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Abstract

Bacterial infection in dental implants along with osseointegration failure usually leads to loss
of the device. Bioactive molecules with antibacterial properties can be attached to titanium
surfaces with anchoring molecules such as silanes, preventing biofilm formation and
improving osseointegration. Properties of silanes as molecular binders have been thoroughly
studied, but research on the biological effects of these coatings is scarce. The aim of the
present study was to determine the in vitro cell response and antibacterial effects of
triethoxysilypropyl succinic anhydride (TESPSA) silane anchored on titanium surfaces. X-ray
photoelectron spectroscopy confirmed a successful silanization. The silanized surfaces
showed no cytotoxic effects. Gene expression analyses of Sarcoma Osteogenic (SaOS-2)
osteoblast-like cells cultured on TESPSA silanized surfaces reported a remarkable increase of
biochemical markers related to induction of osteoblastic cell differentiation. A manifest
decrease of bacterial adhesion and biofilm formation at early stages was observed on treated
substrates, while favoring cell adhesion and spreading in bacteria-cell co-cultures.
Surfaces treated with TESPSA could enhance a biological sealing on implant surfaces against
bacteria colonization of underlying tissues. Furthermore, it can be an effective anchoring
platform of biomolecules on titanium surfaces with improved osteoblastic differentiation and
antibacterial properties.

Keywords: bacterial adhesion; biofilm; osteoblast differentiation; silane; titanium

Highlights

•

TESPSA silane induces osteoblast differentiation

•

TESPSA reduces bacterial adhesion and biofilm formation

•

TESPSA is a promising anchoring platform of biomolecules onto titanium
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1. Introduction
Commercially pure titanium is the material of choice for dental implants because of its
excellent corrosion resistance, mechanical strength and biocompatibility. Nevertheless, lack
of osseointegration during early healing or infection of the peri-implant tissues can lead to
bone resorption and device failure. Therefore, the success of dental implants requires not only
an optimum osseointegration or the development of a soft tissue seal around the transmucosal
part of the implant, but also the contribution of some antibacterial properties to the metallic
substrate.
When an implant is placed in the oral cavity it is immediately exposed to microorganism
colonization, triggering a biofilm formation [1]. First colonizers (such as Streptococcus
sanguinis) are a required step of this process due to their role in the early attachment and
guidance of later colonizers [2, 3]. In addition, other species, such as Lactobacillus salivarius,
can associate with other colonizers and their by-products are important for the biofilm
formation and maintenance [3].
The success of an implant is related with the ‘race to the surface’ between microbial adhesion
and biofilm growth vs. cell adhesion and tissue integration. If the race is won by cells, then
the surface is covered by tissue and is less vulnerable to bacterial colonization. If the race is
won by bacteria, however, the implant surface is rapidly covered by a biofilm and tissue cell
functions are impaired by bacterial virulence factors and toxins [4, 5].
Current strategies for improving the success of implants have been focused on the
improvement of osseointegration through osteoinduction and hence preventing biofilm
formation on implant surfaces. Development of titanium coatings using bioactive molecules
are expected to optimize the biological response to the implants by stimulation of osteoblast
maturation and minimization of bacterial adhesion [6]. Bioactive molecules can be covalently
attached to surfaces with self-assembled monolayers based on silanes, siloxanes, phosphoric
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acid or thiols [7]. In the case of silanization, silane molecules act as a binder between the
substrate and the biomolecules. This technique could be improved using silanes that elicit
specific cell responses, such as proliferation, differentiation [8] or antibacterial effects [9,10].
The present work aimed to reduce biofilm formation and enhance osseointegration on dental
implants by incorporating the silane triethoxysilylpropyl succinic anhydride (TESPSA) as a
functional molecule to titanium surfaces. In vitro proliferation and differentiation rates of
osteoblast and fibroblast cells on TESPSA-treated titanium surfaces were measured.
Antibacterial properties of the silanized surfaces were studied against primary and late
bacteria colonizers of the oral biofilm. An in vitro cell-bacteria co-culture was also performed
to analyze the interaction between bacteria and fibroblast cells.

