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ABSTRACT

The biomimetic method can be used to coat scaffolds with calcium phosphate to improve bioactivity. This method presents the
advantages of low cost, reproducibility, and applicability to complex surface and porous structures. This study aimed to
manufacture alumina scaffolds coated with calcium phosphate by a biomimetic method for use as a biomaterial. The scaffolds
were compacted at 200 MPa with 40 wt.% ammonium bicarbonate and 60 wt.% alumina, subjected to heat treatment at 270 °C
for 120 min, and sintered at 1500 °C for 120 min. The samples were biomimetically coated by immersing them in a simplified
solution of calcium chloride dihydrate (CaCl2.2H20) and sodium hydrogen phosphate dihydrate (Na2HPO4.2H20) for 7, 14, and
21 days. The samples were characterized by Archimedes' principle for density and porosity determination, Scanning Electron
Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), X-ray diffraction (XRD), and Fourier-transform infrared (FTIR). The
scaffolds showed a porosity of 55%, with homogeneous distribution, interconnection, and pore sizes. Calcium phosphate
formation was observed on the scaffold surfaces after 21 days of biomimetic coating. The samples presented promising results
for use as biocompatible scaffolds.
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RESUMEN

El método biomimético se puede utilizar para recubrir andamios con fosfato calcico para mejorar la bioactividad. Este método
tiene las ventajas de bajo costo, reproducibilidad y aplicabilidad a superficies complejas y estructuras porosas. Este estudio tuvo
como objetivo fabricar andamios de aliumina recubiertos de fosfato de calcio utilizando un método biomimético para su uso como
biomaterial. Los andamios se compactaron a 200 MPa con 40% en peso de bicarbonato de amonio y 60% en peso de alimina, se
trataron térmicamente a 270 °C durante 120 min y se sinterizaron a 1500 °C durante otros 120 min. Las muestras se recubrieron
biomiméticamente, sumergiéndolas en una solucidn simplificada de cloruro de calcio dihidrato (CaCl2.2H20) e hidrogeno fosfato
de sodio dihidrato (Na2HPO4.2H20) durante 7, 14 y 21 dias. Las muestras se caracterizaron utilizando el principio de Arquimedes
para la determinacién de densidad y porosidad, microscopia electrénica de barrido (SEM), espectroscopia de energia dispersiva
(EDS), difraccion de rayos X (XRD) e infrarrojo con transformada de Fourier (FTIR). Los andamios presentaron una porosidad del
55%, con distribucion, interconexidn y tamafos de poro homogéneos. Se observé formacion de fosfato de calcio en las superficies
del andamio después de 21 dias de recubrimiento biomimético. Las muestras presentaron resultados prometedores para su uso
como andamios biocompatibles.

Palabras clave: Andamio; Alimina; Recubrimiento biomimético; Bioceramica; Porosidad.

INTRODUCTION

The increase in life expectancy associated with advances in the healthcare industry leads to a problematic cycle in
countries considered elderly—the increase in the elderly increases related diseases, such as bone tissue diseases
(osteoporosis). In addition, fractures in bone tissue can occur in many ways, such as accidents, diseases, and tumors.
For this reason, advanced research in biomaterials is conducted to address the growing demands of the healthcare
system (12,

Biomaterials are designed to repair or replace parts of the biological system. They must interact with tissues and
organs, over an extended period, performing specific functions to temporarily or permanently reconstruct damaged
body parts. Tissue regeneration applications should satisfy biocompatibility, bioactivity, osteoconductivity, and
porosity integration 4.

Ceramic materials have been extensively used in medicine due to their biocompatibility, high stiffness, and
compression strength, which make them ideal for orthopedic implant applications ©7). The most well-known ceramics
in biomedical applications are alumina (Al203), calcium phosphates, and their different phases.

