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Abstract

As-cast samples of a cobalt base alloy (ASTM F-75) were heat treated in contact with different bioactive materials: (a) powder
mixtures of B-tricalcium phosphate (TCP)-bioactive glass (BG) in different proportions (TCP-BG: 60—40, 70-30 and 80-20 wt%) and
(b) mineral and synthetic wollastonite. Samples were packed with each bioactive material and heat treated for 1h at 1220 °C. To
characterize the in vitro bioactivity, heat treated samples were immersed in a simulated body fluid. After immersion, a ceramic layer
containing Ca and P was formed on all samples. The thicker and more homogeneous layers, identified as apatite, were formed more
rapidly on the heat treated samples in contact with 80TCP-20BG and synthetic wollastonite. The more bioactive coatings were selected
for MC3T3 cell adhesion, proliferation and differentiation assays. Cell proliferation and alkaline phosphatase activity were not affected
by the different coatings. Additionally, samples packed with 80TCP-20BG presented a higher cell adhesion than those packed with
synthetic wollastonite. On the samples previously packed with synthetic wollastonite, a denser homogeneous Ca- and P-rich layer was
formed 21 days after cell seeding and incubation in differentiative conditions.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The Co—Cr-Mo alloy (ASTM F-75) [1] is one of the
most widely employed alloys in the manufacture of hip
replacement prostheses due to its high corrosion resistance
as well as its relatively simple and the low cost processing
method. One of the main disadvantages of this alloy is that
it presents very low levels of osseointegration and, therefore,
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it is classified as a bioinert material [2]. To overcome
this disadvantage, bioactive ceramic coatings are widely
used [3].

As stated in the literature [4], a bone-like apatite layer is
formed on the surface of bioactive materials such as
hydroxyapatite (HA), tricalcium phosphate (TCP), wollas-
tonite, bioactive glasses and glass-ceramics when these
materials are in contact with real or simulated body fluids
[5-9]. In previous works, it has been demonstrated the
feasibility of trapping bioactive materials on the ASTM
F75 alloy during casting or the required heat treatment for
this alloy [10]. The alloy was also described as presenting a
high in vitro bioactivity after immersion on simulated body
fluid (SBF) [11]. Also, it was demonstrated that the
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bioactivation of the cobalt base alloy resulted to be more
appropriate during the required heat treatment at 1220 °C
(with the objective of improving the ductility of the alloy),
than when performed during casting [11].

However, other still unanswered questions remain to be
issued in order to obtain better results with surface coating
of the ASTM F-75 alloy for the development of medical
devices. Among those, it is possible to include the follow-
ing: (i) how the choice of coating materials (TCP, wollas-
tonite, HA, bioactive glasses and so forth) influence the
bioactivity of this alloy after treatment with body fluids?
and (ii)) would the surface bioactivity for those different
coatings directly correlate to their biocompatibilities?
In order to issue those questions, we have characterized
the in vitro bioactivity of three different coatings for the Co—
Cr—Mo alloy: powder mixtures of B-tricalcium phosphate—
bioactive glass (TCP-BG) or either mineral (MW) or sol-gel
synthesized (SW) powder wollastonite. The effect of the
TCP to BG ratio on the in vitro bioactivity was evaluated
using SBF. In addition, a comparison was performed
between the use of (MW) and (SW) [12]. In order to assess
the biocompatibility of the most bioactive materials iden-
tified, it was also evaluated the in vitro response of murine
pre-osteoblasts, by measuring cellular adhesion, prolifera-
tion and differentiation in direct contact with the materials
surfaces.

2. Materials and methods
2.1. Material preparation

A biocompatible cobalt base alloy (Biodur ASTM F75,
Carpenter, USA) was used to obtain metallic discs of
1.27 cm in diameter and 0.5 cm in thickness. One of the flat
surfaces of these discs was ground with SiC papers ranging
from 80 to 2400 grit and polished using 30 pm and 10 pm
diamond pastes. After polishing, the samples were gently
washed for 5 min in ethanol using an ultrasonic bath.

