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A B S T R A C T

Bone tissue substitutes are increasing in importance. Hydroxyapatite (HA) and β-tricalcium 
phosphate (β-TCP) act as a cell matrix and improve its mechanical properties. One of their raw 
materials is marine-origin by-products. Objectives: To synthesize, characterize, and evaluate the 
cellular cytotoxicity of a 3D biomaterial based on HA and β-TCP from mussel shells. Methods: We 
prepared pellets with 150, 200, and 250 mg and evaluated them through sintering, XRD, FTIR, 
ICP-OES, Scanning Electron Microscopic (SEM), and immunocytochemical tests. The Alamar Blue 
method was applied to the Balb-T3T cell line within 72 h to evaluate cytotoxicity. Results: Our 
biomaterials presented a smooth surface with slight irregularity and porosities presenting 
different diameters and morphologies and showed chemical, morphological, and ultrastructural 
similarity to bone hydroxyapatite, mainly the 150 and 200 mg pellets. Significance: We produced 
promising HA/β-TCP bioceramics with characteristics that allowed cell culture, promoting 
adhesion, spreading, and proliferation.

1. Introduction

Tissue engineering is an interdisciplinary field that aims to develop biological substitutes that restore, maintain, and improve tissue 
function. Several materials have been developed in different fields, with emphasis on bone tissue substitutes. They aim to generate a 
biocompatible reconstruction that can mimic bone structure and function [1,2]. Regarding these prerequisites, one of the materials 
that have gained notoriety as a bone substitute is hydroxyapatite (HA - Ca10(PO4)6(OH)2). It is a biocompatible, osteoconductive, and 
bioactive bioceramic that can form direct interactions with living tissues. It has a low solubility at physiological pH and has been used 
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to produce biomaterials in nanoparticles and nanocomposites in the development of bone tissue [3–6].
Beta tricalcium phosphate (β-TCP — Ca3(PO4)2) also has biocompatibility, osteoconduction, and osteoinduction properties. The 

combination of hydroxyapatite with β-TCP produces a bimodal biomaterial. HA plays a fundamental role in cell adhesion, prolifer
ation, and differentiation. It has slow absorption, maintaining the creation of space for the exchange of elements necessary to promote 
tissue repair. Moreover, β-TCP, which is more soluble, plays an important role regarding calcium and phosphorus ions, contributing to 
osteogenic activity [7,8].

Numerous methods have been developed for the synthesis of HA [9–12], such as obtaining biomaterials from renewable sources 
using materials of calcareous origin, marine corals, fossilized calcareous shells, sea urchins, oyster shells, calcium sulfate (gypsum), 
eggshells, and bovine cortical bones. These are seen as raw material sources based on calcium phosphate powder. They are an 
alternative for developing new biomaterials with a sustainable process [5,13–15].

There is scarce literature on HA/β-TCP biomaterials from natural sources, such as marine shells [5,16]. These should have more 
notoriety as they offer financial and environmental advantages [5]. Furthermore, these biomaterials have crystallographic similarities 
with bone apatite, bioactivity, biocompatibility, and osteoconductivity. They also offer interconnected micro- and nanoporous, which 
increase the surface area of the granule and micropores, promoting osseointegration into the bone tissue. These characteristics are 
different from conventional microstructured biomaterials [5].

In these terms, this work aimed to synthesize and characterize 3D biomaterials based on Hydroxyapatite (HA), Calcium Beta 
Triphosphate (β-TCP), and subsequent evaluation of cellular cytotoxicity. A by-product of fishing (mussel shells), which aims to 
generate effective biomaterial with reduced cost and promote a framework that enables cell culture aiming at bone tissue regeneration.

2. Materials and methods

2.1. Synthesis

We used mussel shells collected from fishermen’s cooperatives in Florianópolis, Santa Catarina, Brazil, as the raw material for the 
hydroxyapatite-based biomaterial. The shells were washed and went through a wet milling process using a 50 % solids dispersion in 
distilled water, which was added to a mill with alumina spheres and remained in milling for 3 h. Subsequently, the dispersion was 
heated at 80 ◦C for 24 h, and after drying, it was ground in a mortar and pestle, then sieved in a 100 μm mesh.

The methodology of [17] was followed for synthesizing the biomaterial. Initially, an analysis was performed by ICP-OES (Thermo 
Scientific—model iCAP 6500) to determine the calcium content in the raw material. From the value obtained (0.270 g of Ca/g of the 
sample), the stoichiometric amount for adding 1 mol L− 1 HCl (Alphatec, 37 %) was determined according to equation (1).

