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Abstract: Highly porous Ti implant materials are being used in
order to overcome the stress shielding effect on orthopedic
implants. However, the lack of bioactivity on Ti surfaces is still a
major concern regarding the osseointegration process. It is
known that the rapid recruitment of osteoblasts in bone defects
is an essential prerequisite for efficient bone repair. Convention-
ally, osteoblast recruitment to bone defects and subsequent
bone repair has been achieved using growth factors. Thus, in
this study highly porous Ti samples were processed by powder
metallurgy using space holder technique followed by the
bio-functionalization through microarc oxidation using a Ca-
and P-rich electrolyte. The biological response in terms of early

cell response, namely, adhesion, spreading, viability, and prolif-
eration of the novel biofunctionalized highly porous Ti was car-
ried out with NIH/3T3 fibroblasts and MC3T3-E1 preosteoblasts
in terms of viability, adhesion, proliferation, and alkaline phos-
phatase activity. Results showed that bio-functionalization did
not affect the cell viability. However, bio-functionalized highly
porous Ti (22% porosity) enhanced the cell proliferation and
activity. © 2018 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl
Biomater 107B: 73-85, 2019.
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INTRODUCTION
Titanium is a widely used material in biomedical implants
due to the combination of the required properties, as excellent
corrosion resistance, adequate biocompatibility, and mechani-
cal properties.”* However, the differences between the
Young’s modulus of the Ti implants and the bone (110 and
10-30 GPa, respectively) leads to stress shielding effect on the
supporting bone.’®” The use of highly porous structures
with tailored porosity are becoming popular for implant
materials particularly due to their adjustable Young’s modulus
to be similar to the bone, and at the same time, improved
implant fixation.®°

In order to increase the osseointegration through improv-
ing the bone/implant interface by accelerating bone healing,
and improving bone anchorage to implant, two types of
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strategies are reported in the literature. First strategy is the
physical modification of the material/bone interface by tailor-
ing the surface topography with roughness, and/or poros-
ity’®"'? aiming to increase bone cell migration, proliferation,
and finally osseointegration.***® Second strategy is the chemi-
cal modification of the implant material surface to improve its
bioactivity, thus to stimulate bone regeneration and increase
the biochemical interlocking.'®%° At the cellular scale, this is
reflected by the following steps: cells recruitment, proliferation
on and within the surface, and finally, differentiation in bone
tissue.

Within the first strategy, Park et al.“” reported an enhanced
initial cell attachment and spreading on microrough surfaces,
being in agreement with other studies reporting better
adhesion and spreading of oestoblastic cells on grit-blasted or
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grit-blasted /etched microrough surfaces compared with rela-
tively smooth machined surfaces.

Porosity is known as an important surface parameter
regarding osseointegration of orthopedic implants. Osseoin-
tegration on porous Ti takes place by the bone growth into
the pores, allowing a good biological fixation.>>** Moreover,
structures with high porosity present greater surface con-
tact at implant-bone interface giving more space for bone
ingrowth and mechanical interlocking.***® During the inte-
gration of the prostheses to the bone, porosity can allow
the bone cells to penetrate into the implant and thus ensur-
ing, in theory, a better long-term stability of the prosthesis
(decreasing the micromovements), as well as can facilitate
vascularization of the tissues. Therefore, the size and struc-
ture of the pores must be considered for an optimal biologi-
cal response of the implant. However, there is no consensus
on the ideal pore diameter or morphology.'* Besides,
Kuboki et al.?® showed that interconnected pores allow tis-
sue and bone ingrowth leading to anchor the prosthesis to
the surrounding bone preventing and helping to hold the
dynamic strength of the implant. Karageorgiou et al.'® sug-
gested gradients in pore size for the formation of multiple
tissues and tissue interfaces. Several studies'®**?”?% have
shown that the minimum pore size for significant bone
growth should be between 75 and 100 pm, but the optimal
range was observed between 100 and 135 pm. However, in
order to promote bone formation and vascularization, pores
larger than 300 pm are needed.

Although Ti is the most biocompatible metallic material,
its lack of bioactivity cannot induce bone regeneration or
directly bond with bone in the early stage after implanta-
tion.'® In order to overcome these issues, several surface
modifications are being used.?°7! (the second strategy).
Among these techniques, microarc oxidation (MAO) allows to
create thick, adherent, porous titanium oxide films with the
incorporation of bio-active elements, as well as allows to
tailor crystallinity and morphological characteristics in a way
to improve the biological properties of Ti.3%3!