The bioactive glass (BG) used in this study was prepared
from a mixture of reagent grade chemicals of SiO,, Na,O,
CaO and P,0Os (Sigma-Aldrich). The aim was to obtain a
glass with a close composition to that of Bioglass®™ 45S5
[4]. The mixture was heated at 1360 °C and poured in an
ice-cooled stainless steel plate. The glass was crushed in a
laboratory planetary-type agate ball mill obtaining an
average particle size of 36.75 um.

The B-tricalcium phosphate (TCP) was obtained from a
mixture of reagent grade chemicals of CaCO; and
(NH,4)>HPO, (Sigma-Aldrich). The mixture was heated
(900 °C, 5h), followed by sintering (1000 °C, 12 h). Once
the product was cooled at room temperature, this was
crushed in a laboratory planetary-type agate ball mill
obtaining an average particle size of 30.41 um.

The wollastonite was synthesized using the sol-gel
method (under acid conditions) from the reagent grade
chemicals of Si(OCH,CHs3), (tetracthyl orthosilicate,
TEOS), HNO; (3%) and Ca(NO3),4H,O (Sigma-Aldrich).

The TEOS was homogenized in deionized water (ratio
H,O/TEOS equal to 8) and then mixed with the appro-
priate amounts of nitric acid and tetra-hydrated calcium
nitrate. After homogenization (room temperature, 5 h) and
sol-aging (70 °C, 72 h), the obtained gel was dried (120 °C,
48 h) and heat treated (1300 °C, 3 h). The average size of
the synthetic wollastonite was 11.0 yum. The mineral
wollastonite was obtained commercially (Gosa, SA). The
average particle size of the mineral wollastonite was
18.36 pum.

2.2. Packing of the metallic samples with bioactive powders

Two discs with 5g of the selected bioactive material
between them (sandwich-like) were placed into a metallic
die. The mirror finished surface of each disc was selected
for being in contact with the ceramic or powder bioactive
mixtures. A uniaxial pressure of 65 MPa was applied for
45 s to the die using a hydraulic press (CAVER, 4350-L).
After pressing the sandwiches, these were placed into
alumina crucibles and covered with graphite in order to
avoid alloy decarburation.

2.3. Heat treatment

The crucibles containing the sandwich samples were
placed in an electric furnace (LINDBERG/BLUE,
BF51433PC-1). The heat treatment was performed at
1220 °C for 1h followed by quenching in water [13].
Finally, the specimens were washed with deionized water,
dried in air at 130 °C for 2 h and stored in a desiccator
before testing.

2.4. Immersion of heat-treated samples in simulated body
fluid (SBF)

After heat treatment each metallic sample was immersed
in 150 mL of SBF [14] at physiological conditions of pH
and temperature for different periods of time. Then, the
samples were gently washed with deionized water. Table 1
shows the description and identification of the samples
obtained.

2.5. Bioactivity assessment

Both the surface and the cross-section of the metallic
samples were analyzed by scanning electron microscopy
(SEM, Philips, XL 30 ESEM). The acceleration voltage
was 20 keV. The chemical composition of the ceramic
material trapped on the samples was determined by energy
dispersive spectroscopy (EDS, Software Genesis, EDAX).
The Ca/P atomic ratio was calculated from the EDS
analysis. The identification of the phases present in the
raw materials, samples (ceramic or metallic) and on the
ceramic coatings was performed by X-ray diffraction
(XRD, Xpert Philips, PW3040) within a 20 range from
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Table 1

Experimental design of the in vitro bioactivation of the ASTM F75 alloy.

Sample ID Bioactive packing material Immersion periods in SBF
60% TCP-40% BG  70% TCP-30% BG  80% TCP-20% BG 100% WM 100% WS 7 days 14 days 21 days

60TCP-40BG 174 % v

70TCP-30BG 7 P I P

80TCP-20BG 7 17 e v

WM » e e v

WS v v - -

10° to 80° at a speed of 2°/min with a step of 0.02° using
Cu Ka, 40 kV and 35 mA.

