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Abstract: Double-layer composite coatings composed of a
P,Os-based glass/Ca,((PO,)s(OH), (HA) mixture top layer
and a simple HA underlayer, on Ti-6AI-4V substrates, were
prepared using a plasma-spraying technique. The in vitro
bioactivity of these coatings was assessed by immersion test-
ing in simulated body fluid. Both scanning electron micros-
copy (SEM) analysis and the ionic solution changes followed
by atomic absorption spectroscopy and the molybdenum
blue method demonstrated that these composite coatings
induce a faster surface Ca-P layer formation than the simple

HA coatings used as a control. X-ray photoelectron spectros-
copy (XPS) analysis demonstrated that the Ca-P layer
formed was apatite. The combination of SEM and XPS
analyses showed that the apatite layer was a calcium-
deficient hydroxyapatite with a Ca/P ranging from 1.3 to 1.4
with CO;>" groups contained in the structure. © 1999 John
Wiley & Sons, Inc. ] Biomed Mater Res, 45, 376-383, 1999.
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INTRODUCTION

Considerable attention has been paid to hydroxy-
apatite (HA), Ca;((PO,)s(OH),, as a tissue replacement
material for use both in dentristy and orthopedics.'?
However, human bone mineral is quite different from
conventional stoichiometric HA in terms of chemical
composition, as it contains other ions such as potas-
sium, magnesium, carbonate, fluoride, and sodium.
Some recent work has been directed toward incorpo-
rating these ions into the HA lattice®* to more closely
match the composition of human bone mineral,
thereby improving the biological response of the im-
plant materials.

Bioactive coatings on metallic implants are associ-
ated with disadvantages such as prosthesis loosening,
with metal accumulation in surrounding tissue. This
has led to the need to find alternatives aimed at pro-
viding implants with bioactive coatings which would
be better tolerated, interacting with the host tissues,
slowly dissolving in a controlled fashion, and allow-
ing bone growth to take place at interstitial sites on the
surface.”” The coatings may be produced by plasma
spraying, which involves the formation of a stream of
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molten particles produced by injecting a powder into
a high-velocity, high-temperature plasma jet and fir-
ing them at a substrate. The coating is formed by suc-
cessive impact of molten particles on the substrate
spreading to form disc-shaped lamella.®”

One early solution which appeared to stand a good
chance, apparently showing good biological tolerance,
consisted of HA-coated Ti alloy implants.'>!" The
similarity in composition between HA and bone min-
eral means that the implant was not recognized as a
foreign material, which allowed for continuous bone
growth through the surface holes and concavities of
the coating. However HA's bioactivity is very limited,
and thus osseointegration is too slow, leading to long-
term immobilization periods for the patient. The use
of bioactive glasses as coated layers could be an alter-
native, but they show too fast a rate of biodegradation,
leading to rapid resorption after surgery. Besides
showing adequate chemical and structural matching,
such materials require appropriate surface character-
istics: namely, pore connectivity, distribution, and
size, so that adequate bone bonding might be
achieved.

In the present work, bioactive multilayered coatings
were prepared consisting of consecutive plasma-
sprayed layers of variable composition, the layer next
to the substrate being composed of HA, and the top
layer composed of HA plus bioactive glass composite.
This kind of coating is expected to induce a rapid ini-
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TABLE 1
Chemical Composition of P,05-Based Glass (mol %)
P,0, CaO Na,O K,0
Gl 35.0 35.0 20.0 10.0

tial response, due to the presence of bioactive glasses,
followed by a more stable period, due to the HA un-
derlayer which allows for adequate consolidation, as
strong bonding occurs with the grown surrounding
bone tissue.

In bone tissues, the exact composition and relative
proportions of collagen fibers, mineral, and noncolla-
geneous proteins, depend upon the location and load-
ing requirements of bone.'** The chemical analysis
of the inorganic part of bone is complex because of ion
substitution that may occur in hydroxyapatite lattice,
where CO,*” is a common substitute for OH™ or
PO,>", Mg®*, and Na* for Ca®*, and F~ for OH". There-
fore, there is a need to include these trace elements in
the HA used for implants and prostheses, since the
biological behavior of apatites is strongly dependent
on their composition.'