2. Materials and methods
2.1. Sample preparation
Grade 2 titanium disks (10 mm diameter, 2 mm thickness) were polished and sonicated in
isopropanol, ethanol, distilled water and acetone for 15 minutes each. These samples are
referred to as ‘Ti’, and were used as control group.
Polished titanium surfaces were activated by alkaline etching with 5M NaOH for 24 h at 60ºC
as previously described [11,12]. These samples are referred to as ‘Ti_N’.
Activated titanium surfaces were silanized with TESPSA with a method adapted, with some
modifications, from previously published protocols [13,14]. Briefly, titanium samples were
immersed in 0.5 % (v/v) TESPSA in anhydrous toluene for 1 h at 70ºC in nitrogen
atmosphere. 3% (v/v) of N,N-diisopropylethylamine (DIEA) was added in order to keep a
basic environment. Once treated, samples were sonicated 10 minutes in toluene, washed with
isopropanol, ethanol, distilled water and acetone, and dried with nitrogen. These samples are
referred to as ‘Ti_TSP’.
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2.2. Physico-chemical characterization
Scanning electron microscopy (SEM) (Zeiss Neon40 FE-SEM, Carl Zeiss NTS GmbH,
Germany) was used to analyze the surface morphology of the surfaces. For each sample, five
images were taken at a working distance of 7 mm and a potential of 5 kV.
A white-light optical profiling system (Wyko NT1100, Veeco Instruments, USA) was used to
evaluate the surface roughness. A vertical scanning interferometry mode was used with a 5×
objective, resulting in a scanning area of 736x480 µm. Data analysis was performed with
Wyko Vision 232TM software (Veeco Instruments). The roughness parameters computed were
the arithmetic average height (Ra), the surface skewness (Rsk), and the surface kurtosis (Rku).
For each condition, three samples were evaluated with three measurements per sample.
The sessile drop method was used to determine the hidrophilicity of the surfaces by a Contact
Angle System (OCA15 plus, Dataphysics, Germany). The drop volume was 3 µl with a
dosing rate of 1 µl·min-1. Ultrapure distilled water (Millipore Milli-Q, Merck Millipore
Corporation, USA) and diiodomethane (Sigma-Aldrich, Spain) were used as working fluids.
Three measurements were carried out for three different samples in each series. All
measurements were performed at room temperature. Data was analyzed with the SCA 20
software (Dataphysics). Determination of surface free energy was calculated with the Owens
and Wendt equation [15].
X-ray photoelectron spectroscopy (XPS) was used to analyze the surface chemical
composition. XPS samples spectra were acquired with an XR50 Mg anode source operating at
150W and a Phoibos 150 MCD-9 detector (D8 advance, SPECS Surface Nano Analysis
GmbH, Germany). High resolution spectra were recorded with pass energy of 25 eV at 0.1 eV
steps and a pressure below 7.5·10-9 mbar. Binding energies were referred to the C 1s signal.
Two samples were studied for each working condition.
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2.3. In vitro cell assays
Human primary foreskin fibroblasts (HFFs; Merck Millipore Corporation, Bedford, MA,
USA) and Sarcoma osteogenic osteoblast-like cell line (SaOS-2; ATCC, Manassas,VA, USA)
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) and McCoy’s medium
modified, respectively. Both mediums were supplemented with 10% fetal bovine serum
(FBS), 2 mM L-glutamine and penicillin/streptomycin (50 U·ml-1, 50 µg·ml-1 respectively)
(all reagents from Invitrogen, Carlsbad, CA, USA) at 37ºC and 5% CO2 in a humidified
incubator, renewed every 2 days. HFFs at passage eight and osteoblast-like cells at passage
twenty nine were used in all experiments.
2.3.1. Proliferation of HFFs and SaOS-2 cells
Cells were seeded onto titanium samples at a density of 5000 cells/disk and incubated at 37ºC.
After 4 hours, 1, 3 and 7 days of incubation, cells were lysed with 200 µl/well of M-PER®
(Pierce, Rockford, IL, USA). Proliferation of cultured cells on the studied surfaces was
determined using the Cytotoxicity Detection Kit LDH (Roche Applied Science, Mannheim,
Switzerland) according to the manufacturer’s instructions. The release of lactate
dehydrogenase (LDH) was measured spectrophotometrically at 492 nm with an ELx800
Universal Microplate Reader (Bio-Tek Instruments, Inc. Winooski, VT, USA). Tissue culture
polystyrene (TCPS) was used as control substrate.
2.3.2. Osteoblastic gene expression
Total RNA, at different culture time, was extracted using RNeasy® Mini Kit (Qiagen, Hilden,
Germany) as described in the manufacturer’s instructions. RNA was quantified using
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Montchanin, DE, USA).
100 ng were retrotranscribed to cDNA using the QuantiTect Reverse Transcription Kit
(Qiagen). cDNA products were diluted to 1 ng µl-1 and used as real-time quantitative
Polymerase Chain Reaction (RT-qPCR) templates. Primers were selected from the Universal
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ProbeLibrary (Roche Applied Science) to amplify specific genes of osteoblast differentiation
(Table 1).
Primers from genes that exhibited more than one transcript were selected from common
regions. SYBR Green RT-qPCR analyses were carried out using the QuantiTect SYBR Green
RT-PCR Kit (Qiagen) in a StepOnePlus real-time PCR machine (Thermo Fisher Scientific,
Waltham, MA, USA). Specificity of each RT-qPCR reaction was determined by melting
curve analysis.
All samples were normalized by the expression levels of β-actin (reference gene) and fold
changes were related to Ti at 4h of culture as follows:
FC = Etarget∆Cq.target[Ti.4h] / Ereference∆Cq.reference[Ti.4h]

