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The aim of this work was to characterize at nano-, micro-, and chemical level the surface topography of two new
surfaces produced in Ti6Al4V by selective laser melting (SLM) and then subjected to the electrochemical pol-
ishing (EL) and organic acids-etching (OAE). Moreover, the capability of Streptococcus oralis to form biofilm on
these surfaces was also studied. In addition, the microbiological results were compared with the topographical
characteristics of the surfaces.

The nano-pattering of the samples was investigated with the Atomic Force Microscopy (AFM); the micro-
features, before and after the bacterial growth, were evaluated by the SEM observation and the Energy
Dispersive X-ray Spectrometry (EDS) analyzed the chemical composition of the upper layers. The wetting
properties of the discs were also evaluated. The colony-forming units (CFUs), the bacterial biomass, and the
percentage of viable and dead cells were measured after 24 h of S. oralis biofilm formation on the different discs.

Organic acids-etching samples were characterized by a ripple texture, higher nano-roughness, and wettability,
respecting the machined and EL ones. The SEM observations showed that EL and OAE samples had an irregular
surface with respect to the machined ones. The EDS found no significant differences for the Oxygen content of the
upper layers of the samples. The microbiological analysis showed a significantly lower bacterial count and
biofilm biomass formation on OAE in respect to the EL and the machined samples. In particular, the S. oralis
biofilm formation was inversely correlated with the nano-roughness of the samples. The process of production of
the discs, turning or SLM, significantly affected the micro-roughness of the samples. On the contrary, the
treatment with OAE and EL modified the nano-topography of the samples and influencing the bacterial biofilm
growth.

1. Introduction

The introduction of additive manufacturing (AM) in the industry of
biomaterials has permitted the fabrication of bio-inspired tools charac-
terized by complex macro- and/or micro-geometries, starting from a 3D
digital model [1]. Moreover, AM permitted the production of custom-
ized tools, like medical devices, surgical guides, training instruments,
orthopedics and dental prostheses, tissues scaffolds, and living

constructs [2].

Among the AM processes, the selective laser sintering/melting (SLS/
SLM) permits the fabrication of metallic tools without the use of any
resins [3]. In SLM, a laser beam is used to melt the metallic powders; the
alternating and concatenating action of the laser beam and the dispo-
sition of additive layers of metallic powder permit to produce true 3D
micro- or macro-parts with high resolution [4]. Starting from a 3D
project, dental implants, customized titanium meshes, or bone
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prostheses for orthopedics and maxillofacial applications can be easily
produced [5-8].

However, in the case of implantable devices that need to be inte-
grated into the tissues, it is not only important to consider the materials
and the shape of the produced tools and their surface topography.

In particular, the samples roughness produced through the SLM
process depends from different aspects: the powder used, the laser
output parameters, and the powder-bed-related variables adopted [3].

After the SLM procedure, additional surface treatments, like the
organic acid etching (OAE) and the electrochemical polishing (EL), are
applied to the samples to remove some unmelted powder residues and
the microspheres that weakly adherent to the titanium surfaces [7,9,10].
These treatments could alter the surface of the biomaterials, in partic-
ular, OAE could promote the formation of small pits, that increase the
roughness of the surface and EL the further smoothening [10].

During the last thirty years, significant evolution in implant dentistry
techniques was achieved and deepened our knowledge about complex
surface topographies. Consequently, the advancement in this field led to
obtain dental medical care outcomes regarding the short healing period,
the simple surgical and prosthetic protocols, and the patients rehabili-
tation with bone of low quality and/or quantity. [11,12].

However, the roughness of the surfaces and the exposure in the oral
cavity could increase the plaque retention and the difficulty for implant
decontamination [13-15]. Furthermore, the surface microtopography
has a great impact on cellular adhesion: in which the moderate rough-
ness, with Sa value between 1 and 2 pm, provides a better interaction
with osteogenic cells and bacteria, leading to fast healing, osteointe-
gration and higher success rate, in respect to the machined or rougher
surfaces [16,17]. Moreover, studies highlighted the importance of
nanopatterning to gain attachment sites for important proteins during
the healing process, but also for the increase of bacterial adhesion [17].