The HCl solution was added to a beaker that remained under magnetic stirring while the ladle powder was slowly added, trying to 
avoid foaming due to the release of CO2. After completing the addition of the powder, the reaction mixture was stirred for 2 h and 
filtered through qualitative filter paper. The filtered solution of calcium chloride was kept under stirring. At the same time, NaOH 2 
mol L− 1 (Êxodo, 97 %) was added until it reached a pH above 12 to obtain solid Ca(OH)2, according to the Ca(OH)2 species diagram 
[18] and equation (2). 

CaCO3 + 2 HCl –> CaCl2 + H2O + CO2                                                                                                                                    (1)

CaCl2 + 2 NaOH –> Ca(OH)2 + 2 NaCl                                                                                                                                    (2)

The dispersion was stirred for 1 h, centrifuged at 4000 rpm for 5 min, and redispersed in 60 mL of distilled water to wash the 
material. It was centrifuged again and dried in an oven at 50 ◦C for 48 h.

After obtaining Ca(OH)2, the Ca content was analyzed again by ICP/OES to determine the amount of phosphoric acid to be added to 
obtain the hydroxyapatite (Ca10(PO4)6(OH)2) since the Ca/P ratio should be close to 1.667 [19,20]. Our analysis presented 0.566 g of 
Ca/g of the sample, which is very close to the expected value of 0.541 g of Ca/g, indicating a small amount of humidity and high purity 
of the sample). The Ca(OH)2 was dispersed in distilled water and stirred for 30 min before adding 1 mol L− 1 H3PO4 (Vetec, 85 %) by 
drip, keeping the pH between 9 and 10 [21]. After completing the acid addition, the dispersion was stirred for 2 h; the material was 
centrifuged at 4000 rpm (centrifuge Sigma 3-16P, rotor 11133), redispersed in 60 mL of distilled water for washing, centrifuged again, 
and dried at 60 ◦C for 48 h in an oven (Vacuo Term-6030A).

The powdered material was pressed into 10 mm diameter pellets, with 150 mg, 200 mg, and 250 mg of material, using a press and 
applying 3 tons. The pellets were sintered at 1000 ◦C for 2 h in an oven operating under a vacuum, with a heating rate of 30 ◦C. After 
one night, the samples were removed from the muffle, resulting in the scaffold.

2.2. Characterization

The compounds obtained in the different synthesis steps were characterized by X-ray diffraction (XRD) using a Shimadzu XRD-6000 
diffractometer with a CuKα = 1.5418 Å radiation and using a current of 30 mA and tension of 40 kV and dwell time of 2◦min− 1. 
Infrared vibrational spectroscopy was performed in FTIR mode, and the spectra were obtained using a Bruker Vertex 70 spectro
photometer operating in transmission mode. The analyses were performed with the sample in the form of pellets with approximately 1 
% (w/w) of the sample added to KBr (Sigma-Aldrich, >99 % purity), and the mixture was macerated and pressed with 6 tons. The 
measurements were performed from 400 cm− 1 to 4000 cm− 1, using a resolution of 4 cm− 1 and an accumulation of 32 scans. Energy 
Dispersive Spectroscopy (EDS) and Scanning Electron Microscopy (SEM) data were performed in a Tescan Vega 3 LMU microscope 
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with AZ Tech software. The samples of sintered hydroxyapatite and pellets were deposited on copper tapes. After collecting the EDS 
spectra, the samples were sputtered with a thin gold layer to obtain the SEM images. The elements were quantified with a Thermo 
Scientific ICP-OES spectrometer (model iCAP 6500) with the Thermo Scientific iTeVa software version 1.2.0.30. The samples were 
dissolved in a solution containing HNO3 (Alphatec, 65 %) in Milli-Q water (1.0 % v/v), and the data were collected in duplicates. The 
calcium and phosphorus leaching test was performed with 150 mg, 200 mg, and 250 mg hydroxyapatite pellets. For each sample, three 
pellets were evaluated, one for each day (1–3 days). The pellets were placed in incubation plates with six wells and 5 ml ultrapure 
water. The plates were kept in an incubator at 37 ◦C and acclimatized with 5 % CO2. After the period had elapsed (1–3 days), the 
solutions were analyzed by ICP-OES.