Bone tissue consists of approximately 65% inorganic phases, mainly calcium phosphate (CaP). This phase, primarily
composed of hydroxyapatite (HA, Ca10(POa)s(OH)2), provides rigidity and strength . Calcium phosphates and
hydroxyapatites are ceramics that can be synthesized by a biomimetic coating, for example. These ceramics can be
biocompatible, bioabsorbable, osteoinductive, and thermally stable; therefore, they are suitable for temporary
applications where the implant is replaced by new tissue 7*'Y, On the other hand, alumina (Al,0s) is a widely used
commercial bioinert ceramic with high compressive strength, and it is extensively used in applications that require
resistance to mechanical stress!#4,

Scaffolds are structures composed of interconnected pores of different sizes. Within biological systems, scaffolds
enable the flow of body fluids, which transport nutrients that activate the osteoinduction mechanism, favoring
osteoconduction and osseointegration. Together, these processes promote the adhesion and differentiation of the
bone cells *>®) When cells with osteogenic potential come into contact with an appropriate biomaterial, tissue
regeneration can occur. Therefore, the interaction between the implant and the body proteins is fundamental to the
material's biocompatibility *”.. Porous alumina bone implants have shown excellent osseointegration results,
combining strong implant-tissue interaction, outstanding mechanical properties ©*®, and good cell growth and
adhesion within pores observed in vivo studies 71,

A bioactive coating can be applied to the surface of the bioinert implant to enhance the scaffold’s biological response
and improve the implant-bone interaction. Abe et al. proposed a widely recognized method to coat bioinert surfaces,
and it has been used and refined over time 9, This method involves immersing the scaffold in a solution resembling
body fluid, called Simulated Body Fluid (SBF), for an adequate period to induce calcium phosphate deposition. The
biomimetic method presents numerous advantages over others, such as deposition on porous surfaces and complex

. ________________________________________________________________________________________________________________________________________________________________________|
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geometries, as well as producing homogeneous coatings, with the formation of hydroxyapatite crystals at low
temperatures and low cost *"23), Promising results are reported in the literature on procedures performed for up to
21 days!18:22:24),

This research aimed to deposit a bioactive calcium phosphate layer on alumina scaffolds with structural, chemical, and
physical properties suitable for application in bone regeneration. The samples were processed with interconnected
pores, which made them biologically functional. To achieve this, the quantity and size of the pores were controlled,
varying the amount of the pore-forming agent. The biomimetic method was applied to coat the scaffolds with calcium
phosphate, obtaining a bioactive layer on both the surface and within the pores.

EXPERIMENTAL PROCEDURE

The scaffolds were produced using commercial alumina powder (CT 3000 SG, Almatis In., 0.8 um) and alimentary-
grade ammonium bicarbonate (NH4HCO3) (Art Alimentos, 250-425 um) as a pore-forming agent.

The scaffolds manufactured by powder metallurgy were prepared from the mixture of alumina and the pore-forming
agent 60 and 40% (wt./wt.), respectively. They were mixed manually in polypropylene containers for 1 min. Then, the
mixture was compacted under uniaxial pressure (200 MPa) for 1 min in a tempered steel cylindrical die of 10 mm in
diameter. Samples were heat-treated to remove the pore-forming agent at 270 °C, with heating and cooling rates of
1 °C/min for 120 min. After this, samples were sintered at 1500 °C for 120 min. The sample was manually sanded to
remove the first surface layer to observe the scaffolds and evaluate the porosity, pore shape, and interconnection.

For the biomimetic coating process, the Synthetic Body Fluid Simplified Solution (SS) with pH 7.0 was prepared from
calcium chloride dehydrate (CaCl;.2H,0) and sodium hydrogen phosphate dehydrate (Na;HPO4.2H,0) dissolved
separately in distilled water under magnetic stirring for 10 minutes. The ionic concentration of SBF is presented in
Table 1.

Na* K* Mg* Ca® cr HCOs HPO,4? S04
142,00 5,00 1,50 2,50 147,80 4,20 1,00 0,05
Table 1. SBF ionic concentration.

The scaffolds were immersed in the SS for 7, 14, and 21 days; after two days, a new solution was prepared and renewed
during the assay. After these periods, the biomimetically coated samples were washed with distilled water and dried
at 37 °C for 24 h to remove excess moisture from the surface?®??. The immersion time in the SBF was the parameter
used to name the samples: 0B — no biomimetic coating or 0 days in immersion; 7B — 7 days of immersion; 14B — 14
days of immersion; 21B — 21 days of immersion.

