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Recubrimientos biocompatibles obtenidos por Proyeccion Térmica y estudio in vitro de la funcién osteobldstica

CAPITULO 7:

Evaluacion y comparacion de la respuesta
biologica de recubrimientos de
hidroxiapatita por proyeccion térmica

de alta velocidad

7.1 Introduccion

En los capitulos 5 y 6 se optimizaron las condiciones de proyeccion para la obtencion
de recubrimientos de HA mediante HVOF, se mejor6 la adherencia de estos
recubrimientos tras inmersion en SBF y se realizd su caracterizacion en cuanto a sus
propiedades fisico-quimicas. Para completar su caracterizacion, en este capitulo se
han estudiado algunos indicadores de la respuesta celular de dichos recubrimientos,

lo cual es indispensable en el andlisis integral de un biomaterial.

El efecto de la hidroxiapatita sobre la respuesta en un tejido adyacente atin no ha

sido plenamente descrito. A pesar que varios autores han demostrado que la
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respuesta celular depende de las caracteristicas fisico-quimicas del sustrato, de la
composicion quimica [1,2], la cristalinidad [3,4], y la rugosidad [5], las caracteristicas
superficiales necesarias para una Optima osteointegracion no son totalmente

comprendidas.

Los estudios in vitro son el primer paso para la comprension de la interaccion
material-célula dado que estos sistemas no presentan la complejidad de los sistemas
in vivo. Los cultivos celulares son un procedimiento para el estudio de células vivas
en un medio artificial que permite reproducir, de forma bastante fiable, las
condiciones bioldgicas que las células tienen en su lugar de origen. Como los
recubrimientos desarrollados en esta Tesis Doctoral tienen como finalidad ser
utilizados en aplicaciones de reparacion y regeneracion 6sea, el cultivo celular idoneo
seria el de células obtenidas del 6rgano de interés, en este caso de hueso. Los
estudios in vitro se han realizado utilizando células dseas, concretamente osteoblastos
ya que se trata de células formadoras de la matriz dsea, y se encuentran

constantemente en el frente de avance del hueso que crece o se desarrolla.

La introduccion del cultivo de osteoblastos humanos ha permitido la obtenciéon
modelo experimental mas fidedigno evitando las posibles conclusiones erréneas al
utilizar otro tipo de cultivos celulares que, como consecuencia, no permitiera una

extrapolacion de sus resultados a que sucede “in vivo”.
Cabe mencionar que la biocompatibilidad de los recubrimientos de HA obtenidos

por proyeccion térmica de HVOF apenas ha sido estudiada por lo que los resultados

mostrados en esta tesis pretenden ser un referente en estos estudios .
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7.2 Objetivos

La finalidad de este capitulo fue analizar la respuesta celular sobre 3 recubrimientos
de HA obtenidos por HVOF. Los recubrimientos seleccionados para el estudio
fueron:
0 Recubrimientos obtenidos con las condiciones optimizadas (82% HA
cristalina)
0 Recubrimientos totalmente cristalinos conseguidos tras un tratamiento
térmico (700°C, 1 hora)
0 Recubrimientos con cristalinidad gradual (interfaz substrato-recubrimiento

100% cristalina, superficie del recubrimiento 82% HA cristalina)

Para dicho motivo se realizaron cultivos de células osteoblasticas sobre los diferentes

recubrimientos, siendo los objetivos de este capitulo:

1. Determinar la viabilidad y proliferacion de osteoblastos humanos sobre los

diferentes recubrimientos de HA.

2. Determinar el comportamiento de diferenciacion de osteoblastos humanos

sobre los diferentes recubrimientos.
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7.3 Resultados

En el articulo “Testing the biocompatibility of HVOF-sprayed hydroxyapatite coatings using
human osteoblasts cultured in vitro” que se adjunta con este capitulo se muestran los
resultados obtenidos de los ensayos in vitro realizados con cultivos de osteoblastos

sobre los tres recubrimientos de HA seleccionados.
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Testing the biocompatibility of HVOF-sprayed hydroxyapatite coatings using

human osteoblasts cultured in vitro.

M. Gaona, N. Garcia-Giralt, J. Fernandez, J. M. Guilemany
J. Biomed. Mater. Res. A. Submitted

Resumen:

En este trabajo se estudio la respuesta celular de 3 recubrimientos de HA y su
adherencia a un substrato de Ti6Al4V tras un ensayo de inmersion en SBF. Los
recubrimientos presentaban una rugosidad similar, pero diferente composicién
quimica por lo que las diferencias en los resultados vendran dados por esta ultima

variable.

Se sembraron celulas osteoblasticas sobre los recubrimientos y se cultivaron durante
1, 3, 7 y 14 dias para estudiar su morfologia, viabilidad, proliferacién y diferenciacion.
El hecho mas significativo fue que las células estaban mads diferenciadas en
recubrimientos parcialmente amorfos que totalmente cristalinos, pero a su vez estos
recubrimientos eran los que fallaban por adherencia tras inmersion en fluidos

corporales simulados (SBF).

Por este motivo los recubrimietnos de cristalinidad gradual se presentan como
alternativa ya que presentan una buena adherencia al substrato por la alta
cristalinidad de la interfaz que evita que se disuelva en SBF y exista un fallo adhesivo
y un buen comportamiento in vitro facilitado por la capa parcialmente amorfa que le
permite la deposicion de una capa de apatita y aumenta los niveles de diferenciacion

de los osteoblastos.
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ABSTRACT

Here we study the influence of crystallization on the properties of high velocity oxy-fuel sprayed
hydroxyapatite (HA) coatings following heat treatment. We examined three types of coating: as-sprayed
HA, heat treated and graded crystalline HA. The HA coatings were characterized using scanning electron
microscopy and X-ray diffraction, while the bonding strength of the coatings to the substrates was
determined using the standard test ASTM F1147-99. The crystallization of the coating after heat
treatment increased the bonding strength of the coatings after immersion in simulated body fluid (SBF),
measured at various points in time. The biocompatibility of the coatings on titanium alloy substrates was
studied by means of human osteoblastic cultures. Cellular behavior was studied in terms of morphology,
viability, proliferation, and differentiation of osteoblasts. Viability and proliferation rates were analyzed
quantitatively using colorimetric tests; cell attachment and morphology were analyzed qualitatively using
environmental scanning electron microscopy. Our results show that osteoblast viability and proliferation
were not sensitive to the chemical or phase features of the HA coatings. However, osteoblastic
differentiation was higher in the presence of amorphous calcium phosphate (ACP). Thus, graded
crystalline HA coatings were produced here in order to achieve a balance between the behavior of the as-
sprayed coatings in vitro and the positive effects obtained in terms of the adhesive strength of the

crystalline coatings.