2.3. In vitro model

BALB/3T3 clone 31 cell line (ATCC® CCL-163™) (murine fibroblasts) were plated on the 150, 200, and 250 mg scaffolds to 
evaluate the cell interaction with these bioceramics, the morphology, viability, cell proliferation, adhesion of this cell line. They were 
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1 U/mL of penicillin, 1 μg/mL of streptomycin, and 10 % 
fetal bovine serum (all from Gibco ThermoFisher, Waltham, Massachusetts, USA). They were maintained in a CO2 incubator at 37 ◦C in 
a humidified atmosphere with 5 % CO2.

For the subculture, the cells were placed in phosphate-buffered saline (PBS-Sigma-Aldrich) with 0.25 % trypsin/EDTA for 3 min. 
DMEM and 10 % fetal bovine serum (FBS) were used to inactivate the trypsin. Then, centrifugation was performed, and the super
natant was discarded. The cells were resuspended in DMEM with 10 % FBS. We counted cells through the De Neubauer chamber and 
seeded the cells under the biomaterials. The test used two different passages, each performed in triplicates with two passages.

The cells were plated on the respective bioceramics of 1.1 x 104 with 45 μL of the medium. Control cells were plated directly on 24- 
well cell culture plates (Sarstedt, Nümbrecht, Germany) or circular coverslips, depending on the assay performed. We used the same 
cell density with the same volume of 45 μL. They were kept at 37 ◦C, 5 % CO2, for 30 min to allow cell fixation. Afterward, they were 
complemented with 1 ml of complete (DMEM) medium. A period of 72 h was standardized to perform the respective tests.

2.4. Evaluation of cell viability and proliferation - Alamar Blue assay

Alamar Blue (INVITROGEN-US). These were incubated for 72 h with 10 % (v/v) of the reagent. The cell culture reagents were from 
Gibco ThermoFisher, Waltham, Massachusetts, USA. Plastic materials used for cell culture were obtained from Sarstedt, Nümbrecht, 
Germany. The data were obtained at wavelengths 570 and 590 nm using a spectrophotometer (INFINITE M200-TECAN) [22]. The 
results were analyzed in the GraphPadPrism program version 5.01 windows (San Diego, CA, USA), and the One-Way test was per
formed, ANOVA and Tukey, with a significance of 5 %.

The formula below was used to analyze the material’s cytotoxicity percentage. This equation was also taken into consideration by 
other authors for the analysis of cytotoxicity in the analysis of different biomaterials (CURSARO et al., 2022 and ROHMADI et al., 
2021) [23,24]. 

%Cell viability=
OD Positive control − ODblank
OD negative control − ODblank

x 100 (3) 

2.4.1. Morphological and ultrastructural analysis of cells in SEM
We performed triplicates for each scaffold (150, 200, and 250 mg) for morphological and ultrastructural analysis in SEM. The 

triplicates were carried out on a 13 mm circular coverslip (Kasvi) for the control. The cells were maintained for 72 h in a CO2 incubator. 
After the exposure time in cell culture, we fixed the cells with Karnovsky’s solution (2 % glutaraldehyde, 4 % paraformaldehyde, and 1 
mM CaCl2 in 0.1 mol L− 1 cacodylate buffer) for 1 h. They were washed with 0.1 mol L− 1 sodium cacodylate buffer, pH 7.4. Then, they 
underwent dehydration in increasing concentrations of ethanol 30 %, 50 %, 70 %, 90 %, and two times 100 %, critical point (CPD 010 
Critical Point Dryer 030 - Balzers) and subsequently metalized with gold (SCD 030 - Balzers). The images were captured in the 
Scanning Electron Microscope (TESCAN VEGA 3 LMU) of the Electronic Microscopy Center of the Federal University of Paraná. 
Electron microscopy reagents were purchased from Electron Microscopy Sciences (EMS), Hatfield, Pennsylvania, USA.

2.4.2. Immunofluorescence of cells in Confocal Laser Microscopy
Triplicates were performed for each scaffold (150, 200, and 250 mg) within 72 h to detect actin microfilaments. For control cells, 

triplicates were performed on a 13 mm circular coverslip (Kasvi).
Fixation was performed with 2 % paraformaldehyde (Ladd Research Industries, Burlington, VT, USA- Electron Microscopy Sci

