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A B S T R A C T

Surface modification of medical and dental devices, to improve their biocorrosion resistance and biocompat-
ibility, can be achieved with the multidisciplinary field of biomaterials. Nanostructured titanium dioxide (TiO2)
has been employed as surface modifier of titanium-based biomaterials because it can prevent the failure of the
devices due to wear mechanisms. Moreover, this oxide surface is mostly terminated by hydroxyl groups (-OH)
that can be directly functionalized with biomolecules to improve the biocompatibility of these devices. We
explored the influence of 3-aminopropyltrimethoxysilane (APTMS) molecules as spacers in bovine serum al-
bumin (BSA) protein immobilization on the physically hydroxylated surfaces of rutile phase TiO2 films grown by
reactive Radio Frequency (RF) magnetron sputtering. X-ray Photoelectron Spectroscopy (XPS) was used to ex-
amine the adsorption of BSA and APTMS on the hydroxylated surface of TiO2 thin films. For biological tests, BSA
was directly immobilized on the film surface and on the APTMS monolayer. Biological analysis found better
osteoblast performance considering gene markers related to cell adhesion after interacting directly with the
surface modified by the immobilization of BSA, especially on the surface where this protein was immobilized by
APTMS. Additionally, we addressed the relevance of this biointerfaces on extracellular matrix remodeling by
zymography analysis. Altogether, our data provides new insights about the cellular and molecular mechanisms
covering the improved osteoblastic response of the proposed surface modification.

1. Introduction

Implants used in dentistry or orthopedic surgery are mostly pro-
duced from metallic materials. Pure titanium and its alloys are the most
commonly used due to their appropriate mechanical properties.
However, these materials often do not have adequate biocompatibility,
as they do not facilitate integration with the tissues adjacent to the
implanted area [1]. Biocompatibility involves the interaction between a
biomaterial and living tissue [2], and biocompatible materials need to
have some pre-defined requirements, such as appropriate mechanical
loading (strength, rigidity, surface hardness, and wear resistance),
noninflammatory response, nontoxic, and does not provoke allergic or
immunologic reactions [3–8]. Among the strategies to ameliorate bio-
logical performance of these materials, surface modification may pro-
vide biocorrosion resistance and even promote bioactivity by enhancing
the interaction of the implant surface with specific proteins. Interaction
with proteins is the initial process that occurs between the biological
environment and the implant surface, and this dictates subsequent in-
teractions, such as cell adhesion [9].

Titanium dioxide has been used in several studies as a surface
modifier because of its high hardness, high dielectric constant, and
chemical stability [10,11]. Coatings with adequate mechanical prop-
erties are important for orthopedic and dental implants because the
failure of the materials is usually the result of different wear mechan-
isms [1]. Ochsenbein et al. [12] observed that the titanium oxide layer
had satisfactory cell adhesion and proliferation. However, with the
long-term exposure to a biological environment, the fine native oxide
(5–6 nm) failed to protect the material from corrosion. On the other
hand, a thicker and homogeneous titanium dioxide coating (100 nm)
significantly increased the long-term biocorrosion resistance of Ti, ex-
hibiting a similar cellular response. In addition, Werner et al. [13]
found that the native oxide layer was generally less hemocompatible
than a thicker and more homogeneous layer of TiO2.

Among the various thin film deposition approaches, the Radio
Frequency (RF) magnetron sputtering deposition technique provides
precise control over the composition and surface morphology by ad-
justing the deposition parameters [14]. The properties of TiO2 strongly
depend on the microstructure and the crystallographic phase (rutile,
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anatase, or brookite), where the rutile phase presents high mechanical
resistance, while the anatase phase has high photocatalytic activity
[15,16]. Thus, this technique may produce films with high uniformity,
good adhesion, and high hardness, which are all desirable character-
istics for use in biomedical implants.

Chemically, the surface of this oxide (TiO2) is mainly terminated by
-OH groups, which can be readily functionalized by various molecules
containing different functional groups such as silanes, carboxylic acids,
and other derivatives including esters, acid chlorides, and carboxylate
salts, by forming self-assembled monolayers (SAMs) on the oxide sur-
face [17]. The hydroxyl groups on the surface of the oxide tends to form
covalent bonds with a specific functional group of the organic com-
pound, through condensation reactions [18,19]. These -OH groups and
the electrical charges formed by dissociation play an important role in
binding to polymers, proteins, and immobilization of organic molecules
[17]. Studies have suggested that the amount of -OH groups on the TiO2

surface influences the photocatalytic activity and the hydrophilicity of
the film [20].

