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Abstract

The clinical challenge in the reconstruction of bone defects has stimulated several studies in search of alternatives to repair these
defects. The ceramics are considered as synthetic scaffolds and are used in dentistry and orthopedics. This study aimed to evaluate
by micro energy-dispersive X-ray fluorescence spectrometry (u-EDXRF) and scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS), the influence of uncoated and apatite-coated AL,O, implants on bone regeneration. Twelve samples of
Al O, implants were prepared and half of this samples (n = 6) were apatite-coated by the modified biomimetic method and then
the ceramic material were implanted in the tibia of rabbits. Three experimental groups were tested: Group C — control, surgery
procedure without ceramic implant, Group Ce — uncoated Al,O, implants (n = 6) and Group CeHA - apatite-coated AL,O, implants
(n = 6). The deposition of bone tissue was determined by measuring the weight content of Ca and P through surface mapping of
bone-implant interface by p-EDXRF and through point analysis by EDS. It was observed after thirty days of treatment a greater
deposition of Ca and P in the group treated with CeHA (p <0.001) compared to group C. The results suggest that ceramic coated
with hydroxyapatite (CeHA) can be an auxiliary to bone deposition in tibia defect model in rabbits.
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Resumo

O desafio clinico na reconstrucdo de defeitos osseos tem estimulado varios estudos em busca de alternativas para reparar esses
defeitos. As ceramicas sdo consideradas como suportes sintéticos e sdo utilizadas em odontologia e ortopedia. Este estudo teve
como objetivo avaliar por micro fluorescéncia de raios X por energia dispersiva (u-EDXRF) e microscopia eletrénica de varredura-
espectroscopia de dispersdo de energia (MEV-EDS), a influéncia dos implantes de Al,O, sem recobrimento e recobertos com apatita,
na regeneragdo ossea. Doze amostras de implantes de Al,O, foram preparadas e metade destas amostras (n = 6) foi revestida com
apatita pelo método biomimético modificado e em seguida o material cerdmico foi implantado na tibia de coelhos. Trés grupos
experimentais foram testados: Grupo C - controle, procedimento cirurgico sem implante de cerdmica, Grupo Ce - implantes de
ALO, sem recobrimento (n = 6) e Grupo CeHA - implantes de A1,0, recobertos com apatita (n = 6). A deposig¢do de tecido dsseo
foi determinada através da medicdo do teor em peso de Ca e P na interface osso-implante através de mapeamento de superficie
por i EDXRF e através da analise pontual por EDS. Observou-se depois de 30 dias de tratamento, uma maior deposicdo de Ca e
P para o grupo tratado com CeHA (p <0,001) em comparagdo ao grupo C. Os resultados sugerem que a cerdmica recoberta com
hidroxiapatita (CeHA) pode ser um auxiliar de deposi¢do ossea no modelo de defeito tibial em coelhos.

Palavras-chave: implantes ceramicos, osso, espectrometria de raios X, microscopia.

INTRODUCTION for drugs delivery such as antibiotics and chemotherapeutic

agents and even as scaffolds for the growth factors [1].

Biomaterials are temporary matrices for bone growth Porous bioceramics are widely used in medical applications
by providing specific environment architecture for the such as bone substitutes or bone filling material [2].

development of tissue. They also can be used as a vehicle Tissue Engineering is a new field of biotechnology
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that focuses on developing biological equivalents in
order to repair or replace damage tissues [3, 4]. The
clinical challenge in the reconstruction of bone defects
has stimulated several studies to repair these defects.
These studies include autografts, allografts and tissue
engineering [5]. In autografts the tissue from the patient is
used to reconstruct defects at a distant location, occurring
complications as infections [6]. A key component in tissue
engineering for bone regeneration is the scaffold that acts
as a template for cell interactions and the formation of
bone-extracellular matrix that provides mechanical support
to the newly formed tissue [7]. Among the new materials
used to act as scaffolds the ceramics based on alumina
(Al,0,) and zirconia (ZrO,) are highlighted [8].