ences, USA) in PBS for 20 min, washed with PBS, and incubated with glycine (0.1 % in PBS) for 4 min (Merck, Darmstadt, Germany). 
After washing with PBS and kept in PBS containing 0.01 % saponin (Sigma Aldrich) for 40 h. Then, we performed the actin micro
filaments detection using ActinGreen ™ 488 (Invitrogen, USA) in a PBS solution and 0.01 % saponin for 40 min under agitation. 
Subsequently, these were washed with PBS, and DAPI (4′,6-diamidino-2-phenylindole) (Invitrogen, USA) 3 μM in PBS (Molecular 
Probes, USA) was used for 20 min to detect the cell nucleus. At the end of the incubation, washing with PBS was performed twice. 
Control cells were mounted on a slide (Kasvi) using Fluormont G™ (Sigma), sealed, and kept in a refrigerator at four ◦C degrees. For the 
scaffolds (150, 200, and 250 mg) containing the cells, they were maintained in PBS at four ◦C degrees in the absence of light until 
analysis in the inverted Bio-Rad Radiance 2100 Confocal Microscope (Bio-Rad Hercules, Richmond, CA, USA). A 35 × 10 mm Petri dish 
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with a glass bottom (Greiner) was used for these biomaterials analyses.

3. Results

3.1. Characterization of hydroxyapatite and calcium β triphosphate

X-ray diffraction analysis (XRD) indicated the formation of Ca(OH)2 in the first stages of processing the raw material shell powder. 
The X-ray diffraction patterns of the sample (Fig. 1A–a) showed intense and well-defined peaks and a pattern of signals that are 
consistent with the crystallographic record of Ca(OH)2 (JCPDS 04–0733). In addition to the diffraction peaks attributed to Ca(OH)2, 
small diffraction peaks could also be attributed to slight contamination of CaCO3 by contact with atmospheric air (JCPDS 85–1108).

Fig. 1A and b is the XRD pattern of the Ca(OH)2 sample after the reactions with H3PO4.
The XRD pattern of the Ca(OH)2 sample after the reaction with H3PO4 and subsequent sintering (Fig. 1B) was consistent with the 

XRD pattern of hydroxyapatite, according to the sheets JCPDS 09–0432 and JCPDS 74–0565. The presence of a small halo in the region 
of 15◦–35◦ of 2θ, which is characteristic of amorphous material, indicates that the sintering of the material was not complete. However, 
there is no longer the incidence of XRD peaks attributed to Ca(OH)2 or CaCO3, indicating that in addition to the formation of hy
droxyapatite, there was the conversion of Ca(OH)2 into other compounds, such as β-tricalcium phosphate (Ca3(PO4)2), (JCPDS 
09–0169).

The FTIR spectra of the Ca(OH)2 sample obtained in the first step of synthesis (Fig. 1 C-a) showed bands attributed to the stretching 
of the O-H bond in the region above 3300 cm− 1. The intense band at 3640 cm− 1 is associated with the hydroxyl groups of the Ca(OH)2 
compound, and the band in the region of 3400 cm− 1 refers to the O-H bond of the water molecule. The bands in the 1460 cm− 1 and 874 
cm− 1 regions are related to the out-of-plane bending of the carbonate group’s C-O bond, indicating that there was a carbonation of the 
Ca(OH)2 sample.

In the FTIR spectrum of the sample obtained after the reaction of the Ca(OH)2 precursor with phosphoric acid (Fig. 1 C-b), there was 

Fig. 1. (A) X-ray diffraction pattern of (a) Ca(OH)2 and (b) after the reaction of Ca(OH)2 with H3PO4. (B) X-ray diffraction pattern of hydroxyapatite 
obtained after calcination at 1000 ◦C. (C) FTIR spectra of (a) Ca(OH)2, (b) sample after the reaction of Ca(OH)2 with H3PO4, and (c) hydroxyapatite 
obtained after calcination at 1000 ◦C. (D) SEM image of the hydroxyapatite obtained after calcination at 1000 ◦C.
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a reduction in the band intensity related to the hydroxyls of the compound, but an increase in the O-H bond bands referring to the water 
molecule (stretch: 3400 cm− 1 and 1640 cm− 1). The FTIR spectrum of this sample also showed bands attributed to the P-O bond of the 
phosphate group. The bands at 960 cm− 1 and 470 cm− 1 were attributed to the ѵ1 and ѵ2 phosphate vibration, respectively.

For the sample obtained after calcination, the FTIR spectrum (Fig. 1C–c) showed a similar spectrum of the sample from the previous 
step, before calcination. The presence of bands is attributed to the O-H bond (region from 3300 cm− 1 to 3600 cm− 1) but with less 
intensity due to the temperature of the heat treatment (1000 ◦C). The bands referring to the phosphate group are also evident, located 
at 472 cm− 1 (ѵ2), 568 cm− 1 and 605 cm− 1 (ѵ1), 943 and 971 cm− 1 (ѵ4) e 1044, 1091, 1120 cm− 1 (ѵ3).

