to the Ti6Al4V – MP that was considered as 100% viability as previously 
discussed (Figs. 4 b, 100% is represented by the dashed line). Finally, 
fluorescent images (Fig. 4 c) and SEM pictures (Fig. 4 d) collected after 
72 h of direct cultivation showed a comparable elongated fibroblast-like 
shape of the cells cultivated onto both the samples (cytoskeletons are 
stained in red by phalloidin) as well as the cells adapted to the modified 
topography thus well adhering onto the laser-modified surfaces, con
firming the data obtained through metabolic evaluation. To further 
confirm that the laser treatment can be considered a safe procedure, the 
Ti-cp substrate has been laser modified (Ti-cp – L) and compared to 
Ti6Al4V – L. Results are reported in Supplementary Fig. S3 and no sig
nificant differences were noticed between the two groups in terms of 
metabolic activity (Supplementary Fig. S3 a-b) and morphology by 
fluorescent (Supplementary Fig. S3c) and SEM (Supplementary Fig. S3d) 
images. In conclusion, the laser-treated titanium surfaces were 
confirmed as cytocompatible. It is interesting to note that the increased 
hydrophobicity, due to the multiscale topography, did not negatively 
impact cell adhesion as it usually occurs when it is related to surface 
chemistry and hydrophobic compounds. 

3.2.2. Cells’ alignment 
After verifying that the laser treatment did not introduce any toxic 

elements affecting cells’ viability in direct contact with specimens, we 
then focused on the ability of the introduced topography to provide a 
contact-guidance effect to the adhered cells. In general, the surface 
modification of implantable materials represents a promising strategy to 
improve the adhesion of the ingrowing tissue to the implant as reported 
by a large literature [44–46]. In this specific case, gingival fibroblasts 
were stimulated to colonize a new surface by an oriented topography 
resembling the alignment that they reach when they tightly attach to the 
abutment [45,47]. In this research, grooves highly oriented and aligned 
to each other in a parallel manner were obtained by laser surface 
treatment, thus resembling an ideal topography to drive gingival 

Fig. 3. Zeta potential titration curves of a) commercially pure titanium before 
and after laser texturing, b) Ti6Al4V before and after laser texturing. 
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fibroblast adhesion and alignment by contact guidance. Therefore, HGF 
morphology was visually checked by fluorescent imaging (cytoskeleton 
F-actin filaments marked in red by phalloidin and nuclei in blue by 
DAPI) and scanning electron microscopy (SEM) after 72 h of cultivation; 
results are reported in Fig. 5. 

As expected, HGF cells cultivated onto polished surfaces (Ti6Al4V – 
MP) reported a physiological elongated morphology resembling fibro
blasts, but their orientation was mostly random (Fig. 5 a, left panel). On 
the opposite, when the cells were cultivated on laser-treated surfaces 
(Ti6Al4V – L), an evident orientation was observed by fluorescent im
ages of different regions of the specimens (Fig. 5 a, right panel, the 
orientation is suggested by the white arrows). To clarify whether such 
orientation was due to the surface topography, SEM images were 
collected (Fig. 5b, upper and lower panels) and the hypothesis was 
confirmed by the evidence that the cells’ cytoskeleton spread was guided 
by the grooves. In fact, lower magnification images (upper panel) 
confirmed fluorescence ones suggesting for an oriented cells’ orienta
tion, but by the higher magnification SEM images (lower panel) it can be 
appreciated that such shape is directly driven by the grooves imposing a 
cytoskeleton arrangement following the surface topography. As previ
ously done for cytocompatibility, the contact guidance effect was veri
fied on the Ti-cp-L surface that was compared to Ti6Al4V-L. Results are 
reported in Supplementary Fig. S4, confirming that the same orientation 
was achieved for the Ti-cp-L specimens too, suggesting a wide exploi
tation of the laser to modify implantable metals’ surfaces. 

The contact-guidance effect does not represent a novelty, as it is well 
known that surface topography can influence cells’ orientation, but in 
this case, the suitability of the laser procedure was demonstrated. Laser- 
treatment of titanium allows to obtain instructive surfaces able to 
improve the gum adhesion around the abutment. The design of the 
grooves is of great relevance to get the contact guidance effect. The 
grooves’ geometry (spacing and depth) designed in this research and the 
obtained topography were successful in all the required steps: fibroblast 
adhesion, inter-cellular communication, and alignment. The obtained 

asymmetric, negative, and rounded topography was favorable to a good 
response from fibroblasts: cytocompatibility and cell alignment. 

3.2.3. Antibacterial efficacy 
Bacterial infections nowadays represent a major reason for implant 

failure due to their ability to fast colonize the surgical site and to resist 
the majority of the clinically-exploited antibiotics [48,49]. In dentistry, 
the teeth substitution by artificial implant requires typically a 2-step 
surgery: first, the screw is implanted into the bone and then, usually, 
after 3 months during which osteointegration occurs, a flap of the 
gingiva is surgically created to allow the abutment connection to the 
screw. In this second stage, a tight sealing between the gingiva and the 
abutment, immediately after surgery, plays a pivotal role and a physical 
hurdle for bacteria that are unable to move toward the bone compart
ment [50]. However, the complete sealing requires some days in which 
bacterial infection can occur. It would be very important that the 
abutment itself is able to prevent the adhesion of bacteria or their pro
liferation while closing the seal with the gum. In this view, micro- and 
nano-topographies- represent a promising approach since their partic
ular structures can prevent bacterial adhesion by reducing the 
anchorage sites as well as they can bring bacteria death due to the 
irreversible damage occurring to the membranes when bacteria try to 
adapt to the surface irregularities as reported also by the authors [26,34, 
51]. Here, the laser treatment was effective in producing irregular 
nanotopographies, therefore the adhesion of bacteria at an early stage 
(90 min) as well as their proliferation at a late time point (24 h) were 
tested in direct contact with the specimens: results are summarized in 
Fig. 6. 

