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Abstract
We evaluated the influence of the open porosity of alumina (Al2O3) substrates on the phase formation of calcium phosphates 
deposited onto it surface. The Al2O3 substrates were prepared with different porosities by the foam-gelcasting method associ-
ated with different amounts of polyethylene beads. The substrates were coated biomimetically for 14 and 21 days of incuba-
tion in a simulated body fluid (SBF). Scanning electron microscopy characterisation and X-ray computed microtomography 
showed that the increase in the number of beads provided an increase in the open porosity. The X-ray diffraction and infrared 
spectroscopy showed that the biomimetic method was able to form different phases of calcium phosphates. It was observed 
that the increase in the porosity favoured the formation of β-tricalcium phosphate for both incubation periods. The incuba-
tion period and the porosity of the substrates can influence the phases and the amount of calcium phosphates formed. Thus, 
it is possible to target the best application for the biomaterial produced.
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Introduction

Aluminium oxide (Al2O3) is a ceramic material with great 
potential for use as a biomaterial in bone implants. In 
addition to its bioinert nature, Al2O3 can be shaped into a 
porous structure and still have excellent mechanical proper-
ties (Rambo et al. 2006; Böke et al. 2014; Toccafondi et al. 
2015; Salerno et al. 2016; Silva et al. 2019). However, it 
is important to note that bioinert implants, when inserted 
into the body, are encapsulated by fibrous tissues (Abe et al. 
1990). These fibrous tissues isolate the implant from the 

surrounding bones, which minimises its proper functioning 
(Abe et al. 1990; Kolos and Ruys 2015; Hesaraki 2016).

To avoid the formation of fibrous tissues around bioinert 
materials, Abe et al. (1990) developed a method that allows 
the activation of a bioinert surface, increasing its biological 
activity. The activation occurs by the formation of a bioac-
tive ceramic layer on a material surface from its immersion 
in a blood plasma simulating solution (SBF—simulated 
body fluid) (Barrere et al. 2002a, b). Thus, this biomimetic 
coating allows the combination of bioactivity on the surface 
of a bioinert material (Kokubo 1998; Rambo et al. 2006; 
Dorozhkin 2012; Böke et al. 2014; Kolos and Ruys 2015; 
Tang et al. 2016; Sartori et al. 2018; Silva et al. 2018; Nunes 
et al. 2021).

The bioactive surface formed in the bioinert material 
from the biomimetic coating consists of different phases of 
calcium phosphates. The most common are: hydroxyapatite 
(HA), α- and β-tricalcium phosphates (α-TCP, β-TCP), tet-
racalcium phosphate (TTCP), and octacalcium phosphate 
(OCP) (dos Santos et al. 2017, 2018; Sartori et al. 2018; 
Silva et al. 2019; Nunes et al. 2021; Karampouret al. 2022).

Calcium phosphates presents high similarity with the 
mineral part of the bones. The period of time that cal-
cium phosphates remain in the body depends on its phase. 
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Degradation rate of each phase in the physiological environ-
ment can influence the osteoconduction and osteoinduction 
properties of the biomaterial, indicating in which application 
it will be best used (Shavandi et al. 2015; Hesaraki 2016; 
Ebrahimi et al.2017; Seyedlar et al. 2019; Bohner et al. 
2020).

Some modifications in the surface of the bioinert sub-
strates, made before coating, can lead to improvements in 
the formation of the biomimetic layer (Belwanshi et al. 
2021). These changes may be physical (i.e. changes in the 
roughness, surface energy, and surface area of the material 
Faga et al. 2012; dos Santos et al. 2017; Sartori et al. 2018; 
Santos et al. 2020)) or chemical (i.e. the activation of func-
tional sites that favour the deposition of phosphates Uchida 
et al. 2002; Dehestani et al. 2012; Silva et al. 2018)). These 
changes can influence the formation rate, thickness, and 
adhesion between the calcium phosphates formed with the 
modified surface of the bioinert material (Faga et al. 2012; 
Böke et al. 2014; dos Santos et al. 2017; Bohner et al. 2020; 
Belwanshi et al. 2021).