The adsorption of the proteins in the blood and proteoglycans on the
surface of the implants is important for the interaction of implants with
the surrounding tissue [21] and determines the subsequent stages of
cell adhesion and proliferation [22,23]. Therefore, the immobilization
of certain types of protein on the surface of biomaterials might ame-
liorate their biocompatibility and performance. To ensure cell adhesion
and subsequent proliferative phenotype, the most used proteins are
those that naturally interact with connective tissue cells, such as os-
teoblasts, and with plasma constituents, such as platelets and leuko-
cytes [24]. Among them, albumin is recognized as a major circulating
component of blood [25]. It is expected that when immobilized on the
surface of the material, this protein could play a role in bioactivity and
promote improvement in the corrosion resistance of the implant
[26–28].

Naturally after implanting, proteins adsorb on the surface of the
metal oxide directly or through binding agents, considering mostly the
properties of their amino-acids, which can simultaneously present hy-
drophobic, polar uncharged, and polar regions loaded on their surface.
Thus, the interactions might be due to hydrophilicity, hydrophobicity,
ionic interactions, or the formation of covalent bonds with a specific
functional group of the molecule [29,30]. Often, the use of binding

agents in the process of protein immobilization might provide greater
steric freedom to the protein, which in turn allows a greater specific
activity. In molecules used as spacers, one of the organic ligand groups
interacts with the surface of the oxide and the other organic ligand
group interacts with the protein [30].

Based on this background, the current study evaluated the influence
of 3-aminopropyltrimethoxysilane [H2N(CH2)3Si(OCH3)3] (APTMS)
molecules used as spacers for bovine serum albumin (BSA) protein
immobilization process on the physically hydroxylated surfaces of rutile
phase TiO2 films grown by reactive RF magnetron sputtering on tita-
nium substrates. The modified surfaces were biologically evaluated via
cytotoxicity assay and molecular analysis of specific gene activation
using qPCR technology. The biological analysis of the modified surfaces
was made by direct contact with pre-osteoblasts (MC3T3-E1, subclone
4, cell line). In brief, our data indicated improved osteoblastic response
of the surface modified by BSA immobilized in the presence of APTMS
spacer molecule and this opens new perspectives to be applied in bone
related surgical processes. However, this set of data is for preclinical
protocols.

2. Material and methods

Commercially pure titanium (cp-Ti) grade 4 was used as substrates
due to its extensive use in various kinds of implants [31]. The proce-
dures used to uniformize the substrate surfaces by wet sanding and the
growth parameters of rutile phase TiO2 films via reactive RF magnetron
sputtering were described in a previous work [32]. The XPS measure-
ments were performed on a Kratos spectrometer (AXIS-165) using a
monochromatic Al Kα X-ray source. Each sample was analyzed at a
54.7° angle, defined as the emission angle relative to the surface. The
energy resolution was 0.45 eV. The pass spectrum energy of the spectra
was 80 eV and the individual high-resolution spectra was 20 eV. To
correct for any charging effect, the binding energy of the Ti 2p3/2 peak
was normalized to 458.8 eV. The CasaXPS computational package was
used for the chemical study and analysis of the functionalized sample
surfaces.

Fig. 1. Contact angle and surface energy values for samples exposed in UV lamp at times t= 0, 15, 30, 45, 60, 75, and 90min. In the legend, CA refers to the contact
angle and SE refers to the surface energy.
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2.1. Hydroxylation test

After the growth of TiO2 films, a set of samples was submitted to
physical hydroxylation tests to find the best exposure time for higher
hydrophilicity and surface energy for the subsequent functionalization
procedure. This procedure consisted in exposing samples to ultraviolet
light using an assembly that we built containing a UV lamp (P=8W, λ
=256 nm). The functionalization was performed after hydroxylation of
TiO2 surfaces by UV exposition for 30min, which was the best time
(Fig. 1). The contact angle and surface energy measurements of this
work were obtained by the Ramé-Hart 100-00 goniometer. Water and
diiodomethane were used as the polar and non-polar liquids, respec-
tively.