The SEM image (Fig. 1D) shows the sample without its final compaction to form a scaffold. It presents morphology with sub
micrometric particles with spherical morphology.

The results of the ICP-OES analysis showed that the sample has a Ca/P ratio of 1.591 (Table 1), which is being in the range of values 
reported for β–Tricalcium phosphate (Ca/P = 1.5) and hydroxyapatite (Ca/P = 1.67) [19,45,46]. This result indicates a possible 
mixture of the two phases, corroborating the data obtained by X-ray diffractometry (Fig. 2B), in which signals referring to the two 
compositions were identified.

3.2. Hydroxyapatite morphology in SEM

SEM of the bioceramics surfaces (Fig. 2). Images from (A)–(D) show the 150 mg, (B) to (E) the 200 mg, and (C) to (F) the 250 mg. 
Images (A), (B), and (C) of smaller magnification show the morphological pattern of these circular bioceramics with a diameter of 10 
mm. The image shows a smooth and regular surface. In the other images at 30000 times magnification, the morphology is similar 
between the bioceramics. These have a large area of a smooth and regular surface. There are sparse areas with irregularities, which was 
more evident for the 150 mg bioceramic. The 150 mg bioceramic was the one that presented areas containing cracks or fractures, 
which indicate morphological characteristics of less compaction. Numerous pores with different morphologies and diameters were 
observed. There are areas with a lower degree of compaction and irregular relief with areas of fractures. Those are areas that integrate 
the surface of the biomaterial. For the 150 mg bioceramic, these areas are more frequent and evident.

3.3. Calcium and phosphorus leaching and SEM ultrastructural analysis of bioceramics after leaching test

The ICP-OES technique was also applied to evaluate the leaching of Ca and P from the samples in scaffold form (Fig. 3A and B). It is 
possible to notice that the levels of Ca released (Fig. 3A) were higher than those of phosphorus (Fig. 3B). This result was expected due 
to the more significant amount of calcium than phosphorus in the sample composition. However, the leaching of the elements did not 
follow the Ca/P ratio of 1.591 initially obtained in the ICP-OES. More Ca was leached for all samples. The sample prepared with 150 
mg of HA (Pellet 150) showed larger leaching than the samples from Pellets 200 and 250. This behavior may be related to the surface of 
the pellets (Fig. 3C, D, E). The sample that contained 150 mg (Fig. 3C) of hydroxyapatite showed greater porosity and less compaction 
when compared to the other samples. In contrast, the 250 mg pressed sample was more compacted and had fewer pores (Fig. 3D), 
making it difficult for the ions to move to the solution. The 200 mg sample showed an intermediate surface characteristic between the 
largest and smallest pellet (Fig. 3E).

After the leaching test, the scaffolds were analyzed again by SEM. In general, the samples showed increased surface porosity due to 
contact with water and the leaching of surface particles. Fig. 3C, D, and E show the control bioceramic surface without exposure to the 
liquid medium (Milli-Q Water), (C) 150 mg (D), 200 mg, and (E) 250 mg. Images (F) 150, (G) 200, and (H) 250 mg are of the surface of 
the bioceramics after 72 h of exposure to the liquid medium. It is evident for the 150 mg control bioceramics (C) the presence of a larger 
area of irregular relief, with characteristics of less compaction, presenting fractures, cracks, wear regions, and pores. Bioceramics (D) 
and (E) present ultrastructural similarity; they show a more regular surface with more compact morphological characteristics, wear 
regions, and irregular and less accentuated relief. After exposing these samples to the liquid medium, the increase in porosity of these 
bioceramics becomes evident. The 150 mg bioceramic (F) has particulate material on the surface. The relief of all bioceramics F, G, and 
H show irregularity and morphological characteristics of flocculus appearance, showing wear areas and, therefore, less compact 
architecture.

3.4. Cytotoxicity test

The Alamar Blue method was used to assess cell viability and proliferation. We chose the third day of maintenance for control cells 
and those exposed to bioceramics in cell culture to evaluate the in vitro results (Fig. 4). These results showed that 150 and 200 mg 
bioceramics were not cytotoxic compared to the control; only the 250 mg bioceramic had a significant reduction in cell proliferation.

Table 1 
Calcium and phosphorus contents obtained by ICP-OES for the hydroxyapatite sample synthesized from 
mussel shell powder.