Using glasses within the P,O5-CaO system with ad-
ditions of Na*, Mg2+, and K" ions, glass-reinforced HA
composites can be prepared by a liquid-phase sinter-
ing process, with much higher biaxial bending
strength than commercial sintered HA."® In addition,
the nominal elemental percentages of Na™, Mg2+, and
K" in the composites prepared in this work are similar
to those found in bone tissues.

Kokubo et al. showed that a thin layer of biological
apatite was formed on the surface of bioactive ceramic
materials in a simulated body fluid (SBF)."” The bio-
activity of orthopedic biomaterials has been attributed
to the ability of their surfaces to nucleate carbonate
apatite crystals very similar to bone crystals from su-
persaturated body fluids.'® ' In the case of bioglasses
and some other biomaterials, the events preceding the
formation of the newly formed apatite layer have been
described in detail in the literature.'® For calcium
phosphate coatings, however, such studies have not
yet been performed and the possible surface modifi-
cations, as well as their consequence on the formation
of the crystal layer from body fluids, are largely un-
known.** The chemical reactions occurring on the
coating surfaces play an important role in the bonding

mechanism.?*?* Since the ceramic surface initially re-
acts with surrounding extracellular fluid, the nature of
the solids formed on the surface is determined by the
crystal chemistry of the ceramic and the chemical com-
position of the fluid.*

In this study, to evaluate the surface reactions of
double-layered coatings, three types of coatings (HA,
HA/G;2% composite, and HA/G4% composite)
were exposed to an SBF. Changes in the ionic solutions
were examined by measurement of total Ca, P, Mg,
Na, and K concentration. The natural apatite film for-
mation and its chemical composition were followed
by scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS).

MATERIALS AND METHODS
Materials preparation

A P,0Os-based glass (G1), with the chemical composition
listed in Table I, was prepared from reagent-grade chemi-
cals. The composite preparation method has been fully de-
scribed elsewhere.?® Glass additions of 2 wt % and 4 wt % to
HA were used.

Mixed powders were then dried, isostatically pressed at
200 MPa, and sintered. Samples were than milled and sieved
to provide a particle size distribution between 53 and 150 pm.

Titanium alloy disks (Ti-6Al-4V) 14 mm in diameter and 3
mm thick were coated using plasma-spraying employing
HA and composite powders according to the above granu-
lometric distribution. An atmospheric plasma-spraying tech-
nique was performed on Plasma Technik automated equip-
ment, and all substrates were coated at the same time to
ensure the same coating thickness for all samples. Coating
thickness was determined by micrometer measurement.
Three types of coatings were prepared as shown in Table II.

SBF immersion testing

Simulated body fluid with inorganic ion concentrations
close to those found in human blood plasma, as shown in
Table III, was prepared by dissolving reagent-grade chemi-
cals in distilled water, buffered at pH 7.25, at 37°C with

TABLE II
Coating Composition (wt %) and Thickness (um)

Composition (wt %)

Coating thickness (um)

Sample First Layer Second Layer First Layer Second Layer
HA HA 120
Composite HA/G;2% HA 98%HA + 2%G1 60 60
Composite HA/G,4% HA 96%HA + 4%G1 60 60
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TABLE III
Ion Concentrations of SBF and Human Blood Plasma (mM)
Concentration (mM)
Solution Na* K* Ca®* Mg>* HCO; Cl- HPO;~ SO7~
Blood plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5
SBF 142.0 5.0 2.5 1.5 42 148.0 1.0 0.5

tris(hydroxymethyl) aminomethane ([CH,OH];CNH,) and
1 M hydrochloric acid (HC1).*”

Duplicate specimens of each type of coating were placed
in 100-cm® polyethylene flasks with 50 cm® of solution. The
flasks were sealed to minimize changes in the initial pH. All
immersions took place at 37°C without stirring, in a 5% CO,
atmosphere. The blank control was done with exactly the
same experimental conditions, in the absence of materials.
After several exposure periods, the specimens were re-
moved, rinsed in distilled water, and dried in air, and the
solution changes were evaluated by measurements of total
Ca, Mg, Na, K, and P. The concentration of Ca, Mg, Na, and
K was determined by atomic absorption spectroscopy, and
of P, by the molybdenum blue method.>® The results are
shown as the arithmetic mean and standard deviation (xSD).
Statistical analysis of the experimental results was per-
formed using Tukey-HSD and t tests, with a significance
level of p < .05.

