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Porous Titanium Associated with CaP Coating: In Vivo and In Vitro Osteogenic Performance
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This in vitro and in vivo study compared different topographies of Ti samples (dense, porosity
of 30% and 40%) with or not CaP coating, prepared by powder metallurgy. Osteogenic cells from
newborn rat calvaria were plated onto the samples and cell adhesion (24 hours), alkaline phosphatase
activity (7 and 10 days) and mineralization nodules (14 days) were assessed. Sixteen rabbits were
used for in vivo study. Each animal received three non-treated and three treated implants in the right
or left tibia, respectively. Histometric evaluation of bone-implant contact (BIC) were assessed at 1, 2,
4 and 8 weeks. Metallographic analysis revealed porosities of 30% and 40%, with pore size ranging
from 250 to 350 um. Cell adhesion test and ALP revealed similar cell behavior, independently of
topography and CaP coating (P > 0.05%). However, CaP coating combined with porosity of 40%
influenced positively the mineralized matrix formation (P < 0.05%). CaP-coated implants showed
higher BIC than non-CaP implants and BIC was different between the short (1 and 2 weeks) and long
(4 and 8 weeks) healing periods (P < 0.05%). The results suggest that CaP coating combined with

40% porosity implants allowed greater osteogenesis in vitro and increased BIC in vivo.

Keywords: bone in-growth, CaP coating, porous titanium, ALP, surface-cell adhesion.

1 Introduction

Porous, three-dimensional titanium materials have
been used for many years in different clinical and medical
applications as an option to enhance osseointegration and to
induce greater bone-implant contact at short time'>. In general,
porous surfaces improve bone regeneration performance and
implant fixation®®. Specifically, the porous titanium can be
an effective alternative material for biomedical application,
such as sub-antral bone augmentation for dental implantation,
reconstructive operations in maxillary sinus’, inter-body devices
for spinal fusion®, regeneration of critical bone defects'® and
in patients with bone metabolism changes'"'>. Another use
for porous surfaces would involve bio-functionalization to
achieve multi-functional biomaterials and load antimicrobial
agents'. It is believed that most of these results are obtained
because this surface provides optimal surface micro-relief,
thus ensuring effective neo-vascularization during formation
of new bone tissue’.

*e-mail: nascimentodr@yahoo.com.br

Additionally, previous in vitro studies reported that porous
surfaces also provide good conditions for adhesion, expansion
and migration of osteogenic cells'*!*, increasing significantly
the expression of bone proteins'>!¢. High porosity provides
more space for bone in-growth and mechanical interlocking
due to more surface area for implant-bone contact, enhancing
the strength of interface and anchoring the implant to the
surrounding bone®!'78. All these factors prevent loosening
of the implant and help to retain the dynamic strength of
the implant.

Great attention has been paid to metallurgical techniques
as they can produce samples mimicking natural bone and
whose morphology is owned to their uniqueness, complexity
and diversity'*?2. Porous metal structure with inter-connective
pores resembling the trabecular bone can be produced by
a few techniques, and the powder metallurgy technique is
widely used for this purpose due to its simple methodology of
execution, permitting the control of inter-connected porosity.
Our group had previously shown that it is possible to control
both distribution and size of the pores size by means of this
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technique, with promising in vivo results of bone in-growth
being described®!!,

Nowadays, the material engineering has focused on
materials, which not only mimic the structure of natural bone
but also be a biomimetic tissue to assist in the healing process,
thus they should be bioactive as well as bio-resorbable®.
Although hydroxyapatite (HA) is one component of the
natural bone, it can be synthetically produced by different
methods such as the biomimetic treatment'>!”. Synthetic HA
has a mineral composition similar to that of human bone,
being then a biocompatible, osteoconductive and bioactivity
material which enhances new bone formation at the bone-
implant interface®.

Considering that porous titanium is an optimal material
for osseointegration'4, the present study tested the hypothesis
that highly porous pure Ti scaffolds with CaP coating are the
best alternative material. In this context, we evaluated the
influence of Ti scaffolds with different size pores, submitted
or not to CaP coating, on the osteoblast behavior in vitro and
bone in-growth in vivo by means of biomimetic treatment.