2.6. Biocompatibility evaluation

2.6.1. Cell culture

For the evaluation of the specific biocompatibility, as
defined by Kirkpatrick and Mittermayer [15], of the
diverse material surfaces from this study, only the materi-
als which presented higher levels of in vitro bioactivity after
immersion in SBF were selected: metallic discs packed with
the mixture of 80 wt% P-tricalcium phospate—20 wt%
bioactive glass and synthetic wollastonite. These samples
were analyzed by cell proliferation, adhesion and differ-
entiation assays.

MC3T3-El mouse preosteoblasts were cultured on
Minimum Essential Medium (MEM) Alpha Medium
(Gibco) at 37°C with a 5% CO, atmosphere in a
humidified incubator. The culture medium was supple-
mented with 10% fetal bovine serum (FBS) and replaced
every 2 days. After sterilization of the metallic samples by
long UV light exposition, they were placed on sterile
24-well culture plates and fixed with 500 uL. agar—agar
per well as a restrictive medium, leaving only the coated
surface of the discs for cell adhesion/proliferation. MC3T3
cells were seeded onto the material surfaces at a density of
4.3 x 10 cells/em? and incubated for different periods
of time.

In order to observe the overall morphology of adhered
cells, the samples were processed for scanning electron
microscopy (SEM) by a 2 h fixation in 2.5% glutaralde-
hyde in 0.1 M Phosphate Buffered Solution (PBS, Sigma)
at room temperature. After this, the samples were washed
3 times with PBS for 10 min each time and a post-fixation
was then performed using 1% osmium tetraoxide with
potassium ferrocyanide in 0.1 M PBS during 2h. The
samples were then gradually dehydrated on increasing
concentrations of ethanol (from 30 to 100%). The dehy-
drated samples were critical point dried under the follow-
ing conditions: CO,, 31.1 °C and 1072 psi. Finally, the
samples were coated with Au.

2.6.2. Cell adhesion and proliferation
The levels of cell adhesion were evaluated either 4 or
24 h after cell seeding by the Neutral Red (NR) assay [16].

Samples were incubated with culture medium containing
excess Neutral Red vital dye for 3 h then washed, fixed and
submitted to NR extraction on an ethanol/acetic acid
solution. The Optical Density (O.D.) at 540 nm, which is
proportional to the amount of living adhered cells, was
measured on a microplate reader (Sinergy II, Biotek
Instruments). Discs of uncoated ASTM F75 alloy and
thermanox coverslips were employed as controls and the
results are presented as a percentage of the thermanox
control group. The same methodology described above
allowed to infer possible differences on cell proliferation
over diverse material surfaces after 3 or 7 days of cell
seeding. Thermanox discs were used as the control group.

2.6.3. Cell differentiation

In order to study possible effects of the coatings over
MC3T3 cells differentiation into a more mature osteoblas-
tic stage, those cells were seeded over the different surfaces
and incubated for 7, 14 or 21 days on Osteogenic Condi-
tions (OC), induced by the supplementation of culture
medium with 3 mM B-glicerolfphosphate and 50 pg ascor-
bic acid. The alkaline phosphatase (ALP) activity, a well-
known marker of the early phases of osteoblast maturation/
differentiation [17], was measured with a commercial kit
(Falc-PP, Goldanalisa, Brazil), based on its capacity of
hydrolyzing p-nitrophenyl phosphate (PNPP) in alkaline
conditions, releasing p-nitrophenol (PNP) and inorganic
phosphate into the culture medium. The kinetics for the
release of PNP, measured colorimetrically, is directly
proportional to the enzymatic activity of the alkaline
phosphatase in each sample. Briefly, 50 pL of the PNPP
solution was placed in a sterile 48-well culture plate and
incubated at 37 °C for 5 min. After the pre-incubation,
10 uL. of each sample was added. The Optical Density
(O.D.) at 405 nm for each sample was measured with a
Microplate Reader (Sinergy II, Biotek instruments) by
20 min at 37 °C, with 30 s intervals. The angular coefficient
for each curve obtained by plotting time versus O.D.
(at 405 nm) was obtained by a linear regression and
converted to International Units (IU) by applying the
milimolar extinction coefficient for the PNP product of
18.45 (at 405 nm). The activity was then normalized by the
estimated cell density of each sample, through the division
of the Uls by the O.D. (at 540 nm) from the Neutral Red
test of their respective samples.
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Table 2
Experimental design of the in vitro tests performed using MC3T3 cells.