(1)

Where Cq is the median value for the quantification cycle for the triplicate of each sample and
E is the amplification efficiency, determined from the slope of the log-linear portion of the
calibration-curve, as:
E = 101/slope

(2)

2.4. Bacterial strains and culture conditions
Bacterial assays were done with Streptococcus sanguinis (CECT 480; Spanish Culture
Collection, Spain) and Lactobacillus salivarius (CCUG 17826; Culture Collection University
of Göteborg, Sweden). S. sanguinis was growth and maintained on Todd-Hewitt (TH) broth
(Scharlab SL, Sentmenat, Spain) and L. salivarius on MRS broth (Scharlab SL).
Cultures were incubated overnight at 37ºC and the optical density adjusted to 0.2±0.01 units
at 600 nm (approx. 1·108 colony forming units (CFU)ml-1 for each strain) [16].
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2.4.1. Bacterial adhesion to treated surfaces
This protocol has been previously described [11,12,16]. Briefly, functionalized and control
samples were immersed in 1 ml of bacterial suspensions (1·108 CFU ml-1) for 2 hours at 37ºC.
Bacteria were detached by vortexing, diluted and seeded on agar plates. The plates were then
incubated at 37ºC for 24 h and the resulting colonies were counted.
2.4.2. Evaluation of biofilm formation onto treated surfaces
This evaluation has been detailed elsewhere [11,12,16]. Samples were immersed in 1 mL of
bacterial suspension for 2 h. Next, the medium was replaced by fresh medium and bacteria
were allowed to grow for 24 h at 37ºC. Then, 200 µL of BacTiter-Glo Reagent (Promega,
Madison, WI, USA) were added to each sample and 15 min later the luminescence was
measured (Infinite 200 PRO, Tecan, Männedorf, Switzerland).
2.4.3. Cell-bacteria co-cultures
This protocol was modified from a published study [17]. Treated surfaces and control samples
were immersed in S.sanguinis and L.salivarius strain suspensions (concentration of 108
bacteria ml-1) in their corresponding medium and incubated at 37ºC for 2 hours. Next, bacteria
suspensions were removed and samples were washed three times in sterile PBS. Then, HFFs
cells suspended in modified culture medium (supplemented with 2% of the appropriate
bacteria growth medium) were seeded on bacteria-coated surfaces at a density of 25,000
cells/well. Bacteria and HFFs were maintained at 37ºC in humidified 5% CO2 for 24 and 48 h.
At specific times, HFFs cells were fixed, stained with Alexa fluor 546-phalloidin (Invitrogen)
and DAPI (Invitrogen) and analyzed. The outcome of the experiment was expressed as the
reduction in surface coverage percentage by HFFs cells in the presence of adhering bacteria
compared to bacteria-free samples. All experiments were performed in triplicate for each type
of surface.
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2.5. Statistical analysis
All data are presented as mean value ± standard deviation. A non-parametric U MannWhitney test was used to analyze significant differences in contact angle and roughness
measurements. A non-parametric Kruskal-Wallis test was used for the other measurements.
Significance level was set at P value < 0.05.