Film formation and characterization

Surfaces were sputter-coated with a thin layer of carbon
and observed by SEM, using a Jeol JSM 35-C microscope
equipped with a Noran Instruments energy-dispersive spec-
troscope (EDS). By using sequential observation, the time
required for surface film formation was estimated.

Chemical analysis of surface film

Samples surfaces that showed a full coverage of new crys-
tals when observed by SEM were later analyzed using XPS
to ensure that this analysis was exclusively performed on the
apatite film, without interference. The XPS analyses were
performed on a VG spectrometer using MgKa radiation and
50-eV analyzer pass energy. The analysis of nonconductive
samples is always associated with a band shift owing to the
charge accumulation on the surface. The peak of aliphatic
carbon contaminants (285.0-eV binding energy), always
present on any sample, was chosen as a reference for the
correction of peak position. The relative atomic concentra-
tions were determined based on Cls, Ols, P2p, Ca2p3, Nals,
and Mg2p peaks, using the sensitivity factors given by
Scofield. The peaks were fitted using the installed software.

RESULTS
Solution changes
Ca?" concentration

Figure 1 shows the variations in Ca?" concentration
in SBF with immersion time for HA, HA/G,2%, and

HA/G,4% composite samples. Ca* ions in the solu-
tion decreased with immersion time, indicating that
these ions were accumulated on the surface of the
coatings. More important, a faster rate of deposition
occurred on the composite coatings surfaces than onto
pure HA coatings. Furthermore, the higher percentage
of G1 glass favored a higher deposition of Ca** ions.
After 1 day of immersion, all C,-C, values of Ca** for
HA /G;4% composite were statistically different from
those of HA (p < .05). The same behavior was found
for HA/G,2% composite after 5 days of immersion.
On the blank control, the Ca** concentration was kept
constant and equal to the initial one (C,). These results
were confirmed by SEM observations, as will be pre-
sented later.

PO,*" concentration

Figure 2 shows the variation in PO,>” concentration
in SBF with immersion time for HA, HA/G;2%, and
HA/G,4% composite samples. PO,>" concentration
followed a tendency similar to that of Ca”* ions: After
a certain initial incubation period, there was a de-
crease in concentration with immersion time which
was more pronounced for the composite coatings than
for the HA coatings. After 1 day of immersion, all
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Figure 1. Concentration versus immersion time plots of
Ca** in solution after immersion of HA (@), HA/G,2% (O),
and HA/G;4% (A) composite coatings. C,-C, = change
in concentration from the initial (C,) value; error bars stand
for SD.
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Figure 2. Concentration versus immersion time plots of
PO,* in solution after immersion of HA (@), HA/G,2% (0),
and HA/G;4% (A) composite coatings. C,-C, = change
in concentration from the initial (C,) value; error bars stand
for SD.

CC, values of PO,>" for the HA/G;4% composite
were statistically different from those of HA (p < .05).
A similar tendency was observed for the HA/G,2%
composite. On the blank control, the PO,>~ concentra-
tion was kept constant and equal to the initial one (C,).

K*, Na*, and Mg2+ concentration

K*, Na* and Mg?** concentrations in the SBF solu-
tion remained unchanged with immersion time for the
three coatings and the blank control. This behavior
indicates that the formed film was mainly composed
of Ca** and PO,”", as demonstrated by XPS analysis.

Surface changes and surface film formation rate

Figure 3 shows a typical surface of a plasma-
sprayed HA coating before immersion in SBF. Similar
morphologies were obtained for the other two coat-
ings: HA/G;2% and HA/G;4% composites. After 7
days’ immersion, calcium phosphate crystals could be
detected on the surface of HA and HA/G;2%, as may
be observed in Figure 4(a,b), respectively. Similarly,
for the same immersion period, the surface of HA/
G,4% composite was already fully covered with a cal-
cium phosphate film [Fig. 4(c)]. Increasing the immer-
sion time in SBF to 14 days led to an increase in the
proliferation of calcium phosphate crystals and to
complete coverage of the surface of both HA/G;2%
and HA/G;4% composites, while some areas re-
mained uncovered for the HA coating, as presented in

Figure 5. Complete coverage of the HA coating surface
was only achieved after 21 days’ immersion.

This behavior was in agreement with the Ca and
PO, ionic depletion detected in the SBF solution and
showed that there was a clear tendency for faster cal-
cium phosphate formation on the surface of composite
coatings than on the HA coatings.