In recent years, it was discovered the complexity of
the mechanisms that influence bone activity, and much of
the research has been directed towards the study of factors
that modulate the bone functions. Bone is a dynamic tissue
that provides support for the body against external forces,
provides protection to vital internal organs, acts as a lever
system to transfer muscular forces, as well as having
physiological functions acting as a reservoir of ions and
blood cell formation [9]. The requirement of the material
used for bone implant is that it presents the biological
and mechanical properties of original bone. Human bone
is composed of nano-sized organic and mineral phases to
form a macrostructure. Proteins present in extracellular
matrix of bone are nano-structured comparable to collagen
fibrils. Furthermore, calcium phosphate, an important
constituent of the bone matrix, is compositionally and
structurally nano-structured. Nanostructured materials are
unique materials that simulate dimensions of constituent
components of bone since they possess particle or grain
sizes less than 100 nm [10].

Hydroxyapatite (HA) is the main mineral component
of bone (70% of bone composition) [11, 12]. This
component has been extensively studied as a material
for bone implantation, and its excellent bioactivity and
osteoconductivity has been clearly established [10, 13,
14]. From this, efforts have been made to match the
material to be implanted with the biological properties of
hydroxyapatite and one possibility is to cover with a layer
of bioactive material [11, 15].

Currently, in the medical field, there is a clear need
for new therapies targeted to provide repair and bone
regeneration due to the high incidence of bone defects.
Bone defects often arise secondary to trauma, infection,
tumor and periprosthetic osteolysis. The deficiencies
recognized in bone autografts for the treatment of these
conditions led to a large field of research dedicated to the
discovery of new bone substitutes [3, 5].

Therefore, the objective was to investigate, in vivo, using
micro energy-dispersive X-ray fluorescence spectrometry
(p-EDXRF) mapping measurements and scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS)
analysis, the biological performance of uncoated and
apatite-coated Al,O, implants in rabbits.

MATERIALS AND METHODS

Preparation of ceramic implants for in vivo
implantation

The porous Al,O, implants were prepared by gelcasting
method [16]. Twelve samples of ALO, implants were
prepared round shaped (4.0 mm of diameter and 2.0 mm
high), and half of this samples (n = 6) were apatite-coated
by the modified biomimetic method. Three experimental
groups were tested: Group C - control, surgery procedure
without ceramic implant, Group Ce - uncoated ALO,
implants (n = 6) and Group CeHA - apatite-coated Al,O,
implants (n = 6).

Animal care and study protocol

This study was conducted according to the Ethical
Principles on Animal Experimentation adopted by the
Brazilian College of Animal Experimentation (COBEA)
and was approved by the Committee for Ethics in Research
of the Faculdade Integral Diferencial - FACID (protocol n.
165/10).

Nine young male adult New Zealand white rabbits (180
days of age, average weight 6 kg) obtained from the FACID
bioterium were kept in individual cages, fed a standard
laboratory diet, and given tap water ad libitum. The animals
were submitted to the anesthesia with ketamine chloride
(50 mg/mL) (Dopalen®, Sespo Industrias e Comércio
Ltda, Paulinea-SP, Brazil) and Xylazine (20 mg/mL)
(Anasedan®, Sespo Industrias e Comércio Ltda, Paulinea-
SP, Brazil) in the proportion of 1:1 (0.1 ml for each 100 g
of animal weight). The surgery procedure was performed
on the right tibia of rabbits, and began with the trichotomy
and asepsis with topic polvidine (Ceras Johnson® Ltda,
Manaus, Amazonas, Brazil) of the site to be incised.