2.2. APTMS functionalization

The procedure consisted of immersing hydroxylated TiO2 surfaces in
APTMS solution (Sigma-Aldrich, 97 %) with anhydrous ethanol at a
concentration of 3mM for one hour. After this period, they were rinsed
with anhydrous ethanol. This washing procedure was performed three
times to remove unbound molecules.

2.3. BSA functionalization

The samples were immersed in BSA solution (Sigma-Aldrich, ≥96
%) in PBS at a concentration of 0.40mg/mL, for 6 h. Then, they were
rinsed with Milli-Q water to remove the unbound proteins and the PBS
salts [33,34]. This washing procedure was performed three times.

2.4. Cell culture

Pre-osteoblastic MC3T3-E1 cell line, obtained from mice, were
cultured in α-MEM (minimal essential medium with alpha modifica-
tion) supplemented with 10 % fetal bovine serum (FBS) and 1% anti-
biotic (penicillin and streptomycin) (NUTRICEL, Campinas, SP, Brazil).
The cultured cells were maintained in an incubator at 37 °C and at-
mosphere of 5% CO2 for 3 h and 72 h. Sub-confluent passages were
trypsinized and used in all experiments of this study.

2.5. MTT assay

The MTT solution was prepared from the salt of the compound
(Sigma-Aldrich, ≥ 97.5 %) in serum-free (α-MEM) medium at a con-
centration of 1mg of the salt for each 1ml of serum.

The cultured cells were seeded on the surfaces of the four groups
(Ti, TiO2, TiO2+BSA and TiO2+APTMS+BSA) in 24-well plates
(5.5× 104 cells/ml) and maintained in the incubator for 3 h. After this
period, the samples were transferred to a new 24-well plate, and the
MTT solution was added to each well. The samples were then placed
back into the incubator for 3 h. Next the medium containing the MTT
solution was removed and absolute alcohol was added in each well for
solubilization of the blue dye formed by the viable cells. Finally, this
solubilized medium was transferred to a 96 well plate, using an extra
column (alcohol only) to serve as reference. This 96-well plate was
taken to the microplate reader (SYNERGY-HTX, Biotek, USA) and the
absorbance of the groups was measured at the wavelength of 570 nm
[35]. In this assay, an experimental n equal to 9 was used for each
group.

2.6. Cell adhesion assay

The Violet Crystal Solution was prepared from the powder of the
compound (Sigma-Aldrich, ≥ 90 %) at a concentration of 0.1 % by
weight (g) of the powder relative to the volume (ml) of distilled water
(e.g. 0.04 g of violet crystal in 40mL of distilled water).

The cultured cells were seeded on the surfaces of the four groups

(Ti, TiO2, TiO2+BSA, and TiO2+APTMS+BSA) in 24-well plates
(5.5× 104 cells/ml) and maintained in the incubator for 3 h. Then, the
samples were transferred to a new 24 well plate and the wells con-
taining the samples were washed twice with warm PBS. After washing,
the cells on the samples were fixed in absolute ethanol solution with
acetic acid (3:1; v/v) in each well, and the plate was maintained for
10min at room temperature. Next the solution was aspirated, and the
violet crystal solution was added to each well. After a 10min wait, the
excess dye was removed by decantation and washed twice with distilled
water and the dye was extracted with 10 % (v/v) acetic acid. Finally,
the stained medium was transferred to a 96-well plate, using an extra
column (with only 10 % acetic acid) to serve as reference. This 96-well
plate was taken to the microplate reader (SYNERGY-HTX, Biotek, USA)
and the absorbance of the groups was measured at the wavelength of
540 nm [36]. In this test, an experimental n equal to 9 was also used for
each group.

2.7. Real-time polymerase chain reaction (qPCR)

Cells were cultured on the surfaces of the four groups for the time
periods of 3 and 72 h (3 days). Total mRNA was extracted using the
Ambion TRIzol Reagent kit (Life Sciences - Fisher Scientific, Waltham,
MA, USA) and treated with DNase I (Invitrogen, Carlsbad, CA, USA).
The cDNA synthesis was performed with the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s instructions. The reactions to study the
expression pattern of genes involved in the adhesion process were
performed in triplicate using SYBR Green Master Mix (q-PCR®,
Promega) and specific primers related to cell adhesion, and the choice
of them is discussed in session 3.2. To calculate the relative quantity,
the comparative critical threshold method 2-ΔCt was employed. The
results were expressed as mean ± standard deviation of 3 independent
experiments with the genes GAPDH, β-actin, and 18S as internal con-
trols. Primers and details are listed in Table 1.