The density (Eq. 1), relative density (Eg. 2), and porosity (Eq. 3) of the alumina scaffolds were determined by the
Archimedean density principle. The samples were weighed using an analytical balance with a density determination
kit, and their diameter and height were measured at 3 points using a caliper.

m
pP= 2 1
nDT.h )
s=-="100 )
Pal
%pores = 100 -8 (3)

Where m is the mass of the samples; D is the diameter of the samples; h is the thickness of the samples; & is the
relative density; py; is the theoretical density of alumina (3.95 g/cm?3).
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The samples were analyzed before and after the biomimetic assays to assess the evolution of calcium phosphate layer
formation at different immersion times. The porous samples were analyzed using scanning electron microscopy
coupled with an energy-dispersive X-ray spectrometer (SEM-EDS; Zeiss EVO-15) to characterize their surface structure,
pore size, distribution, and interconnection during the deposition of the biomimetic coating. For the SEM morphology
analysis, the samples were coated with Au (20 pA and thickness of 10 nm). In contrast, for EDS monitoring of calcium
phosphate layer formation, they were coated with C (20 pA and thickness of 10 nm). The pores were measured using
the free software Imagel.

Crystalline phases were identified by X-ray powder diffraction (X’'Pert3®, Malvern Panalytical, Netherlands) with CuKa
radiation at 40 kV and 40 mA, 26 range 5 — 80°, speed step size 0.5°/min, and time step 2.0 s. The Fourier-transform
infrared-FTIR spectrometer Nicolet iS5 (ThermoScientific, U.S.) was used to identify the functional groups' vibrational
mode characteristics. A thin layer of the material was removed, and the samples were prepared using the KBr pellets
technique. Then, spectra between 400 and 4000 cm™ were recorded, with a resolution of 4 cm™ and 128 scans per
sample.

RESULTS AND DISCUSSION
Density and porosity

Table 2 shows the density, relative density, and porosity obtained by the Archimedean method before (0B) and after the
biomimetic coating (7B, 14B, and 21B).

Density Relative density (%) Porosity Porosity

Samples (g/cm3) (%) Standard

deviation
0B 1.77 447 55.3 0.4761
7B 1.76 44.6 55.4 0.3852
14B 1.76 44.5 55.5 0.2527
21B 1.77 44.9 55.1 0.5577

Table 2. Density, relative density, and porosity of the scaffolds.

According to Table 2, it is possible to affirm that the biomimetic method did not show significant changes in the density,
relative density, and porosity values. However, a slight increase in these parameters is observed in the 21B sample,
which could be attributed to the thickness of the deposited layer. Regarding the density and relative density of the 0B
sample, the differences observed in the other samples could be related to the potential dissolution or release of
particles into the solution. It was anticipated that the biomimetic coating would not reduce the porosity on the
scaffold(?1:23:25:26),

Microstructural, chemical, and morphological analysis

Figure 1 presents the SEM micrographs of the scaffolds before the biomimetic coating. Microscopy of sanded samples
(Figure 1b) reveals the presence of open and interconnected pores, which are essential characteristics for scaffold
functionality. Compared to the non-sanded samples (Figure 1a), the sanded samples exhibit more exposed pores due
to removing the layer formed during the compaction process, which obstructs the pores and may limit their
interconnectivity, as seen in Figure 1a.
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Figure 1. SEM of scaffold surfaces before the biomimetic coating: a) non-sanded; b) manually sanded.
100x.

Figure 1b shows pores of different sizes in a vast, broad, and expected range (50-600 um). In general, scaffolds with
larger pores have thinner walls, which reduces the mechanical strength. Micropores smaller than 50 pum can favor cell
transport and bone growth by enhancing the surface area for protein absorption, promoting osteoblast adhesion, and
developing the capillary system inside pores. However, pore sizes between 100-600 pum are crucial to improve the
biological activity of implants used in bone tissue replacement and restoration. Osteoblast growth was noticed in pores
between 380-405 um, fibroblasts between 186-200 um, and bone tissue between 290-310 um. Pores greater than
200 pm and smaller than 100 um are essential to osteoconductivity*81%27:28),

Figure 2 presents the evolution of the calcium phosphate layer growth during the biomimetic process, comparing the
samples before (0 days) and after 7, 14, and 21 days of immersion. In Figure 2b, seven days of immersion may induce
calcium and phosphorus formation on the samples' surface. While the SEM images clearly show the presence of these
elements at 14 and 21 days, they are not evident in the SEM images at 7 days. However, the calcium and phosphorus
content are confirmed by EDS analysis. As the red arrows indicate, extending the immersion time to 14 days allows for
observing nucleation points corresponding to the phosphate deposition. As the immersion time increased, it was
possible to observe the growth of the calcium phosphate layer on the samples. After 21 days, the samples presented
a uniform coating across the entire surface.