2 Material and Methods

2.1 Development of Porous Titanium Implants
and Samples

Pure Ti cylindrical implants exhibiting porous surface
(4 mm diameter x 6 mm long) and pure Ti disc samples (12
mm x 3 mm) were prepared with powder metallurgy (Fig.
1). The disc samples and cylindrical implants were prepared
as described in our previous studies’!". All the samples were
prepared by using pure Ti powders, which were developed
in the General Command of Aerospace Technology (CTA)

Figure 1. Macrostructure of the samples: a) dense Ti disc sample;
b) porous Ti disc sample; ¢) dense Ti cylindrical implant; d) porous
Ti cylindrical implant.
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of the Institute of Air and Space (IAE), Division of Material
(AMR), Brazil (purity > 99.5%, particle size < 8 um) by
means of hydrogenation and de-hydrogenation (HDDH). To
fabricate porous structures, an organic additive (urea) with
particle size ranging from 250 to 350 um was used as space
holder. The weight ratio of Ti powder to space-holder was
calculated by controlling the quantity of spacer particles
in order to obtain defined porosities of 30 and 40% in the
sintered samples. Dense implants and dense samples were
produced by the same way, but without mixing urea as they
were used as control.

2.2 CaP Coating

Half of the implants and samples were submitted to CaP
coating by means of biomimetic treatment (BT) as follows.
They received an alkaline treatment with several aqueous
solutions of varying NaOH concentrations at 130°C in a
vertical autoclave during 60 minutes for reaction time. Next,
they were heated at 200 °C for 60 minutes in a tubular furnace
(EDG 3P-S-1800, Sao Carlos, SP, Brazil) and subsequently
cooled at room temperature inside the furnace. The substrate
was soaked in simulated body fluid (SBF) with pH greater
than 7.0 at 37°C for two weeks, and the SBF solution was
replaced every two days before preparation according to
the following ion concentrations: (Na*) = 142.00mM, (K*)
= 5.00mM, (Mg*) = 1.50mM, (Ca*) = 2.50mM, (CI') =
147.80mM, (HCO3") = 4.20mM, (HPO,*) = 41:00mM and
(S0, = 0.05mM.

By controlling the quantity and size of the spacer particles,
we fabricated two different porous surfaces. Next, each
group was subdivided according to whether or not they were
submitted to CaP coating: Group 1, dense; Group 2, porosity
of 30%; Group 3, porosity of 40%; Group 4, 5 and 6 with
G1, G2 and G3 submitted to CaP coating, respectively. All
the samples were sterilized by using gamma radiation at 20
kGy before in vitro and in vivo analyses.

2.3 Surface Characterization

The surface of five implants of each group was evaluated
by metallographic analysis with SEM (LEO 435 VPI,
Montreal, QC, Canada) at 100x magnification to verify pore
morphology and interconnection, including topography of
the porous structure. The Image Tool software (version 3.0
for Windows) was used to analyze area (um?) and quantity
(%) of pores. The implants were divided into 5 sections,
and 3 images of each section were captured, totaling 15
images of each sample and of each implant. Additionally,
they were submitted to analysis with energy dispersion
spectrophotometry (EDS) (Oxford model - 7059) and
Raman spectroscopy (Renishaw, 2000 model). In the EDS
analysis three spots were selected in each sample in order
to ascertain the elements present on their surface. Following
to characterization of CaP coating as hydroxyapatite, the
Raman spectroscopy equipped with argon laser with 514.5
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nm wave length and spectrometer calibrated using silicon
sample (Si) with characteristic peak at 520cm™ was used.

2.4 Cell-Culture Isolation and Primary Culture of
Osteogenic Cells

All animal procedures were performed in accordance
with guidelines of the Research Ethics Committee of
the Sdo José dos Campos School of Dentistry (UNESP)
(027/2008-PA/CEP). Cells from newborn (2-4 days) Wistar
rat calvaria were harvested by using the enzymatic digestion
process as previously described”. The cells were plated onto
the samples in 24-well polystyrene plates and cultured as
described previously'. Five samples from each group were
used and all the assays were performed in triplicate, which
were representative of three distinct primary cultures. All
tests were developed in accordance with ISO-10993-5.

For evaluation of cell adhesion, cells were cultured on
each sample for 24 hours. The proportion of cell growth
was calculated from a baseline of 100% cells at the start of
culture, and cell adhesion was expressed as a percentage of the
number of plated cells. The method releasing thymolphthalein
monophosphate (Labtest Diagndstica, Belo Horizonte,
Brazil) was used in accordance with the manufacturer's
recommendations to determine ALP. Absorbance was
measured in a UV 1203 spectrophotometer operating at 590
nm after 30 minutes. The results were expressed as ALP
pumol thymolphthalein/min/mL. After 14 days in culture,
the mineralized bone-like nodule formation was observed
through staining with 2% Alizarin red S at pH of 4.2 and
37°C for 15 minutes. Reading was performed at 405 nmina
spectrophotometer, and the values were expressed as optical
density. All tests were performed as previously described'.