2.8. Zymography

Given their involvement in a variety of physiological processes,
which are explained in session 3.3, the proteolytic activities of the
MMP-2 and MMP-9 were measured with respect to the gelatin-based
zymography protocol for 3 and 72 h. After performing the direct contact
experimental circuit with the four different surfaces (groups), the
conditioned culture medium was collected and centrifuged at
14,000 rpm for 15min to avoid cellular debris, and the protein con-
centration was determined by the method of Lowry [37]. Then, 150 μg
of protein was applied to a 12 % polyacrylamide gel containing 4% of
gelatin. The gelatinolytic activity of the proteins involved was de-
termined by renaturating them using Triton X-100 in aqueous solution
(2% w/v) for 40min under stirring at 37 °C, and proteolysis buffer
(Tris-CaCl2) incubated for 18 h also at 37 °C. The gel was then stained
with Coomassie Blue (0.05 % R-250 dye solution) for 3 h, after which
time, the gel was washed in 30 % (v/v) methanol solution and 10 % (v/
v) glacial acetic acid. The absence of staining was obtained in regions of
the gel which had the gelatinolytic activity (bands) of MMP2 (∼
62 kDa) and MMP9 (∼ 84 kDa). These bands were then subjected to
densitometry analysis using the ImageJ software (Bethesda, MD, USA)
[38] and the obtained pixel values transferred to the GraphPad Prism7
software (GraphPad Software Inc., San Diego, CA, USA) for statistical
analysis.

2.9. Statistics

All the biological experiments were performed at least three times
for better statistics, and the results were expressed as the mean ±
standard deviation (SD). A one-way analysis of variance (ANOVA) was
performed using the Tukey test for multiple comparisons with the
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GraphPad Prism7 software (GraphPad Software Inc., San Diego, CA,
USA) to evaluate whether different treated surfaces influenced the ad-
hesion. Differences between the means were considered significant
when P < 0.05 (*) or highly significant when P < 0.001 (***) (****).

3. Results and discussion

The urgent need to improve biocompatibility of titanium-based al-
loys should focus mainly on patients’ recovery speed. Over the last
several years, we have concentrated on a proposed set of methodologies
to better address the biointerfaces of biomaterials, considering cellular
and molecular mechanism governing the behavior of cell interaction on
biomaterial surfaces [39]. This study proposes a new approach that
optimizes osteoblastic response of the biofunctionalized surface of ti-
tanium employing biological analysis to support the potential of this
material for evaluation in preclinical studies.

3.1. Surface characterization

Fig. 1 provides the mean values of contact angle (CA) and surface
energy (SE) for different samples exposed to UV radiation at times t= 0,
15, 30, 45, 60, 75, and 90min. For each time, three measurements of
contact angle were conducted with water (as polar liquid) and diio-
domethane (as apolar liquid). The surface energy values were then
calculated from these measurements. The lowest contact angles were
for times t= 35 and 75min (11.4° and 11.6°, respectively). The highest
surface energy values were also for these times (76.7 dyn/cm and
78.6 dyn/cm, respectively). The changes were very noticeable between
the samples without exposure (t= 0) and the samples exposed to UV
radiation. The surface changed from intermediate (67.4°) to hydrophilic
(values below 30°), with a significant increase in surface energy. The

photocatalytic property of TiO2, described by Hashimoto, Irie, and
Fujishima [40], results in a higher number of hydroxyls available on the
surface after exposure to UV radiation. The contact angle and surface
energy values for the 30 and 75min were close, but the standard de-
viation for the 75min time was higher; therefore, we choose 30min of
exposure time as the standard for the preparation and subsequent
functionalization of the samples

The reason for doing this initial study is that surface energy can
indicate the ability of a given surface to interact spontaneously with
other materials to form new bonds. Therefore, the results presented
were satisfactory, since higher surface energy values are desirable for
better interaction with APTMS molecule and bovine serum albumin
(BSA) protein. In addition, according to Hallab et al. [41], they de-
monstrated a correlation between surface energy, cell adhesion capa-
city, and subsequent cell proliferation. For wettability, hydrophilic
surfaces exhibit greater cell adhesion and proliferation capacity
[42–44].