The presence, quantity, morphology, and interconnectiv-
ity of pores are the main characteristics to consider for the 
use of this biomaterial as a bone replacement (Sabree et al. 
2015). These porous biomaterials must have inter-connected 
pores (open pores) to promote tissue growth inside them, 
improving their biological fixation (Thavornyutikarn et al. 
2014; Kolos and Ruys 2015; Hesaraki 2016). Also, regenera-
tive behaviour and bone tissue formation can occur in differ-
ent ways according to specific pore diameter ranges (Annabi 
et al. 2010; Chen et al. 2012). There is several methods to 
produce porous materials, e.g. anodization (Toccafondi et al. 
2015; Karczewski et al. 2017), replica method (Silva et al. 
2018), sacrifice material (e.g. polymers, agricultural wastes) 
(Dele‐Afolabi et al. 2017, 2018a, b,2021) and foam gelcast-
ing (Xie et al. 2012; Salomão et al. 2014), to list a few.

Therefore, we evaluated the influence of the Al2O3 sub-
strates open porosity on the phase formation of calcium 
phosphates obtained by the biomimetic method.

Experimental

The Al2O3 commercial powder used in the preparation of the 
substrates was CT-3000SG, from Alcoa & Chemicals Ltd., 
99.8% pure and with an average particle size of 0.5 µm. The 
substrates were prepared using the foam-gelcasting method 
without a controlled atmosphere (Petit et al. 2016; Sartori 
et al. 2018) adding a secondary organic phase, which was 
eliminated during calcination. The secondary organic phase 
used was polyethylene (PE) beads (200 ± 50 µm average 
diameter). The beads were added in the final stage of pro-
cessing in proportions of 0, 5, 10, and 15% by weight to 
increase the porosity of the final material. The gel formed 

was deposited in Petri dishes. The samples were then cal-
cined at 600 °C for 2 h (5 °C min−1), and sintered at 1500 °C 
for 2 h (10 °C min−1). After sintering, the samples were 
cut into cylindrical shapes with 10 mm diameter and 3 mm 
height. According to the mass percentage of PE beads ini-
tially added (0, 5, 10, and 15%), the samples were named 
A0PE, A5PE, A10PE, and A15PE.

The structures and surfaces of the substrates were evalu-
ated before coating using a scanning electron microscope 
(SEM; HITACHI TM 3000). The distribution, pore size, and 
open porosity were determined by X-ray computed microto-
mography (μCT; SKY SCAN 1172). CT-Analyzer software 
was used to treat the experimental data generated by μCT. 
The tensile strength by diametral compression test (Brazilian 
Test) was obtained according to ASTM D3967-16a (ASTM 
D3967-95a 2001). For that a universal mechanic testing 
(MTS 370.02) was used with a head velocity of 1 mm min−1 
at a temperature of 25 °C. The tensile stress (σ) versus strain 
(ε) curves were analysed for at least 10 cylindrical samples 
per condition. The samples diameter was sized twice its 
height (10 × 5 mm, respectively).

The biomimetic coating was carried out according to the 
procedure proposed by Barrere et al. (2002a). In this proce-
dure, the concentration of the SBF solution is 5 × higher than 
the SBF solution originally proposed by Abe et al. (1990). 
After the 14- and 21-day incubation periods, at 36.5 °C, 
under constant agitation (60 rpm), the covered substrates 
were washed with distilled water and dried at 50 °C for 24 h. 
It should be noted that the SBF 5 × solution was renewed 
every 72 h and the pH of the medium was adjusted to 6.1 
with hydrochloric acid at a concentration of 1 molL−1 (Bar-
rere et al. 2002b; dos Santos et al. 2017; Sartori et al. 2018).