For instance, Gorgin Karaji et al.®? studied the effect of
bio-functionalization of the additively manufactured Ti6Al4V
scaffolds by plasma electrolytic oxidation (PEO) to their
mechanical properties and reported that the treatment time
can significantly affect the mechanical properties such as
Young’s modulus, yield stress, and plateau stress. Moreover,
it has been reported that different surface treatment pro-
cesses can affect the mechanical properties of porous tita-
nium material 32-3°

Several studies®*®™*? had shown that MAO treatment on
Ti surfaces enhanced its biological response. Alves et al*®
performed PEO on commercial pure Ti and studied the bio-
logical properties of Ca-and P-enriched layers assessed for
osteoblastic cell viability/proliferation ability. The authors
concluded that cell viability/proliferation was improved on
PEO treated samples. Some of the present authors have also
reported recently*® that bio-functionalization of highly
porous Ti by MAO improved the tribocorrosion behavior
owing both to improved corrosion behavior through the
oxide layers formed on the inner and outer pore surfaces,
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and improved wear resistance through the increased hard-
ness of the anodic layers. However, surface functionalization
parameters should be carefully selected in order to attain
the desired properties.

On the other hand, Ribeiro et al.®° showed that MAO
treated Ti surfaces with Ca- and P-rich layers shown to be the
main factor leading to a faster osteoblast adhesion and
spreading. As well, Teker et al.** performed MAO on Ti (grade
4) using a Ca and P containing electrolyte and reported that
Ca- and P-rich layers accelerated biomimetic precipitation of
apatite in simulated body fluid and exhibited better antibacte-
rial efficiency. Moreover, hydroxyapatite (HAP) crystals can be
precipitate on the anodic Ca- and P-rich surfaces by a hydro-
thermal treatment after MAO. It is been reported that osteo-
conductivity of Ca- and P-rich anodic oxide films is induced by
the presence of HAP crystals.**~*°

According to Carré and Lacarriére,”° cell adhesion process
consists of four steps: protein adsorption; cell-substrate con-
tact; cell-substrate attachment; and cell-cell interaction.
These steps are influenced by several factors, such as rough-
ness, porosity, wettability, surface energy, topography, polar-
ity, charge, chemical composition, among others. Biological
response depends also on surface characteristics and/or sur-
face treatments applied on the material. Moreover, the biologi-
cal response to a new material is primarily evaluated in vitro,
through the analysis of cell adhesion, proliferation, and viabil-
ity. The knowledge of these cell-biomaterial interactions may
suggest modifications in the structure or composition of bio-
material that can improve this interaction.’’ In order to
understand the biological response of a new material, firstly it
is important to study its cytotoxicity, followed by the interac-
tions that occur between cells and material surface.

Although some studies are available in the literature on
the biological response of MAO-modified dense Ti surfaces,
and highly porous Ti structures, separately, the combined
influence of the three-dimensional (3D) macroporous archi-
tecture and bio-functionalization on the biological response
is yet to be understood. Thus, the aim of this work was to
investigate the effect of macroporosity on the biological
response of bio-functionalized highly porous Ti. Highly
porous Ti samples were processed by powder metallurgy
using the space holder technique followed by its bio-
functionalization by MAO, using an electrolyte rich in bioac-
tive elements, namely Ca and P. Early cell response in terms
of adhesion, spreading, viability, and proliferation was
assessed by fibroblast and osteoblast attachment, prolifera-
tion, morphology, and viability in order to validate the per-
formance of bio-functionalized highly porous structures.

MATERIALS AND METHODS

Materials and processing

Ti foams having 30 and 50 vol % of nominal porosity were
processed by powder metallurgy using space holder tech-
nique (hereafter will be given as Ti22 and Ti37, respec-
tively, due to the real porosity values previously measured
by image analysis®®). Ti powders having average size of 25
pum, urea particles under 500 um, and PVA (0.4 vol %) as
binder were used to process highly porous samples. Dense
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FIGURE 1. Schematic representation for powder metallurgy with space holder technique.

Ti samples were also produced under identical conditions
but without the addition of urea, to be used as a control
group.

A ball mill rotating with alumina balls at 130 rpm dur-
ing 4 h was used to mix Ti, urea and PVA. Powders blends
were uniaxially pressed in zinc stearate lubricated nitrided
stainless steel die under 350 MPa for 2 min. Binder and
space holder removal was performed under Ar atmosphere
at 450°C during 3 h. After, the samples were heated up to
1100°C with 5°C/min heating rate and sintered during 3 h
in horizontal tubular furnace under high vacuum (<10°°
mbar) (Figure 1). The samples presented a cylindrical
geometry with 12 mm of diameter and 3 mm of thickness.