The XPS technique was used to analyze the surface chemistry of the
studied groups, as well as confirm the spatial conformation of APTMS
molecule, to evaluate the effectiveness of the functionalization process.
In the high-resolution spectra, the values of residual standard deviation
(RSD) were indicated as the quality factor of the realized fittings.

Fig. 2a–c presents the high-resolution spectra after the functionali-
zation procedure with APTMS molecules. The O 1s high-resolution
spectrum (Fig. 2a) contains three contributions. The contribution at
529.48 eV refers to the O-Ti-O bond of titanium dioxide, and the con-
tribution at 530.15 eV describes the hydroxyl groups. The third con-
tribution, at 531.90 eV, refers to the Ti-O-Si bond and indicates the
adhesion of the APTMS molecules on the surface of the titanium dioxide
by the silane group. The binding between the APTMS molecules by the
silane group and the substrate stabilizes the monolayer formed over the

Table 1
Sequences of gene expression primers and PCR cycle conditions.

Gene (ID) Primer 5′- 3′ Sequence Reaction Conditions

GAPDH
(14433)

Forward AGGCCGGTGCTGAGTATGTC 95 °C - 15 s; 63 °C - 30 s; 72 °C - 30 s
Reverse TGCCTGCTTC ACCACCTTCT

18S
(19791)

Forward CGCTATCTGACTCGCTG 95 °C - 15 s; 53 °C - 30 s; 72 °C - 30 s
Reverse GGAAGGTTCTAGTCAGG

β-actin
(11461)

Forward TCTTGGGTATGGAATCCTGTG 95 °C - 15 s; 63 °C - 30 s; 72 °C - 30 s
Reverse AGGTCTTTACGGATGTCAACG

Fak
(14083)

Forward TCCACCAAAGAAACCACCTC 95 °C - 15 s; 60 °C - 30 s; 72 °C - 30 s
Reverse ACGGCTTGACACCCTCATT

Src
(17977)

Forward TCGTGAGGGAGAGTGAGAC 95 °C - 15 s; 60 °C - 30 s; 72 °C - 30 s
Reverse GCGGGAGGTGATGTAGAAAC

Cofilin
(12631)

Forward CAGACAAGGACTGCCGCTAT 95 °C - 15 s; 60 °C - 30 s; 72 °C - 30 s
Reverse TTGCTCTTGAGGGGTGCATT

Integrin-β1
(16412)

Forward CTGATTGGCTGGAGGAATGT 95 °C - 15 s; 60 °C - 30 s; 72 °C - 30 s
Reverse TGAGCAATTGAAGGATAATCATAG

Integrin-α1
(109700)

Forward CTGATTGGCTGGAGGAATGT 95 °C - 15 s; 60 °C - 30 s; 72 °C - 30 s
Reverse TGAGCAATTGAAGGATAATCATAG

Fig. 2. a) High resolution spectrum O 1s, b) high resolution spectrum N 1s, c) high resolution spectrum Si 2p of TiO2 sample after APTMS functionalization process.
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TiO2 surface and this reaction is known as silanization. This result is
consistent with those presented in the literature, where normally the
silanization occurs on hydroxylated surfaces [19].

In the N 1s high-resolution spectrum (Fig. 2b), the two contributions
refer to APTMS molecule, where one indicates the amine group (NH2)
in 399.18 eV, and another refers to the CeN bond in 400.93 eV. The
lack of Ti-N type contribution suggests that APTMS molecule displays a
preferential interaction with the TiO2 surface by the silane group,
leaving the amine group free [45]. In addition, a contribution of the Ti-
O-Si bond in the Si 2p high-resolution spectrum (Fig. 2c) in 102.77 eV
was detected, and a further contribution was also observed in
102.14 eV, related to the C-Si bond of the APTMS molecule.

