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A B S T R A C T   

Dental implant failure is primarily due to peri-implantitis, a consequence of bacterial penetration causing 
implant loosening. Beyond supporting the implant, the adhesion of gingival tissues to the surface is essential for 
its role as a physical barrier to bacteria. Surface nanotextures are widely known to affect wettability, protein 
adsorption, and cellular and/or bacterial adhesion. In this report, a femtosecond laser (fs-L) was used to design 
Laser-Induced Periodic Surface Structures (LIPSS) with Infra-Red (IR) or Green lasers on Ti6Al4V. Surface 
morphology, topography and wettability were characterized. Gingival fibroblasts adhesion was evaluated with 
sclerometer scratch tests and confirmed by ultrasonic bath cell detachment method. The fs-L texturing increases 
human gingival cells adhesion compared to polished surface. The adhesion of peri-implantitis associated bacteria 
was quantified. After 48 h of contact, IR LIPSS show antiadhesive properties for Porphyromonas gingivalis, 
whereas Green LIPSS, thanks to its smaller spatial period, have limited both Streptococcus mutans and Porphyr-
omonas gingivalis adhesion. Thus, LIPSS generated on Ti6Al4V surfaces, especially Green LIPSS, are identified as 
having double biological functionality: repellent for bacteria and adhesive for gingival tissues. This study proves 
that fs-L processing is an innovative tool with potential to enhance implant success paving the way towards dual 
functionality.   

1. Introduction 

Titanium and its alloys, such as Titanium-6Aluminum-4Vanadium 
(Ti6Al4V), have been used as the main biomaterial for dental implant 
devices due to its excellent physico-chemical properties and high 
biocompatibility with host tissues [1,2]. Osseointegrated dental im-
plants are safe and present high survival rates at about 90% and minimal 
marginal bone resorption in the 10 years following implantation [3]. 
Nevertheless, once exposed to the oral environment implants are subject 
to oral microbial adhesion and biofilm formation, resulting in peri- 
implantitis: one of the most important biological complications in 
recent implantology, that remains unsolved [4,5]. Peri-implantitis is a 

destructive inflammatory lesion that affects the surrounding soft and 
hard tissues with loss of supporting bone [3]. A recent review reports 
that peri-implantitis affects up to 47% of failed oral implants [6]. 

In transmucosal implants, bacterial infection leading to biofilm for-
mation is due to bacterial penetration through the soft tissues coming in 
contact with the implant surface. Indeed, the weak point of dental im-
plants is the passage of bacteria from the oral cavity into the bone tissues 
[7]. If there is an imperfect gingival adhesion to the implant surface, 
rapid infiltration of oral microbes is possible and may lead to gingival 
inflammation and recession, causing bone resorption and finally implant 
failure. Thus, the creation of a biological barrier with adhesive peri- 
implant soft tissues is a crucial point to avoid peri-implantitis and 
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preserve dental implants. Implants that can perform dual functions, 
appropriately named “duel” surfaces recently by Damiati [8], such as 
enhancing cell adhesion and activity, and reducing bacterial adhesion, 
would help to improve the outcomes of dental surgeries. These implants 
are of particular importance considering an ever increasing risk of 
infection as bacteria gain resistance to antibiotics [9]. 

Innovative surfaces have been developed based on the idea of 
modifying adhesion strength between bacterial or mammalian cells and 
a substrate, achieved by tailoring the surface nanostructures [10–12]. 
Amongst several surface treatments, ultrashort pulse lasers texturing has 
emerged as a powerful and versatile surface engineering process to limit 
biofilm formation on implant surfaces [13,14]. Surface topographic 
features may significantly modify the properties of surfaces that allow or 
limit cell and/or bacteria adhesion [15–17]. Femtosecond laser (fs-L) 
allows for the creation of diverse types of laser-induced surface nano-
structures, such as laser-induced periodic surface structures (LIPSS) with 
different periodicities [18,19]. The fs-L treatment is a highly valid 
innovative approach due to its simplicity which does not require clean 
room facilities and is possible to perform in air environments. Therefore, 
it is a suitable candidate for implementation in an industrial context of 
dental implants processing. 