Bio-functionalization of porous Ti by MAO

Prior to the MAO treatment the samples were etched with
Kroll’s reagent (88% H,0, 2% HF, and 10% HNO3) for 30 s,
and cleaned ultrasonically for 15 min in propanol followed by
10 min in distilled water, and then dried with warm air. The
MAO treatment was performed in constant voltage mode. A
direct current power supply (GPR-30H10D) was used and the
treatment was carried out for 1 min at 300 V in an electrolyte
containing a solution of B-glycerophosphate disodium salt
pentahydrate (3-GP, 0.02M) and calcium acetate monohydrate
(0.35M). Samples having a geometric exposed area of
3.39 cm? were used as anode, positioned 8 cm away from a
platinum plate with an exposed area of 12.57 cm? that was
used as the cathode. MAO treatments were done under agita-
tion in a turbulent regime by using a magnetic stirrer rotating
at 200 rpm. After MAO treatments, samples were ultrasoni-
cally cleaned in propanol for 10 min followed by distilled
water during 5 min, and then dried with warm air. All bio-
functionalized samples are identified as “-AT.”

Biological tests

First, in order to evaluate the most promising surfaces in terms
of cell attachment, viability, and growth, murine fibroblasts NIH/
3T3 (ATCC) were seeded on as-etched and bio-functionalized
samples. Then, murine calvaria-derived MC3T3-E1 preosteoblas-
tic (ATCC) were seeded just on bio-functionalized samples,
which showed the best results in terms of adhesion, viability,
and proliferation with fibroblast cells. Osteoblastic cells for long
time of culture used for understanding and estimating the cell
differentiation and later the bone formation.

Prior to cellular seeding, the samples were autoclaved
(Advantage Lab AL02-01, 18 min, 105°C, 220 kPa) and kept
in incubator at 37°C in a humidified atmosphere of 5% CO,-
95% air.

Cell lines and drug treatment. NIH/3T3 (ATCC) were rou-
tinely cultured in DMEM Glutamax (Gibco, Life Technologies)
supplemented with 10% fetal bovine serum (Pan-Biotech).
The murine calvaria-derived MC3T3-E1 preosteoblastic cell
line from ATCC were grown in a-MEM medium containing 50
pg/mL of ascorbic acid (Gibco, Life Technologies) and supple-
mented with 10% of fetal calf serum (Pan-Biotech). All cul-
tures were maintained at 37°C in a humidified atmosphere of
5% C02-95% air. Medium was changed every 3 days and cells
were split at 70% confluence.

Cell proliferation and cellularization—NIH/3T3. As-etched
and bio-functionalized samples were transferred into 12-wells
culture plates where samples had 1.13 cm? area exposed to
cells. NIH/3T3 (ATCC) cells were seeded on the samples surfa-
ces at 5000 cells cm > corresponding to total cell number of
5650 per sample. Cell proliferation, viability, and number of
cells were evaluated after culturing for 24, 48, and 72 h. NIH/
3T3 fibroblasts viability and number of cells on samples were
assayed with Live/Dead® Viability/Cytotoxicity Kit (Thermo-
Fisher Scientific) according to the manufacturer’s instruction.
This kit is a two-color fluorescence assay that simultaneously
determines dead and live cells. The results were observed by
confocal laser scanning microscope (ZEISS Axioobserver LSM
700) by scanning all surface (1.13 cm?). The number of cells
and the viability were determined by image analysis using
Image] software (version 1.48). For each group of samples, the
total number of cells was estimated through dividing the total
area occupied by the cells to the average area of a cell on this
material. The cell proliferation was observed using an inverted
optical microscope (ZEISS Axiovert 40 CFL).

Differentiation cell culture conditions—MC3T3-E1. The
same procedure described previously for NIH/3T3 was used
to assess the viability of the experiments regarding the
MC3T3-E1, but MC3T3-E1 were cultured for 30 days.
MC3T3-E1 were amplified in «-MEM media containing 50
ng/mL of ascorbic acid for 9 days and then differentiation
into osteoblastic-like cells was induced by adding 10 mM of
B-GP (Sigma-Aldrich), and 10~ 8M of dexamethasone (Sigma-
Aldrich). The culture medium was changed every 3 days.

Alkaline phosphatase activity assay—MC3T3-E1. Alkaline
phosphatase activity (ALP) was measured as an early biomarker
specific to osteoblast differentiation. ALP was determined using
the colorimetric Alkaline Phosphatase Assay Kit (Abcam).
The kit uses p-nitrophenyl phosphate (pNPP) as a phosphatase
substrate which turns yellow (max=405 nm) when
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FIGURE 2. Representative SEM images of as-etched (a-c) and bio-functionalized surfaces (d—f).

dephosphorylated by ALP. The cell suspension (80 pL) was
added to 50 pL of working reagent (5 mM pNPP) and 10 pL of
enzyme. The samples were then incubated for 2 h at 37°C. After-
ward, the reaction was stopped and read with a microplate
reader (Thermo Scientific, Multiskan GO) at 405 nm.