Fig. 3a–c shows the high-resolution spectra of the TiO2 sample after
the functionalization procedure with APTMS, followed by the functio-
nalization process with the BSA protein, respectively. The APTMS
molecule was used as a spacer in the immobilization process of BSA on
the TiO2 surface. As the BSA molecules are much larger than the APTMS
molecules and the composition of the elements of both are similar, the
high-resolution spectra mostly present data related to the chemical
bonds of the BSA molecules and the surface of the TiO2. In the C 1s
high-resolution spectrum (Fig. 3a), three contributions can be observed,
one at 285.01 eV referring to CeC bond, another at 286.22 eV referring
to CeO/C-N bond, and the other at 288.35 eV referring to N-C=O
bond; these contributions are related to the bonds present in BSA, ex-
cept CeN, which is also present in APTMS. The O 1s high resolution
spectrum (Fig. 3b) shows four contributions, one at 532.65 eV referring
to the C]O or O-Si-O bond, at 531.52 eV referring to the bond CeO or
TO-Si, an O-Ti-O contribution at 529.86 eV, and another concerning the
terminal hydroxyls (530.38 eV) present on the surface of the oxide. Two
contributions are visible in the N 1s high-resolution spectrum (Fig. 3c),
one referring to the CeN bond (401.55 eV) and the other to the amine
group (399.84 eV). The APTMS molecules attached to the TiO2 surface
by the silane group; thus, the results suggest that BSA bounded to the
amine group of APTMS molecules. However, given the size and com-
plexity of proteins in general, the exact region that the BSA bonded
with APTMS cannot be determined. Previous results suggest the for-
mation of APTMS monolayer on TiO2 surface, and the washing process
after immersion of the substrates in APTMS and BSA solutions ensures
that the unbound molecules were removed. All of these procedures
were performed to guarantee that the BSA molecules indeed bonded to
the TiO2 surface with the APTMS molecules (spacer).

3.2. Modified titanium surfaces drive osteoblast adhesion and improved
biocompatibility

To address the biological response of this proposed surface, we used
pre-osteoblast cells, because the focus of this work is to study the bio-
logical performance of a bone implant candidate (orthopedic/dental)
[46]. First, cellular and molecular mechanisms were analyzed. Fig. 4

illustrates the cell viability and adhesion data performed by MTT and
Violet Crystal, respectively. The results obtained by the cellular viabi-
lity assay (Fig. 4a) indicates significantly higher mitochondrial activity
of pre-osteoblasts for all groups, especially responding to TiO2 +
APTMS+BSA group. The cell adhesion assay (Fig. 4b) presented a very
similar profile for cell viability, where a higher number of viable cells
were found in response to TiO2 + APTMS+BSA surfaces. The higher
cell adhesion on BSA-modified surfaces might be due to the capacity of
integrins to crosslink the intracellular compartment with organic mo-
lecules in the extracellular microenvironment [47]. The date from both
colorimetric assays corroborates with others when the titanium surface
was modified by the growth of the TiO2 film [48,49]. In addition, they
suggest improved osteoblastic response of the TiO2 surface modified
with BSA, especially when immobilized in the presence of the spacer
APTMS molecule. The molecular machinery supporting this behavior is
presented later in this study.

Previously, we obtained better attaching behavior of osteoblasts on
BSA-modified surfaces, and it was shown to be under a specific mole-
cular machinery. Thus, Fig. 5 presents the genes related to cell adhe-
sion. Importantly, the better performance of osteoblast adhering on the
BSA-modified surfaces is guaranteed by the higher activation of α1 and
β1 integrins (approximately 3-fold-changes and 60-fold changes in-
creased, respectively; Fig. 5a,b), which are responsible to modulate cell
adhesion on organic surfaces. The cell adhesion process is regulated by
intracellular mechanisms upon activation of integrins, which are het-
erodimeric transmembrane receptor proteins (α and β subunits) be-
longing to the group of cell adhesion molecules (CAMs). These proteins
are intermediates in the communication between the cellular cytoske-
leton and plasma proteins or the cell matrix through cell-to-cell adhe-
sion through interactions with other membrane proteins. In addition to
the adhesion function, these proteins are also recognized as signaling
molecules able to transduce messages by classical signaling pathways,
leading to the activation of FAK and Src intracellularly, and culminating
with the phosphorylation of cofilin [50,51]. The activation of this set of
genes is probably conserved, because a dynamic ECM remodeling oc-
curs during osteoblast differentiation [52] that affects the adhesion and
viability of the cells.