After the biomimetic coating, the calcium phosphate 
formed was analysed by SEM (HITACHI TM 3000). The 
crystalline phases were characterised by X-ray diffraction 
(XRD; RIGAKU MINIFLEX 600), in the range of 27º–34º, 
and a step of 0.20º. For this purpose, the analytical diffracto-
gram deconvolution curves were obtained using the Gauss-
ian function (R2 > 0.99), with the Savitsky–Golay filter, 
using Origin 2019 software from OriginLab Corporation. 
The mathematical procedure was used to a semi-quantitative 
interpretation of the different phases of calcium phosphates 
formed during the biomimetic coating. The displacements of 
the X-ray curves were based on the standard Miller indices 
(hkl) for each phase of calcium phosphate, according to the 
database provided by the Joint Committee for Powder Dif-
fraction Studies (JCPDS) (Gadaleta et al. 1996; dos Santos 
et al. 2017; Sartori et al. 2018; Santos et al. 2020).

The calcium phosphates formed on the surfaces of the 
substrates were quantified by spectroscopy in the near-infra-
red region (NIR; Perkin Elmer, model Spectrum 100 N, with 
diffuse reflectance accessory, NIRA), from 32 spectra and 
a resolution of 16 cm−1. The spectra were mathematically 
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treated for correction of the baseline, obtaining the second 
derivative to locate the vibration peaks, and deconvolu-
tion with signal adjustment, to calculate the area of the 
absorption bands. In deconvolution, the Gaussian function 
(R2 > 0.98) and the Savitsky–Golay filter were used, using 
Origin 2019 software from OriginLab Corporation as previ-
ously reported.

The Al2O3 substrates (without calcium phosphate depo-
sition) were used as a reference spectrum for assigning its 
characteristic bands. In the spectra obtained from substrates 
with deposited calcium phosphate, the bands assigned to 
alumina were used as a reference, being normalised to 
allow the quantification of phosphates (Sartori et al. 2018). 
Thus, the total area of the normalised spectra will vary with 
respect to the amount of phosphates deposited. To quan-
tify the phosphates formed, the region between 5430 and 
4630 cm−1 of the NIR spectrum was analysed. This combi-
nation region was chosen because it has absorptions attrib-
uted to phosphate groups and the surface of alumina, with 
less interference from adsorbed water signals. Furthermore, 
the substrates were previously dried at 100 °C for 24 h to 
remove excess surface moisture (Czarnik-Matusewiczet al. 
2005; Brangule and Gross 2015; Kolmas et al. 2015; Sartori 
et al. 2018).

The relationship between the different phases of calcium 
phosphates and the porosity of the samples was analysed 
by Pearson’s correlation coefficient (r), and the statistical 
significance was considered at p < 0.05, using Origin 2019 
software from OriginLab Corporation.

Results and discussion

Characterisation of Al2O3 substrates

Figure 1 shows the open porosity obtained by µCT and the 
tensile strength of the Al2O3 substrates with different addi-
tions of PE beads. In general, the increase in the secondary 
organic phase increased the open porosity of the substrates.

Although different amounts of PE beads added produce 
similar open porosity results, when we compare them with 
the A0PE condition, it is clear that the addition of beads 
increases the open porosity. The addition of PE beads may 
have increased this open porosity by settling on the pore 
walls provided by the foam-gelcasting method. Therefore, 
the addition of PE beads would contribute to the formation 
of an open path between the pores, thus providing greater 
interconnectivity. Similarly, Karczewski et al. also showed 
that adding a small quantity (5% by wt) of an organic com-
pound resulted in an improvement in the pores intercon-
nectivity when compared with the same substrate without 
the addition of the organic compound. The interconnectiv-
ity between the pores and their spatial distributions in the 

substrate structure is of great importance, as they allow for 
several biological activities necessary for better functioning 
of the implant, in addition to improving its fixation (Kara-
georgiou and Kaplan 2005; Yoo 2013; Sabree et al. 2015; 
Arabnejad et al. 2016; Wang 2016).