Following surgery, gingival fibroblasts, the major cellular compo-
nent in the peri-implant connective tissue layer, start to proliferate, 
repopulate, and generate an extracellular matrix (fibronectin, collagen) 
at the transmucosal region that adheres on the implant surfaces. Thus, in 
this study, we evaluated the adhesion of a 3-week culture of human 
gingival fibroblasts with a large amount of extracellular matrix on 
nanotextured titanium. Two mechanical detachment evaluation devices 
were used: a sclerometer and an ultrasonic bath. 

The pathogenesis of periodontal inflammation begins with the 
colonization by pathogenic bacteria. According to Socransky [20], 
specific bacteria have niche locations of colonization within the oral 
cavity, and their characteristics are subdivided into primary and sec-
ondary colonizers. We have included Streptococcus mutans in our study 
because Streptococci are the dominating bacteria at peri-implant tissue 
interface within the first 48 h following implantation[21]; and Por-
phyromonas gingivalis, a secondary colonizer, for its strong association 
with peri-implantation pathologies, as a member of the red complex, 
responsible of implant failure [22,23]. 

Surface engineering-based approaches are being considered as a 
highly competitive alternative to obtain comparable performance for 
delivering adhesive and repellent factors more safely and efficiently. 
When we consider the upper part of a dental implant, we can assume 
that perfectly flat medical titanium is offering a fair defense to infection. 
Mirror polished titanium is known to offer a good resistance to bacterial 
biofilm formation and development, nevertheless this flat surface is not 
able to sustain 3D tissue adhesion. The adhesion of the gingival tissues to 
the implant surface is essential for its role as a physical barrier to bac-
teria. However, this seal is often obtained only by the physical adapta-
tion of the mucosa, rather than a biological attachment onto the implant 
surface [24,25]. One solution is to increase the roughness of the implant 
surface to increase surface area for cell adhesion. However, this 
roughness might also promote the adhesion of other cells such as mi-
crobial pathogens. Just like for eukaryotic cells, bacteria adhesion is 
enhanced on rough surfaces as opposed to polished ones. Therefore, a 
compromise must be found by increasing surface roughness to promote 
fibroblasts adhesion, but at a nanometer scale in order to limit bacterial 
attachment by reducing its contact area to the surface [26]. 

So, the aim of the present study is to evaluate the adhesion strength 
of a fibroblast cell layer on two different laser textured surfaces and 
investigate the initial bacterial adherence. Two types of LIPSS are pre-
sented in this study, nanostructures made with infra-red Laser (IR LIPSS) 
and nanostructures made with green Laser (Green LIPSS); both charac-
terized for topography (Sa; Sdr; Str; ripples density, period and depth) 
and wettability parameters. The novelty of this study is the evaluation of 
both human gingival fibroblast and peri-implantitis associated bacteria 

(S. mutans and P. gingivalis) on fs-L textured titanium surface. Moreover, 
this work allowed to identify dual-functionalized titanium by ultrafast 
laser texturing, to enhance human gingival fibroblasts adhesion and 
minimize bacterial colonization, which is of primary interest for dental 
implant applications. 

2. Material and methods 

Mirror polished titanium alloy samples of Ti6Al4V were purchased 
from Goodfellow (Huntingdon, UK). The Ti6Al4V samples were 
dimensioned in squares with a surface area measuring 1 cm2, and a 
thickness of 1 mm by the supplier prior to the shipment. 