In previous studies, we have shown that the interaction between ti-
tanium surface and a bacterial pioneer, Streptococcus oralis, could be
influenced by the chemical composition of the superficial layers of the
materials, the micro and nano level roughness of the surface and the
hydrophilicity properties [18,19].

The study of the parameters that influence the interaction with the
pioneers are fundamentals, because, the surfaces can provide an
attachment site promoting bacterial adhesion and biofilm formation in
the secondary and late microbial colonization [20].

Several studies demonstrated the capability of the bacterial pioneers
to form a well-organized, confluent, vital and mature biofilm on the ti-
tanium implants surfaces. Thus, S. oralis was used for in vitro in-
vestigations to acquire more information about the bacterial interaction
and biofilm formation even after 24 h [21].

Despite the multitude of studies that analyzed the relationship be-
tween titanium surface roughness and bacterial adhesion, the mecha-
nisms which regulate this attachment remain largely unclear [22].
Firstly, because many studies evaluated the roughness only at the
microscale, by using a profilometer and scanning electron microscope
(SEM), but these methods did not permit to evaluate the nano-
topography [21,23,24]. Secondly, most of that work that included
atomic force microscopy (AFM) observations, reported only the average
roughness (Ra) [18,19,25]. The combination between height and hybrid
parameters, permit to achieve more data about the 3D topography of a
surface, and also to distinguish between peaks and valleys, that Ra alone
cannot provide [22,26].

The first objective of this study was to characterize at nano-, micro-
level and the chemical properties of the surface topography of two new
surfaces produced in Ti6Al4V by selective laser melting (SLM) followed
by electrochemical polishing (EL) and organic acids-etching (OAE).
Then the results were compared to the turned commercial pure titanium
characteristics.

The second objective of this study was to monitor the biofilm for-
mation of S. oralis on OAE and EL Ti6Al4V surfaces, and to compare the
results with turned titanium discs. The hypothesis is that EL could
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decrease the bacterial adhesion and on the contrary, the OAE could
increase it. The third objective was to correlate the microbiological re-
sults with the topographical characteristics of the three surfaces, at the
micro-, nano, and, chemical level, in order to increase the knowledge on
the bacteria/material interaction.

2. Materials and methods
2.1. Specimen preparation

A total of 164 titanium discs produced by BTK (Biotec srl, Povolaro di
Dueville, Italy) with a diameter of 5 mm and a thickness of 2 mm have
been used in this in vitro study.

Three groups were analyzed and compared.

Turned discs: produced in Titanium ASTM F67 grade 4 through
turning, starting from the milling of a bar characterized by the same
diameter of the final discs. After manufacturing all samples have been
ultrasound, washed with detergent and dried 1 h in the oven at 60°C.

EL and OAE were designed and produced without open cell form by
SLM through a MYSINT 100-SISMA machine (BTK Biotec, Vicenza,
Italy). The powder used for MYSINT 100 printers was PowderRange Ti6-
4 Grade 23 (Titanuim-6%, Aluminum-4%, Vanadium, Ti-6Al-4 V)
(produced by Carpenter Additive-Dennis Rd, Widnes WA8 0GU, UK)
[27]. The powder was the highest purity version. PowderRange Ti6-4
Grade 23 is produced by plasma atomization, resulting in superior
sphericity, low internal porosity, and low residual elements. The particle
size is 10-20 pm. The process parameters for the SLM method were as
follows: laser power, 50 W; scanning speed, 275 mm/s; layer thickness,
20 pm. After the SLM process, the samples were heat treated at 1200°C
for 1 h and allowed to cool naturally at room temperature [27].

Then, the discs were sonicated for 5 min in distilled water at 25°C,
immersed in NaOH (20 g/L) and hydrogen peroxide (20 g/L) at 80°C for
30 min, and then further sonicated for 5 min in distilled water. After-
wards two postproduction treatments were applied:

- EL: were subjected to the process of electrochemical polishing that
permit to remove the debrides, microfinishing and ultracleaning the
samples, as previously described [28]. The electrochemical polishing
of the samples was performed using the Struers LectroPol-5 equip-
ment. The samples were then polished at a room temperature of 25°C
for 5 min using a voltage of 55 V under a current of 0.3 A [27].
OAE: were subjected to organic acid etching, in a mixture of 50%
oxalic acid and 50% maleic acid at 80°C for 45 min, followed by
washing for 5 min in distilled water in a sonic bath [29,30].