Chemical analysis of surface film

X-ray photoelectron spectroscopy analysis of the el-
ements present on the surface of HA and composite
coatings were recorded after 7 days, 14 days, and 2
months of immersion. Ca2p3-, P2p-, Ols-, and Cls-
level spectra were identified. Additional peaks for
Nals were also found, particularly after 2 weeks’” im-
mersion. The peak position of elements detected on
the surface and their relative concentration are pre-
sented in Tables IV and V. The chemical composition
of the surface layer formed seemed to be independent
of the composition of the material. Furthermore, no
significant changes in the Ca/P ratio of the layers
seemed to have occurred with immersion time, al-
though the proportion of Ca and P in the layer tended
to decrease with immersion time and the proportion
of C appeared to increase.

Since the Cls peaks were very broad and intense
after immersion, they were deconvoluted using a
Gaussian curve-fitting process. The deconvoluted
peaks revealed that each Cls peak was composed of
two peaks: one at 285.0 = 0.1 eV and another at ap-
proximately 287.8 + 0.1 eV (Fig. 6).

DISCUSSION

Several authors have reported that calcium phos-
phate formation on a material’s surface in simulated

Figure 3. Surface of a plasma-sprayed HA coating (original
magnification, x500).
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Figure 4. Changes on the surfaces after 7 days of immer-
sion in SBF. (a) HA; (b) HA/G,2% composite; (c) HA/G,4%
composite (original magnification x2000).

Figure 5. Changes on the surfaces after 14 days of immer-
sion in SBF. (a) HA; (b) HA/G,2% composite; (c¢) HA/G,4%
composite (original magnification, x2000).
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TABLE IV
Binding Energy of Elements Detected on Surface (eV)
Immersion Time Binding Energy
Sample (days) (@) p Ca C Na
HA 14 531.8 133.3 347.7 285.1 1072.8
21 531.5 133.1 347.4 285.0 1072.6
60 531.3 133.1 347.1 285.0 1072.6
Composite HA/G12% 14 531.4 133.2 3474 285.0 1072.6
21 531.5 133.1 347.1 285.1 1073.1
60 531.3 133.1 347.2 285.0 1072.6
Composite HA /G14% 14 531.5 133.2 347.5 285.0 1072.8
21 531.3 133.1 347.2 285.0 1072.4
60 531.3 133.2 347.1 285.0 1072.5

acellular body fluids is a decisive indicator of its bio-
activity, since bioactive materials bond to bone in vivo
through a similar surface layer.” ' Several tech-
niques have also been used to characterize these Ca-
P-rich layers, particularly thin-film XRD and Fourier
transform infrared (FTIR) analysis.** In this work, we
compared the Ca-P formation on the surface of novel
composite coatings with commercially available HA
coating, which was used as a control material.
Calcium and phosphate concentrations in SBF de-
creased with immersion time as expected, which indi-
cates Ca-P film formation on the surfaces of plasma-
sprayed coatings. However, the film formation rate
was higher for composite coatings than for the simple
HA coating, which indicates that there was a faster
ionic exchange of calcium and phosphorus between
the SBF solution and the composite materials. These
results were supported by serial SEM observations.
The time required for surface film formation on HA
was estimated to be 21 days of immersion in SBF. The
HA/G,2% composite showed a higher formation rate,
and its surface was completely covered after 14 days.
The time required for surface film formation on the
HA/G,4% composite was estimated to be 5 days,
showing the highest film formation rate. Therefore,
the addition of G1 glass to HA has an important effect
on the Ca-P layer formation kinetics. SEM analysis
also revealed at magnifications of x2000 that the Ca-P

layer formed on the top surface after immersion was
composed of randomly oriented crystallites with a
needle-like shape for all coatings. Similar findings
were also observed by other authors on sintered
HA 29-31

Although there have been reports that B-tricalcium
phosphate (B-TCP) bonds directly to bone with no for-
mation of an apatite layer, and that this surface layer
cannot be reproduced in vitro after immersion in
SBF,” Daculsi et al. observed the formation of tiny
apatite crystals at the B-TCP-bone interface.** Some
authors have also reported that 3-TCP induces a faster
calcium phosphate formation than HA, probably due
to its higher solubility.”>* The microstructure of the
composite coatings has a biphasic crystalline structure
composed of HA and a small amount of B-TCP phase,
as previously reported.®® This fact may explain the
faster formation of calcium phosphate on the surface
of composite coatings.