2.5 Animals and Surgical Procedure

A total of 16 male New Zealand albino rabbits aged 6
months old and weighing around 4.0 kg, were used in this
study. This study was approved by the Ethics Research
committee of the Sao Jose dos Campos School of Dentistry
of Sao Jose dos Campos, UNESP (017/2010-PA/CEP).

The rabbits underwent bilateral surgery and received a
total of 6 porous titanium implants in their cortical bone bed
of the proximal left and right tibias as follows: 3 implants in
the right tibia of G1, G2, G3 and 3 implants in the left tibia
of G4, G5, G6. The insertion of implants was performed as
described in our previous study'!. The rabbits were euthanized
at 1, 2, 4 and 8 weeks after implantation (n = 4 rabbits for
each experimental period).

2.6 Histological and Histomorphometric
Examination

Following euthanasia, four rabbits were submitted
to histological and histomorphometric examination. The
implantation area was sectioned and the tibial segments
were immediately fixed with 10% formalin, dehydrated in

a graded alcohol series and embedded in methylmetacrylate.
The fragments were histologically and histomorphometrically
analyzed according to procedure described in our previous
studies'. After processing, the sections had a final
thickness of ~60 pm and were stained with toluidine blue
for histomorphometric analysis using light microscope
(Axioplan 2, Carl Zeiss, Germany) combined with a digital
camera (Sony, DSC-S85, Cyber-shot).

Three sections were obtained from each implant of the
four different rabbits of each group. A blinded investigator,
who used 2 different images representing medial and distal
faces of each section of the bone-implant interface, evaluated
osseointegration. Thus, eight fields of each implant were
digitized (100x). New bone formation and bone in-growth
into the interior of the pores were calculated by using Image J
software (NIH). The interfaces were also evaluated with SEM.

2.7 Statistics

Statistical analysis of cell adhesion and ALP data was
performed by using parametric or non-parametric tests for
independent data (Kruskal-Wallis and ANOVA, respectively),
followed by a multiple comparison test (Tukey's and Dunn's
tests, respectively) (P < 0.05).

All quantitative data were expressed as mean =+ standard
deviation (SD) values. Histomorphometric results of bone in-
growth depth were statistically analyzed by using randomized
block design ANOVA with post-hoc Tukey's test (P < 0.05)
to determine differences between the implant conditions.

3 Results

3.1 Discs Samples and Implant Characterization

Figure 2 shows morphology of the dense and both porous
samples and the results of EDS analysis, confirming that the
main element of the material was titanium.

Figure 3 shows the dense and both porous samples
submitted to CaP coating and the results of EDS analysis
exhibiting the characteristic peak energy of elements calcium
(Ca), phosphorus (P) and oxygen (O) and titanium (Ti).

The porous structure in both disc samples and implants
exhibited interconnected pores. Metallographic analysis
revealed pores with mean diameter of 300 pm + 8.25 and
structures with porosities of 30% and 40%, which was
achieved by controlling the quantity of spacer particles
(urea).

It was observed pores distribution in all sample. Figures
2 and 3 show images of irregular pores with small and large
sizes as previously described?’. Larger pores are suitable for
transportation of body fluids and bone in-growth, whereas
the others being the result of the sintering process. In dense
structures, both samples and implants exhibited some few
small, isolated pores as a result of volume shrinkage during
the sintering process of the titanium powders.
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Figure 2. SEM image of pure Ti: a) dense sample; b) 30% porous sample; ¢) 40% porous sample; d) EDS results.

Figure 3. SEM image pure Ti submitted to CaP coating Ca: a) dense sample; b) 30% porous sample; ¢) 40% porous sample;
d) EDS results.
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Figure 4. Raman spectra of hydroxyapatite before CaP coating (A).
Broad bands are due to the overlapping of the optical window signal.

As shown in Figure 4, it was possible to observe the
high magnitude of the hydroxyapatite peak, approximately
to 960 cm!, corresponding to the phosphate functional group
(PO,™), according previously results®.

3.2 In Vitro Assessment

The groups showed similar values of cell adhesion
(P>0.05), with surface topography or presence of CaP coating
having no significant impact on cell attachment. Moreover,
there was no difference between the groups although the

Figure 5. Effect of sample on cell adhesion (a), ALP (b), mineralized matrix (c).