2.1. Femtosecond laser irradiation 

Titanium samples were textured using a Tangor HP fs-L from 
Amplitude Systems (France) and a Galvo scanner (Scanlab, Germany) at 
GIE Manutech-USD platform. The fs-L used emits at a central wave-
length of 1030 nm and a pulse duration of around ~400 fs. The laser 
beam was linearly polarized. All the samples were placed on 3D-XYZ 
translation stages from Aerotech (Bavaria, Germany). Scanlab GmbH’s 
intelliSCAN 14 scanner was finally associated with 2 different f-theta 
lenses of 88 mm and 100 mm depending on the wavelength used. IR 
LIPSS were generated on titanium alloy surfaces at 1030 nm wavelength 
using a 100 mm f-theta lens. The second harmonic generation of the 
Tangor laser, i.e. 515 nm green wavelength, was achieved through a set 
of non-linear crystals and used to create Green LIPSS on titanium surface 
samples with a 88 mm f-theta to focus the beam on the sample. Laser 
parameters used are detailed in Table 1. 

The peak fluence is defined as: Fpeak = 2 E/(π ω0
2), where E is the 

pulse energy and ω0 is the radius of the focused beam. The full surface of 
the titanium samples was covered by IR or Green LIPSS for wettability 
and cell adhesion tests. For bacterial adhesion tests, laser textures were 
distributed in 4000 µm × 100 µm bands alternating with 100 µm of 
untextured mirror-polished titanium to get a local control. 

2.2. Surface morphology 

Scanning Electron Microscopy (SEM) was used to visualize and 
characterize the different laser induced patterns. A Tescan VEGA3 SB, 
Brno Czech Republic electron microscope was used operating at 20 kV 
and using the secondary electron detector. 

2.3. Surface topography 

Atomic Force Microscopy (AFM, JPK Instruments, Berlin, Germany) 
was used to characterize the different nanostructures in tapping mode in 
air with an adapted probe (NanoWorld Arrow-NCR) to avoid impact 
over surface topography representation. Measurements were realized in 
a perpendicular way to the LIPSS to give the best surface topography 
visualization. Data topographies were analyzed with Mountains Map® 
8.2 software. Surface roughness parameters are computed on the treated 
surfaces and this study focuses on:  

• Ripples (LIPSS) density calculated as cm/cm2; 

Table 1 
Laser parameters used to create IR and Green LIPSS.  

LIPSS Pulse 
Energy 

Peak 
Fluence 

Distance between 
pulses (Δx) 

Hatching 
(Δy) 

F- 
theta 

IR 1.07 µJ Fpeak = 0.26 
J/cm2 

5 µm 5 µm 100 
mm 

Green 0.55 µJ Fpeak = 0.18 
J/cm2 

5 µm 5 µm 88 
mm  
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• Areal arithmetic mean height Sa (nm) which expresses the difference 
in height of each point compared to the arithmetical mean of the 
surface. This parameter is used to evaluate surface roughness. 

• Sdr (Developed interfacial area ratio) which expresses the ratio be-
tween the area of the “real” developed surface and the area of the 
“projected” surface  

• Average spatial period and depth of the ripples.  
• Texture aspect ratio Str which expresses the isotropy and anisotropy 

of the topography. Str is a value from 0 to 1. A value close to 0 in-
dicates directionality (anisotropy) while a value close to 1 indicates 
that the surface does not exhibit preferred directions (isotropy). 

Definitions of surface parameters are stated by ISO 25178 standards. 

2.4. Wettability 

Wettability measurements were carried out with a laboratory- 
developed multiscale and multifunctional system within the 
MANUTECH-USD consortium. They were performed in a controlled at-
mosphere (Temperature (T) = 23.1 ± 0.85 ◦C, Relative humidity (RH) 
= 44 ± 6.5 %), 24 h after a sterilization procedure, in which the samples 
received an ultrasonication cleaning (Triton 3% in demineralized water 
for 15 min then only demineralized water for 15 min) and an auto-
claving treatment at 134 ◦C for 19 min. The data represents the mea-
surements from 4 consecutive, independent and contact-less droplets on 
each surface. 3 µL droplets of water were deposited on the surfaces, and 
the evolution of the droplet shape was visualized with a camera and a 
sample rotation stage enabling 360◦ contact angle measurements. The 
platform moved at a speed of 0.1 rad.s− 1. The droplet profile and 
especially the contact angle (CA) were extracted from the complete 
droplet 360◦ rotation leading to approximately 80 measurements per 
droplet. 