Keywords: Thermal spray, high velocity oxy-fuel (HVOF), hydroxyapatite coating (HA), bond strength, in

vitro testing, osteoblast culture.
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1. INTRODUCTION

Improving the quality and performance of orthopedic implants requires the development of coatings that
present better properties and bio-performance characteristics than existing devices. Several techniques are
available for the ceramic coating of a metal substrate, including ion-beam sputtering, electrophoretic
deposition, RF-magnetron sputtering, laser ablation, thermal spraying technologies and biomimetic
coatings [1-5]. Thermal spraying, or more particularly Atmospheric Plasma Spraying (APS), has become
the main technique for applying hydroxyapatite (Ca;o(PO4)s(OH),, HA) coatings onto metal implants in
order to improve fixation and bone growth. The main advantages of plasma spraying are the rapid rates of
deposition that can be achieved at relatively low cost. However, due to the extremely high temperature of
the plasma flame and the rapid cooling rate, the phase and structure of the HA coatings differ considerably

from those of the feedstock [6, 7].

In recent years, the use of high velocity oxy-fuel spraying (HVOF) has allowed the production of HA with
a similar set of advantages to those offered by APS, but which additionally offer a low content of
amorphous calcium phosphate (ACP) thanks to the high flame velocity and moderate temperatures required
[8, 9]. The high particle velocities achieved in HVOF are believed to enhance the adhesion strength of the
HA coating on the metallic substrate, while the moderate flame temperature is particularly suited to the
deposition of materials with low melting temperatures or low phase transformation points. However, few

studies analyzing the production of HA coatings with HVOF technologies have been reported.

Similarly, the effects of the crystallization of the amorphous phase on the coating properties of HVOF-
sprayed calcium phosphate coatings are poorly understood. Previous studies have reported that such
coatings are 100% HA crystalline following appropriate heat treatment [9]. Furthermore, they are stable in
simulated body fluid (SBF), since crystalline HA is more stable than other calcium phosphate phases in
physiological conditions, due to its lower solubility and slower resorption kinetics. The dissolution rate of
different CP phases in the SBF has been reported to occur in the following order: Amorphous Calcium
Phosphate (ACP) > > Tetracalcium Phosphate (TTCP) > a Tricalcium Phosphate (a-TCP) > B Tricalcium

Phosphate (B-TCP) >> hydroxyapatite (HA). The relative insolubility of hydroxyapatite compared to that of
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other calcium phosphate phases is expected, since it is the only stable calcium phosphate compound at pH

above 4.2. [10]

Although several studies have examined the cellular behavior of HA plasma spray coatings ib only a
few report their findings for HVOF coatings [11]. In this study, HA coatings were obtained by HVOF
spraying and biological studies were then performed on them. Human osteoblast cells were cultured on
three different HVOF-sprayed hydroxyapatite coatings. Cell proliferation, attachment and morphology
were analyzed using the BrdU test, the MTT test and environmental scanning electron microscopy (ESEM)
respectively. Moreover, osteoblastic differentiation was studied by means of alkaline phosphatase (ALP)

activity.

2. MATERIALS AND METHODS
Preparation of HA coatings

HA powder CAPTAL 30 (Plasma Biotal, UK) was deposited onto previously grit blasted Ti6Al4V
substrates with a Sulzer Metco DJH 2600 HVOF system. The spraying parameters employed are reported
elsewhere [9]. Three different HA HVOF-sprayed coatings were examined: an as-sprayed coating, a heat
treated coating and a combination of these two coatings which comprised a heat treated coating as the bond

coat with an HA as-sprayed coating on the surface.

It has been reported that the amorphous-crystalline phase transformation of HA takes place between 500°C
and 700°C [12, 13]. Therefore, the as-sprayed coatings were heat treated at 700°C for an hour in air
atmosphere followed by a slow cooling back to room temperature within the furnace. Some coatings were
re-sprayed on the substrates after the heat treatment. Then, HA as-sprayed coatings were deposited onto the

thermally treated coatings.

Before conducting the cell culture experiments, all the coated samples were sterilized by means of gamma

radiation (25kGy) to ensure conditions were sterile.
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Structure and phase characterization

Cross-sections of the coatings were examined using scanning electron microscopy (SEM). The samples
were cut with a diamond saw, vacuum impregnated with a low viscosity epoxy resin (Caldo Fix, Struers,
USA) and polished using standard metallographic procedures. Ten images of the cross-sections of each
coating were analyzed via image analysis to determine the porosity levels. Finally, the samples were etched

with an acidic solution (2% HNO3) that preferably dissolves the amorphous calcium phosphate phase.

Quantitative phase composition analyses of the crystal structure of the crystalline phases for each coating
were carried out using the Rietveld method. The method uses a least squares approach to refine a
theoretical line profile until this matches the measured profile [14] and this then enables us to obtain
structural parameters directly from X-ray powder diffraction patterns. Coatings were scraped off the
substrate and mixed with ZnO as standard. Then the mixtures were analyzed on a Siemens 6/20 D-500
diffractometer in Bragg-Brentano geometry. Cu Ko radiation was employed (A= 1.5418 A) with a graphite
monochromator and data were collected from 8 to 80° (20) with a step size of 0.02° and a counting time of

24 s.

The average roughness (Ra) was measured using a Surftest 301 roughness tester (Mitutoyo, Tokyo, Japan),

where Ra is the average deviation of the profile from a mean line.

Bond strength

The coated samples were immersed in SBF, prepared in line with Kokubo [15], for periods of between 1
and 28 days. The samples were rinsed with distilled water and dried in air after immersion. The bond

strength was then measured using the tensile test ASTM F1147-99 designed especially for calcium

phosphate coatings [16].
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Cell culture

Human osteoblast cultures were obtained from three different trabecular bone of total knee replacement
surgery patients with the patients' previous written informed consent. The study was conducted in
accordance with the Declaration of Helsinki of 1975, revised in 1983, and approved by our local Ethics
Committee (Hospital del Mar-IMIM). Samples were removed from the surgically excised bone in the
operating room and immediately stored in sterile plastic bottles with Dulbecco’s Modified Eagle’s Medium

(DMEM).