Figure 6. Initial periods at 1 week: a) panoramic vision at bone-implant interface without CaP coating (original magnification 50x);
b) panoramic vision at bone-implant interface with CaP coating (original magnification 50x); at 2 weeks: c) panoramic vision at
bone-implant interface without CaP coating (original magnification 50x); d) panoramic vision at bone-implant interface with CaP

coating (original magnification 50x).
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40% porosity surface submitted to CaP coating exhibited
greater cell adhesion (Fig. 5a).

ALP activity (Fig. 5b) was found to be similar at 7 and
10 days (P>0.05), with values between the groups showing
no statistical difference (P>0.05). However, it is important
to emphasize that Group 6 had the higher value of ALP,
similar to that of cell adhesion.

After 14 days in culture, bone-like nodule formations
in all Ti discs were observed (Fig. 5¢). Bone-like nodule
formation was affected by the Ti chemical composition,
being greater in G6 (P<0.05).

3.3 Histological Examination

No fibrous tissue was observed at the interface, regardless
of either sample type or sacrifice period. New bone formation
towards the implant and inwards the pores was also observed,
filling partially or fully them on an increasing basis over
time, regardless of the euthanasia period. This new bone
consisted of trabecular bone presenting lamellar arrangement

Materials Research

and different-sized medullary spaces. A distinct border was
observed between newly formed bone and pre-existing bone,
especially in rabbits sacrificed at 4 weeks.

At the early periods of osseointegration, there was
formation of trabecular bone surrounding the implant
surface in the groups submitted to biomimetic treatment,
with proliferation of immature osseous trabeculae at the
medullary region, which was not observed in the samples
not submitted to biomimetic treatment (Fig. 6).

At 4 and 8 weeks, new bone formation surrounding
the samples and great interconnection between bone and
implant were observed compared to the early periods (Fig.
7). This tissue was found to be more mature and organized
than that of earlier periods. In the porous samples, one can
observe a bone tissue growth inwards the pores, sometimes
resulting in partial or full filling (Fig. 8). There was also a
qualitative similarity in the structural pattern of new bone
formation, regardless of the type of topography and presence
of coverage.

Figure 7. Bone-implant interface at 8 weeks: a) osseointegration and new bone formation at the interface of dense implants (original
magnification 10x); b) bone in-growth into a porous surface titanium sample (original magnification 10x).

Figure 8. Bone in-growth into the pores: a) at 4 weeks showing partial filling, b) at 8 weeks showing increase of bone in-growth.
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3.4 Histomorphometric Examination

The bone in-growth rates are presented in the graph below
(Fig. 9). The average values regarding the percentage of new
bone formation were not significantly different at 4 and 8
weeks compared to that at 1 and 2 weeks after implantation
(P>0.05). However, there was a statistically significant
difference (P<0.05) between short (1 and 2 weeks) and long
periods (4 and 8 weeks).

Table 1, after statistical analysis with two-way ANOVA,
shows that there were statistically significant differences between
the implant types (P<0.05). G1 (dense implant without CaP
coating) presented the lowest amount of new bone, differing
from other groups, whereas G6 (porous implant with 40%
porosity and CaP coating) and G5 (porous implant with
30% porosity and CaP coating) showed the greatest amount
of new bone, also differing from other groups. G3 and G2
presented no statistically significant difference between them
(P>0.05), but G3 differed from G4 and G2 showed similar
results compared to G4. This may be explained because G3
presented the highest percentage of pores and G2 presented
more new bone formation. This result suggests that enhancing
the contact surface by increasing the percentage of pores is
an alternative to improve bone cell proliferation.

The dense groups (G1 and G4) exhibited statistically
significant difference (P<0.05), suggesting that biomimetic
coating influenced positively the new bone formation in vivo.

4. Discussion

Porous Ti is considered to be an ideal graft material in
orthopedic and dental surgeries due to its similar spatial
structures and mechanical properties to cancellous bone,
although its bio-inert property demands modifications to
improve the osseointegration capacity®. The modification
of surface topography in association with CaP treatment
has demonstrated promising results in the development
of implants for biomedical applications*~*. Among the
reasons justifying these results, there is the fact that bioactive
covering of porous surfaces allows rapid osseoconduction
of the surrounding bone tissue as well as direct chemical
linking between bone and implant®. Then, new surface has
been continuously developed with the objective to be used
in biomedical applications®!322230,

Porous scaffolds have attracted considerable attention
for applications in bone tissue engineering because their
interconnected pores can provide a favorable environment
for bone in-growth and osseointegration'*!*!1523, The ideal
porous implants should provide sufficient porosity for cell
migration and tissue in-growth by creating a good and
appropriate way to remodel and guide regenerating tissue'¢.
Amount, size, orientation and interconnectivity of the pores
interfere positively with cell behavior. Studies have suggested
that porous surface improves osseointegration because it

provides a greater area at the implant-bone interface!320-33¢,

Figure 9. Graphics of media and standard deviation (+) of neoformation bone in interface bone-implant.