2.5. Cell culture 

Human Gingival Fibroblasts (HGnF) from Cliniscience at passage 6 
were maintained in a T75-flask until 70% confluency in culture medium 
(ScienCell l2301-SC). Cells were then seeded on Ti6Al4V samples at 
15,000 cells/cm2 in 24-well plates with culture medium. At 24 h post- 
seeding, samples were moved to another well with fresh medium. 
Thereafter, the culture medium was renewed every 4 days for 3 weeks; 
the last medium being renewed 7 days before adhesion tests at 3 weeks, 
to avoid the risk of cell layer detachment during medium change, 
especially on polished samples. 

2.6. Cell adhesion tests 

Fresh living 3 weeks fibroblasts cultures were used in both adhesion 
tests. 

Scratch test: a sclerometer (Multi Function Tribometer MFT-5000 
RTEC instruments) with an indenter (angle 120◦, radius 200 µm) was 
used to scratch the 3 weeks cell layer with a 0.2 N load over 5 mm at a 
speed of 0.167 mm/s. Two scratches were realized on each sample and 
after samples were immersed in 10% Formalin (Sigma HT501128) for 
15 min RT right after the scratch process to fix the tissue-like, then 
conserved in phosphate-buffered saline (PBS) 4 ◦C until staining and 
observation. 

Ultrasonic (US) bath test: 3 weeks cell layer was stained with 
methylene blue for 30 s RT to facilitate tissue-like detachment obser-
vation. Then samples were rinsed in PBS and put in PBS in a beaker, 
placed in the US bath (Velleman VTUSC2) with a power of 70 W and a 
frequency of 50 Hz. Cycle lasting 15 s were realized successively until 
full tissue-like detachment. 

2.7. Bacterial strains and culture conditions 

Streptococcus mutans ATCC 25175 strain was isolated on brain–heart 
infusion (BHI) agar plates and grown in a BHI broth. 2 mL of 4 h broth 
(obtained from a 24 h broth) diluted to 1. 10e8 UFC/mL were incubated 
over titanium samples for 48 h at 37 ◦C under agitation (160–180 rpm). 

Porphyromonas gingivalis ATCC 33277 strain was isolated on 
Columbia agar with 5% of sheep blood under anaerobic conditions using 
the Genbox system (Biomerieux); then cultured 4 days in Schaedler 
broth with 650 µL of mineral oil (Sigma M5904) at a ratio of 1:20 
(mineral oil: medium). 1 mL of broth was incubated over titanium 
samples for 48 h at 37 ◦C under anaerobic conditions. 

For both bacteria, after 48 h of incubation, media were removed; 
bacteria were fixed with formalin 10% (Sigma HT501128) for 40 min at 
RT; washed with PBS and kept in PBS at 4 ◦C until staining. 

2.8. Fluorescent cell and bacteria labeling 

Scratched and fixed samples were permeabilized with 0.1% Triton X- 
100 in PBS for 3 min RT. Samples were incubated with rhodamine- 
conjugated phalloidin diluted at 1:50 in PBS at 37 ◦C for 1.5 h for f- 
actin labeling. Nuclei labeling was performed with 1 µg/ml DAPI (4′,6- 
diamidino-2-phénylindole) diluted at 1:100 in PBS at 37 ◦C for 20 min. 
Cells were incubated with primary fibronectin antibodies (Sigma; 
F3648), diluted at 1:100 in PBS, at 37 ◦C for 2 h. Then, the samples were 
incubated with secondary 488 conjugated fluoprobes diluted at 1:250 in 
PBS, for 1h30 at room temperature. Washes were performed using PBS 
between each step. Fixed bacteria were stained with calcein AM (Invi-
trogen; C3099) at 10 µg.mL-1 for 20 min at 37 ◦C. 