Surgical procedures were common to all animals and
consisted of implantation of 2 A1,O, implants in the right
tibia of each animal, distant 5 mm apart. The preparation
for implantation was performed by a drill-type trephine
4.5 mm and a surgical micro-motor (model AEU-707A,
Woodinville, WA, USA) with copious irrigation with
saline to undergo a bone defect in elliptical shape with
dimensions of 4.5 mm and a depth up to the medullary
canal where it has been filled by alumina implant. After the
insertion of the implant, the periosteum was repositioned,
and suturing was performed up to the skin (#4.0 silk suture,
Somerville®, Sdo Gongalo, RJ, Brazil).

After 30 days [17], the animals were euthanized with an
overdose of barbiturates (sodium pentobarbital — 60 mg/kg
Tiopentax®, Cristalia Produtos Quimicos Farmacéuticos,
Itapira, SP, Brazil). Next, the tibia of each animal was
dissected and removed, sectioned into four segments
by a diamond disk (SF 355.504.220, Edenta, Sdo Paulo,
SP, Brazil) and each block contained an approximately 4
mm of bone adjacent to the implant. The specimens were
labeled and stored in liquid nitrogen.
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U-EDXRF mapping measurements

Semi-quantitative elemental analyses of calcium
(Ca) and phosphorus (P) were carried out before and
after treatments using an energy-dispersive micro X-ray
fluorescence spectrometer u-EDX 1300 (Shimadzu Corp.,
Kyoto, Japan), equipped with a rhodium X-ray tube and a
Si (Li) detector cooled by liquid nitrogen. The spectrometer
was attached to a computer system for data acquisition and
processing. The equipment calibration and chemical balance
were performed as previously reported [18]. Surface area
mappings (n = 18, 20 x 20 points) with steps of 20 um, 20 s
per point, and 50 kV of voltage in the tube were performed
in the bone near the surgery defect (Group C) and in the
implant-bone interface (Groups Ce and CeHA). The data of
Ca and P content were processed by the equipment software
(Shimadzu! microEDX MP ver. 1.03) after measurements,
obtaining thus average values for each component.

SEM-EDS analysis

After treatments, the samples were dehydrated using a
graded series of ethanol (30%, 50%, 70%, 95% and 100%)
for 10 min at each step. Drying occurred at room temperature
after adding a 1:1 solution of hexamethyldisilazane
(HMDS), then the samples received a thin layer of gold
and were examined using a scanning electron microscope
(EVO-MA10, Carl ZeissTM, Oberkochen, Germany)
with an acceleration voltage of 20 kV. The SEM images
were captured at the magnification of 500x to view the
morphology of bone-implant interface. The amounts of Ca
and P were measured at three different points by energy
dispersive spectroscopy (EDS).

Statistical Analysis

Comparisons among treatments groups were performed
using the one-way ANOVA test at a 95% confidence level
and the Tukey—Kramer multiple comparisons post-hoc test
with GraphPad Prism 5.0 software (GraphPad Software Inc.,
La Jolla, CA, USA).

RESULTS
u-EDXRF Mapping

The p-EDXRF method included qualitative and
quantitative microanalysis, as well as element distribution
mapping. Table I provides the descriptive statistics for
our database with the mean and standard deviations of
mineral bone content obtained by X-ray fluorescence of the
experimental groups. Statistical comparisons showed higher
calcium (Ca) content in specimens of CeHA group than
in the Ce (p < 0.05) and C (p < 0.01) groups. Considering
phosphorus content, the CeHA group showed higher
phosphorus content than in the C group (p <0.01). The Ca/P
ratio of CeHA group was higher than in the C (p <0.01) and

Table I - Mean and standard deviation of calcium and
phosphorus weight percentages (%) and Ca/P molar ratios
obtained by x-ray fluorescence of experimental groups:
control group (C), uncoated apatite Al,O, ceramic (Ce),
and apatite-coated Al,O, ceramic (CeHA). Statistical
comparisons were performed by ANOVA and Tukey test.
[Tabela I - Média e desvio padrdo das porcentagens em peso
(%) de calcio e fosforo e da relagdo molar Ca/P obtidos por
fluorescéncia de raios X dos grupos experimentais: grupo
controle (C), ceramica de Al,O, sem recobrimento de apatita
(Ce) e ceramica de Al,O, com recobrimento de apatita
(CeHA). As comparagaes estatisticas foram realizadas pelos
testes ANOVA e de Tukey.]