All samples were sterilized with gamma rays and packaged in sterile
environment, by the Manufacturer.

2.2. Samples characterization

Atomic Force Microscopy (AFM, Bruker Corporation, Massachusetts,
USA) was used to characterize the nanopatterning of the three surfaces,
as previously described [18,19]. The ScanAsyst technique was used for
the atomic force microscopy (Bruker) observations with a scan size of 10
pm x 10 pm and a RTESPA-300 probe. The following 3D parameters
were analyzed: the average roughness (Ra), the Root Mean Square
Average (Rq), the Maximum Roughness Depth (Rmax), the Root Mean
Square Surface Slope (Sdq), and the Developed Surface Area Ratio (Sdr).

A Phenom ProX scanning electron microscope (Phenom-World B.V.,
The Netherlands) was used to characterize the samples at microscale, at
1200x and 6100x magnifications, with the following parameters FOV:
559 pm, Mode: 15 kV — Map, Detector: BSD Full.

The Energy Dispersive X-ray Spectrometry (EDS) was performed at
the following Field Of View (FOV) parameters: 179 pm; Mode: Map;
detector: full Backscatter electron detector (BSD), and 5 kV of voltage.

ImageJ Software 1.52q (National Institute of Health, USA) with the
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plugin SurfCharJ, was used to 3d reconstruct 5 different sections of 100
pm*100 pm of each group, and then to calculate the average macro-
roughness [31].

The sessile drop method was used to measure the wetting properties
of the groups. Briefly, 2 pL of saline solution were dropped on each disc,
and immediately a photograph of the sample was shot with a Nikon D90
DSLR camera (Nikon Corporation, Tokyo, Japan) with an 18-105-mm
lens. Then, the ImageJ Software 1.52q (National Institute of Health,
USA), was used to measure the angle between the drop and the titanium
discs, the water contact angle, WCA [18,32].

2.3. Microbiological analysis

2.3.1. Saliva sampling

Paraffin-stimulated human saliva was taken with the spitting
method, from 4 healthy volunteers (2 males and 2 females) with age >
18 years, as previously described [33-36]. The collection and use of
saliva was approved by the Ethics Committee of University “G.
d'Annunzio”, of Chieti-Pescara, Italy. The saliva was then slowly stirred
for 10 min and subsequently clarified by centrifugation at 16,000 xg for
1 h at 4°C to remove debris, sterilized through a 0.2 pm filter and frozen
at —20°C and processed within 2 days for the co-culture and for the
aggregation test [37].

Before incubation, all samples were immersed 60 min in 75%
ethanol, left dry on a sterilized clean bench, and then irradiated on both
sides with UV light for 30 min. Then the discs were put on multi-well
polystyrene microtiter plates and immersed 2 h in saliva at 37°C in
shaking incubator with slight agitation, to allow protein pellicle for-
mation [18,19,38].

2.3.2. Growth condition

S. oralis CH 05, clinical strain, previously characterized, was used for
this study [39]. The strain, stored at —80°C, was recovered in Brain
Heart Infusion broth (BHI, Oxoid, Milan, Italy) overnight at 37°C under
anaerobic condition, diluted 1:10 in the same medium and refreshed for
2 h at 37°C in shaking thermostatic water bath (160 rpm).

Then, the broth culture was standardized to obtain a suspension
containing 9 x 10° colony forming units/mL (CFUs/mL) (optical den-
sity/ODggp = 0.12) and used for experiments. ODggo readings were
performed using a spectrophotometer (Eppendorf, Milan, Italy).

2.3.3. Biofilm development

200 pL of S. oralis CH 05 bacterial suspension were inoculated on the
discs previously coated with saliva and were left incubated at 37°C for
24 h under anaerobic condition. Then, the microbial suspensions were
carefully removed and the samples were washed three times with PBS to
remove non-adherent bacteria. Each type of discs after 24 h of incuba-
tion was analyzed for:

(i) the CFU count, for the quantification of cultivable cells,

(ii) the biofilm mass evaluation by Hucker's crystal violet staining
method,

(iii) biofilm observation by SEM.