Primary osteoblast cultures were prepared according to a modification developed in our laboratory [17] of a
previously published procedure [18]. The bone was first cleared of soft tissue and then washed several
times with phosphate buffer (PBS). Clean bone fragments were cut into explants of 1-2 mm that were then
placed in culture plates. The explants were kept in DMEM containing 10% fetal calf serum (FCS) at 37°C
for one week. After the first week, cells were obtained from the surroundings of the explants and the serum
was subsequently changed every three or four days. The cells were cultured in DMEM media (4.5 g/l of
glucose) supplemented with pyruvate (1 mM), glutamine (2 mM), penicillin (56 U/ml), streptomycin (56
pg/ml), fungizone (1.5 pg/ml) and 10% of FCS. The cultures were stored at 37°C in a damp air atmosphere
containing 5% CO,. We obtained full plate coverage at four to five weeks, at which point the cells were

treated with 0.25% trypsin/EDTA (Biological industries), subcultured and frozen with liquid nitrogen.

The coated samples were then placed on a 24-well polystyrene culture plate (Nunk A/S) and immersed in
Hank’s balanced salt solution (HBSS) (Sigma Aldrich) overnight at room temperature. After removing
Hank’s solution, coated samples were seeded with 12000 cells for cell morphology, viability and
proliferation and 200000 cells for differentiation studies. After 24 hours of cell culture, the coated samples
were removed from the original well in order to ensure that the results obtained were provided solely by the

cells on the coating.
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Cell morphology and attachment

Cell morphology and attachment onto the coatings were observed by means of Environmental Scanning
Electron Microscopy (ESEM) (Electroscan 2020, Boston, MA). The use of ESEM enables us to observe
the biological specimens that have not been coated with a conductive material such as gold or carbon.
Cells were fixed with 2% glutaraldehyde in 0.1M sodium cacodylate buffer for 2 hours at 4°C prior to

ESEM observation.
Cell viability and proliferation assays

Cell viability was evaluated using an MTT assay kit (Roche Diagnostics GmbH) at 3, 7 and 14 days of
culture. This experiment is based on the cleavage of the yellow tetrazolium salt (MTT) to purple formazan
crystals by metabolically active cells. The resulting colored solution was quantified using a
spectrophotometer (550 nm). Cell proliferation was determined at 3, 7 and 14 days of culture using a
colorimetric immunoassay based on the measurement of BrdU incorporation during DNA synthesis
(Roche Diagnostics GmbH). Before the proliferation assay, cells were synchronized by incubation in
serum-free medium with 0.1% BSA for 24 hours. Then, serum-containing medium was added 24h before

BrdU. The absorbance was measured at 450 nm in a spectrophotometer.

Cells cultured on 24-well polystyrene plate were used as a control (CPS; culture polystyrene) in both
experiments. As approximately a quarter of the original cells were deposited on the material after 24 hours
of seeding, 3000 cells were then seeded in the positive control (CPS) to balance out cell numbers with
regard to the seeded materials. Samples of each coating studied with no seeded cells were used as negative

controls.
Alkaline phosphatase activity

Osteoblastic differentiation levels were evaluated with the expression of alkaline phosphatase (ALP)
activity [19]. HA coated samples were placed individually in 24-well plates and cultured for 7 and 14 days
in DMEM supplemented with 10% FBS, 100 mg/ml of ascorbic acid, 10®M of vitamin K and D. The cell

layers were washed with PBS and 1% Triton X-100 (Serva) in 1 M tris-HCI (pH=10). Then, the ALP
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activity in the osteoblast lysates was determined using a commercially available kit (Sigma). ALP activity
was determined by the concentration of p-nitrophenol liberated as a result of the conversion from p-

nitrophenyl phosphate. The p-nitrophenol was measured at 450 nm by means of a spectrophotometer.
Statistical analysis

Data from every assay were expressed as mean + standard deviation (SD) and statistical differences were
determined by U-Mann Whitney test. Data from each independent experiment were normalized to one of
the materials within the experiment. Each experiment was performed in triplicate and repeated at least

three times. P-values less than 0.05 were considered significant

3. RESULTS

Microstructure characterization

Figure 1 shows high magnification SEM micrographs of the cross-sections of etched HA coatings. The
chemical etching preferentially removed amorphous material, revealing the lamellar coating structure of the
as-sprayed coating, but there was no similar removal on the heat treated coatings. Figure lc shows the
microstructure of the graded crystalline coating, where as-sprayed coating was deposited onto a previously
heat treated coating. Here, the coating in contact with the substrate was 100% crystalline and no removal of

ACP was observed.

A total of 15 thickness, roughness and porosity measurements were recorded for each coating. The
thickness of the as-sprayed coatings was 68.6 £ 6.0 pm and its surface roughness was 4.2 + 0.4 um. After
heat treatment, the cross-sectional thickness was found to be 67.6 + 5.4 um and the coating roughness was
4.1 £ 0.7 um. However a change in porosity can be deduced from the SEM images between as-sprayed and
crystallized coatings. The porosity of the as-sprayed coatings was 13 £+ 2 %, whereas for the annealed

coating was 6 £ 1 %
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Phase analysis using XRD

The XRD pattern of the as-sprayed HA and the post treated coatings are shown in Fig 2. The only
crystalline phase present in the coatings was HA (Powder Diffraction File 9-432 JCPDS). No other
crystalline calcium phosphate phases such as tricalcium phosphate (Ca3(PO,), ,a- or B-TCP), tetracalcium
phosphate (CasP,09, TTCP) or CaO were found in the as-sprayed coating as a result of the thermal
decomposition of HAp during coating deposition. Experimental and calculated XRD patterns presented a
very good Rietveld fit (chi® = 2.79). The content of crystalline HA was 82% with 18% ACP in the as-
sprayed coating, whereas the heat treated coating was 100% crystalline. This result is in line with the

chemical stability of etching with HNO3 (2%).

The HA cell parameters refined by the Rietveld analysis are summarized in Table 1. The c-axis dimension
of the HA powder was lower than the corresponding value for the coatings. Some studies have proposed a
hexagonal crystal structure for the oxyapatite with lattice parameters similar to those of hydroxyapatite but
with a larger c-axis, on the basis of high-resolution electron microscopy following the on-beam

decomposition of hydroxyapatite [20].