The enzyme activity (expressed as units/g of total pro-
tein) was normalized by protein concentration detected by
BCA protein assay kit (ThermoFisher Scientific).

Samples preparation for scanning electron microscopy. At
different culture time points, the samples were fixed over-
night (4% PFA in PBS, Sigma-Aldrich), washed with PBS and
stained during 2 h by 1% osmium tetroxide (0sO4 in PBS,
Alpha Aesar). After that, samples were dehydrated at
different concentrations of ethanol (25, 50, 70, 90, 95, and
100%) and dried using hexamethyldisilazane (Sigma-
Aldrich). For scanning electron microscopy (SEM) analysis,
samples were coated with Cr at 1.2 kV.

Statistical analysis. The results were statistically analyzed
through one-way analysis of variance followed by a post hoc
testing (Tukey), using a significance level of p <0.05. All
biological tests were repeated at least three times in order
to ensure repeatability and the results are presented as
average * standard deviation.

Surface characterization

Before and after biological studies, topography, microstruc-
ture, and chemical composition of the surfaces were
observed by FEI Nova 200 field emission gun scanning elec-
tron microscope equipped with energy dispersive X-ray
spectroscopy, and scanning electron microscope (JEOL JSM-
6010PLUS/LV), using secondary electron signals.
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RESULTS

Physical properties: Microstructural characterization
Representative SEM images of as-etched and bio-functionalized
samples are shown in Figure 2. Some of the present authors had
previously characterized highly porous Ti samples processed
under identical conditions.>® In that work, it was reported that
Ti22 and Ti37 samples presented most of the macropores rang-
ing between 50 and 350 pm in size. Closed macropores were
found mostly in the case of Ti22 samples while a mixture of
open (interconnected) and closed macropores was observed in
Ti37 samples. The average macropore size was 230 and 200 pm
for Ti22 and Ti37 samples, respectively.

The grinded surfaces were homogenized by etching where
the surface roughness (S,) increased from 0.40 to 0.63 pm*?
after etching. However, as-etched Ti surfaces [Figure 2(a)] still
presented grinding marks. After bio-functionalization, the sur-
faces exhibited the typical multiscale porous volcano-like
structure and the grinding marks were not distinguishable.
Furthermore, the surface roughness (S,) increased to 1.27
um*? after bio-functionalization. SEM observations also
revealed that bio-functionalization was also successful on the
porous samples surfaces since the pore surfaces were effec-
tively covered by the anodic layers [Figure 2(e,f)].

The distribution of the interpore distance on the anodic
layers is presented in Figure 3. Almost 50% of the anodic pores
presented interpore distance of 4-6 pum on Ti-AT and Ti22-AT
samples, whereas Ti37-AT samples had around 50% of their
anodic pores in the interpore distance range of 6-10 um.

Chemical properties: Bio-functionalization

of porous Ti by MAO

The Ca/P weight ratio of the anodic layers is presented in
Table 1. The results showed that bio-functionalization of
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FIGURE 3. The distribution of the interpore distance on Ti-AT, Ti22-
AT, and Ti37-AT surfaces.

porous Ti was not influenced by the level of porosity since
there were no significant differences on the Ca/P ratio between
the bio-functionalized porous Ti and dense Ti samples.

Microstructural and chemical analysis revealed that bio-
functionalization of highly porous Ti was succeeded in
terms of topography (increased surface roughness) and
chemical composition by the incorporation of bioactive ele-
ments (Ca and P) into the anodic layers.

Biological studies

As-etched and bio-functionalized Ti: Quantification and
observation of fibroblasts growth. Proliferation assay of
fibroblasts cultured for the different culture time in the as-
etched and bio-functionalized samples is shown in Figure 4.
As can be seen on the graph, the number of cells increased
with the culture time in both groups. Although no statistically
significant differences were observed on the number of cells
among all groups, it can be observed that bio-functionalized
surfaces showed a higher number of cells in all samples. In all
cases, the viability of the fibroblasts was always higher than
96%. This result is in a good agreement with the literature
because it is well known that fibroblasts are highly substrate
dependent connective tissue cells and early attachment on
substrates is critical for their in vitro viability. The number of
cells were more than double on all bio-functionalized surfaces
when compared to the as-etched surfaces for the longest cul-
ture time. After 72 h of culture Ti-AT samples presented 5.8 X
10° cells while Ti had 1.8 < 10°.

No significant difference was observed between Ti and Ti22
samples for all culture times. However, on bio-functionalized sur-
faces, Ti22-AT enhanced the cell proliferation presenting the
higher number of cells during all culture time (5.0 X 10°, 2.3 X
10, and 7.3 X 10° cells, for 24, 48, and 72 h of culture time,
respectively).