2.9. Image acquisition and analysis 

Fixed bacteria were dehydrated in graded ethanol solutions (70, 80, 
90 and 100%) air-dried at RT and analyzed with SEM at 5 kV with a 
secondary electron detector. Fluorescent microscopy (ZEISS LSM 800 
Airyscan, Oberkochen, Germany) was used to image stained bacterial 
samples (10x10 mm tiles); and stained cells scratched areas (6x3 mm 
tiles). Smartphone (Xiaomi mi11) was used to image US bath cycles 
(every 15 s from T0s to full detachment). Cell adhesion images analysis 
was performed with GIMP (2.10.30) to increase torn off (scratch test) or 
attached (ultrasonic bath) areas contrast; and ImageJ to threshold and 
measure those areas. Bacterial images analysis was performed with 
ImageJ by measuring mean fluorescence in 45 areas (51 mm2) per 
condition and making a percent ratio with local polished control. 

2.10. Statistical analysis 

All statistical analyses were performed using GraphPad Prism 8 
software. Wettability and scratch tests box plots represent mean, quar-
tiles and min/max value; statistical analyses were performed using 
Mann-Whitney U test. Bacterial data are presented as mean ± SEM, 
statistical analyses were performed using t-test. 

3. Results 

The fs-L irradiation of Ti6Al4V at two wavelengths with linear po-
larization creates highly ordered/periodic texturing called IR LIPSS and 
Green LIPSS as presented on SEM images in Fig. 1A. The AFM mea-
surement enables a 3D-view reconstruction of the surface topography 
presented in Fig. 1B and the calculation of different surface parameters 
using MountainsMap® software compiled in Fig. 1C. As seen in the SEM 
images, it is confirmed that the furrows created on textured surfaces 
have a density twice more important on Green LIPSS (44 239 cm/cm2) 
than on IR LIPSS (22 309 cm/cm). This important density of furrows 
increases surface complexity (Sdr) of IR LIPSS (33.11 %) and Green 
LIPSS (29.81 %), in comparison with polished surfaces (0.11 %). 
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Rugosity (Sa) on IR LIPSS (71 nm) is approximately 2 times higher than 
on Green LIPSS (38 nm). For spatial period and depth of both LIPSS, 
there is an almost 2 times factor between IR LIPSS (761 nm / 151 nm) 
and Green LIPSS (392 nm / 80 nm) knowing that the laser wavelength is 
divided by 2. The Str that is near 0 in both IR and Green LIPSS (0.083 / 
0.066) indicates the anisotropy of those two surfaces. Finally, the results 
of contact angle measurements on sterilized surfaces presented in 
Fig. 1D, show the significant decrease of contact angle due to the pres-
ence of ripples on surfaces correlated to an increase in the wettability 
which is significantly higher with the presence of Green LIPSS compared 
to IR LIPSS. 

Fig. 2A presents the sclerometer process used for scratch tests over 

the 3 weeks cultivated living fibroblasts layer, used to obtain scratches 
presented in Fig. 2B and quantified in Fig. 2C. Torn off area of the cell 
layer is visually and quantitatively higher on control polished surfaces 
(up to 5.8 mm2) compared to textured ones (close to 0 mm2, limited to 
indenter passage), with no significant difference between IR and Green 
LIPSS. This result confirms an increase of fibroblasts adhesion allowed 
by the presence of LIPSS on Ti6Al4V surfaces. 