HA and oxyapatite (OHA) have a hexagonal crystal structure, but the larger c-axis dimension of oxyapatite
is shown as a shift in the (001) plane diffraction to smaller angles according to Bragg’s Law. The (004)
plane diffraction position using Cu Ka radiation for different compounds is shown in Table 2. B-TCP has a
rhombohedral crystal structure and the plane (004) diffracts at 20= 52.9°, whereas the plane of titanium
diffracts at 53°. It would appear that B-TCP is not present in the coating as the main diffraction peaks are
not observed. The diffraction peaks for (002) and (004) planes for copper radiation (Ko, , 1.544 A; Ka 2,

1.540 A) are shown in Table 2.

Bond strength

The bond strength data were acquired following the ASTM F1147-99, where each value is the average of

three readings. The results are summarised in Figure 3. The tensile adhesion values were 37.5 + 4.8 MPa,
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442 + 8.3 MPa and 46.7 + 4.0 MPa for the as-sprayed, the heat-treated and the graded crystalline
respectively. An adhesive-cohesive failure was found for all the coatings before immersion in SBF.
However, the bond strength values of the as-sprayed coatings decreased dramatically with immersion time
and a change in the failure of the coating was observed, so that after immersion a completely adhesive
failure was recorded. The bond strength values of the graded crystalline coatings also decreased with
immersion time but not as noticeably as the values recorded for the as-sprayed coatings during the first few
days of immersion. The image analysis revealed that adhesive failure occurred between the crystalline and
the top as-sprayed coating, so the underneath crystalline coating was not degraded by the SBF.
Additionally, no significant deterioration of bond strength was observed after 28 days of immersion for the

heat treated coating and the adhesion values ranged from 36.9 MPa to 47.0 MPa.

Cell morphology

High-resolution morphological techniques, i.e. ESEM imaging, allowed us to observe the attachment and
growth of cells onto materials after varying times of culture. The typical morphology of a cell attached to
the as-sprayed coating surface is shown in Fig. 4. Figures 5, 6 and 7 show the time evolution of the
osteoblast cultures for the as-sprayed, the heat treated, and the graded coatings respectively. These images
are representative of a series of repeated experiments, demonstrating that the adhesion characteristics were
consistent and reproducible. After three days of incubation, the cells were attached to and proliferated on
all the coating surfaces. The population of osteoblasts increased over time and the cells exhibited a
flattened and well-spread shape on all coatings. No apparent differences in cell morphology on any of the
surfaces were found. ESEM observations after 14 days of culture showed a confluent cell layer for the three
coatings. Moreover, Ca-P globules appeared on the as-sprayed surfaces suggesting that extracellular matrix

mineralization was starting. The globules did not appear on the heat treated surface.

Cell viability assay

The MTT tests were used to assess the cytotoxicity of the HA coatings. This test facilitates the quantitative
measurement of cell viability. The MTT was assayed at 3, 7 and 14 days of osteoblast cultures (Figure 8).

The materials were not cytotoxic to osteoblasts and the cell cultures were prepared in optimal conditions
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since cell viability increased in the case of all three coatings and a better cell viability even than CPS
(higher absorbance) was recorded. The increase in cell viability with time indicates that the cells were
growing on the materials, with higher colorimetric detection representing more living cells. No statistically
significant differences were recorded between the different materials, or with the CPS control, as regards

the number of cells that attached after a given number of days of incubation.

Cell proliferation assay

Cell proliferation was expressed as the absorbance after 3, 7 and 14 days of culture for the three coatings
and the controls (Figure 9). DNA content increased from day 3 to day 14 on each coating and CPS studied.
There were no significant differences in DNA content between the coated substrates and CPS. Both assays
(MTT and BrdU) showed complementary results which are consistent with cellular adhesion on the

material. Thus, as the BrdU value increased, the MTT also increased.

Cell differentiation

Differentiated osteoblasts express ALP activity. Therefore, it is important to measure ALP activity so as to
ensure that the results obtained in the different assays correspond to osteoblast cultures. Fig. 10 shows the
ALP activity of cells cultured on HA coatings and CPS plate after 7 and 14 days of cell culture. The results
from three different line osteoblast cultures showed similar features in terms of ALP activity. The ALP
activity of the cells cultured on HA coatings increased with time. After 14 days of culture the ALP activity
was significantly higher on the as-sprayed HA coatings compared to activity levels on the heat treated

coatings and CPS. Interestingly the CPS was the material with the lowest ALP activity.
4. DISCUSSION
The HVOF as-sprayed HA coatings exhibited both high crystallinity levels (82%) and low degradation in

the absence of other bioactive calcium phosphates, such as tricalcium phosphate (TCP), tetracalcium

phosphate (TTCP) or the non biocompatible CaO. The high level of crystallinity and the correspondingly
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low degradation of the HA coatings in SBF were probably the result of the low temperatures of the HVOF

flame and a possible plastic deformation of the HA particles at a temperature below melting point.

In general, HVOF-sprayed HA coatings exhibited good bond strength. After immersion, the failure was
found to be completely adhesive due to the concentration of ACP at the interface and its preferential
dissolution in SBF. During the thermal spray process, the cooling rate of the first lamella was controlled by
rapid heat dissipation to the metallic substrate and the dehydroxylated region near the substrate solidified to
form amorphous calcium phosphate. Thus, the as-sprayed coating is more amorphous at the interface
substrate/coating than on the surface. However, 100% crystalline coatings were obtained after an optimal
heat treatment and as crystalline HA is very stable in SBF, no dissolution occurred. The heat treated
coatings maintained the same value of adhesion to the substrate after the immersion test. A heat treatment
at 700°C for 1 hour succeeded in effectively converting the amorphous calcium phosphate into crystalline
phases. The HA structure with the deficient hydroxyl group showed a greater tendency to be converted
after spraying into the amorphous phase. This amorphous phase is thermodynamically metastable and an
appropriate thermal treatment could induce crystallization. In addition, atmospheric moisture may react
with amorphous oxyapatite so that OH groups might recover and promote the reconstitution of the
amorphous into the crystalline phase [21]. So, the annealing treatment was therefore useful at 700°C and

contributed significantly to an improvement in the bond strength of the HA coatings.