Figure 2. Growth evolution of the coating on the surface of the samples during the
biomimetic method: a) before coating (0 days), and after b) 7, c) 14, and d) 21 days of
immersion coating. 3.00kx.

. ________________________________________________________________________________________________________________________________________________________________________|
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Figure 3 illustrates the growth of the calcium phosphate layer within the pores during the biomimetic procedure,
comparing samples before immersion (0 days) and after 7, 14, and 21 days of immersion. According to Figure 3b, after
7 days, phosphate formation inside pores was not evident in SEM images, but EDS analysis confirmed the deposition
of calcium and phosphorous. By 14 days, cubic and spherical precipitates became visible in the SEM images. At 21, the
amount of spherical calcium phosphate precipitates increased substantially, forming a uniform layer throughout the
scaffolds, covering both the surface and the pores. The results within the pores present a resemblance to those on the
surface.

Figure 3. Growth evolution of the coating during the biomimetic coating method on the
surface of the pores: a) before immersion (0 days) and after b) 7, ¢) 14, and d) 21 days of
immersion coating. 5.00kx.

Calcium phosphates with cubic shapes observed in the samples align with a study on synthesizing calcium phosphate
crystals with controlled size and shape, where these crystals were identified as dicalcium phosphate anhydrous (DCPA,;
CaHPO,) ). Spherical shapes, as observed in Figures 2 and 3, are typical of hydroxyapatite (HAp; Ca10(PO4)s(OH),) and
tricalcium phosphate (a--TCP, B-TCP; Cas(P0Q4)2), which are the main phases expected after the biomimetic process
(323.26) 1t can be assumed that the calcium phosphate formed in the shorter immersion time is the precursor of the
HAp and TCP phases identified in the 21-day sample. Sartori (2018) found similar behavior after 21 days of immersion
and reported that the coating exhibited HAp, a-TCB, and B-TCP phases. More specifically, after 14 days, the coating
consisted of 38% HAp and 62% TCP; after 21 days, the hydroxyapatite phase had increased to approximately 90%, with
10 TCP remaining*®.

Although SEM analysis (Figures 2 and 3) did not clearly show the formation of calcium phosphate after 7 days of
immersion, this period may be sufficient to initiate the deposition of a calcium phosphate layer on the surface (2330-32),
Figure 4 illustrates the small amount of these crystals deposited on the scaffolds at this stage. After 14 days of
immersion, significant coverage of calcium and phosphorus was observed over almost the entire surface and within
the pores (Figure 5), as observed in microscopy results ?*23), By 21 days (Figure 6), calcium and phosphorus deposition
were evident throughout the entire surface and pores, which suggests that the 21-day biomimetic procedure
efficiently created a uniform coating across all scaffolds*&222%),

. ________________________________________________________________________________________________________________________________________________________________________|
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Figure 4. EDS mapping after 7 days of immersion into the coating solution:
(a) on the surface (3.00kx) and (b) within the pores. 5.00kx.

Figure 5. EDS mapping after 14 days of immersion into the coating
solution: (a) on the surface (3.00kx) and (b) within the pores. 5.00kx.
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Figure 6. EDS mapping after 21 days of immersion into the coating
solution: (a) on the surface (3.00kx) and (b) within the pores. 5.00kx.

The EDS maps at different immersion times showed the formation of a calcium phosphate layer under all conditions.
The intensity of calcium and phosphorus present on the surfaces supports the presence of calcium phosphate phases
with different morphologies in the coating. The EDS results allowed the evaluation of the Ca/P ratio (Table 3), which
is typical for each calcium phosphate phase. The expected Ca/P values after biomimetic coating are close to TTCP (2.0),
HAp (1.67), TCP (1.5), OCP (1.3), and DCPA (1.0).