Despite the importance of the interconnectivity between 
the pores, one should consider that the mechanical strength 
would decrease with the increase in porosity (Dele-Afolabi 
et al. 2017; Xu et al. 2019). Compressive strength is the 
most commonly used parameter to evaluate the mechani-
cal properties of a bone replacement biomaterial (Zhang 
et al. 2014; Schröter et al. 2020). However, brittle materials 
tend to have considerably lower tensile strength and shear 
strength in relation to their compressive strength. Thus, brit-
tle materials are most likely to fail when they are under ten-
sion, which can render them susceptible to fatigue failure by 
cyclic loading over long-term implantation in human bone 
(Canal and Ginebra 2011; Zhang et al. 2014; Dele-Afolabi 
et al. 2018a, 2021). In this work, we focused in evaluating 
the tensile strength, by diametral compression test, of the 
biomaterial produced here. The tensile strength for A0PE 
was 14.37 ± 2.9 MPa, while for A15PE it was 5.89 ± 0.4 MPa 
(Fig. 1), the Pearson correlation value between the open 
porosity and the tensile strength was − 0.97, indicating a 
strong inverse correlation. The values obtained are compa-
rable to the tensile strength of the human trabecular bone 
(bones with a porosity between 30 and 90%), which are 
between 1 and 5 MPa (Røhl et al. 1991; Wagoner Johnson 
and Herschler 2011); thus, the materials produced here can 
be potential substitutes for this type of bone.

Figure 2 shows the µCT images (Fig. 2a) and micrographs 
obtained by SEM of the substrates (Fig. 2b). It is observed 
that the substrates A5PE, A10PE, and A15PE have larger 
pores than those the A0PE, indicating that the beads inclu-
sions contributed to the formation larger pores.

Fig. 1   Open porosity and tensile strength of substrates with different 
additions of PE (the lines are just a guide for the eyes)
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Figure 3 shows the pore size distribution (according to 
their diameters) obtained by analysing 400 histological sec-
tions of 3D μCT for each condition studied. In general, the 
pore distribution profile was similar for the four conditions.

The foam-gelcasting method produces highly porous 
structures (Salomão et al. 2014; Sartori et al. 2018), but it 
can be seen that the addition of PE beads provided pores, in 
the structure, with a diameter range that is not observed in 
the sample without PE beads (500 and 2000 µm). Although 
the open porosity of the samples A5PE, A10PE, and A15PE 
did not show any differences between them (Fig. 1), the 
percentages of PE beads added created different volumes 
of macroporosity, as observed in Fig. 3. The larger pores 
resulting from the addition of PE beads replace those of 
smaller volume that would be formed by foam gelcasting 
without PE beads being added. Therefore, the open poros-
ity between the A5PE, A10PE, and A15PE samples did not 
show a significant difference. However, this porosity could 
influence the deposition of the calcium phosphate layer on 
these surfaces. Besides that, a wide variation in pore size is 
interesting for a porous biomaterial, as each pore size allows 

different biological activities when inserted into the physi-
ological environment (Annabi et al. 2010).

Characterisation of calcium phosphates formed 
in the biomimetic coating

The SEM micrographs of the A0PE, A5PE, A10PE, and 
A15PE samples, after 14 and 21 days of incubation, are 
shown in Fig. 4. In general, the structures emerging on the 
substrate’s surfaces of all conditions studied calcium phos-
phate crystals, as showed the EDS results in Fig. S1 of the 
Supplementary Material. It is observed for all substrates, 
regardless of the incubation time.

The clusters observed in the micrographs (e.g. as high-
lighted with an arrow in Fig. 4 insets) are starting points 
of new layers deposition. Those clusters are also filling the 
pores creating a tri-dimensional calcium phosphate network 
throughout the substrates. This network would be beneficial 
since calcium phosphates are precursors of bone formation 
in the osteoconduction and osteoinduction processes. Thus, 
the network will stimulate and facilitate the formation of 
bone tissue throughout the substrates (Shavandi et al. 2015; 
Hesaraki 2016; Ebrahimi et al. 2017).

Figure 5a shows the second derivative of the absorp-
tion spectrum of NIR, and Fig. 5b shows the absorption 
spectrum of NIR, from the surface of A15PE covered with 
phosphate after 21 days in SBF, in the region between 4000 
and 7000 cm−1. In this interval, bands referring to calcium 
phosphates and Al2O3 are present. The spectral range from 
4630 to 5430 cm−1 highlighted in Fig. 5c was treated math-
ematically (deconvolution) to distinguish the bands referring 
to calcium phosphates (bands in blue) and alumina (bands in 
red). As a result of the lesser interference of signals related 
to free water present on the surface of the samples, this 

Fig. 2   a 3D µCT images and b SEM micrographs of the substrates 
with different additions of PE beads

Fig. 3   Pore size distribution of the substrates with different amounts 
of PE beads
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interval was chosen to quantify the deposited phosphates. 
The entire procedure was also carried out for the other con-
ditions studied.