Taking this phenomenon into account, the graded crystalline coatings were obtained in order to achieve a
similar adhesion to the substrate after immersion in SBF to that achieved for the annealing coatings, while
maintaining a low amorphicity on the surface that might induce the deposition of apatite on the top of the
coating. The bond strength values decreased with immersion time as observed in the as-sprayed coating,
but the main difference was that after the pull test in the graded crystalline coatings the crystalline HA
coating remained fixed to the substrate. If this top coat is degraded in the human body, then this annealed
coating might reduce or even prevent altogether the release of metal ions from the Ti-6Al-4V substrate to

the surrounding living tissue and attached bone cells.
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In vitro techniques are useful for providing an understanding of cell interaction with biomaterials and they
constitute an initial approach for the development of suitable biomaterials for in vivo studies. Okumura et
al. [22] reported that the critical event for bone bonding is cell adhesion onto the HA surface followed by
osteoblastic differentiation. The ESEM technique was used to observe the evolution of cell adhesion on the
HA coatings. As shown in Fig. 5, there did not appear to be any major morphological differences between
the cells cultured on the different surfaces. The osteoblastic cells adhered on rough surfaces adapted to the
irregularities with filopodia extensions (Fig 4), proliferated and formed confluent cultures by day 14. Based
on the ESEM images, HA as-sprayed surfaces have been shown to induce the deposition of calcium
phosphate mineral nuclei on their surface after 3 days. The capacity of the as-sprayed coating to mineralize
has been assessed by means of an immersion test using a simulated body fluid solution in a previous study
conducted by the authors [9]. Apatite or calcium phosphate mineral deposition can be expected therefore to

contribute to improved bone bonding in vivo and help fill in any pore volumes.

In this study cell lines from three patients were employed. Cell adhesion, viability and proliferation results
were not influenced by the source of the cells. MTT and BrdU assays (Figs. 8 and 9) showed
complementary results, which are consistent with cellular adhesion on the materials (Figs. 5, 6 and 7). The
cells seeded on the coated samples proliferated at the same rate as on the CPS throughout all the culture
period, which suggests that there was no preferential cell growth in the control CPS. Thus, the coatings
studied can be considered as being as good as CPS for cell culture in terms of their cell proliferation and
viability. Moreover, the proliferation levels of osteoblastic cells on the three hydroxyapatite coatings were

statistically identical at 3, 7 and 14 days of culture.

The number of living cells on the coatings and the CPS (MTT test) did not differ significantly (Fig. 8).
Cell viability and proliferation data are coherent with the ESEM micrographs and did not depend on the
crystallinity of the coatings. The main difference between the coatings was their phase composition, but
their surface roughness was exactly the same, indicating that the crystallinity of the coating does not seem
to be an important parameter for cell growth. Our studies clearly indicate, therefore, that HA surfaces

function as excellent substrates for the proliferation and viability of bone cells.
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The ALP activity assay suggests that the cells were differentiated on all the coatings, but there was a
significant difference in ALP activity between the coatings and CPS. The alkaline-phosphatase activity of
osteoblasts seeded on HA coatings was significantly higher than that of the controls (Fig. 10). However,
ALP was very sensitive and displayed a high standard deviation. Indeed, all cultures displayed similar
behavior, with different ranges of values. At 14 days, the ALP levels in all coatings were significantly
higher than they were at 7 days (p < 0.05), though not in the case of the CPS. When comparing all coatings,
the heat treated coating displayed the lowest ALP activity level at 14 days of culture, but no significant
differences were observed in the first week. As the BrdU and MTT tests recorded similar results for the
different coatings, a similar quantity of cells was deposited onto each coating, but the higher ALP activity
values in as-sprayed surfaces were not influenced by the larger number of living cells. However, the ALP
function of the osteoblasts was higher when ACP was present in the coating. A number of in vitro studies
show that osteogenic differentiation is higher in cultures on amorphous calcium phosphates substrates
compared to crystalline substrates [23]. In contrast, other in vitro and in vivo studies found that the
dissolution of the amorphous phase inhibited the osteogenic differentiation and bone formation [24, 25].
The first behaviour is in agreement with this study, which shows that the release of Ca** and HPO,> ions
in the vicinity of the cells will therefore stimulate osteoblastic ALP activity. Moreover, significant
mineralized matrix formation was observed by means of ESEM on all as-sprayed surfaces after 3 days, so

these results agree with the ALP activity result.

High crystalline HA coatings are therefore valuable for the long-term survival of coatings in application
and mechanical performances in terms of their resorbability since the amorphous phase has much greater
resorbability in human fluids than crystalline hydroxyapatite, although it shows an inhibiting effect on cell
proliferation as measured by ALP activity. By contrast, the presence of amorphous calcium phosphate
(ACP) enhances the solubility of the coating in SBF, which might jeopardize the adhesion of the coating,
but should nevertheless accelerate the fixation of the implant. The graded crystalline coatings obtained in
this study presented a crystalline HA layer next to the substrate that ensured good mechanical properties in

human fluids while an as-sprayed surface ensured osteoblastic differentiation.
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CONCLUSIONS

The HVOF-sprayed HA coating presented a higher crystallinity than that obtained with plasma
spraying.

The rapid solidification of crystalline HA as an amorphous phase in the HVOF-sprayed coating is
reversible. 100% HA crystalline coatings were obtained after a one-hour heat treatment at 700°C .
The HVOF-sprayed HA coating exhibited high bond strength. Bond strength decreased in the case
of as-sprayed coatings after immersion in SBF, but it remained constant for the heat treated
coatings. This phenomenon is related to amorphous phase dissolution at the interface substrate-
coating in as-sprayed coatings.

Osteoblast viability and proliferation is not sensitive to the chemical and phase features of the
hydroxyapatite coatings. A confluent monolayer of osteoblasts was observed on each coating after
14 days of incubation. Moreover, in vitro studies show that osteoblastic differentiation is higher in

cultures on partially amorphous substrates than on HA crystalline substrates.

The graded crystalline HA coatings were produced in order to achieve a balance between the in
vitro behaviour of the as-sprayed coatings and the positive effect of crystalline coatings on

adhesive strength. Both properties are desirable in biocompatible coatings and research efforts are

moving increasingly in this direction.

ACKNOWLEDGEMENTS

The authors wish to thank Dr. S. Dosta for his help in preparing the HA coatings, Dr. Manero for the

ESEM images and Susana Jurado for conducting the statistical analysis. M. Gaona would also like to thank

the Generalitat de Catalunya (Spain) for the Formacié de Personal Investigador (F1) fellowship program.