Fig. 3A presents the process used for ultrasonic bath tests over the 3 
weeks cultivated living fibroblasts layer, stained with methylene blue to 
facilitate the visualization of cell layer detachment. Fig. 3B shows the 
images of gingival tissue-like on every surface at two time points (0 s and 
30 s) of the US bath test. The evolution of the percent of covered area is 

Fig. 1. Surfaces characterization. A. SEM images of polished, IR LIPSS and Green LIPSS surface. B. 3D images and representative images of ripples density from AFM 
measurements of polished, IR LIPSS and Green LIPSS surfaces. C. Surface parameters table including areal arithmetic mean height (Sa), developed interfacial area 
ratio (Sdr) and texture aspect ratio (Str). D. Sessile drop contact angle over sterilized polished, IR LIPSS and Green LIPSS surfaces. Contact angles of the drops are 
measured on a 360◦ rotation and presented as a box plot. Bottom and top bars stand for minimum and maximum concentrations. n = 4; Mann-Whitney U test; * p 
= 0.0286. 
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shown over time for every surface in Fig. 3C. The time for mean 
detachment of 50% of the cell layer is presented as well. It takes at least 
twice the amount of time to remove half of the cell layer on Green LIPSS 
(40.2 s) and IR LIPSS (52 s) compared to control polished surface (19.7 
s). 

Both tested bacterial strains are presented over textured surfaces 
through SEM images in Fig. 4A; showing that IR LIPSS spatial period 
exhibit roughly the same dimensions of S. mutans whereas Green LIPSS 
are smaller than the size of this bacterium; and that both IR and Green 
LIPSS are smaller than P. gingivalis size. Imaging of stained bacteria after 
48 h of cultured on partially textured samples (Fig. 4B), allowed for the 
quantification of bacterial adhesion over LIPSS with a ratio compared to 
adjacent control on bordering polished surfaces. Results presented in 
Fig. 4C showing a decrease of S. mutans adhesion on Green LIPSS by 4% 
compared to polished-control surfaces, and 7% compared to IR LIPSS. 
Whereas P. gingivalis adhesion is decreased respectively by 21% and 30% 
over IR and Green LIPSS compared to the polished-control. 

4. Discussion 

In the present study, we show that nanostructures produced by fs-L, 
also called LIPSS, are able to significantly improve gingival tissue-like 
adhesion, while limiting the adhesion of two oral bacteria involved in 
peri-implantitis. 

Within minutes of implant surgery, proteins from saliva start to 
adhere on the implant surface and it is known that hydrophilic surfaces 
improve protein adsorption and therefore cell adhesion. Contact angle 

testing can approximate how well a cell could adhere to a surface 
[27–29]. 

The LIPSS of our study generated with an IR or Green Laser are more 
hydrophilic than polished titanium-based surfaces. The link between fs- 
L induced topography and Ti6Al4V surface wettability agrees with 
previous studies, showing that surface texturing can increase hydro-
philicity [29]. However, according to Kietzig [30], wettability change of 
metallic surfaces, induced by ultrafast laser texturing is not only due to 
topographic changes, but is also related to surface chemistry changes. To 
complete the characterization of the impact of LIPSS on cell adhesion, it 
would be interesting in the future to study the surface chemistry of 
Ti6Al4V samples to identify oxides known to form during fs-L texturing 
[31]. To this end, a combination of FIB-STEM [32], TOF-SIMS [33], 
RAMAN and XPS may be pursued to evaluate the oxide layer thickness, 
oxides composition and the adsorption at the oxidized surface. Never-
theless, the increased wettability is of interest for the adhesion of fi-
broblasts, as cells that properly adhere to a surface cover a wider area 
(by spreading or migration) and typically with considerable strength. 
Adhesion strength assays quantify how cells stay attached when a 
detachment force is added. These assays can range from analyzing the 
forces on a single cell to a population of cells. In the literature the 
methods generally used, tend to observe cell adhesion at the individual 
scale, such as staining focal contacts [34,35], a method more qualitative 
than quantitative, or micromanipulation with AFM [36] measuring the 
forces acting on a single cell. Few methods are available at the tissue or 
cell layer scale. Only new methods are being created combining AFM 
and other tools and techniques, but it requires specific and expensive 