3. Results
3.1. Physico-chemical characterization
Control titanium surfaces (Figure 1a) exhibited a smooth surface, while NaOH treated
samples (Figure 1b) revealed a microrough layer of sodium titanate [18]. Silanization with
TESPSA did not affect the morphology (data not shown). The layer observed on NaOH
treated samples (Ti_N) had an increased surface roughness compared to control surfaces (Ti)
(Table 2). The silanization with TESPSA (Ti_N_TSP) had no effect on roughness parameter
compared to activated samples (Ti_N).
The activation with NaOH significantly reduced the wettability of the surface, increasing the
surface free energy (SFE) (Table 3). The silanization process using TESPSA yielded a minor
increase in the contact angle values and a slight decrease in SFE in comparison with Ti_N
samples. Throughout the process of silanization, the changes observed in SFE were due to
variation in its polar part. Statistically significant differences were noticed for all wettability
parameters between control Ti, Ti_N and TI_N_TSP.
Smooth titanium presented a surface chemical composition of approximately 45% C, 1% N,
40% O and 12% Ti (Table 4). Activation of titanium samples with NaOH resulted in a
significant decrease in carbon presence, but also in an increase in oxygen content and the
presence of sodium in the sample (4.7%) suggesting the existence of a sodium titanate layer
on the surface [19]. After TESPSA silanization, the presence of silicon was detected,

10

corresponding to the presence of silanes on the surface. Deconvolution of high resolution
spectra of C 1s and O 1s peaks detected an increase in the presence of Ti-OH and C-C species
(Table 5).
3.2. In vitro assays
3.2.1. Proliferation and cell viability
After 3 days of incubation, HFFs cell count results showed significant differences in the
number of viable cells in titanium samples vs control TCPS (Figure 2a). At 7 days of cell
culture, cell numbers for Ti_N and Ti_N_TSP remained significantly lower than those of
control Ti and TCPS, but the reduction was not lower than the limit of 20% signaling possible
cytotoxic effects.
For osteoblast-like SaOS-2 cells, treated samples (Ti_N and Ti_N_TSP) showed less cells
than control surfaces (Ti and TCPS) at day 1 (Figure 2b). Over time, however, cell count
converged, with no significant differences between groups after 7 days except for TCPS.
3.2.2. Osteoblastic gene expression
RUNX2 gene expression was highly upregulated at 4 hours, but only on Ti_N_TSP samples
(Figure 3a). One of the target genes of RUNX2 is collagen I alpha 1 (COL1A1). Ti_N highly
stimulated COL1A1 gene expression at 4 hours, followed by a slow reduction with time, but
only a slightly increased expression on day 1 was detected for Ti and Ti_N_TSP (Figure 3b).
ALP gene expression exhibited the highest values at 4 hours on Ti_N and Ti_N_TSP surfaces
(Figure 3c). Silanized samples also showed significantly higher ALP expression values
compared to the other surfaces after 1 and 3 days.
The expression of BMP-2 was also evaluated as an indicator of osteoblast activity. The gene
expression level of BMP-2 highly increased for TESPSA treated surfaces (Figure 3d).
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3.2.3. Bacterial adhesion and biofilm formation on titanium surfaces
Bacterial adhesion (Figure 4) and biofilm formation (Figure 5) reduced significantly for both
S.sanguinis and L.salivarius strains on silanized surfaces.
3.2.4. Cell-bacteria co-cultures
The presence of either bacteria strain reduced the coverage of HFFs cells on control surfaces
and NaOH-treated surfaces after 24 and 48h of growth. On Ti_N_TSP, however, HFFs cell
coverage significantly increased even in the presence of bacteria (Figure 6).
Cell adhesion and spreading, too, was much higher for silanized samples than for the other
two studied surfaces, where some cells stayed rounded even after 24 and 48 h (Figure 7).
Interestingly, HFFs cells showed maximum spreading in the absence of bacteria as well as on
silanized samples immersed in co-culture suspension.