The bands in the NIR spectra are the result of combi-
nations and overtones of the fundamental stretching (ν) 
and bending (δ) vibration bands of the middle infrared 
region (Workman and Weyer 2012). The attribution in 
the deconvolved NIR spectra was made by calculating 
the vibrational peaks from the values of stretching and 
bending vibrations of alumina and calcium phosphate in 

the region in the medium infrared. The following bands 
were used forAl2O3: O–H stretch of water physically 
adsorbed to Al3+ (ν1 =  ~ 3484.3 cm−1), bend of Al–O–H 
(δa =  ~ 1643.7 and δb =  ~ 1395.9  cm−1), and stretch of 
Al–O (ν3 =  ~ 839.8 cm−1) (Sarkar et al. 2007; Sartori et al. 
2018). Calcium phosphate bands were calculated from the 
stretch of PO–H (ν1 =  ~ 3572 cm−1), symmetrical stretch 
of P–O (ν2 =  ~ 960 cm−1),bend of O–P–O (doubly degen-
erated bending mode) (δ1a =  ~ 472 and δ1b = 462  cm−1), 
asymmetrical stretch of P–O (ν3a =  ~ 1087, ν3b =  ~ 1046 

Fig. 4   SEM micrographs of the 
samples surface with different 
additions of PE beads covered 
biomimetically for 14 and 
21 days, and insets with higher 
magnification for each condition
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and ν3c =  ~ 1032 cm−1)and bend of O–P–O (triply degen-
erated bending mode) (δ2a =  ~ 602, δ2b =  ~ 574 and 
δ2c =  ~ 561  cm−1) (Sureshbabu et al. 2012; Reddy et al. 
2014; Sartori et al. 2018).

The substrates covered with calcium phosphates for all 
conditions studied showed NIR spectra with similar spec-
tral profiles. The predominance of phosphate bands over 
Al2O3 (in all spectra) highlights the significant deposition of 
phosphates on surfaces. Table S1 (Supplementary Material) 
presents a description of the combined bands of the NIR 
spectra between 5430 and 4630 cm−1 on the surface of the 
substrate covered with calcium phosphates, also in the Sup-
plementary Material more details about NIR data treatment 
are given. The position of the bands was obtained from the 
second derivative of the spectra (Fig. 5b). The quantifica-
tion of calcium phosphates deposited on the surface of the 
substrate was performed from the absolute areas obtained 
from the deconvolved bands (Fig. 5c) (Czarnik-Matusewicz 
et al. 2005; Brangule and Gross 2015; Kolmas et al. 2015; 
dos Santoset al. 2017; Sartori et al. 2018).

In general, a tendency was observed: the greater the inclu-
sion of PEbeads (the greater the porosity of the substrate), 
the greater the amount of calcium phosphates formed, 
regardless of the incubation period. It should be noted that 

the amount of phosphate formed in A5PE was slightly higher 
than in A10PE (for both incubation periods). This behaviour 
can be attributed to the similar total porosities of the two 
conditions (Fig. 1).

NIR spectroscopy makes it possible to relate and quan-
tify the phosphates formed on the surfaces of the substrates. 
However, to identify the crystalline phases of calcium phos-
phates formed during the coating, XRD was used. Figure 6a 
shows the second derivative of the diffractogram, and Fig. 6b 
shows the A15PE diffractogram after 21 days of biomimetic 
coating, in the range of 26.8º–34.6º. The curves obtained 
by deconvolution of the diffractograms were related to the 
Miller index (hkl) for each phase of calcium phosphate, 
according to the database provided by the Joint Committee 
on Powder Diffraction Studies (JCPDS) (Joint Committee on 
Powder Diffraction Standards 2017). The entire procedure 
was also carried out for the other conditions studied.