Fig. 2. Scratch tests to evaluate fibroblasts adhesion on the different surfaces. A. Schematic of scratch test realized with a sclerometer on living fibroblasts culture. B. 
Representative merged fluorescence images (red: cytoskeleton; blue: nucleus; green: fibronectin) of torn off fibroblastic layer after sclerometer scratch 3 weeks post 
seeding on polished, IR LIPSS or Green LIPSS samples. C. Graph represents the torn off area (mm2) as a box plot. Bottom and top bars stand for minimum and 
maximum concentrations. n = 19 scratches/group; Mann-Whitney U test; **** p < 0.0001. 
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equipment [37]. There are other techniques, simpler to implement, but 
not fully accurate, such as the flow technique or the use of a centrifuge. 
Hydrodynamic shear assays and rotating disks are other methods but 
require specific cells and/or conditions (short term adhesion) [38,39]. In 
our study, a mechanical strategy using a sclerometer was developed to 
measure tissue-like adhesion on polished or nanotextured titanium 
surfaces, during a dynamic scratch test. The sclerometer method starts 
from the principle conventionally used in the industry to measure the 
adhesion of coatings. In an innovative way, we have diverted this 
method to apply it to the measurement of a cell layer adhesion. The 
results of this new method were confirmed by the ultrasonic bath cell 
detachment, generally used for cleaning surfaces, but the imaging over 

time of tissue detachment proved to be very accurate to measure the 
adhesion of the tissue-like (time to detach 50% of the tissue). The use of 
fs-L texturing to improve cell adhesion on a surface have been studied on 
surfaces such as PET with imaging approach [40]. Here it is confirmed 
on titanium with methods closer to physiological and clinical context 
(scratch and ultrasonic bath tests); which is promising for dental implant 
applications. Sclerometer scratch tests presented in this study could be 
proposed as a new pre-clinical test to evaluate the performance of the 
surfaces of future dental implants. Indeed, in the context where lifespan 
of the implants is compromised by poor adhesion of gingival tissue to the 
Ti6Al4V surface, new tests are needed for the industrial level to quan-
titatively assess gingival tissue adhesion. 

Fig. 3. Ultrasonic bath to evaluate fibroblasts adhesion on the different surfaces. A. Schematic of ultrasonic bath test realized on methylene blue stained living 
fibroblasts culture. B. Representative images of fibroblasts layers on polished, IR LIPSS and Green LIPSS samples before (T 0 s) and after 2 cycles (T 30 s) of ultrasonic 
bath. C. Graph presents the percentage of covered area over time as mean (n = 5); time for mean 50% of detachment is represented over x axis. 
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LIPSS attract lots of attention for implant surface improvement 
because it is a nanoscale topography, which can be simply generated on 
titanium alloys by a single-pass laser beam irradiation [18]. The pre-
sented results show that laser processing increased surface roughness 
and, in turn, the area available for fibroblast layer adhesion. On the 
other hand, the periodicity of ripples can be controlled and reduced by 
changing the laser wavelength in order to minimize the contact area 
between the surface and bacteria [41]. Laser processing is able to 
generate regular and precise nanostructures which lead to antibacterial 
properties [11,12]. Roughness is a measure of amplitude with no spatial 
information, so it needs to be paired with other surface parameters [42]. 
Therefore, it is important to identify nanostructures that can be repellent 
to bacteria. If we consider bacteria repellence by mechanical inhibition, 
it is clear that the contact surface between bacteria and the topography 
must be reduced. The correlation between biofilm organization and 
surface topography is consistent with a study from Epperlein [11] 
showing the antibacterial properties of IR LIPSS against bacteria larger 
than the topography spatial period. This point is definitely of major 
interest to avoid bacterial adhesion on a surface. So, it seems it is better 
to obtain a pattern with a spatial period lower than the bacteria diam-
eter. The IR LIPSS spatial period is 760 nm while the Green LIPSS is 390 