On the other hand, the glass added to HA for com-
posite preparation, with mainly Ca®>* and PO,’” in its
composition, might play an important role in the apa-
tite formation mechanism, as it is a soluble glass. Since
the glass was composed of other ions besides Ca and
P, such as Na*, K*, and Mg2+, it was not possible to
isolate the specific effect of each one. However,
Kokubo et al. indicated that magnesium does not have
an effect on in vitro apatite formation.>®

TABLE V
Relative Concentration of Elements Detected on Surface (atm %)

Immersion Time

Relative Concentration

Sample (days) (@) P Ca C Na Ca/P
HA 14 48.2 12.7 18.5 19.7 0.815 1.5
21 43.1 12.4 18.4 25.7 0.490 1.5
60 41.6 8.7 11.6 31.0 0.218 1.3
Composite HA/G12% 14 454 13.8 18.4 224 0.325 1.3
21 45.1 12.6 18.0 23.4 0.960 14
60 39.6 6.4 8.9 41.5 0.083 1.4
Composite HA /G14% 14 49.1 14.2 18.8 16.8 1.138 1.3
21 46.5 12.3 16.7 23.7 0.733 1.4
60 40.6 6.4 9.0 43.3 0.710 1.4
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Figure 6. The deconvolution of Cls revealed two peaks, at 285.0 + 0.1 eV and 287.8 + 0.2eV.

For all coatings, a three-stage phenomenon may be
distinguished: (a) an initial period where ionic ex-
change between materials surface and the solution
was slow, which should correspond to the incubation
time for the apatite formation; followed by (b) an in-
termediate stage with a very high Ca-P film formation
rate; and (c) a final stage where film formation tended
to slow down. As the equilibrium state was achieved
very slowly, this final stage may have been related to
the decrease in solution supersaturation. Identical be-
havior may be inferred from other analyses performed
using similar bioactive materials.”

X-ray photoelectron spectroscopic results showed
that the chemical characteristics of these layers did not
seem to be influenced by the presence of G1 glass, as
the peak positions of all detected elements that com-
posed the Ca-P-rich layer and their relative atomic
concentration were practically the same for HA and
for composites coatings, as presented in Tables IV
and V.

The reference for XPS binding energy data was the
adventitious C1s peak at 285.0 eV. The peaks positions
of all detected elements were corrected with respect to
this Cls level. The binding energies determined for
P2p, Ca2p3, and Ols obtained at 133.1, 347.2, and
531.3eV respectively corresponded to the HA com-
pound, as they all agreed with the standard binding
energies for HA listed in the NIST XPS database.’”
However, this apatite was nonstoichiometric, as its
Ca/P ratio was much lower than 1.67, which corre-
sponds to stoichiometric HA. Several authors have ob-
tained the same calcium-deficient apatite layers with
various bioactive materials.*®*° After C1s peak decon-
volution, using a Gaussian fitting procedure, it was
possible to detect a peak at 287.8 eV which corre-
sponded to CO;>" on the surface layer.*® The incorpo-
ration of CO,*" in the HA structure should be attrib-
uted to the ionic concentration of SBF, since it contains
HCO;™ (Table III). It is therefore possible to conclude
that this surface layer is a calcium-deficient carbon-

ated HA, with a structure similar to that formed on
bioactive materials when implanted in vivo. Other au-
thors have reported the presence of carbonated apatite
layers on biomaterials surface after immersion in
physiological solutions, although using different
analysis techniques, such as FTIR.**2

CONCLUSION

A Ca,P surface layer was formed on the surface of
the various coatings. Serial SEM observation indicated
a faster film formation on the composite’s surface than
on HA, currently leading to increased bioactivity.
HA/G;4% composite showed the fastest film forma-
tion rate. Atomic absorption spectroscopic analysis of
the solutions confirmed the adsorption of calcium and
phosphate onto the coatings, with this adsorption tak-
ing place earlier in the case of composite materials
than in HA. XPS analysis allowed for precise determi-
nation of its chemical composition, revealing that this
layer was a calcium-deficient carbonated HA with an
average Ca/P ratio ranging from 1.3 to 1.4 and con-
taining carbonate ions, CO32_, in its structure.
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