(iv) bacterial biofilm viability test.

Non-inoculated titanium discs were used as negative controls.

2.3.4. Determination of colony-forming units (CFUs)

The CFUs and the biomass were determined as previously described,
after 24 h of S. oralis growth [18,19].

Briefly, the discs were washed with PBS to remove no adherent cells
and then were placed in sterile test tubes containing 1 mL PBS into a 4-
kHz ultrasonic cleaning water bath (Euronda, Italy) for 4 min followed
by vortex mixing for 2 min to remove the bacteria attached on the
surface of each disc.

Microscopic observations through viable staining prior to plating
confirmed that the microbial suspension consisted of a mixture of single,
viable microbial cells. Then, selected 10-fold dilutions were plated on
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Tryptic Soy Agar (TSA, Oxoid, Milan, Italy) plates and incubated over-
night at 37°C, followed by counting of CFU/mL.

2.3.5. Biofilm biomass assay

S. oralis CH 05 biofilm-forming ability was quantified by crystal vi-
olet staining. After 24 h of incubation, the discs were washed 3 times
with PBS, fixed by air drying, stained with crystal violet 0.1% (Sigma-
Aldrich, Milan, Italy) for 1 min, washed with PBS, and eluted with
ethanol for reading. After 10 min, the samples were removed and the
biofilm formation was quantified by measuring absorbance at 570 nm
with a microplate reader (SAFAS, Munich, Germany).

The absorbance of the eluted stain is proportional to the concentra-
tion of biofilm biomass formed on the sample surface.

For this detection, a total of 108 discs were analyzed.

2.3.6. Biofilm observation by SEM

Scanning Electron Microscope (SEM) was used also for the obser-
vation of the discs after the biofilm formation, under increasing mag-
nifications of 295x, 1200x, and 6100x. Before the SEM observation of
the discs covered by the biofilm, all samples were previously fixed with
glutaraldehyde and dehydrated with ascending ethanol alcohol con-
centrations, as previously described [18,19].

2.3.7. Bacterial biofilm viability test

For the evaluation of cells viability, S. oralis, culture samples, grown
on the different discs, were examined with a BacLight LIVE/DEAD
Viability Kit (Molecular Probes, Invitrogen detection technologies,
USA). SYTO 9 stains viable cells with a green fluorescent signal, and
propidium iodide stains cells with impaired membrane activity red.
Then, attached bacteria were washed with PBS and stained for 15 min at
room temperature in the dark, as indicated by manufacturer. The images
observed at fluorescent Leica 4000 DM microscopy (Leica Microsystems,
Milan, Italy) were recorded at an emission wavelength of 500 nm for
SYTO 9 (green fluorescence) and of 635 nm for propidium iodide (red
fluorescence). The evaluation was performed by three blinded micro-
biologists through the examination of at least 10 fields of view each, in a
random way.

For this detection, a total of 9 discs were analyzed.

2.3.8. Statistical analysis

Each analysis was performed in triplicate and the mean values (+/—
standard deviation) were considered for the statistical analysis. Statis-
tical analysis was performed using SPSS for Windows version 21 (IBM
SPSS Inc., Chicago, IL, USA), analysis of variance (ANOVA) and the
Fisher's Least Significant Difference (LSD) test were used to compare the
parameters analyzed in the study for intra- and inter-group analysis. The
Pearson analysis was used to evaluate the presence of significant cor-
relations between the parameters analyzed in this study. p-values less
than 0.05 were considered significant.