nm whereas the diameters of the two bacteria studied are about 500 nm 
to 1 µm. From the SEM images, it is clearly seen that some streptococci 
can be mechanically retained in the valleys of IR LIPSS with the larger 
periodicity, due to their “double cocci” shape and their organization in 
chains. This retention in the valleys should be avoided as it could lead to 
the rapid development of a biofilm and difficulties in the implant 
cleaning. Bacterial adhesion evaluations of both strains, added to the 
size ratio between LIPSS and bacteria, underline the importance of 
reducing the area of contact between a single bacterium and the surface 
to reduce bacterial adhesion on surfaces such as Ti6Al4V. Our results 
confirm the findings of Linklater concerning the manufacturing of a 
“mechano-bactericidal surface pattern” [43]. One of our perspectives 
would be to use a fs-L with a lower wavelength, in particular at UV 
wavelength, in order to obtain LIPSS with smaller periodicity (around 
200 nm) [44]. To go further than limiting bacterial adhesion, it is known 
that some bioinspired nanopillar structures can have a bactericidal ef-
fect. Density, spatial period and depth of ripples could be correlated with 
the “fakir effect” on the bacterium (like the bacterium is laying on a bed 
of nails) that disrupts membrane and thus proliferation [45]. For 
instance, nanopillars with a size of 60–215 nm and spaced out 100–380 
nm, create a “mechanical bactericidal mechanism” that ruptures or 

Fig. 4. Evaluation of S. mutans and P. gingivalis adhesion on the different surfaces. A. SEM images of S. mutans and P. gingivalis on IR LIPSS or Green LIPSS surfaces, 
bordered with adjacent polished surfaces. B. Representative fluorescence images of calcein-stained S. mutans and P. gingivalis 48 h post seeding on samples. C. Graph 
presenting the fluorescence quantification as mean ± SEM. n = 45 area/group; t-test; *p = 0.024; ****p < 0.0001. 
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deforms bacterial cell membranes [18,43]. An important note is that this 
was achieved on a polymer surface, not a titanium-based one. In the 
present study, IR LIPSS decrease P. gingivalis adhesion (21% decrease) 
whereas Green LIPSS, thanks to its smaller spatial period, have shown 
antiadhesive properties for both S. mutans (4% decrease) and P. gingivalis 
(30% decrease); compared to polished surfaces. So, future works will 
assess different laser processing parameters in order to generate surface 
morphologies able to increase the efficiency of the anti-bacterial effect, 
or even better, obtain a bactericidal effect with nanospikes with a high 
height/width ratio. Even if this remains a challenge for fs-L texturing on 
titanium, this application of fs-L is really promising in terms of surface 
functionalization [46]. Regarding our results, Green LIPSS is probably 
the better candidate, presenting a rugosity that increases gingival tissue- 
like adhesion with an antiadhesive functionalization regarding both of 
our peri-implantitis associated bacteria. 

5. Conclusions 

Laser processing is able to generate reproducible nano-textures 
(LIPSS) on a titanium-based surface in a single-step process. The re-
sults presented show that the LIPSS according to their morphologies can 
render a dual functionality to the titanium-based surface of dental im-
plants. The two types of LIPSS, IR and Green, allow better adhesion of 
human gingival fibroblasts on a long-term culture. Moreover, the LIPSS 
can also reduce the adhesion of P. gingivalis with better efficiency for 
Green LIPSS over IR LIPSS. Considering the results of this study, LIPSS 
might feature considerable potential for transgingival parts of dental 
implants, facilitating the attachment of soft tissue and inhibiting the 
adhesion of bacteria. Further investigations are needed to explore the in 
vivo and clinical implications. 
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