TABLE I. Ca/P Ratio Incorporated Into the Anodized Ti
Layers

Ti-AT Ti22-AT Ti37-AT

Ca/P 3.44+0.12 3.41+0.13 3.46 = 0.36
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FIGURE 4. Proliferation assay of fibroblast cultured on different as-
etched and bio-functionalized (AT) Ti surfaces.

The surface homogeneity of the cell proliferation and
morphology was assessed by fluorescence optical micros-
copy. Figure 5 presents microscopic fibroblasts proliferation
observation for 4 and 72 h of culture for as-etched and bio-
functionalized samples, respectively. It was observed in both
cases that the area covered with cells increased with the
culture time with exception of Ti37 samples. However, in
the case of the bio-functionalized surfaces, a larger area was
covered with cells. Ti22 and Ti37 as-etched and bio-
functionalized samples also presented cells inside of the
pores. At the first time-point (4 h), it was visible that fibro-
blasts adhesion was different on each surface. The area of
surface covered by fibroblasts decreased from Ti to Ti22
and Ti37. Most of the macropores on Ti22 and Ti37 were
filled by cells, mainly in the case of Ti37 as can be observed
in Figure 5. Fibroblasts at 4 h of culture increased from Ti-
AT to Ti22-AT, as can be seen on the green expression, rep-
resenting the fibroblasts adhesion.

Regarding the homogeneity of the cells during prolifera-
tion with culture time, all surfaces presented a good cellula-
rization, with exception of Ti37 and Ti37-AT. Comparing the
as-etched and bio-functionalized surfaces, it was possible to
observe that the bio-functionalization treatment enhanced
the cell proliferation with more expression in the case of
Ti22-AT samples.

Cell morphology is also shown in Figure 5, on the
detailed images taken after 72 h of culture. It was possible
to observe in all surfaces with the exception of Ti37 sam-
ples that most of the fibroblasts exhibited a spread and
elongated morphology.

Effect of cell/biomaterial interface. Interface between cell
and material surface was assessed by SEM micrographs
showing the evolution of fibroblast morphology at 24 and
72 h of culture on as-etched and bio-functionalized surfaces
(Figure 6). At 24 h, cells were already adhered and spread
on surfaces with some interconnecting structure among
them. At 72 h of culture, the interconnecting structure
among the cells was more visible together with cytoplasmic
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FIGURE 5. OM images of fibroblasts attached to the as-etched and bio-functionalized surfaces for 4 and 72 h of culture.
(cells) spreading, indicating a good adherence. In the case of  bridging macropores were visible. The cells attaching to

as-etched and bio-functionalized Ti22 and T37 samples, highly porous surfaces elongated along the macropores and
after at 72 h, cell ingrowth and interconnectivity by produced prominent filopodias. Moreover, the most outer
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FIGURE 6. Representative SEM images of fibroblasts attached to as-etched and bio-functionalized surfaces for 24 and 72 h of culture.

and isolated macropores were filled up with cells. The attach-
ment and migration of fibroblast cells even in large pore-size
structures was observed, however for smaller macropores,
there was an increased efficiency. In the case of as-etched
Ti22 and Ti37 at 24 h, filamentous network structure with
cell-to-cell attachment was observed, and the cells spread
along the grain boundaries. Additionally, after 72 h of culture,
the fibroblast cells were spread on the surfaces and blocking
the view of the grain boundaries which indicates an excellent
growth of fibroblast cells on these structures. On the macro-
pore scale, similar mechanisms of fibroblasts growth were
observed on the bio-functionalized samples.

Contribution of MAO treatment to cell proliferation. In
the case of bio-functionalized surface, confluent state was
reached on Ti-AT and Ti22-AT samples (Figure 6). Besides,
the fibroblasts appeared to be larger, more spread out and
formed higher level of cell-cell contacts. As a result, it can
be stated that fibroblast morphology and activity were
enhanced on bio-functionalized surfaces.

Contribution of MAO treatment to cellularization. Detailed
analysis of the surfaces after 72 h of fibroblast culture
revealed an additional mechanism on the bio-functionalized
surfaces. These surfaces presented cells with elongated
extensions of cytoplasm (filopodia) by creating bridges
between the tops of each volcano formed by MAO treatment
(Figure 7). This cell morphology indicated a good cell-sur-
face interaction not just due to the increased contact area,
but also due to the modified chemical composition (rich in
Ca and P) and crystalline structure (anatase and rutile). On
this mechanism, cell-cell interactions were also observed to
be favored due to cell morphology. When seeded, the aver-
age cell size is around 5 pm. As it is presented in Figure 3,
some of the pores exhibited interpore distance shorter than

the cell size that can allow cells to spread and create brid-
ges between the pores.

Studies with fibroblasts revealed that both as-etched
and bio-functionalized samples were biocompatible. More-
over, bio-functionalized Ti samples combined the most
favorable conditions for cell growth.