3. Results
3.1. Surface topography and chemical composition

The Atomic Force Microscopy analysis (Fig. 1) shows that the sample
surfaces were significantly different. In particular, Anova has found
statistically significant differences at inter-group analysis for all
parameter analyzed, Ra (p = 0.009), Rq (p = 0.011), Rmax (p = 0.024),
Sdq (p < 0.01) and Sdr (p < 0.01). In particular, the post doc LSD
analysis has shown that OAE discs were characterized by a significant
higher Ra in respect to EL (p = 0.005) and machined discs (p = 0.007),
Fig. 1. On the contrary, the average Ra of EL and machine turned sam-
ples were very similar and no significant differences were found (p =
0.800). The other parameters obtained from AFM observations, the Rq,
the Rmax, the Sdq, and the Sdr, followed the same trend. OAE discs were
characterized by significant higher values in respect to EL and machined
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Fig. 1. 3D reconstruction of AFM images of the different surfaces: machined (A), EL (B) and OAE (C) with the relative graph (D) of the average surface roughness
(Ra). *p-value<0.01; (E) AFM measurements of the average (+ standard deviation) of the surface roughness (Ra), root mean squared surface roughness (Rq),
maximum surface roughness (Rmax), Root-mean-square of the surface slope (Sdq), Developed interfacial area ratio (Sdr). (F) Postdoc LSD analysis of intergroup
comparison between nano-topographical parameters measured on AFM observations. *p < 0.05. **p < 0.01.

discs (p < 0.05). EL was characterized by lower nano-roughness values
respect machined, but without significant differences.

Very different samples microtomography were observed using the
SEM (Fig. 2) at different magnifications (1200x line 1 and 6100 x line
2); machined turned samples (Fig. 2 A) were characterized by the
presence of circumferential and parallel lines, when observed at lower
and higher magnification, respectively. The SLM samples (Fig. 2 B & C)
had an irregular surface with grooves of heterogeneous sizes and shapes.
OAE samples (Fig. 2C) differed from EL discs (Fig. 2B) for the ripple
texture. The measurements of the macro-roughness (Fig. 2), showed that
OAE samples were characterized by higher values in respect to the other
groups: the average measurements were significantly higher in respect
to machined discs, but not compared to the EL ones.

The EDS analysis showed that machined discs were composed only
by Titanium and Oxygen, while, the samples produced by SLM, con-
tained a certain percentage of Aluminum. The presence of this element is
due to the different composition of SLM discs, Ti6Al4V, in respect to
machined samples that were produced in IV grade Titanium.

Fig. 3 shows the average percentage of the three elements in the
different groups. However, the Anova analysis has found statistically
significant differences among groups, only for the Titanium concentra-
tion, that was higher in machined group, respect the other samples
produced by SLM. In particular, the LSD analysis has found significant
differences (p < 0.05) for the Titanium atomic and weight concentra-
tions and for the percentage of TiO- in the machined samples, in respect
to EL and OAE. No differences were found for the presence of Oxygen in
the upper layer of the discs.

The chemical composition of the surface of EL and OAE samples was
very similar and no statistically significant differences were found.

3.2. Wetting properties

The measurement of the water contact angle (WCA), has shown
lower values for EL (63.659° + 3.01), followed by OAE (79.220° +
4.40), and machined samples (85.900° + 2.80). ANOVA test has shown
significant values at intergroup analysis (p < 0.001); in particular, LSD
test has shown significant differences among EL and machine turned (p
< 0.001), EL and OAE (p = 0.001), but not between OAE and machined
turned samples (p = 0.57), Fig. 4.

3.3. Microbiological analysis

SEM observations showed that Streptococcus oralis grew on all spec-
imens (Fig. 5). At low magnification 295x (Fig. 5 A-C) it was possible to
see the different morphological aspects of biofilm formation on the three
surfaces: machined discs (Fig. 5A) were characterized by a homoge-
neous layer of bacterial cells. On the contrary, in EL (Fig. 5B) and OAE
(Fig. 5C) samples, the bacterial cells were mainly grouped in proximity
of the surface concavities. The main difference between EL and OAE
discs was the considerably higher quantity of biofilm formation that
characterized EL. These differences were more evident when increasing
the magnification to 1200x. At higher magnification, 6100x, it was
possible to appreciate the higher bacterial count and biofilm biomass
that characterize machined discs (Fig. 5G) and EL (Fig. 5H), in respect to
OAE ones (Fig. 5I).