Sample Ca P Ca/P

HA 0.614 0.386 1.591
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3.5. Morphological and ultrastructural evaluation of control cells and cells on bioceramics in SEM

The image (Fig. 5A) shows control cells plated on coverslips, image (Fig. 5B) cells plated on bioceramics with 150 (Fig. 5C), with 
200, and (Fig. 5D) 250 mg for 72 h in an incubator at 37 ◦C at 5 % CO2. Image (A) shows cells adhered to the substrate with different 
morphologies and emitting expansions of the cell body and membrane extensions.

A similar morphology can be observed for cells plated on the 150 mg bioceramic (Fig. 5B). They are more juxtaposed; the cell body 
is more adsorbed to the substrate, and the cells are more spread out. In Fig. 5C 200 mg, these cells showed clear cell confluence and 
juxtaposition, with contact inhibition forming a monolayer. Cells scattered, well adhered to the substrate. Evident greater cell body 
volume, morphologically more elongated when compared to control cells. Noteworthy is Fig. 5D, which contains the cells plated on the 
250 mg bioceramic. There was a visible change in cell morphology; the cells that emit cell body extensions have less body expansion. 
There are a smaller number of cells in cell culture; they are subconfluent, with cell morphology losing adhesion to the substrate and 
emitting long and thin filopodia projections.

3.6. Immunocytochemistry in Confocal Laser Microscopy

We used Actingreen 488™ to detect actin microfilaments and DAPI to detect cell nuclei. Images (Fig.6A) and (Fig. 6E) are control 
cells plated on coverslips maintained in culture in the presence of medium for 72 h at 37 ◦C, 5 % CO2. Images (Fig. 6B) and (Fig. 6F) 
cells were plated on 150 mg bioceramic, images (Fig. 6C) and (Fig. 6G) cells were plated on 200 mg bioceramic, and (Fig. 6D) and 
(Fig. 6H) 250 mg.

We can observe adhered and spread control cells over the substrate. They have different morphologies and central and spherical 
nuclei. There was intense staining for actin microfilaments occupying the entire cell volume, emitting membrane extensions in 
subconfluence.

Images (Fig. 6B) and (Fig. 6F) show several cells that adhered to the substrate, central and spherical nucleus. By the position of the 
nuclei, they are superimposed. There is an intense marking of the microfilaments occupying the entire cytoplasmic volume.

Images (Fig. 6C) and (Fig. 6D) show cells plated on 200 mg bioceramic. They also show characteristics similar to those described for 
cells plated on 150 mg bioceramic. The pattern in cell culture draws attention to them. They are juxtaposed, and due to the marking of 
the microfilaments, they present the morphology of elongated cells.

Images (Fig. 6D) and (Fig. 6H) show cells plated on 250 mg bioceramic with a clear predominance of cell nuclei in cell culture. 
Many cells are seen in the culture, and there is a minor marking for actin microfilaments, which is characteristic of poorly spread cells. 
They also have little cell volume and cells with difficulty organizing microfilaments to form stress fibers, structures that promote 

Fig. 2. Morphological and ultrastructural SEM analysis of the surface of bioceramics. (A–D) 150 mg bioceramic, (B–E) 200 mg, (C–F) 250 mg. 
Images (A), (B), and (C) show the surface morphology of different bioceramics. These have a circular shape (arrowhead) and smooth and regular 
surface to a lesser extent (arrow). Images (D), (E), and (F) show pores with different diameters and shapes (hollow arrow), and shows areas 
containing fractures, cracks, and irregular relief (hollow arrowhead). Assays were performed in triplicates.
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adhesion to the substrate. The nuclei are smaller, which is characteristic of cells in cellular distress.

4. Discussion

X-ray diffraction (XRD) analysis of the biomaterial showed the Ca(OH)2 formation. This outcome is consistent with previously 
reported results [25], which synthesized calcium hydroxide from a mixture of NaOH and CaCl2 solutions. In addition to the diffraction 
peaks attributed to Ca(OH)2, diffraction peaks can also be attributed to a slight contamination of CaCO3 (JCPDS 85–1108). This result 
happens because when Ca(OH)2 is exposed to air, it reacts with CO2, and the carbonation reaction occurs rapidly, converting the 
material that is more superficially exposed to air [26,27].

In the work of [28], the compound obtained after the reaction of CaCO3 with H3PO4 was analyzed by XRD, and the authors reported 
the formation of different compounds, such as octacalcium phosphate and calcium monohydrogen phosphate. However, in our work, 
the XRD patterns showed the formation of Ca3(PO4)2, consistent with the JCPDS 09–0169 file, and that a small portion of Ca remains in 
the form of CaCO3 and Ca(OH)2. This result is due to slow kinetics in the reactions of solid particles with H3PO4.