Overall, five different phases of calcium phosphates were 
suggested for all conditions studied: HAp crystals in the 
planes (002), (210), (300), (113), (111), (102), (112) and 
(211); α-TCP in planes (241), (151), (511), (170), (113), 
(150), (312) and (402); β-TCP in planes (024), (306), (202), 
(150), (128), (210), (306) and (1112); TTCP in planes 
(-121), (200), (031), (211), (221), (1010), (112) and (113).

The relationship between the percentages present in 
each phase (obtained by the XRD technique) and the total 
absolute phosphate areas (obtained by the NIR technique) 
allows semi-quantitative analysis of each incubation period. 
Therefore, Fig. 7 shows the percentage suggested of crystal-
line phases in relation to the total absolute areas of calcium 
phosphates for the different conditions studied.

Regarding the phases observed, there was more α-TCP 
in the samples with 14 days of incubation than the ones 
with 21 days. On the other hand, the samples with 21 days 
of incubation presented more HAp, TTCP, and β-TCP com-
pared to the ones with 14 days. The formation of the HAp 
and TTCP is related to the consumption of the α-TCP, due 
to the higher value of Ca/P ratio that HAp and TTCP have 
in comparison with α-TCP (HAp = 1.67, TTCP = 2.0, and 
α-TCP = 1.5 (Dorozhkin 2010)). In general, at 14 days of 
incubation, there is a higher amount of TTCP when com-
pared to the β-TCP ( rTTCP∕β−TCP = −0.98).This shows that 
14 days is a satisfactory incubation period as it provides the 
production of calcium phosphates with higher Ca/P ratio 
values.

The high correlation between open porosity and the 
β-TCP phase ( ropenporosity∕β−TCP = 0.95 ) suggests that the 
increase in open porosity may have provided the forma-
tion of a new layer of calcium phosphate on top of a first 
layer previously deposited. The samples A5PE, A10PE, and 
A15PE, with 21 days of incubation, in addition to having a 
higher amount of HAp and TTCP, also presented a higher 
amount of β-TCP (Ca/P ratio = 1.5 (Dorozhkin 2010)) than 

Fig. 5   a Second derivative of the spectrum, b NIR spectrum of the 
A15PE surface after 21 days of incubation, and (c) illustration of the 
“deconvolved analytical curves”, where the blue bands represent the 
calcium phosphates and the red ones the Al2O3
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the same conditions in 14 days of incubation. Thus, the addi-
tion of PE beads, and consequently higher open porosity, 
can influence some local characteristics, already mentioned, 

which may end up influencing the deposition mechanisms 
of Ca and P.

The main advantage of identifying and quantifying each 
phosphate phase formed in the different incubation periods 
is to allow an understanding of how the biomaterial can 
behave in the organism, since each phase presents different 
degrees of biodegradation (Habraken et al. 2016; Dorozhkin 
2016; Zyman et al. 2017; Zhang et al. 2019). For example, 
HAp has a lower biodegradation rate compared to β-TCP, so 
it stays in the body for longer periods (Shavandi et al. 2015; 
Ebrahimi et al. 2017).Thus, knowing which phase presents 
the majority in the biomaterial produced, it is possible to 
determine in which application the biomaterial will perform 
better (Arjunan et al. 2022). In addition to determining the 
amount of calcium phosphates that the material contains, 
it is also possible to orientate the production of the desired 
phosphate phase by controlling the process parameters, such 
as the incubation time and porosity (dos Santos et al. 2017, 
2018; Sartori et al. 2018).

Conclusions

Here, we showed that the open porosity has an influence on 
the phase formation of calcium phosphates obtained by the 
biomimetic method. Adding different amounts of PE beads 
with the gelcasting technique produced substrates with dif-
ferent open porosities and also in their interconnectivity. The 
phases more favourable with an increase in open porosity 
were HAp and β-TCP. Furthermore, the incubation time and 
the porosity of the substrate (surface area) can also influence 
the amount of calcium phosphates formed.
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