This research project was also supported by the Generalitat de Catalunya under project 2005 SGR 00310.

Capitulo 7

215



Recubrimientos biocompatibles obtenidos por Proyeccidon Térmica y estudio in vitro de la funcién osteobldstica

7. REFERENCES

[1] M. Hamdi, A. Ide-Ektessabi. Preparation of hydroxyapatite layer by ion beam assisted simultaneous
vapour deposition. Surf. Coat. Technol. 163-164, (2003), 362-367.

[2] Y. Han, T. Fu, J. Lu, K. Xu. Characterization and stability of hydroxyapatite coatings prepared by an
electrodeposition and alkaline-treatment process. J. Biomed. Mater. Res. 54, (2001), 96-101.

[3]J. G. C. Wolke, J. P. C. M. van der Waerden, H. G. Schaeken, J. A. Jansen. In vivo dissolution behavior
of various RF magnetron-sputtered Ca-P coatings on roughened titanium implants. Biomaterials. 24,

(2003), 2623-2629.

[4] J. M. Fernandez-Pradas, L. Cleries, E. Martinez, G. Sardin, J. Esteve, J. L. Morenza. Influence of
thickness on the properties of hydroxyapatite coatings deposited by KrF laser ablation. Biomaterials. 22
(2001), 2171-2175.

[5] A. L. Oliveira, C. Elvira, R. L. Reis, B. Vazquez, J. San Roman. Surface modification tailors the
characteristics of biomimetic nucleated on starch-based polymers. J. Mater. Sci: Mater. Med. 10, (1999),

827-835.

[6] K. A. Gross, C. C. Berndt. Thermal processing of hydroxyapatite for coating production. J. Biomed.
Mater. Res. 39 (4), (1998), 580-587.

[7] L. Sun; C. C. Berndt, C. P. Grey. Phase, structural and microstructural investigations of plasma sprayed

hydroxyapatite coatings. Mater. Sci. Eng. A. 360(1-2), (2003), 70-84.

[8] R. S. Lima, K. A. Khor, H. Li, P. Cheang, B. R. Marple. HVOF spraying of nanostructured
hydroxyapatite for biomedical applications Mat. Sci. Eng. A. 396, (2005), 181-187.

[9] J. Fernandez, M. Gaona, J. M Guilemany. Effect of heat treatments on HVOF hydroxyapatite coatings.
J. Therm. Spray. Technol, in press (2007).

[10] P. Ducheyne, S. Radin, L. King. The effect of calcium phosphate ceramic composition and structure

on in vitro behavior. I. Dissolution. J. Biomed. Mater. Res. 27, (1993), 25-34.

[11] H. Li, K. A. Khor. Characteristics of the nanostructures in thermal sprayed hydroxyapatite coatings
and their influence on coating properties. Surf Coat. Technol. 201(6), (2006), 2147-2154.

216 Capitulo7



Recubrimientos biocompatibles obtenidos por Proyeccion Térmica y estudio in vitro de la funcién osteobldstica

[12] Z. E. Erkmen. The effect of heat treatment on the morphology of D-Gun Sprayed Hydroxyapatite
Coatings. J. Biomed. Mater. Res. (Appl. Biomater) 48, (1999), 861-868.

[13] H. Li, K. A Khor, P. Cheang. Properties of heat-treated calcium phosphate coatings deposited by high-
velocity oxy-fuel (HVOF) spray. Biomaterials. 23, (2002), 2105-2112.

[14] R. M. Wilson, J. C. Elliott, S. E. P. Dowker. Rietveld refinement of crystallographic structure of
human dental enamel apatites. Amer. Miner. 84, (1999), 1406-1414.

[15] T. Kokubo, H. Kushitani, S. Sakka. Solutions able to reproduce in vivo surface-structure changes in

bioactive glass-ceramic A-W3. J. Biomed. Mater. Res. 24, (1990), 721-734.

[16] ASTM Standard F1147-05 Standard Test Method for Tension Testing of Calcium Phosphate and
Metal Coatings

[17] C. Garcia-Moreno, S. Serrano, M. Nacher, M. Farre, A. Diez, M. L. Marinoso, J. Carbonell, L.
Mellibovsky, X. Nogues, J. Ballester, J. Aubia. Effect of alendronate on cultured normal human

osteoblasts. Bone, 22(3), (1998), 233-239.

[18] P. J. Marie, A. Lomri, A. Sabbagh, M. Basle. Culture and behavior of osteoblastic cells isolated from
normal trabecular bone surfaces. In Vitro Cell Dev Biol. 25(4), (1989), 373-380.

[19] K. Anselme. Osteoblast adhesion on biomaterials. Biomaterials 21 (2000) 667-681.

[20] L. Calderin, M. J. Stott. Electronic and crystallographic structure of apatites. Phys. Rev B. 67, (2003)
134106.

[21]Y. C. Tsui, C. Doyle, T. W Clyne. Plasma sprayed hydroxyapatite coatings on titanium substrates Part
2: Optimisation of coating properties. Biomaterials, 19, (1998), 2031-2043.

[22] M. Okumura, H. Ohgushi, Y. Dohi, T. Katuda, S. Tamai, H. K. Koerten, S. Tabata. Osteoblastic
phenotype expression on the surface of hydroxyapatite ceramics. J. Biomed. Mater. Res. 37, (1997), 122—
129.

[23] S. H. Maxian, T. Di Stefano,M. C Melican, M. L. Tiku, J. P. Zawadsky. Bone cell behavior on
matrigel-coated Ca/P coatings of varying crystallinities. J. Biomed. Mater. Res. 40, (1998), 171-179.

Capitulo 7 217



Recubrimientos biocompatibles obtenidos por Proyeccidon Térmica y estudio in vitro de la funcién osteobldstica

[24] M. P. Ferraz, M. H. Fernandes, J. D. Santos, F. J. Monteiro, F.J. HA and double-layer HAP205/CaO
glass coatings: influence of chemical composition on human bone marrow cells osteoblastic behavior. J.

Mater. Sci: Mater. Med. 12, (2001), 629—-638.

[25] D. E. MacDonald, F. Betts, M. Stranick, S. Doty, A. L. Boskey. Physicochemical study of plasma-
sprayed hydroxyapatite-coated implants in humans. J. Biomed. Mater. Res. 54, (2001), 480-490.