4. Discussion
The success of an implanted biomaterial depends, among other factors, on the outcome of the
‘race for the surface’ between tissue cells and bacterial biofilm growth [20]. Bacterial
infection may delay osseointegration, compromising tissue cell functions and even leading to
implant failure [21]. A surface with antibacterial properties, high capacity for cell attachment
and able to release biological factors could be an effective way to avoid bacteria adhesion and
improve osseointegration. Previous studies had suggested that different silanes could affect
osteoblasts [8] or present antibacterial activity on steel, Ti6Al4V or glass [9,10]. This study
tested in vitro the hypothesis that titanium coated with TESPSA silane has antibacterial
properties while inducing osteoblast differentiation. Particularly, Godoy-Gallardo et al.
[11,12,22] explored the use of two distinct silanes, APTES and CPTES, in order to covalently
immobilize an antibacterial peptide onto titanium surface. The results showed antibacterial
properties only in presence of the peptide. The results suggested that APTES and CPTES are
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not able to provide antibacterial or antifouling properties to titanium. Thus, the strategy
reported in this work holds great promise for further clinical development due to the reduction
of bacterial adhesion and biofilm formation without any antibacterial peptide.
In order to improve TESPSA attachment on titanium, the samples were first activated with a
solution of NaOH to increase the number of available hydroxyl groups on the surface [23]. A
stable amorphous sodium titanate layer was formed on the surface of the activated samples
[18, 19] with a characteristic nanomorphology (Figure 1b) and increased surface roughness
(Table 2).
NaOH activation modified the surface roughness at the nanoscale level (Table 2). Early
adhesion of osteoblasts decreased (Figure 2b) but not of fibroblasts (Figure 2a), in agreement
with other studies [24,25]. The roughness increase on Ti_N samples, however, did not
significantly affect RUNX2 expression, a factor linked to cell differentiation (Figure 3a).
Bacterial colonization is also influenced by surface roughness. The NaOH treatment slightly
increased bacterial adhesion without affecting biofilm formation. These results are in
accordance with those of Montanaro et al, which suggested an increase of bacterial adhesion
for mean roughness values over 155 nm [26].
Cell and bacteria adhesion behavior is linked to wettabililty and SFE, too [27-29]. This
influence is mainly due to the presence of hydrophilic or hydrophobic chemical groups of the
surface. As shown in Table 3, the activation treatment induced a substantial decrease in
contact angle values, related to the cleaning effect and the formation of hydroxyl groups [30].
The combined generation of roughness and hydrophilicity after NaOH treatment produced a
suitable surface for silane immobilization. The main causes are the increase of real surface
area, the removal of surface contaminants and the generation of hydroxyl groups on the
surface that increase the probability of interactions between the activated surface and the
ethoxy groups of the silane [11,31,32]. Ti_N_TSP contact angle values, however, increased
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compared to Ti_N due to the hydrophobic behavior of the silane. These results are
corroborated with other studies which activated titanium surface using the same strategy
[11,12,22].
The efficiency of TESPSA silanization was determined using XPS analysis (Table 4 and
Figure 1S (Supplementary Information)). Untreated surfaces presented three C 1s peaks
(284.8, 285.7 and 288.1 eV, Table 5) associated to hydrocarbon contamination (CHx, C-O
and C=O bonds) [33-35]. After NaOH activation, total carbon presence was lower, and C 1s
high resolution spectra was fitted to two peaks at 284.8 and 288.8 eV which can be attributed
to C-H and C=O respectively [33-35]. These results indicate that Ti_N surfaces were cleaner
after the NaOH treatment. Besides, sodium was detected after NaOH activation due to the
formation of a sodium titanate layer [18,19] as has been showed in SEM micrographs (Figure
1). After TESPSA immobilization, presence of silicon (6.9%) and an increase of C 1s peak at
284.6 eV (assigned to C-C) were measured. These results can be attributed to the presence of
the silane. The peak linked to the Si-O bond (Table 5) remained after sonication, as expected
for silane molecules chemically bonded to the titanium surface [36].
Once the bonding of the silane to the titanium surface was established, the potential effect of
TESPSA on osteoblast differentiation was studied through gene expression of osteoblast
markers. Osteoblast differentiation is a finely regulated process in which the expression of
several genes is highly controlled [37-39]. In this scenario, the transcription factor RUNX2
plays an essential role since it binds and regulates the expression of multiple genes expressed
in osteoblasts [40]. The presence of TESPSA on titanium surface highly increased RUNX2
gene expression at 4h of culture but not afterwards, suggesting an early increase in osteoblast
activity (Figure 3a).
One of the target genes of RUNX2 is COL1A1, which is an indicator of the transition
between pre-osteoblast and immature osteoblast, suggesting that cells are probably in the