The sample’s XRD pattern showed the hydroxyapatite phase. Other authors [29,30] reported obtaining hydroxyapatite by different 
synthesis methods and under different pH conditions. However, the presence of a slight halo characteristic of amorphous material 
indicates that the sintering of the material obtained in this work was not complete, similar to other works, which have already reported 
a mixture between hydroxyapatite and β-tricalcium phosphate after sintering at different temperatures [31–33].

Fig. 3. ICP-OES technique: analyzing the release from the hydroxyapatite scaffolds over three days. Levels of Calcium released (A) and phosphorus 
(B) in scaffold samples of 150 mg (black line), 200 mg (red line) and 250 mg (blue line). SEM Analysis of the surface of the bioceramics before and 
after the leaching test. Images (C) 150 mg, (D) 200 mg, and (E) 250 mg show the control bioceramics without exposure to the liquid medium. Images 
(F) 150 mg, (G) 200 mg, and (H) 250 mg after 72 h of exposure. Image (C) shows areas of irregular relief (arrowhead) and less compacted (thin 
arrow). Images (D) and (E) show a smooth and irregular surface (closed arrow). Images (F), (G), and (H) show the decompression of the bioceramics 
after exposing them to a fluid medium (hollow arrow). Image (D) shows particulate matter (arrowhead).
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Hydroxyapatite was also obtained from oyster shells, but using another synthetic route that consists of converting calcium car
bonate into calcium oxide, subsequent addition of acid, and calcination at 1200 ◦C [34].

If the temperature or sintering time had been increased, a purer hydroxyapatite sample could have been obtained. However, the 
presence of calcium phosphates formed together with the majority of the hydroxyapatite phase does not prevent the material from 
being used as a bone substitute with cellular proliferation [10], which is the objective of this study.

Analysis of the FTIR spectra of the Ca(OH)2 sample showed bands attributed to stretching of the O-H bond in the region above 3300 
cm− 1. The band at 1650 cm− 1 is attributed to the bending of the O-H bond of water molecules [25,35]. The bands in the region of 1460 
cm− 1 and 874 cm− 1 are related to the carbonation of the Ca(OH)2 sample since all the synthesis processes took place under atmo
spheric air, as well as the preparation of the sample with KBr to perform the FTIR analysis. Similar results have already been reported 
for obtaining Ca(OH)2 from the reaction between calcium chloride and sodium hydroxide [26] and also in reactions using a melting 
chamber and ingots of calcium oxides and H2 [27].

The FTIR spectrum showed bands attributed to the P-O bond of the phosphate group. Phosphate has four vibration modes: ѵ1, ѵ2, 
ѵ3, and ѵ4, which refer to symmetrical stretching, symmetrical deformation, asymmetrical stretching, and asymmetrical deformation, 
respectively. The bands of greater intensity are the ѵ3 bands, located at 1097 cm− 1 and 1043 cm− 1 and the ѵ4 bands, located at 605 
cm− 1 and 575 cm− 1 [36–40].

For the sample after calcination, the FTIR spectrum obtained was similar to the spectrum of the sample before calcination. Overall, 
the FTIR spectrum for this sample was similar to those reported for hydroxyapatite [9,29,36,41–43]. However, the FTIR spectra of 

Fig. 4. Cell proliferation and viability test, Alamar Blue assay. BALB 3T3 cells (1.1x104 cells plated per well) were incubated with 150, 200, and 
250 mg bioceramics for 72 h of exposure. Results were expressed as means of triplicate samples. **p < 0.01.

Fig. 5. SEM ultrastructural evaluation of control cells and cells plated on bioceramics. The cells were maintained in cell culture for 72 h. Image (A) 
control cells plated on a circular coverslip maintained in the presence of medium only. Image (B) cells plated on 150 mg bioceramics. Image (C) 200 
and (D) 250 mg, incubated at 37 ◦C 5 % CO2. Cells adhered to the substrate (arrowhead), cells with different morphologies (arrow thin), cell body 
expansions (closed arrow), membrane extensions (open arrow), juxtaposed cells (thin arrow with two heads), cells adsorbed to the substrate and 
spread out (curved arrow with double heads). Cell confluence (thick double-headed arrow), juxtaposition with contact inhibition forming a 
monolayer (triangular arrowhead), greater cell body volume, morphologically elongated cells (curved arrow), cells with less cell body expansion, 
emission of cell extensions and subconfluent (closed arrow with four heads). All images are at 2500x magnification.
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hydroxyapatite and beta-tricalcium phosphate are very similar since the structures are similar, and, therefore, the compounds will 
present the same molecular vibrations, making it difficult to differentiate the two compounds solely by the spectrum. Despite this, 
when comparing the precursor before and after calcination, it is observed that the band at 960 cm− 1 disappears and, according to 
Ref. [44], the disappearance of this band indicates a mixture of phases between hydroxyapatite and beta-tricalcium phosphate, 
confirming the results observed in XRD.