218 Capitulo7



Recubrimientos biocompatibles obtenidos por Proyeccion Térmica y estudio in vitro de la funcién osteobldstica

Table Captions

Table 1: Cell parameters of the crystalline phases recorded in the coatings.

Table 2: Position of the (002) and (004) diffraction peaks for HA feedstock powder and as-sprayed
and post treated HVOF coatings.

Figure Captions

Figure 1: SEM micrographs of the cross-sections of etched HA HVOF coatings (a) as-sprayed, (b)
heat treated, (c) combination of both coatings.

Figure 2: XRD patterns of (a) as-sprayed and (b) heat treated coatings.
Figure 3: Evolution in the adhesion to the substrate with immersion time.
Figure 4: Osteoblast morphology on an as-sprayed HA coating alter 1 day of seeding.
Figure 5: As-sprayed HA coating after (a) 1 day, (b) 3 days, (c) 7 days and (d) 14 days of cell culture.

Figure 6: Post heat treatment HA coating after (a) 1 day, (b) 3 days, (c) 7 days, (d) 14 days of cell
culture.

Figure 7: Graded crystalline HA coating after (a) 1 day, (b) 3 day (c) 7 days, (d) 14 days of cell
culture.

Figure 8: Cell viability (MTT assay) of osteoblasts cultured for 3, 7 and 14 days on the HA coatings
and CPS. Results represent mean of three independent experiments. An asterisk in the figures indicates
data showing statistically significant differences (p<0.05) between the days of cell culture.

Figure 9: Osteoblast proliferation (BrdU test) of osteoblasts cultured for 3, 7 and 14 days on the HA
coatings and CPS. Results represent mean of three independent experiments. An asterisk in the figures
indicates data showing statistically significant differences (p<0.05) between the days of cell culture.
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Figures
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Figure 1: Etched cross-section SEM view of HA HVOF coatings (a) as-sprayed, (b) heat treated, (c)

Intensity

combination of both coatings.
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Figure 2: XRD patterns of (a) as-sprayed coating and (b) heat treated coating.

220

Capitulo7



Recubrimientos biocompatibles obtenidos por Proyeccion Térmica y estudio in vitro de la funcién osteobldstica

I Heat treated coating
[ Graded crystallinity coating
I As-sprayed coating

RNy

30

20+

10+

Adhesion stregth (MPa)

0 1 2 3 4 5 6 7 14 21 28
Time (days)

Figure 3: Evolution of the adhesion to the substrate with the immersion time.

Figure 4: Osteoblast morphology on an as-sprayed HA coating after 1 day of seeding
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Figure 5: As-sprayed HA coating. (a) 1 day, (b) 3 days, (c) 7 days and (d) 14 days of cell culture.
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Figure 6: Post heat treatment HA coating. (a) 1 day, (b) 3 days, (c) 7 days, (d) 14 days of cell culture.
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Figure 7: Graded crystalline HA coating. (a) 1 day, (b) 3 day (c) 7 days, (d) 14 days of cell culture.
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Figure 8: Cell viability (MTT assay) of osteoblasts cultured for 3, 7 and 14 days on the HA coatings and
CPS Results represent mean of three independent experiments. An asterisk in the figures emphasizes the
data that show differences statistically significant with p<0.05 between the days of cell culture.
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Figure 9: Osteoblast proliferation (BrdU test) of osteoblasts cultured for 3, 7 and 14 days on the HA
coatings and CPS. Results represent mean of three independent experiments. An asterisk in the figures
emphasizes the data that show differences statistically significant with p<0.05 between the days of cell
culture.
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Figure 10: ALP activity of adhered osteoblast on the HA coatings and the control (CPS) after cell culture
for 7 and 14 days. Results represent mean of three independent experiments An asterisk (*) emphasizes
the data that show differences statistically significant with p<0.05 between the days of culture. Two
asterisks (**) emphasize the data that show differences statistically significant with p<0.05 between the
studied coatings.
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7.4 Discusion de resultados

7.4.1 Morfologia celular.

La observacion de cultivos celulares mediante ESEM es poco conocida por lo que
existe una carencia de protocolos para la fijacion. En esta Tesis doctoral se emplearon
dos tipos de fijacién diferentes. La primera se realiz6 utilizando una disolucion de
paraformaldehido (PF) al 4% en solucion tampon fosfato (PBS) durante 5 minutos a
temperatura ambiente conservandose en PBS a 4°C hasta su observacion por ESEM y
la segunda empleando una disolucion de glutaraldehido (GA) al 2% en tampdn
cacodilato durante 2 horas conservandose en tampon cacodilato a 4°C hasta su
observacion por ESEM [6]. Mediante ésta primera, no se pudieron observar células
en la superficie de los recubrimientos, por lo que se rechazd su utilizacion pasando a

realizar el resto de las fijaciones con la disolucion de GA.

Morfoldgicamente, las células cultivadas sobre los diferentes recubrimientos no
presentaron diferencias significativas. En todas las superficies se observé como las
células osteoblasticas se adhirieron adaptandose intimamente a las irregularidades
de los recubrimientos con extensiones citoplasmaticas (figuras 7.1 y 7.2), por lo que
los recubrimientos obtenidos presentan una rugosidad dptima para la adherencia de
los osteoblastos y el anclaje de las células no depende de las fases presentes en los

recubrimientos.
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Figura 7-1 Micrografia que muestra la extension Figura 7-2 Micrografia donde se muestra un
citoplasmaticas de un osteoblasto sobre osteoblasto con extensiones citoplasmaticas
recubrimiento con 82% de HA cristalina ancladas en la rugosidad superficial de un

obtenido por HVOF. (ESEM x700) recubrimiento de HA totalmente cristalino.
(ESEM x600)

Tras 3 dias de cultivo se observd la presencia de ntcleos de fosfato de calcio sobre las
superficies parcialmente amorfas (Figura 7-3). Este hecho probablemente también
esté relacionado con la capacidad que presentaban estos recubrimientos de depositar
apatita cuando estan inmersos en una solucion SBF como se observo en el Capitulo 6.
El conjunto de estos factores podria contribuir a la mejora de la unién del hueso y el

recubrimiento in vivo.

() (b)
Figura 7-3: Nucleos de fosfato de calcio que se observaron en los cultivos celulares sobre

recubrimientos con ACP
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A pesar de estos resultados se observo, mediante las imagenes de ESEM, una menor
densidad de osteoblastos en los recubrimientos totalmente cristalinos para 3 y 7 dias
de cultivo comparado con los recubrimientos parcialmente amorfos, pero tras 14 dias

todos los cultivos habian llegado a la confluencia.