14

mature state [41]. The present results showed a slight increase in COL1A1 expression after
24h of culture when TESPSA is immobilized, without significant differences compared to
titanium (Figure 3b).
The expression of BMP-2 was also evaluated as an indicator of osteoblast activity because it
induces osteoblast differentiation [42]. The results exhibit remarkably higher osteoblast
activation in the presence of TESPSA, since the gene expression level of BMP-2 increased
more than a hundredfold at all measured times (Figure 3c). These results suggest that
TESPSA immobilization on titanium has osteoinductive effects without the need of any
biomolecule, avoiding the problems related to biomolecule degradation [7].
Samples with TESPSA displayed a reduction in bacterial adhesion (Figure 4) and biofilm
formation (Figure 5) for both S.sanguinis and L.salivarius. Even so, the two bacterial strains
used in this study display different sensitivities to the activity of TESPSA-silanized surfaces.
More studies should be conducted to better elucidate the causes of such behavior.
A cell-bacteria co-culture study was also performed because it provides a better mimic of the
clinical situation than mono-cultures studies with either bacteria or cells [4, 17]. The outcome
of co-culture studies involving bacteria and tissue cells depends on a multitude of factors [4,
5]. The presence of bacteria affects both cell attachment and spreading on Ti and Ti_N
surfaces (Figure 7). It is noticeable, however, that HFFs spread equally well on TESPSAtreated surfaces in the presence of bacteria than in bacteria-free cultures.
The in vitro effects of TESPSA-treated titanium surfaces are the expected for a surface with
antibacterial properties that avoids or delays bacteria adhesion and enhances cell adhesion and
spreading. Surfaces treated with TESPSA could enhance the biological sealing on dental
implant surfaces against bacteria colonization of underlying tissues. Furthermore, it can be an
effective anchoring platform of biomolecules on titanium surfaces with improved osteoblast
differentiation and antibacterial properties. Further work in this direction should include
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antibacterial assays using complete multispecies models of oral biofilm that more realistically
mimic the complex biology involved in peri-implantitis.
5. Conclusions
A TESPSA silane was attached to titanium surfaces and evaluated in vitro. No cytotoxic
effects were observed against HFFs and osteoblast-like SaOS-2 cells. TESPSA-treated
surfaces increased the expression of osteoblastic cell differentiation markers. A noticeable
reduction in the adhesion and early stages of biofilm formation of S.sanguinis and
L.salivarius was observed. Cell adhesion and spreading in cell-bacteria co-cultures on
titanium surfaces treated with TESPSA showed similar results to cell cultures without bacteria
presence.
TESPSA immobilization on titanium is a promising strategy to generate antibacterial and
osteoinductive titanium surfaces.
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Table 1. DNA sequences of forward (fw) and reverse (rv) primers for the selected genes used
for real-time qPCR
Gene

Gene title

Acc. Number

Primer sequence (5’_3’)

Amplicon

symbol

size (bp)
Actin, beta

ACTB

NM_001101.3

fw: AGAGCTACGAGCTGCCTGAC

114

rv: CGTGGATGCCACAGGACT
Collagen,

COL1A1

NM_000088.3

fw: AGGTCCCCCTGGAAAGAA

type 1, alpha 1
ALP

96

rv: AATCCTCGAGCACCCTGA

Alkaline phosphatase,

NM_005245818.1

fw: AGAACCCCAAAGGCTTCTTC

liver/bone/kidney

NM_001127501.2

rv: CTTGGCTTTTCCTTCATGGT

74

NM_001177520.1
RUNX2

BMP2

Runt-related

NM_001024630.3

fw: CGGAATGCCTCTGCTGTTAT

transcription factor 2

NM_001015051.3

rv: TGGGGAGGATTTGTGAAGAC

Bone morphogenetic

NM_001200.2

protein 2

fw: CAGACCACCGGTTGGAGA
rv: CCCACTCGTTTCTGGTAGTTCT

Table 2. Roughness values (mean ± standard deviation (SD)) for each surface treatment.
Statistically significant differences versus control samples (Ti) are indicated with an asterisk
(P < 0.05).

Ti
Ti_N
Ti_N_TSP

Ra [nm]

Rku [nm]

Rsk [nm]

26.0 ± 7.3

6.4 ± 2.0

0.9 ± 0.6

109.0 ± 11.0*

7.4 ± 5.6

0.3 ± 0.5*

96.9 ± 6.2*

7.5 ± 2.6

0.4 ± 0.8*

22

122

95

Table 3. Values of contact angle (CA), surface free energy (SFE), and its dispersive (DISP)
and polar (POL) components, for each surface treatment. Statistically significant differences
marked as (a) versus control Ti and as (b) vs Ti_N (P < 0.05).
SFE (mJ/m2)