Deb (2019) reported a coating with a Ca/P ratio of 1.55 after 28 days, which indicates the formation of Ca-deficient
apatite ¥, Silva (2017) coated porous alumina and alumina/zirconia, finding Ca/P ratios between 1.75 and 2.20, with
values closer to 1.75 at the end of the process ). Sartori (2018) observed Ca/P values of approximately 0.5 after 7
days, 1.43 and 1.31 after 14 days, similar to TCP and OCP, and 1.71 and 1.89 after 21 days, corresponding to HAp and
TTCP ), Rambo (2006) achieved a homogenous calcium phosphate layer with a Ca/P ratio of 1.623. Kim (2004)
observed the formation of calcium phosphate with the same ratio, and these values tended to be 1.65 by 21 days®©?.
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Chemical elements (%atomic)

TS Ca P Ca/P ratio
78 1.70 1.45 1.17
78 0.85 0.50 1.70
148 1.34 0.97 1.38
148 Surface 3.52 2.88 1.22
218 2.10 1.90 1.10
218 4.44 2.94 1.51
78 1.22 0.63 1.93
78 0.63 0.37 1.70
14B Within 0.88 0.66 1.33
14B pores 0.89 0.58 1.53
21B 3.34 2.38 1.40
21B 0.63 0.35 1.80

Table 3. EDS results after biomimetic coating, with Ca/P ratios.

During the biomimetic coating process, different phases of calcium phosphate can form. By the end of the procedure,
the coating layer was expected to predominantly consist of HAp (Ca/P = 1.67) and TCP (Ca/P = 1.5). Surface pores can
act as defects that enhance the nucleation and growth of calcium phosphate crystals. The roughness variation and the
induction of surface defects caused by the sanding procedure likely increased the contact area between the scaffold
surface and the simplified solution (SS), which is beneficial for crystal formation??),

Figure 7 shows the X-ray diffraction XRD results on scaffolds before (OB) and after (7B, 14B, 21B) the biomimetic
process. XRD spectra showed no evidence of a calcium phosphate layer on the surface after the biomimetic process,
as similar patterns were observed for all conditions: uncoated (0b), 7 days, 14, and 21 days of immersion into the
coating solution. This apparent absence of calcium phosphate may be attributed to the nanometric thickness of the
coating layer or the presence of amorphous phases. Despite the lack of XRD detection, the SEM results confirmed the
formation of a calcium phosphate layer formation on the surfaces of all samples.
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Figure 7. X-ray diffraction on scaffolds before and after coating.
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Figure 8 presents the FTIR spectra of the samples before (0B) and after (7B, 14B, and 21B) the biomimetic procedure.
The PO,* groups were identified at various vibration frequencies. Peaks observed in the spectra were 461 cm?,
607 cm?, 656 cm™, 789 cm™?, 1082 cm™ and 3335 cm™ as indicated in Figure 8. The doubly degenerated vibrational
mode of the O-P-O group can be identified at ~ 461 cm™ (v2), while a peak at 789 cm™ (v1) was assigned to the O-P-O
group. The triply degenerated bend mode of the P-O group was observed at ~ 656 cm™ (v1) and 1082 cm™ (vs). A peak
at ~3300 cm corresponds to the OH- band (vs, va4)©?%39),

%Transmittance

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1)

Figure 8. Infrared transmittance spectra of scaffolds before and after
biomimetic coating.

All samples presented characteristic vibrational groups of calcium phosphates and hydroxyl. These results support the
hypothesis that a CaP layer forms on the scaffold surfaces after immersion into the coating solution, confirming the
deposition of the biomimetic coating.

CONCLUSIONS

The powder metallurgy method was effective in fabricating alumina scaffolds, achieving a porosity of 55% with 40
wt.% NH,COs;. Heat treatment at 270 °C for 120 min efficiently removed NH,CO;. After 7 days of biomimetic coating,
the initial formation of a CaP layer was observed. The procedure effectively supported the formation of multiple
calcium phosphate phases, with a greater concentration of Hap and TCP detected after 21 days. Additionally, CaP was
observed across the surfaces, both externally and within the pores. SEM, EDS mapping, and Ca/P ratio results strongly
indicated the presence of these calcium phosphate phases.
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