Table 1. Sample x mean x non-homogeneous groups

Sample Group Mean Non-homogeneous groups
G6 44,106 A
GS 42,098 A
G3 38,278 B
G2 36,292 B C
G4 35,332 C

Gl 32,565
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It is important highlight that there was an optimal
percentage of porosity for bone in-growth to allow cell
adhesion and proliferation in addition to transportation of
body fluids into them. Porosity has been reported to range
from 25 e 67%"¢, and in our study the samples had porosities
0f30% and 40%, which produced satisfactory results in vitro
and in vivo. Data indicate that scaffolds with lower porosity
have less bone in-growth. Although increased porosity is
preferential for new bone growth in Ti implants, it should be
kept in mind that another consequence of increased porosity
is a reduction in the mechanical properties of the implant.
Thus, depending on the intended application, a balance
between mechanical properties and biological performance
should be established”.

Clinical practices and studies have shown that the
mechanical mismatch between metallic implant and
natural bone may lead to stress-shielding, and thus cause
bone resorption and eventually failure of metallic implant
fixation. Porous metallic structure can be used to overcome
this drawback, which not only reduces mechanical mismatch
but also achieves stable long-term fixation by promoting
full bone in-growth's.

The titanium surface is not enough to induce bone
formation in the early periods of healing. Therefore,
chemical modifications on the implant surfaces by means of
bioactive covering have also been proposed by researchers
in order to improve biological properties involving the bone-
implant interaction. The biomimetic treatment is a method
using supersaturated solution to form a calcium phosphate
layer (e.g. hydroxyapatite), making the implant's surface
osseoconductive®***7. In order to assess the precipitation of
calcium and phosphate ions, the samples were observed with
EDS analysis in which peaks of these ions had been observed
on a diffractogram, a finding also reported elsewhere***".

Cell behavior is closely related to the cell-material
contact, thus events such as cell adhesion and spreading are
steps which may influence proliferation and differentiation
of cells'*¥4! The results of our study showed that there was
influence of topography and surface covering on cell response.
In the adhesion test, one can observe the presence of cell
adhesion in all experimental groups, but this was greater in
the group of treated porous samples. In the ALP evaluation,
it was observed that there was differentiation of osteoblastic
cells and higher metabolism in the group of treated porous
samples as well. This result can be explained based on the
differentiation process and synthesis activity of these cells,
which are usually sensitive to the type of material being
used'*154!. The formation of mineralized matrix is considered
an in vitro functional parameter, reflecting an advanced cell
differentiation. In this study, the amount of mineralized
matrix was greater in the group of treated porous samples.

Histomorphometric analysis in the present study showed
that dense surface without treatment had a significantly less
bone in-growth. This occurred as a consequence of the implant
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structure, which was dense. In contrast, porous samples
exhibited an increased area of bone formation, including
inside the pores. These data suggest that new bone growth
and bone conduction are definitely influenced by porosity
as the new bone tissue fills the pores, thus increasing the
bone-implant interface and consequently enhancing the
mechanical interlocking and implant stability' 642,

Tissue response and new bone formation are complex
biological phenomena and any change in the implant surface
can influence them directly. Histological and histomorphometric
analyses have demonstrated that the association between
porous surface and chemical treatment resulted in more new
bone formation in all experimental periods. We emphasize
that it was possible to observe proliferation of osteoid
tissue towards the implant at 1 week, suggesting greater
osteoconductivity and rapid bone repair surrounding the
implant in the samples with porous surface submitted to
chemical-thermal treatments.

5. Conclusions

In view of the results found one can conclude that the
powder metallurgy technique enables to control the quantity
of pores and that a higher percentage of pores play a positive
influence on cell behavior, a fact which could be demonstrated
in in vitro tests. Moreover, it was also concluded that
biomimetic treatment enhances early new bone formation
by speeding up the osseointegration process; In this way,
highly porous implants associated with bioactive coating
have great potential for biomedical purposes.
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