7.4.2 Viabilidad y proliferacion celular

Los resultados de viabilidad y proliferacion mostraron que la respuesta celular era
comparable entre los cultivos de control y los de los diferentes recubrimientos. Este
hecho puede indicar que estas dos variables son independientes de las fases
presentes en los recubrimientos ya que es la tinica diferencia entre los recubrimientos
ensayados. Un aspecto interesante seria estudiar y evaluar la respuesta celular en
recubrimientos de HA con diferentes rugosidades. Para ello se deberian utilizar

polvo de diferente granulometria y diferentes condiciones de proyeccion.

7.4.3 Diferenciacion celular y actividad osteoblastica.

En este estudio se observo que las células cultivadas sobre recubrimientos con ACP,
presentaban mayor actividad de la ALP y, como se observd en las imdgenes de
ESEM, una produccion de ntcleos de fosfato de calcio. Este hecho sugiere que las
células se encuentran en un estado diferenciado y, por lo tanto, es de esperar una
mineralizaciéon de su matriz extracelular. Estos resultados son consistentes con
Sugawara et al. [7], que demostr6 que la actividad enzimatica de la ALP es esencial
para el proceso de la mineralizacion de células osteoblasticas observandose la
ausencia de formacién de hueso en células cultivadas con la presencia del
tetramisole, un inhibidor de la actividad de la ALP. La formacion de esta matriz
extracelular es el paso final en la diferenciacién de los osteoblastos, y una etapa
esencial en la osteointegracion [8] y, a pesar del recelo de extrapolar los resultados in

vitro al comportamiento in vivo del material, las superficies con ACP pueden
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conseguir la osteointegracion a corto plazo mas rapido que los recubrimientos 100%

cristalinos.

Por este motivo los recubrimientos de cristalinidad gradual se desarrollaron para que
tuvieran una buena adherencia al substrato por la alta cristalinidad de la interfaz que
evita que se disuelva en medios fisiologicos y ponga en compromiso el anclaje del
recubrimiento y un buen comportamiento in vitro facilitado por la capa parcialmente
amorfa que le permite la deposicion de una capa de apatita cuando estdan en
inmersidn y una mayor diferenciacion de las células osteoblasticas. Como se observo
en el Capitulo 6 tras un ensayo de inmersion en SBF el fallo en la adherencia de este
tipo del recubrimientos ocurre en la interfaz del recubrimiento parcialmente amorfo-
recubrimiento totalmente cristalino. Si esto ocurriese la capa totalmente cristalina
unida al substrato metalico también presenta una buena biocompatibilidad en
términos de viabilidad y proliferacion aunque una generaria una menor actividad

osteoblastica.

230 Capitulo7



Recubrimientos biocompatibles obtenidos por Proyeccion Térmica y estudio in vitro de la funcién osteobldstica

7.5 Conclusiones del capitulo

0o

Todos los recubrimientos estudiados han demostrado una buena respuesta en
los ensayos de viabilidad, proliferacion y diferenciacion celular por lo que las
diferencias en las fases presentes en los recubrimientos no afecta a la

citocompatibilidad.

La viabilidad y la proliferacién celular no esta influida por las diferentes fases

de fosfato de calcio presentes en los recubrimientos.

La presencia de ACP en los recubrimientos induce una mayor actividad de la
ALP y una produccion de ntcleos de fosfato de calcio. Este hecho puede tener
un papel fundamental en la rdpida mineralizacion de la matriz extracelular y,
en consecuencia, se puede esperar una osteointegracion a corto plazo mas

rapida.

Los recubrimientos de cristalinidad gradual permiten una tener una buena
adherencia al substrato, que le proporciona la capa cristalina, y un buen
comportamiento in vitro facilitado por la capa parcialmente amorfa. El fallo de
la adherencia en medio fisioldgico ocurre entre la capa cristalina y la
parcialmente amorfa, por lo que aunque exista un fallo en uso de la
adherencia de la capa amorfa, la cristalina también presentd buenos resultados
de proliferacion y viabilidad celular asi como evitar el desprendimiento de

iones metalicos del substrato al medio fisioldgico.

Capitulo 7 231



Recubrimientos biocompatibles obtenidos por Proyeccidon Térmica y estudio in vitro de la funcién osteobldstica

7.6 Referencias

1. S. Best, B. Sim, M. Kayser, S. Downes. The dependence of osteoblastic response on variations in the
chemical composition and physical properties of hydroxyapatite. J. Mater. Sci: Mater. Med. 8, (1997),
97-103.

2. S. R. Radin, P. Ducheyne. The effect of calcium phosphate ceramic composition and structure on in

vitro behaviour. II. Precipitation. J. Biomed. Mater. Res. 23, (1993), 131-11

3. S. H. Maxian, T. Di Stefano, M. C. Melican, M. L. Tiku, J. P. Zawadsky. Bone cell behaviour on

Matrigel-coated Ca/P coatings of varying crystallinities. ]. Biomed. Mater. Res. 40, (1998), 171-179.

4. ]J. Morgan, K. R. Holtman, ]J. C. Keller, C. M. Stanford. In vitro mineralization and implant calcium

phosphate-hydroxyapatite crystallinity. Implant. Dent. 5, (1996), 264-271

5. Y. Shin, M. Akao. Tissue reactions to various percutaneous materials with different surface

properties and structures. Artif. Organs . 21, (1997), 995-1001.

6 . Tesis Doctoral: Conrado José Aparicio Badenas Tratamientos de superficie sobre titanio
comercialmente puro para la mejora de la osteointegracién de los implantes dentales. Unversitat

Politecnica de Catalunya (UPC). TDX-0518105-174146.

7.Y. Sugawara, K. Suzuki, M. Koshikawa, M. Ando, J. lida. Necessity of enzymatic activity of alkaline

phosphatase for mineralization of osteoblastic cells. Jpn. J. Pharmacol. 88, (2002), 262-269.
8. M. G. Diniz, G. A. Soares, M. ]J. Coelho, M. H. Fernandes. Surface topography modulates the

osteogenesis in human bone marrow cell cultures grown on titanium samples prepared by

acombination of mechanical and acid treatments. J. Mater. Sci: Mater. Med. 13, (2002), 421-432.

232 Capitulo7