Osteoblastic  differentiation on bio-functionalized Ti.
Cellularization. Figure 8 show the osteoblast cell coloniza-
tion over all surface for Ti-AT, Ti22-AT, and Ti37-AT for 30
days of culture. A detailed cell-surface interaction can be
seen on Figure 8(b, d, and f). It can be observed that osteo-
blast cells were well attached and spread onto the surfaces
in all bio-functionalized samples. Detailed observation of the
interaction of osteoblasts with the bio-functionalized

FIGURE 7. Representative higher magnification SEM image of fibro-
blasts attached to Ti-AT surfaces at 72 h of culture.
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FIGURE 8. Representative lower and higher magnification SEM images of osteoblasts attached to Ti-AT (a,b), Ti22-AT (c,d), and Ti37-AT (e,f).

surfaces revealed that cells covered the anodic pores, hin-
dering the visibility of the surface morphology. The cyto-
plasmatic extensions created bridges across the pores of
anodic layers, as well, the osteoblasts created bridges into
the macropores, and filopodia was observed on all surfaces.
Alkaline phosphatase activity. Alkaline phosphate is the
major marker characteristic of osteoblasts and is regarded as
an early marker for osteoblast differentiation. It is known that
an increase in the specific activity of ALP in a population of
bone cells is associated with a corresponding shift toward to a
more differentiated state. Although ALP is a premature
marker, testing MC3T3 cultured on the bio-functionalized
porous Ti surfaces may help understanding the process of
bone tissue formation. ALP activity of the cells lysate
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measured for all bio-functionalized surfaces is presented in
Figure 9. After differentiation, there was an increase on ALP
activity for all samples except for Ti37-AT. The osteoblast dif-
ferentiation occurred for Ti-AT and Ti22-AT groups. At 16
days of culture there was no significant different on ALP
between Ti-AT and Ti22-AT samples. However, after 22 and 30
days of culture, ALP of Ti22-AT was 4 (0.46 and 1.97) and 5
(0.68 and 3.58) times higher than on Ti-AT, respectively.

DISCUSSION

As-etched and bio-functionalized Ti: Quantification and
observation of fibroblasts growth

The basic biological studies to assess in vitro biocompatibil-
ity of a new material, and to determine the suitability of the
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FIGURE 9. ALP activity of MC3T3-E1 cells cultured on different bio-
functionalized porous Ti samples. * indicates significant difference
compared all groups on relevant culture days (p < 0.05).

material for tissue engineering applications are considered as
cell adhesion, morphology, and growth. Fibroblasts are com-
monly used to perform the in vitro biocompatibility studies
since fibroblasts are cultivated without too much difficulty
and present relatively high proliferation rate.>® Furthermore,
it is known that osteoblast proliferation around the implant is
the basis of in vivo osteointegration process.”* Moreover, it is
known that microporosity leads to a larger surface area, con-
tributes to higher bone-inducing protein adsorption, and
improves the ion exchange and bonelike apatite forma-
tion."**8 Also, it has been shown that the micro- or nanoscale
topography can affect not only the apparent behavior of the
cells, such as the direction or speed of migration, but also the
functions of the cells, such as their signaling and differentia-
tion. The knowledge of these cell-biomaterial interactions
may suggest which modifications in the structure or composi-
tion of biomaterial can promote the recruitment of cells and
bone tissue formation.>*

According to Gittens et al,, ' if the morphology and activity
of fibroblast is enhanced by a tailored surface in terms of
chemistry, it indicates that the surface is able to support soft
tissue. The irregularities such as grain boundaries may act as
cell anchorage,®® probably due to locally increased hardness
and surface energy leading to improved cell migration.>®

In order to overcome the lack of bioactivity of Ti, the incor-
poration of bio-active elements as Ca and P are used.***’=>" In
the 1990’s, Ishizawa and Ogino*>*° used a Ca- and P-rich elec-
trolyte for the MAO in order to incorporate these elements into
the anodic layers and reported that by performing a hydrother-
mal treatment after MAO, several microcrystals of HAP were
precipitated on the anodic oxide films containing Ca and P, and
this surface had osteoconductive property. Additionally, it is
possible by MAO to obtain the formation of TiO, in the form of
anatase and rutile.’>*%%7%% Some authors®'®* had stated that
TiO, with structures of anatase and rutile induced the apatite
formation in vitro. Kunzler et al.®®> developed a surface modifi-
cation process to develop roughness gradients ranging from
1.0 to 5.7 pum on Ti surfaces. The authors carried out cells
experiments using osteoblasts and fibroblasts. Fibroblasts
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showed a slightly higher initial attachment on the rough surface
after 1 day of culture. After 2 days of culture, the number of
fibroblasts did not show a significant increase on any position
of the gradient. For values of R, below 1.5 pm, the number of
fibroblasts slightly increased after 4 days of culture. However,
after 7 days of culture, the number of fibroblasts was signifi-
cantly different for the different R, values. The highest number
of cells was found at surface zones with R, values of 1.0 and 1.1
pm. Some of the present authors had previously been reported
that dense Ti samples bio-functionalized under identical condi-
tions to the present study exhibited anodic layers having a mix-
ture of anatase and rutile.** Thus, the cell proliferation (Figure
4) may be attributed to the increased roughness of the surfaces
after bio-functionalization together with the incorporation of
the bio-active elements (Ca and P).