Test Replications Time periods Number of samples Assay method

Adhesion 4 and 24 h 3 2 6 Alkaline phosphatase and SEM
Proliferation (1, 3, 5 and 7 days) 3 4 12 Alkaline phosphatase
Differentiation (14 and 28 days) 3 2 6 Alkaline phosphatase and SEM

Ca/P = 1.68

CalP =176

40 50 6D

=l

Ca/P = 1.80

Y C Mg
a ACI
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Fig. 1. SEM images of the metallic samples that were previously packed with the different TCP-BG mixtures after different immersion periods in SBF.

2.7. Statistical analysis

The results obtained from the biocompatibility assays
(cell adhesion, proliferation and differentiation, n=3 each)
were submitted to a Two-way Analysis of Variance (2-way
ANOVA), with experimental time and material as factors
(Table 2). The F statistics, at a significance level =0.05,
indicated the factors and their interactions accountable for
the statistically significant differences. A Bonferroni post-
test was employed for identifying the statistically signifi-
cant differences. All tests were performed with the help of
the software GraphPad Prism 5.0.

3. Results and discussion

As we reported previously, after heat treatment, fine
agglomerates were observed homogeneously distributed on
the metallic surface, containing mainly Ca, P, O and Si. In
the cases when the samples were packed using the mixture
TCP-BG, Na was also detected [10,11].

Fig. 1 shows SEM images of the metallic samples that
were previously packed with the different TCP-BG mix-
tures after different immersion periods in SBF. Agglomer-
ates of a Ca- and P-rich compound were formed on all the
samples after only 7 days of immersion in SBF. In all
cases, a dense and homogeneous Ca- and P-rich layer was
formed on samples after 14 days of immersion in SBF.

After 21 days, this layer is considerably thick and its
morphology closely resembles that observed on the exist-
ing bioactive systems [10]. The Ca/P atomic ratios (after 21
days) are within the range of the bone apatites, 1.2-1.7
[18]. As observed in the EDS spectrum of the sample
identified as 80TCP-20BG, the intensity of the peaks
corresponding to the substrate and those of the bioactive
materials trapped during heat treatment is smaller than in
the other cases. This indicates that this sample shows a higher
bioactivity than that shown by the other compositions.

Fig. 2 shows SEM images of the metallic samples that
were previously packed either in mineral or synthetic
wollastonite after different immersion periods in SBF. A
Ca- and P-rich layer was formed in all the cases and the
behavior, morphology and Ca/P ratios are similar to those
corresponding to the samples treated with the TCP80-
BG20 system (Fig. 1). However, the sample treated with
synthetic wollastonite demonstrated the highest in vitro
bioactivity.

Fig. 3 shows the XRD patterns of the samples that were
treated with the TCP-BG mixtures after different immer-
sion periods in SBF. For the samples treated with either
TCP60-BG40 or TCP70-BG30 mixtures after 7 or 14 days
of immersion in SBF the phases detected by XRD are
those corresponding to the alloy and Cr,O5. On the other
hand, the ceramic compound formed after 21 days of
immersion of this particular sample in SBF was identified
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Fig. 2. SEM images of the metallic samples that were previously packed either with mineral or synthetic wollastonite after different immersion periods
in SBF.
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Fig. 3. XRD patterns of the metallic samples that were previously packed with the different TCP-BG mixtures after different immersion periods in SBF.
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Fig. 4. XRD patterns of the metallic samples that were previously packed either with mineral (WM) or synthetic (WS) wollastonite after different
immersion periods in SBF.

as hydroxyapatite (HA); peaks corresponding to the alloy = wollastonite after different immersion periods in SBF.
and to the metallic oxide were also detected. The peak corresponding to apatite was identified only

A completely different behavior was observed on the  after 7 days of immersion in SBF of the sample treated
samples treated with the TCP80-BG20 mixture. After only ~ with SW. However, on the sample treated with MW the

7 days of immersion in SBF, a peak at 31.7° 20 corre-  apatite peak was detected only after 21 days of immersion
sponding to the (211) diffraction plane of apatite was  in SBF.