This set of gene encoding proteins related with cell adhesion and
viability was evaluated in this study, and the data demonstrates a sig-
nificant involvement of FAK (Fig. 5c), Src (Fig. 5d) and Cofilin (Fig. 5e)
genes. It is important to mention the biphasic effect of Src in osteoblast,
which participates positively with survival and proliferative signaling
and negatively with differentiation-related signaling [53–55]. In sum,
this molecular machinery triggered by TiO2 + APTMS+BSA surfaces
guarantees better performance of osteoblasts and partially explain the
colorimetric assays illustrated Fig.4.

Fig. 3. a) High resolution spectrum C 1s, b) High resolution spectrum O 1s, and c) High resolution spectrum N 1s of the TiO2 sample after APTMS functionalization
process and subsequent BSA.
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3.3. ECM remodeling in response to the BSA-modified surfaces

Extracellular matrix (ECM) remodeling is a necessary pre-requisite
to cell adhesion [56] executed by MMPs. Thus, we have subjected the
cells responding to the surfaces of this experimental design and the
conditioned medium was harvested at 3 and 72 h to evaluate the ac-
tivity of MMP2 and MMP9, as presented in Fig. 6. The data demon-
strates significance in the higher activities of both MMP-2 and MMP-9
independent of 3 or 72 h responding to TiO2 + APTMS+BSA surfaces.
MMPs are zinc-dependent endopeptidases that process and degrade
various extracellular proteins. They participate in a variety of

physiological processes, such as angiogenesis, tissue repair, morpho-
genesis, stem cell mobilization, and wound healing [57,58]. Mizutani
et al. [59] demonstrated that both MMP2 and MMP9 are involved in the
osteoblastic differentiation process, indicating their participation in the
formation and maturation of the ECM, and this data was completed in
2009 by Zambuzzi et al., who found strong involvement of TIMPs and
RECK proteins in this process, suggesting finely modulated ECM re-
modeling during osteoblast differentiation (mainly responding to the
osteogenic stimulus up to 28 days) [52]. Furthermore, during the os-
teoblast differentiation process, ECM remodeling might be understood
as a preliminary mechanism to prepare the ECM for later

Fig. 4. The cytotoxic effects of the functionalized surfaces were evaluated for 3 h, through the mitochondrial dehydrogenase activity in the MTT assay and cellular
adhesion from the crystal violet dye, representing the percentage of cellular viability of the pre-osteoblasts in (a) and the percentage of cells adhered in (b). Titanium
presenting machined surfaces (Ti) was considered the control. The results are represented as the mean ± standard deviation from three independent experiments.

Fig. 5. The total mRNA was collected and adhesion-related [Integrin α1 (a), Integrin β1 (b), Fak (c), Src (d), and Cofilin (e)] genes were each analyzed. The results are
represented as the mean ± standard deviation of three independent experiments. Titanium presenting machined surfaces (Ti) was considered the control.
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mineralization.

4. Conclusions

Our data demonstrated that it was possible to reduce the contact
angle of the film surfaces through the physical hydroxylation process
and, consequently, to obtain surfaces with high wettability. According

to chemical analysis, the XPS confirmed the adsorption of the APTMS
molecules on the hydroxylated surfaces of TiO2. Although the results
obtained from the XPS do not provide exactly where the adhesion of the
BSA occurred, strong evidence indicates that they bound to both the
hydroxylated surface of TiO2 and to the amine end group of the APTMS
molecules used as spacers.

The biological performance of osteoblasts responding to TiO2 +

Fig. 6. Analysis of extracellular matrix remodeling for pre-osteoblasts after 3 h and 72 h. The activities of the MMPs were measured by the Zymography (e) assay and
the analysis of these activities at 3 h [Mmp2 (a) and Mmp9 (b)] and 72 h [Mmp2 (c) and Mmp9 (d)] is presented. Titanium presenting machined surfaces (Ti) was
considered the control. The results are represented as the mean ± standard deviation from three independent experiments.
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APTMS+BSA surfaces shows it being an important way to improve the
performance of BSA as a surface modifier agent and, thus, to bio-
functionalize titanium surfaces to guarantee cell adhesion and viability.
In summary, the modification of these surfaces with BSA protein,
especially immobilized by APTMS molecule, makes the surface of tita-
nium devices more suitable to osteoblast performance and it opens new
perspectives to be applied in bone related surgical processes and these
results indicate preclinical
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