The CFUs results were consistent with the SEM analysis. The quan-
tification of the CFUs at 24 h (Fig. 5L) has shown that OAE samples were
characterized by a significant lower bacterial count (7.737 +0.094
log10CFU/mL), followed by turned surfaces (8.186+0.082 log10CFU/
mL) and EL discs (8.312+0.058 logl0CFU/mL). Anova analysis has
shown significant differences between groups for microbiological
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Fig. 2. 3D reconstruction of SEM images 480x: machined (A), EL (B), OAE (C). SEM images of the same titanium of the different surfaces at higher magnification:
machined 1200x (D) and 6100x (G), EL 1200x (B) and 6100x (H), OAE 1200x (F) and 6100x (I). (L) Average values+standard deviation of macroroughness
parameters. Root mean square deviation (MRq), Arithmetical mean roughness deviation (MRa) and Surface Area (MSa).
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Fig. 3. Spectra of energy dispersive x-ray spectrometry (EDS) analysis at 5 kV of titanium discs machined (A), (group 1), EL, (D), and OAE, (F) with the respective
picture of the surfaces analyzed at 1500x (B,E,G). (C) The chemical composition (average values, + standard deviation) of the samples analyzed by EDS at 5 kV.
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Fig. 4. Photographs and relative graphics of water contact angles measured with sessile drop method. Error bars = + standard deviation. *p-value<0.05.
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Fig. 5. SEM observation of the different surfaces with the bacterial biofilm: machined (A, D, G), EL (B, E, H) and OAE (C, F, I) at increasing magnification, 295x (A,
B, C), 1200x (D, E, F) and 6100x (G, H, I). Colony forming units (log10)/mL, (L), and, Biofilm mass formation (M) of Streptococcus oralis on titanium discs machined,
electrochemical polishing (EL) and organic acids etched (OAE) at 24 h (error bars = standard deviation). *p-value<0.01; ‘p = 0.004; “p = 0.042.

analysis and postdoc LSD tests confirmed that intergroup differences
were statistically significant, p < 0.01.

A similar trend was followed by biomass analysis (Fig.5M): signifi-
cant lower values characterized OAE (0.744+0.061), followed by
machined (0.844+0.064) and EL (0.970+0.064) samples.

The Pearson analysis showed a significant negative correlation be-
tween nano-roughness parameters measured at AFM and the microbio-
logical parameters analyzed in this study, Table 1. In particular, the
CFUs had an inverse correlation with Ra (r = —0.805, p = 0.009), Rq (r
= —0.810, p = 0.008), Rmax (r = —0.803, p = 0.009), Sdq (r = —0.955, p

< 0.001), and Sdr (r = —0.913, p = 0.001). No significant correlations
were found between the macro-roughness features and the microbio-
logical analysis, except for the Surface Area (MSa) that was inversely
correlated with CFUs (—0.882, p < 0.001).

The biomass was inversely correlated with Sdq (r = —0.777, p =
0.014), and Sdr (r = —0.759, p = 0.018).

The Pearson analysis has found no correlations between the micro-
biological results and the wetting properties and the chemical compo-
sition of the upper layers of the samples.

The live dead analysis confirmed the same trend of the CFUs: EL were
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Table 1
Pearson's correlation between the topographic features of the samples and the
microbiological results. *significance at the 0.05. **significance at the 0.01.

CFU BIOMASS

Ra Pearson's correlation -,783* -,612
Sig. (2-code) ,013 ,080

Rq Pearson's correlation ,789* -,613
Sig. (2-code) ,012 ,079

Rmax Pearson's correlation ,785* -,595
Sig. (2-code) ,012 ,001

Sdq Pearson's correlation -,938%* -,777*
Sig. (2-code) ,000 ,014

Sdr Pearson's correlation -,887%* -,759*
Sig. (2-code) ,001 ,018

MSa Pearson's correlation -,835%* -,641
Sig. (2-code) ,000 ,063

characterized by the higher percentage of viable cells, the 95%, followed
by machined 38% and OAE 5%, Fig. 6.

4. Discussion

In this study, for the first time, the characteristics of 2 different
surfaces produced by SLM and subjected to a superficial treatment have
been investigated at nano-/micro- and chemical-level, and results have
been correlated with microbiological data, and compared with turned
titanium.

The three surfaces were very different to each other and OAE samples
showed a significant higher roughness and presence of marked peaks in
respect to the other surfaces.