detected in the corresponding pattern. These results are in Fig. 5 presents SEM images of the cross-section of the
agreement with those obtained by SEM analysis. samples that were previously treated with TCP80-BG20

Fig. 4 shows the XRD patterns of the samples that were (Fig. 5a) or WS (Fig. 5b) after 21 days of immersion in
treated with either mineral (MW) or synthetic (SW) SBF. A thicker apatite layer was formed on the sample
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Fig. 5. Cross-section SEM images of the metallic samples treated with (a) 80TCP-20BG and (b) WS after 21 days of immersion in SBF.

treated with SW. In all the cases, three phases can be
observed, the light gray-colored phase corresponds to the
alloy, the medium gray phase corresponds to the metallic
oxide formed during the heat treatment and the dark gray
layer corresponds to apatite.

Based on the SEM, EDS and XRD results presented
above, it was possible to select the most bioactive materi-
als, namely the ASTM F75 discs treated with TCP80—
BG20 or SW, for the in vitro biocompatibility evaluation.
With this objective, three important parameters were
selected for evaluation, namely (i) cell attachment, (ii) cell
proliferation and (iii) osteoblast maturation/differentia-
tion, as these are important factors studied on the inter-
actions of biocompatibility of ceramic coatings on metals
and alloys [19-22]. We also have chosen the MC3T3-El
lineage, since these murine pre-osteoblasts are very repre-
sentative of the mammal bone cells usually in contact with
restorative devices.

Fig. 6A shows the relative levels of MC3T3 cell adhesion
in direct contact with the samples, as compared to
thermanox coverslips (control), as measured colorimetri-
cally. As observed, the metallic samples that were treated
with the TCP80-BG20 mixture demonstrated a higher cell
attachment by 4 h than both the untreated alloy samples
and those treated with SW (p <0.05), attaining levels
which are similar to the control. However, 24 h after
seeding, the cell adhesion pattern changes significantly,
since the cell density on the uncoated alloy reaches higher
levels than both coated groups. These results may imply
either a very transient attachment over TCP80-BG20
surfaces, or an initial proliferative rate, which is lower
than that of the control and the uncoated alloy groups. At
any rate, while comparing the two-coated groups, it is still

possible to observe almost doubled levels of adhered cell at
24 h with TCP80-BG20, as compared to SW.

Fig. 7 presents SEM images showing the morphology of
the MC3T3 cells during the attachment and adhesion
times. MC3T3 cells seeded over uncoated ASTM-F75
(control) are well adhered and present a viable morphology
already at 4 h after seeding (Fig. 7A). A more effective
spreading and the formation of multiple cell layers could
be observed at 24h (Fig. 7B), reinforcing the good
interaction with such surface.

An initial cell attachment was also observed with
TCP80-BG20 surfaces (Fig. 7C), even though the cell
morphology was less turgid, as compared to control. An
apparent decrease on adhered cell density could be
observed 24 h after seeding (Fig. 7D), possibly due to the
irregularity on the pore size of the composite, or the
migration of cell to the interior of the porous coat
developed during heat treatment. The SW samples pre-
sented an apparent lower amount of cells attached by 4 h
after seeding, even though with a very healthy cell
morphology, presenting long cytoplasmic prolongations
with several possible points of focal adhesion (Fig. 7E). By
24 h, adhered cell levels over SW (as qualitatively
observed) seemed to strongly decrease (Fig. 7F).

As it was not expected, levels of viable cells over the
different material surfaces were again followed colorime-
trically for up to 1 week (Fig. 6B), it was possible to
observe an increasing proliferative rate with SW and, at
the same time, a slow down on the proliferation of cells
over the uncoated alloy. As a result, both coated and
uncoated samples presented no significant differences on
attached cell levels by day 7, while all groups remained
significantly lower than control (thermanox coverslips).
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Finally, the levels of cell differentiation over the studied
surfaces were inferred by the alkaline phosphatase activity
(ALP) of the MC3T3 cells. Previous works from literature

1 Alloy
0 Alloy + SW

Em Control
A = Aloy + TCP80-BG20

cd

Cell density (% Control)