Ca P Ca/P
Groups
Mean (SD) Mean (SD) Mean (SD)
C 5.86 (1.62) 4.05 (1.22) 1.459 (0.12)
Ce 10.18 (3.83)  6.92(1.94)  1.443(0.205)
CeHa  16.55(2.89)*® 9.83(2.38)" 1.794 (0.07)*

“ (statistical difference with the group C, p < 0.01);
b (statistical difference with the group Ce, p < 0.05).

Ce (p < 0.05) groups.

In the distribution map provided, relative concentrations
are indicated by a black and white scale: black represents
minimum concentrations values and white denotes
maximum concentration values of the respective pure
component spectrum (Fig. 1). The images obtained by
surface area mapping showed that the bone implant with
an apatite-coated AL,O, ceramic (group CeHA) resulted in
greater mineralization with higher calcium and phosphorus
content (white color) throughout the surface than in the other
groups (C and Ce) (Fig. 1).

SEM-EDS analysis

The SEM micrograph of the Al,O, implant is shown in
Fig. 2. It was possible to note a homogeneous macrostructure
with roughly surface. Fig. 3 shows the SEM micrographs
of the experimental groups. In the micrograph of the bone
surface without ceramic implant (Fig. 3a) it can be noted a
thin layer of bone tissue and a large area without bone filling.
In the group Ce, it could be observed a heterogeneous area
with the presence of implanted material relief (Fig. 3b) and,
in the group CeHA, a more homogeneous area was found
than in the other treatments with an aspect of compact bone
and without the relief of the implanted material (Fig. 3c).

Elemental analysis with EDS spectroscopy showed
higher calcium percentages in CeHA group than in groups
C and Ce (p < 0.001) (Table II) and without significance
from bone tissue (p > 0.05). Specimens of group Ce also
showed higher Ca content than in group C (p < 0.01) and
lower Ca content than in normal bone tissue (p < 0.01).

Higher phosphorus content was found in groups CeHA and
Ce than in group C (p < 0.001) and no statistical differences
were found between groups CeHA and Ce (p > 0.05). Also,
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Figure 1: p-EDXRF elemental distribution images of a
representative area (0.20x0.20 mm) showing the calcium (A-C)
and phosphorus (D-F) distribution in the bone-implant interface
considering the experimental groups: (A, D) control — without
ceramic implant; (B, E) uncoated apatite AL,O, ceramic; (C, F)
apatite-coated AL,O, ceramic. The gradient in the intensity of the
black and white scale indicates variation in calcium and phosphorus
component content in percentage, thus a high content shows as
light gray and white colors and sites with low content shows as
black color. The apatite-coated Al,O, ceramic implant in the bone
resulted in greater mineralization in bone around the implant with
higher calcium and phosphorus content (white colors) throughout
the surface than in the other groups.

[Figura 1: Imagens de distribui¢do elemental por u-EDXRF de
drea representativa (0,20x0,20 mm) mostrando a distribui¢do
de calcio (A-C) e fosforo (D-F) na interface implante-osso
considerando os grupos experimentais: (A, D) controle — sem o
implante ceramico; (B, E) cerdmica de Al,O, sem recobrimento;
(C, F) cerdmica de Al,0, recoberta com apatita. O gradiente da
intensidade da escala de preto e branco indica a variagdo no teor
de calcio e de fosforo em percentagem do componente, assim, um
elevado teor mostra como as cinza claro e branco e locais com teor
baixo aparecem com a cor preta. O implante de cerdmica de AlL,0O,
recoberta com apatita no osso resultou em maior mineralizagdo
ao redor do implante com maior teor de cdlcio e de fosforo (cores
brancas) em toda a superficie do que nos outros grupos].

no statistical differences in the phosphorus content were found
between bone tissue and groups CeHA and Ce (p > 0.05). The
Ca/P ratio of CeHA group was higher than in the C (p < 0.01)
and Ce (p < 0.05) groups. The Ca/P ratio of normal bone tissue
was higher than in the C (p <0.01) and Ce (p < 0.05) groups.