Combining the height and hybrid 3D parameters, it was possible to
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conclude that OAE was characterized not only by the higher mean
roughness, but also by the higher difference between the higher peak
and lower valley. The average roughness (Ra) is the mean height of the
profile heights and the root mean square roughness (Rq) represents the
standard deviation of the profile heights. The maximum roughness
depth (Rmax) is the distance between the higher peak and the lower
point of the length/area [40]. The Root Mean Square Surface Slope
(Sdq) is defined as the root mean square average of all local profile
slopes [41]. The Developed Surface Area Ratio (Sdr) is calculated as the
ratio of the surface area to the projected surface area, and it fluctuates
with both amplitude and spatial variations [22]. Sdr is O at a level sur-
face and it becomes larger when the profile of the surface is higher [42].
Indeed, the Sdq and the Sdr of a level surface is 0, but, in the presence of
any slope, the Sdq value increases. On the contrary, the Sdr fluctuates
with both amplitude and spatial variations and it is larger when the
profile of the surface is higher [22,42].

The Sdq of 36.233° (£+3.272) and the Sdr of 24% (+5.118) confirmed
that OAE samples were characterized by a corrugated sloped surface
with a very steep surfaces [43,44]. Czifra and Baranyi suggested that low
Sdq and Sdr values indicate less articulated surface that is clear of local
elevations [45]. Moreover, EL showed values of Sdq (8.627°+0.501) and
Sdr (1.145% +0.501), which could suggest a smooth surface, free from
breaks and articulations. Considering that OAE and EL were fabricated
starting from the same materials under the application of the same AM
technique, the considerable topographical differences can be attributed
to the electrochemical polishing process in EL and organic acid etching
in the OAE. There were no significant differences for the nanopatterning
between machined and EL surfaces.

The SEM observations confirmed at the micro level distinct differ-
ence in topography of the samples produced through the SLM: the
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Fig. 6. Representative images of Live/Dead staining of Streptococcus oralis biofilm growth on different titanium surfaces: machined (A), EL (B) and OAE (C). Average
percentage of viable (green) and dead (red) cells on different groups. Error bars = + standard deviation. C+ = positive controls (planktonic S. oralis). *p-value<0.01.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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typical lines caused by the turning process that characterize the
machined samples were not present, while, the SLM samples were
characterized by a significant higher macro-roughness, and an
extremely irregular surface with grooves of heterogenous sizes and
shapes. This irregularity in the surfaces with the alternation of rounded
features, narrow crevices and deep indents resulted by the process of
SLM in which the single metallic particles have been melted became
undistinguishable; the grooves took place as a consequence to the
alternating of high temperatures due to the laser beam action and the
cooling processes [9]. Previous studies have shown that the micro-/
nano-topographic features of SLM samples provided better adhesion and
proliferation and regulated the adhesion-related gene expressions of
human gingival fibroblasts and human gingival epithelial cells [46].
Another study showed that SLM samples exhibited a significant higher
osteoblast proliferation and alkaline phosphatase activity in respect to
machined surfaces [47]. EL samples were characterized by a low nano-
roughness and a high macro-roughness, as previously shown by Long-
hitano et al. They showed that EL surfaces can be described as mirrored
surface finished, with a high roughness [28]. Indeed the electrochemical
polishing, is frequently used to reduce surface roughness by levelling its
micro-peaks and valleys [27].

The increased nano- and micro-roughness that characterized OAE
samples was the result of organic etching and it was compatible with the
effects of etching described in the literature [9]. Literature showed that
OAE surfaces are characterized by a great interaction with soft tissues, in
particular, with perpendicular collagen fibers that form a dense chaotic
three-dimensional network running in different directions to the surface,
which proposed this treatment for the production of abutments [7,48].
As suggested by Gittens et al., the presence of complex surface could
promote osseointegration, because the micro-roughness stimulates os-
teoblasts differentiation while the nano-roughness increases the cell
adhesion and spreading [49].

The formulated hypothesis in the introduction was fully rejected,
because the OAE discs were correlated with lower bacterial adhesion,
biofilm formation, and viable cells in respect to EL, and turned titanium.

In this study, the results of the Pearson analysis showed that S. oralis
CFUs were inversely correlated with the surface nano-roughness,
measured by AFM. The biomass showed an inverse significant correla-
tion only with Sdq and Sdr, the two hybrid values, so less articulated
surfaces were associated with higher values of biomass at 24 h. These
results are in accordance with our previous work in which it was
compared the bacterial interaction in machined, etched and double
etched titanium [19]. According to this, Ferraris et al. and Naren-
drakumar et al. showed the antiadhesive effect of nanotextured titanium
with respect to the smooth controls [50,51]. In particular, they found
that a reduction of the bacterial CFU was correlated with the bacterial
metabolism decrease, both in Gram-positive and negative bacteria [50].