Xie et al.?® used anodic treatment to modify Ti surfaces
in order to characterize fibroblasts adhesion. The authors
showed that the number of cells on untreated Ti surfaces
was significantly lower than the one on anodic treated sur-
faces. Moreover, fibroblasts were anchored onto the planes
of the anodized surfaces. The fibroblasts appeared to be
accommodated in the irregularly three-dimensional surface
topography. Besides, the pseudopod of fibroblast cell was
also interlocked in the submicron porous edge of the craters
or grooves. From Figure 7 it was possible to observe that
fibroblasts showed a good interaction with the bio-
functionalized surfaces, as in accordance with the litera-
ture.” Zhu et al.'” produced graded TiO, layer by MAO,
having two layers of oxide films (rutile and anatase), and
Ca- and P-rich porous surface layer. The fibroblasts attach-
ment and the rate of proliferation were greater on the Ca-
and P-rich surfaces when compared with untreated Ti surfa-
ces. Moreover, Ribeiro et al.3° reported that anodic layers
developed with the same MAO parameters presented in the
present study, were constituted by an oxide film with a
graded structure where there was an increase of Ca-rich
amorphous phase from the inner part to the outmost
thicker part. The authors reported that cell adhesion was
more effective on these outmost layers. This behavior was
observed on the bio-functionalized surfaces (Figure 7)
where the cell morphology lead to a better cell-cell
interaction.

In vitro studies reported in the literature revealed that
different ranges of porosity can promote different bio-
functions. A recent study®” showed that Ti scaffolds with
pore range between 45 and 106 pm presented the best
microarchitecture for early stages of attachment, presenting
the higher number of cells, whereas pore range higher than
300 pm exhibited the most favorable conditions for cell pro-
liferation. On the other hand, Hollister'* stated that macro-
pores up to 1000 um are crucial for tissue regeneration
since they preserve tissue volume, provide temporary
mechanical function, and allow the vascularization. The
effect of pore size range was also reported in several stud-
ies in the literature. Gauthier et al.®® showed that after
8 weeks of in vivo implantation, better bone ingrowth was
achieved for ceramic scaffolds with macropores of 565 pm
than 300 pm. On the other hand, Prananingrum et al.!
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showed that the pore size of 100 um presented the greatest
amount of bone ingrowth, and the rate of bone ingrowth
significantly decreased as the pore size increased on Ti scaf-
folds. Torres-Sanchez et al.®’ concluded that small pores
offer a larger surface area and at early days of culture this
pore size is favorable for the attachment stage. However,
when cell proliferation was dominant, larger pore size
ranges also presented the largest growth rate, which con-
firms that large pore size supports cell growth.

Therefore, when the present results evaluated together
with the reported studies in the literature, it can be stated
that bio-functionalized macropores having Ca- and P-rich
surfaces together with the typical roughness of anodic
layers can help to promote the cell migration into the mac-
ropores. The present results displayed approximately 80
and 90% of the pores in the range of 50 and 350 um for
Ti22 and Ti37, respectively. Therefore, it may be expected
that the highly porous samples can be suitable both for
early-stage attachment and cell proliferation. On the other
hand, bio-functionalized surfaces showed an enhancement
on the number of fibroblasts and fibroblast proliferation
that may be mainly attributed to the altered topography, as
well as altered chemical and structural composition, as also
previously reported in the literature.'”%*%*# Topographical
measurements revealed that the present bio-functionalized
samples exhibited surface roughness (S,) values almost two
times higher than as-etched samples (1.27 and 0.63 pm,
respectively). Moreover, the results with fibroblasts revealed
that both as-etched and bio-functionalized samples were
biocompatible, but bio-functionalized samples combined the
most favorable conditions for cell growth.

The results also showed a limited biological response on
Ti37 and Ti37-AT samples in terms of cell proliferation and
cell adhesion. However, it is worthy to state that the results
obtained on these samples can be affected by the difficulties
on measuring the number of cells on the interconnected
inner pores. Therefore, further studies for estimating the
number of cells through deoxyribose nucleic acid (DNA)
assay are needed together with histological studies in order
to understand the penetration of the cells to the most inner,
interconnected pores.