DISCUSSION
Elemental analysis of the bone tissue demonstrated the

presence of calcium and phosphorus, pointing to the presence
of mineralized bone tissue on the alumina implant surface and

Figure 2: SEM micrograph of the uncoated apatite Al,O, ceramic
showing the roughly spherical porous surface which could provide
an optimal stratum for bone tissue ingrowth.

[Figura 2: Micrografia obtida por microscopia eletrénica de
varredura da ceramica de A1203 sem recobrimento, mostrando a
superficie rugosa com poros esféricos, que podem proporcionar
um estrato ideal para o crescimento do tecido dsseo.]

Figure 3: SEM micrographs of the bone-ceramic implant surface
after 30 days of surgery (500x): (a) Control group (C) — there is
a large unfilled area (*) with a thin layer of bone tissue (arrow);
(b) uncoated apatite Al,O, ceramic (Ce) - there is a heterogeneous
area (highlight) with the presence of relief (arrow) of implanted
material; (c) apatite-coated AlO, ceramic (CeHA) - it can be
noted a more homogeneous area (highlighted) than in the other
treatments, where it can be noted an aspect of compact bone and
without the relief of the implanted material (*).

[Figura 3: Micrografias obtidas por microscopia eletrénica de
varredura da superficie do implante cerdmico com o osso apos 30
dias da cirurgia (500x): (a) grupo controle (C) - existe uma grande
drea ndo preenchida (*) com uma fina camada de tecido osseo
(seta); (b) cerdamica de Al,O, sem recobrimento (Ce) - existe uma
drea heterogénea (destaque) com a presenga de relevo (seta) do
material implantado; (c) ceramica de Al,O, recoberta com apatita
(CeHA) - pode ser notada uma drea mais homogénea (destaque)
do que nos outros tratamentos, onde pode ser notado um aspecto
de osso compacto e sem o relevo do material implantado (*).]

in the margins of implant (Figs. 1 and 3). This observation
suggests that the homogeneous macrostructure with roughly
spherical porous surface of uncoated (Fig. 2) and apatite-
coated AL O, implants could provide an optimal stratum for
bone tissue ingrowth. Furthermore, SEM analysis showed
that a new bone matrix had developed over the implant
surface (Fig. 3).

The p-EDXRF mappings of the bone-implant interface,
and SEM-EDS analysis of surface showed significant
calcium and phosphorus in bone indicating the ingrowth of
bone around the uncoated and apatite-coated Al,O, implants
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Table II - Mean and standard deviation percentages of calcium and phosphorus and Ca/P
ratios obtained by EDS spectroscopy analysis (point measurements) of experimental groups:
control group (C), uncoated apatite Al,O, ceramic (Ce), and apatite-coated Al,O, ceramic
(CeHA). Statistical comparisons were performed by ANOVA and Tukey test.

[Tabela II - Média e desvio padrdo das porcentagens em peso (%) de calcio e fosforo e
da relagdo molar Ca/P obtidos pela andlise por espectroscopia por dispersdo de energia
(analises por pontos) dos grupos experimentais. grupo controle (C), cerdmica de AL,0, sem
recobrimento de apatita (Ce) e cerdamica de Al,O, com recobrimento de apatita (CeHA). As
comparagoes estatisticas foram realizadas pelos testes ANOVA e de Tukey.]