The influence of surface roughness on bacterial adhesion is still
debated: some authors have claimed the value of Ra of 0.2 pm as a
threshold for bacterial adhesion. Both Bollen and Teughels suggested
that increased values of Ra up to this value could facilitate bacterial
adhesion, on the contrary, lower values could exert an antibacterial
action, as shown by Amoroso et al. [52-54]. Ionescu et al. have found no
correlations between titanium roughness and free energy and biofilm
formation, despite all tested surfaces were characterized by a Ra higher
than 0.2 pm. Moreover, they have shown that the presence and the
orientations of nano- and micro-patterning, like pits, is able to influence
the bacterial adhesion [55].

The presence of micro-asperity on titanium surfaces, although in-
creases the interaction between the surface and mammalian cells, could
represent a barrier against bacteria. Indeed, as shown by Lorenzetti
et al., the more rigid structure of bacteria respect mammalian cells, does
not permit them to adapt to nano- and micro-roughness of the surface,
that act as spacers between titanium and bacteria, decreasing the bac-
terial adhesion [56]. The live dead staining showed that the bacteria
growth on OAE discs were mainly dead, the 95%, after 24 h; on the
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contrary, a higher percentage of living cells was found on machined 62%
and EL, 95%.

Commercial pure Ti and Ti6Al4V are not characterized by an anti-
microbial activity, so the results of the Pearson analysis, performed in
this study, suggest that the increased antibacterial effect demonstrated
by OAE samples is a consequence of the surface roughness [57].

The results of this study are not in accordance with Jhong et al., in
which samples subjected to longer cycles of electrochemical polishing
and they were characterized by lower roughness, wettability and bac-
terial count. However, in the study of Jhong et al., the samples, sub-
jected to electrochemical polishing, were produced through the
traditional methods of turning and their topographical characteristics
were very different from EL produced by SLM that were characterized by
lower roughness but higher wettability [58].

The better performance of OAE in respect to EL samples confirms
that the antibacterial activity of OAE is mainly a consequence of nano-
texture promoted by the organic acid etching treatment. The novelty of
this study is represented by the novel method of production of dental
implants, the SLM, followed by two different post-productive additive
treatments, EL and OAE. For the first time, the biofilm formation on
these two novel surfaces is compared with the formation on traditionally
turned machined surfaces. Considering the novelty of the surfaces, great
importance to the material characterization at nano, micro, and macro
level, was reserved during the experimentation.

The clinical relevance of this study is high, because SLM, followed by
the OAE can be applied not only to produce dental implants, but also for
the fabrication of bone prosthesis or metallic grid for the guided bone
regeneration, reducing the risk of microbial failures.

The higher level of S. oralis bacterial count and adhered biomass
biofilm of EL samples compared to machined ones could be a conse-
quence of the higher roughness and hydrophilicity of EL at the micro-
scopical level, but not at the nano-level.

The results of this study have to be interpreted within the limitations
of an in vitro study. In details, the main limitation is the use of a single
S. oralis species for biofilm formation. Further in vitro and in vivo studies
are therefore needed to clarify the influence of the tested parameters on
the development of a multispecies biofilm. Perspective studies will
include a dynamic multi-species biofilm growth in a bioreactor with
microbiological analysis at 96 h, to reproduce the ideal microenviron-
mental conditions of the oral cavity [59].

5. Conclusions

For the first time, two novel surfaces produced by SLM, EL and OAE,
were characterized at the nano, micro, and macro levels, and these re-
sults were compared and discussed with the microbiological ones. OAE
samples were characterized by a higher roughness at nano- and micro-
level but also by a lower water contact angle and an antibacterial and
antibiofilm activity at 24 h, in respect to EL and machined discs. The
surface nanopatterning of the samples significantly affects the microbial
adesion. In particular, a significant inverse correlation has been calcu-
lated between the CFUs and all the parameters analyzed at the AFM.
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