In the early 90 min (90 min, adhesion step), a reduced number of 
bacteria was counted by the CFU assay onto the laser-modified surfaces 
Ti6Al4V - L in comparison to the polished Ti6Al4V – MP control (Fig. 6 
a). As expected, both counts were below the starting number of bacteria 
(1 × 105 bacteria/specimen) as the majority of them belong to the non- 
adherent planktonic part; however, the evidence that the presence of the 

Fig. 4. Cytocompatibility. (a) The metabolic activity of HGF cells cultivated onto laser-treated surfaces (Ti6Al4V – L) did not report any significant decrease in 
comparison to the control Ti6Al4V – MP (p > 0.05); (b) accordingly, the viability of the cells was between 70 and 99% if compared to the control considered as 100% 
(indicated by the dashed lines). (c) Fluorescent imaging demonstrated a comparable elongated morphology of the cells cultivated onto both substrates (cytoskeletons 
are stained in red and nuclei in blue), as well as (d) SEM images demonstrated that cells adapted to the nano-topography of the laser-treated surfaces. Bars represent 
means ± dev.st of 3 replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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grooves further reduced the number of adhered bacteria in comparison 
to the bulk MP specimens represents a confirmation that bacteria are less 
prone to adhere due to the lower number of anchorage points. More 
interestingly, a statistically significant difference in terms of viable 
bacteria colonizing surfaced was noticed by comparing Ti6Al4V – L with 
the control Ti6Al4V – MP (Fig. 6 a, p < 0.05 indicated by #) after 24 h of 
infection. In fact, the number of bacteria colonizing Ti6Al4V – MP 
increased by 19.3× in the time range between 90 min and 24 h, whereas 
on Ti6Al4V – L the starting number was increased by 3.8×. Such dif
ference was evident when SEM images were collected after 24 h (Fig. 6 
b), showing many bacteria growing randomly and forming multi- 
colonies aggregates homogeneously distributed on the surface of 
Ti6Al4V – MP (left panel). On the opposite, only a few random colonies 
were found on Ti6Al4V – L, mostly showing single colonies conforma
tion (right panel). SEM images was selected to show these aggregates 
derived from the ability of bacteria to proliferate without any impedi
ment, representing the bulk structure of the biofilm that was much more 
frequently observed on the surface of the Ti6Al4V – MP than to the 
Ti6Al4V – L ones as reported in the Supplementary Fig. S5. Finally, Ti-cp 
- L was tested for its antibacterial properties following the same scheme 
as Ti6Al4V – L to further confirm the suitability of the laser to modify 

implantable materials. Results are reported in Supplementary Fig. S6, 
showing comparable values (p > 0.05) between the two groups thus 
demonstrating the possibility of modifying different titanium surfaces 
with a laser to confer antibacterial properties. 

The ability of the nano-topography to prevent bacteria expansion 
into biofilm-like 3D aggregates was well discussed by Sorzabal-Bellido 
et al. [52]. They developed an algorithm defining that bacteria can 
grow/progress following precise 90-180-45◦ directions. According to 
this hypothesis, the topography obtained in this research represented a 
physical hurdle to the bacteria growth linear progression, thus pre
venting biofilm formation. First, the designed grooves had a geometry 
suitable to be not a niche for bacteria. Furthermore, the multiscale 
topography generated by the laser treatment was effective in behaving 
like a hurdle for bacteria and turned out as an interesting strategy for 
antibacterial implants with a reduced risk of colonization. 

The favorable anti-adhesive effect of textured surfaces has been 
previously hypothesized through numerical modeling evidencing that 
surface features smaller than bacterial cells can effectively prevent 
adhesion [53]. The presence of functional groups with a basic/acid 
chemical reactivity, with a small prevalence of the basic ones, could also 
play a minor role in the antibacterial effect introducing some positively 

Fig. 5. Cells’ alignment. (a-b, left panels) HGF cells cultivated onto untreated Ti6Al4V – MP control surfaces correctly adhered but following a random orientation; 
(a-b, right panels) on the opposite, cells seeded onto laser-modified Ti6Al4V – L surfaces were guided to an oriented conformation (suggested by the white arrows) 
as can be seen in the lower magnification images on the top panel due to the surfaces’ grooves influencing cytoskeletons’ arrangement as reported in the higher 
magnification images in the bottom panel of the SEM images. 
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charged groups on the surface. What is the main outcome is that the 
contact guidance effect on fibroblasts and the anti-adhesive effect on 
bacteria were coupled on the same surface in this research through laser 
texturing. 

4. Conclusions 

Picosecond laser treatment was successfully applied to commercially 
pure titanium and Ti6Al4V alloy for the obtainment of aligned grooves 
characterized by micrometric (15–20 μm) width and spacing but sub
micrometric depth (mean roughness not higher than 0.2 μm without 
significant asperities). Laser treatment induces additional specific micro 
and sub-micro features on the surface of the grooves, the result is a 
multi-scale topography of the metallic surface. 

Finally, biological characterizations confirmed that the grooves 
generated by the laser treatment did not induce any cytotoxic effect and 
they are not a niche for bacteria growth. The treated surfaces were able 
to guide adhering cells along their orientation by a mechanical contact- 
guide effect. Moreover, laser texturing was effective in reducing bacte
rial adhesion and proliferation thanks to a physical burden effect pre
venting their aggregation into biofilm-like structures. 
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