4h 24h
Em Control 3 Alloy
B Il Alloy + TCP80-BG20 [ Alloy + SW
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Fig. 6. MC3T3 cell response to the adhesion assay on samples after (A) 4
and 24 h and (B) 1, 3 and 7 days of culturing.

describe a peak of ALP activity usually for 2 weeks, with
confluent MC3T3-E1 cells seeded over polystirene, and in
the absence of dexamethasone [17]. However, the results
from Fig. 8 show that, in this work, all groups presented
maximum ALP activity by day 7, with a significant
reduction (p < 0.05) on longer experimental times (14 and
21 days). Also, on all experimental times, the levels of ALP
were significantly lower for the control thermanox group,
regardless of considering total activity (data not shown) or
normalization by cell density (Fig. 8). This pattern may be
related to the higher proliferative state of cells over this
surface, which is incompatible with high differentiation
levels, which usually is the most notable after growth arrest
[23]. Comparing the coated and uncoated alloy groups,
only by day 7 there was a significant difference between the
uncoated and the SW group, which disappeared by day 14.
We could speculate, on the lights of the proliferation/
differentiation dichotomy, that this difference among
uncoated and SW coated alloys may be related to the
observed proliferation rates during the first week after
seeding. In a general manner, however, the kind of coating
employed did not seem to affect the overall biological
response of MC3T3 cells. When observed by SEM, the

Il Control
mm Alloy + TCP80-BG20

3 Alloy
Alloy + SW

400 ~

300 H

200

ALP Activity
(% Control without Differentiative Conditions)

100 A

7 Days 14 Days 21 Days

Fig. 8. MC3TS3 cell response to the differentiation assay on the samples
after 7, 14 and 21 days.

Fig. 7. SEM images of the morphology of the MC3T3 cells during the attachment and adhesion times.
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Fig. 9. SEM images of the morphology of the MC3T3 cells during the differentiation times.

interaction of these cells with the control alloy by day 14 is
characterized by a marked spreading in multiple cell
layers—a pre-requisite to the mineralization process on
osteoblasts [24] (Fig. 9A). The strong presence of granules
on the cell surface observed by 21 day (Fig. 9B) may be
representative of such process. The presence of the TCP80—
BG20 coating presented similarly innumerous granules
over the entire material surface, including the cell layer,
as early as 14 days after cell seeding, and forming an
evident ceramic layer by 21 day (Fig. 9C and D). Accord-
ing to the EDS spectra analysis, the main elements
detected were Si and O (data not shown). As reported
previously [3], during the mechanism for apatite formation
on bioactive glasses in SBF a SiO, gel is usually formed on
the surface. It is possible that the compound formed on the
materials treated with TCP80-BG20 in this work, corre-
sponds to a SiO, gel. In the WS coated group, mineraliza-
tion granules were also identified on cell surface after
14 days (Fig. 9E). After 21 days, a dense and homogeneous
layer, Ca- and P-rich (as identified by EDS analysis), even
thicker than that observed with TCP80-BG20, has com-
pletely covered the metallic sample and the cell layer
(Fig. 9E). We may consider the possibility that this layer
could be a result of the increased osteoblast mineralization
on those samples, even though this supposition is not
corroborated by the ALP assay, in which there was no
indication of effects on osteoblast maturation between
samples. On the other hand, it is also possible that this
mineral layer is another effect of the strong bioactivity of
SW coatings in the presence of culture media, as shown in
this work. At any rate, the Ca, P mineralization process
was stronger on SW, as compared to both TCP80-BG20
and uncoated alloy.

4. Conclusions

These results demonstrate the feasibility to promote a
high in vitro bioactivity on the ASTM F-75 alloy using
different bioactive materials during heat treatment, on a
material-dependent manner. A higher bioactivity was observed

when the samples were heat treated in contact with a mixture
of TCP/BG on a proportion of 80:20, as well as with synthetic
wollastonite. While TCP80-BG20 coatings may improve cell
adhesion, a stronger Ca-, P-mineralization is promoted by
SW coatings. Further studies are required to determine if
these differences are sufficient to impact the outcome of
clinical applications with such coated materials.
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