CA(º)
73.5 ± 7.2

Ti

40.8 ± 9.8
a

Ti_N

23.6 ± 4.1

Ti_N_T

31.2 ± 4.6 a,b

76.6 ± 1.5

DISP (mJ/m2)
34.9 ± 3.3

a

71.8 ± 2.1 a,b

50.4 ± 0.2

POL (mJ/m2)
7.5 ± 3.4

a

47.3 ± 1.1 a,b

26.2 ± 1.5 a
24.5 ± 2.2 a,b

Table 4. Surfaces’ chemical composition (at %). NA: Not assessed.
C 1s

N 1s

Na 1s

O 1s

Si 2p

Ti 2p

Ti
Ti_N

46.1 ± 6.0
23.1 ± 1.1

1.1 ± 0.5
1.6 ± 0.5

NA
4.7 ± 0.4

40.7 ± 4.8
54.2 ± 0.1

NA
NA

12.2 ± 1.7
16.4 ± 0.2

Ti_N_T

41.2 ± 9.0

0.7 ± 0.2

NA

42.7 ± 6.5

6.9 ± 1.6

8.4 ± 4.1

Table 5. Deconvolution of XPS high resolution spectra: binding energies (eV) and relative
intensities (%) of O 1s and C 1s species for each surface treatment.

Ti

Ti_N

Ti_N_TSP

Bond State

Position (eV)

% O 1S

Bond State Position (eV)

% C 1S

TiO2

529.9 ± 0.1

46.4 ± 5.8

C-HX

284.8 ± 0.1

79.6 ± 5.3

Ti-OH/C=O

531.8 ± 0.2

53.6 ± 5.8

C-O

285.7 ± 0.4

20.3 ± 0.1

C=O

288.1 ± 0.8

10.3 ± 6.8

TiO2

529.7 ± 0.1

77.4 ± 3.1

C-HX

284.8 ± 0.1

79.6± 1.5

Ti-OH/C=O

531.5 ± 0.2

22.6 ± 3.1

C=O

288.8 ± 0.1

20.4 ± 1.5

TiO2/Si-OH

529.7 ± 0.1

39.5 ± 14.4

C-HX /C-C

284.6 ± 0.1

91.2 ± 1.3

531.5 ± 0.1

60.5 ± 14.3

COO

288.3 ±0.1

8.2 ± 1.2

Ti-OH/
Ti-O-Si/COO
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Figure 1. Representative SEM images of the surfaces of: a) smooth titanium (Ti) and b)
titanium activated with 5 M NaOH for 24 h at 60ºC (Ti_N).

Figure 2. Proliferation of: a) HFFs and b) SaOS-2 onto titanium surfaces after 4 h, 1 day, 3
days and 7 days of incubation. “a” and ”b” indicate significant differences (P < 0.05) at 4
hours; “c” and “d” indicate significant differences (P < 0.05) at 1 day; “e” and “f” indicate
significant differences (P < 0.05) at 3 days; “g” and “h” indicate significant differences (P <
0.05) at 7 days.
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Figure 3. RT-qPCR analyses of the gene expressions of: a) RUNX2, b) COL1A1, c) ALP and
d) BMP2, of SaOS-2 cells cultured on the different surfaces at 4, 24 and 72 hours. Results
were normalized in respect to expression levels of the endogen reference gene b-actin and are
represented as relative fold change to tissue culture polystyrene (TCPS) at 4 h. At each time
point, letters indicate significant differences (P < 0.05).
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Figure 4. Bacterial adhesion of S. sanguinis and L. salivarius on titanium surfaces after 2
hours of incubation at 37ºC. Results are displayed as colony-forming units (CFU) normalized
vs. the surface area. Statistically significant differences are indicated with “*” (P < 0.05).
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Figure 5. Bacterial biofilm formation of S. sanguinis and L. salivarius on titanium surfaces
after 24 hours of incubation at 37ºC. The metabolically active bacteria are displayed as
luminescence intensity (cd) normalized versus the surface area. Statistically significant
differences are indicated with “*” (P < 0.05).
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Figure 6. Surface coverage by HFFs and S.sanguinis or L.salivarius onto treated titanium
samples, defined as the number of adhered HFFs cells in the presence of bacteria compared to
bacteria-free samples. Error bars indicate standard deviations over triplicate experiments with
separately grown cells and bacteria. Statistically significant differences are indicated with “*”
(P < 0.05).
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Figure 7. Representative examples of fluorescence images of stained HFFs cells after 24 and
48 h of co-culture growth on the studied surfaces.
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