Osteoblastic differentiation on bio-functionalized Ti

The studies on quantification and observation of fibroblasts
growth and cellularization revealed a better response on
bio-functionalized surfaces, thus, this group of samples were
selected to study the ability to promote the osteogenic
response.

It has been reported that MAO treatment greatly pro-
motes osteogenic differentiation at the initial stage of bone
formation due to the morphology and crystalline phases of
the MAO treated surfaces, leading to an excellent cytocom-
patibility in viability, adhesion, proliferation and differentia-
tion of MC3T3-E1 preosteoblast.®? As in accordance with
the studies on the dense surfaces, bio-functionalized highly
porous samples exhibited well attached and spread cells
(Figure 8). However, although ALP was enhanced in Ti22-AT
group as compared to Ti-AT, a decrease was observed on
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Ti37-AT samples. This behavior may be due to the difficulty
to lyse the cells in the most inner and interconnected pores,
together with the fact that the cell signal may be diluted by
the remaining medium. Therefore, this particular result
should be interpreted with cautious as it can reflect a tech-
nical hindrance inherent of the Ti37-AT samples.

Conventionally, osteoblast recruitment to bone defects
and subsequent bone repair has been achieved using
growth factors. It was reported in the literature that intra-
cellular dissolution of calcium containing surfaces greatly
influences osteoblasts behavior.®® The interaction of osteo-
blasts with the bio-functionalized dense Ti6Al4V surfaces
had recently been reported by Hall et al®® as to be
improved after in vivo studies on hip arthroplasty femoral
stems. The authors performed a study on a 6-month canine
model and reported that the anodic treatment had a signifi-
cant effect on bone ingrowth and soft tissue response on
the total hip replacement femoral stem.

The enhanced biological results on the bio-
functionalized surfaces may be related with surface energy,
roughness, and chemistry that influence protein adsorption
which promotes cell adhesion.”’ Moreover, Ti anodic films
are known as having high surface energy which is essential
for maintaining surface hydrophilicity that enhance adsorp-
tion of fibronectin.”® Jimbo et al.’® reported that higher
amount of collagen type I adsorbed onto Ti anodic treated
surfaces was found when compared with untreated Ti surfa-
ces. Therefore, in addition to these advantages of the bio-
functionalized surfaces presented in the literature, the bio-
functionalized highly porous Ti developed in the present
work has a potential of offering further advantages such as
reduced Young’s modulus and bone ingrowth in a macro-
scale. Based on these facts, the present authors suggest that
bio-functionalized highly porous Ti can be considered for
orthopedic implant applications. Nevertheless, further stud-
ies need to be performed in order to define the optimum
macroporosity percentage in terms of biological and
mechanical response. The present results also showed that
the process of bone formation can be started on this type of
bio-functionalized biomaterial surface, but this should be
confirmed by quantifying proteins that are late markers of
osteoblast differentiation such as BSP, osteocalcin, osteopon-
tin, collagen type 1 and/or by studying the expression of
messenger ribonucleic acid for Runx2, BSP, OCN, ALP, and
COL I gene.

CONCLUSIONS
The combined influence of the 3D macroporous architecture
and bio-functionalization on the biological response of Ti
was accessed by cell adhesion, proliferation, and osteogenic
differentiation. Within the as-etched samples, enhanced
results both in terms of cell adhesion and proliferation of
NIH/3T3 was obtained on Ti22 samples.

The bio-functionalization was performed by MAO using
a Ca- and P-rich electrolyte. The bio-functionalized samples
exhibited better adhesion and proliferation of NIH/3T3 cells
when compared to as-etched control samples, that was
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attributed to the chemical composition, crystalline structure
(mixture of anatase and rutile), and topography of the
anodic layers. Moreover, the way that fibroblasts and osteo-
blasts spread on the surface during cell culture was compa-
rable, both showing very similar morphologies/behavior.
However, the bio-functionalization did not affect the cell
viability.

Within the tested bio-functionalized samples, the ALP
activity was enhanced on Ti22-AT samples, indicating that
the osteogenic differentiation at the initial stage of bone for-
mation was improved. These results showed that bio-
functionalized highly porous Ti can be considered as an
implant material for orthopaedic applications. Results also
showed that bio-functionalization by MAO was efficient on
the incorporation of Ca and P not only to the outmost surfa-
ces, but also to the inner pore surfaces, which may allow
the supply of bioactive elements when necessary. Moreover,
biological results showed improved biocompatibility in
terms of cell adhesion, proliferation, and differentiation.
Nevertheless, in order to validate the proposed novel sys-
tem, in vivo experiments associated with shear fatigue and
microdisplacement (fretting fatigue) tests in the field of bio-
mechanics are needed.
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