Ca P Ca/P
Groups
Mean (SD) Mean (SD) Mean (SD)
C 6.79 (1.48) 4.39 (0.59) 1.53 (0.16)
Ce 12.28 (1.26)* 7.95 (0.67)¢ 1.54 (0.05)
CeHa 18.06 (2.87)4 9.76 (1.88)¢ 1.86 (0.16)*°
Bone 16.99 (1.60)¢ 9.45 (1.06)¢ 1.79 (0.04)*°

“(statistical difference with the group C, p < 0.01), *(statistical difference with the group Ce, p < 0.05).
“(statistical difference with the group C, p < 0.001); “(statistical difference with the group Ce, p < 0.01).

(Tables I and 11, Figs. 1 and 3).

The findings of the present study are consistent with
reports in the literature in which elemental analysis by SEM-
EDS revealed the interaction of anorganic bovine bone with
human bone [19] and bone attached to the xenografts [20].
The present findings also corroborate with previous studies of
bone-implant interaction [13, 15]. Suet al. [13], characterized
by SEM and histological analysis the surface of bone-
implanted porous scaffold of mesoporous bioglass/polyamide
composite (m-BPC), after 4 weeks of implanted in the rabbit
thighbone, and found that the porosity of the implant served
as a scaffold for bone growth. The m-BPC scaffolds also
exhibited excellent biocompatibility and osteoconductivity,
and more effective osteogenesis than the polyamide scaffolds
in vivo. Shen et al. [15] studied by histology the bone
integration at the tendon-bone interface guided by calcium
phosphate ceramics, indicating that it acts as a substrate for
bone growth.

Fig. 2 shows SEM images of the obtained scaffolds.
From the presented images, it can be seen that composite
framework constitutes a macroporous structure with
interconnected channels. The osseointegration and the long-
term performance of the implanted material are determined
by the cellular response of the material on contact with a
biological environment and the surface morphology of the
implant interferes in this mechanism [21]. Implants with a
sponge-like topography effectively interpose on a protein and
cellular adhesion, various cell movements and phagocytosis
including gene expression [22].

The p-EDXRF mappings of the bone-implant interface
done in the present study and SEM images of the surface
morphology showed greater bone formation around the
uncoated and apatite-coated AL,O, implants (Table I and II).
The ceramic behaved as a bioactive surface, because it had
a porous architecture associated with the hydroxyapatite that
provided a biological adhesion and proliferation of cells in a
bone defect [10, 12]. This increased bone ingrowth observed

in u-EDXRF mappings (higher calcium and phosphorus
levels in group CeHA, Fig. 1) and SEM images (Fig. 3C)
may be due to stand of the blood clot by the ceramic, which
reorganized mesenchymal cells, inducing the fibroblasts and
osteoblasts growth and with osteoncogenesis induced by
hydroxyapatite [11].

The p-EDXRF analysis proved adequate to analyze
the changes that occurred in osseointegration. The sample
preparation is quite simple, since it does not require a
specific procedure and or dehydration. Measurements can
be performed under normal atmospheric conditions, without
the need for high vacuum and are non-destructive (the same
samples can be used for multiple analyzes). Our results are
in agreement with previous studies. Lindgren et al. [23] and
Ramirez-Fernandez et al. [20] used the SEM-EDS technique
to characterize and quantify the levels of Ca and P in
osseointegration of synthetic implants and porcine xenografts
in maxillary sinuses and found that the implants were
gradually substituted by calcium-deficient hydroxyapatite
over the healing period and that newly formed bone had
become closely attached to the xenografts (verified by the
gradual diffusion of calcium ions at the interface).

CONCLUSION

SEM-EDS revealed that apatite-coated Al,O, implants
induced significant bone ingrowths than the control and
uncoated implants. EDX analysis monitored the bone
formation next to the implants with a significant mineralization
(Ca and P content) in the newly forming bone at the bone-
implant interface. The biomaterial proved to be biocompatible
and osteoconductive when used as a bone implant.
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