When observing the 1-D image of the calcined material without being pressed, the SEM image showed that the sample presents a 
morphology of submicrometric spherical particles, as observed in other studies that evaluated powdered hydroxyapatite [42] or other 
Ca/P bioceramics [31,43]. In addition, the particles are agglomerated with minor variations in size, indicating good connectivity and 
formation of networks of small grains, which may be characteristic of bioactive compounds [10]. The literature has also been reported 
that hydroxyapatite samples obtained at pH values close to 10 results in spherical and aggregated particles [30]. This porous 
morphology in these particles favors wettability, capillarity, and solubility. Also, it favors the conditions for cell proliferation that may 
occur from the particle’s surface to the biomateril’s interior, aiming to contribute to the process of early bone formation through 
osteoinduction and osseointegration of the biomaterial with adjacent tissues [44–46].

Fig. 2 shows the surface of the materials after compacting three different masses (150, 200, and 250 mg) using the same force (3 
tons), resulting in materials with a flat surface and low porosity. This compaction was performed because the objective of the current 
research is to obtain a scaffold for tissue engineering. Using a vacuum muffle generated a material with a smooth surface and low 
porosity. The controlled environment allowed better cohesion between the chemical elements, resulting in a more compact, regular, 
and homogeneous microstructure, with changes in relief and almost no porosity. This surface, provided by vacuum sintering, con
tributes to increasing the mechanical resistance of the material obtained. This resistance favors the application in bone grafting; 
although porosity is essential to promote bioactivity and allow cell and nutrient infiltration, a material with fewer pores presents 
greater structural stability [47].

We highlight the impact of porosity on the biocompatibility of the biomaterial. Larger pores favor extracellular matrix infiltration 
but may compromise structural strength over time, especially in critical bone defects that require constant oxygen and nutrient 
supplementation. Biomaterials with porosity greater than 65 % offer greater interaction with the matrix but are more susceptible to 
degradation and pore blockage. On the other hand, materials with lower porosity, such as the one we developed, balance strength and 
bioactivity, which provide more reliable support for bone regeneration [48].

As the literature describes, bone tissue engineering requires a scaffold that will act as a temporary template for the cells. Guiding, 
therefore, bone repair, stimulating natural mechanisms of bone regeneration, mimicking the extracellular matrix, and, at the same 
time, providing mechanical support to the defect [49–51]. Thus, we developed a three-dimensional biomaterial aimed at bone tissue 
engineering. Our results demonstrate that bioceramics have promising morphological and structural characteristics to meet the 
specificity of in vitro studies and for future studies to evaluate the biotechnological potential of these parts for bone repair.

In Fig. 3-A and 3-B, we can observe through the graph that shows the leaching of Ca and P from the sample in scaffold form through 

Fig. 6. Detection of actin microfilaments and cell nucleus in Confocal Laser Microscopy. Actingreen was used to detect microfilaments and DAPI to 
show the cell nucleus. Control cells (A) and (E), plated on coverslips, were maintained in the presence of the medium. Images (B) and (F) cells plated 
on 150 mg bioceramics, (C) and (G) 200, and (D) and (H) 250. Control and exposure to bioceramics cells were maintained in cell culture for 72 h. 
We evidence: the actin microfilaments (arrowhead); cell nucleus (thin arrow); adhered and spread cells with different morphologies, central and 
spherical nucleus (thick closed arrow); membrane extensions (open arrow); subconfluent cells (hollow arrowhead); overlapping cells (thin double- 
headed arrow); juxtaposed cells (four-headed arrow); cells with elongated morphology, spread over the substrate (triangular arrowhead); a pre
dominance of the cell nucleus (curved arrow); cells with little spread, little cell volume (arrow with three heads). Images from (A–D) are at 40x 
magnification and from (E–H) at 60× magnification.
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the ICP-OES technique. That the levels of Ca released were higher than those of phosphorus. This was expected due to the more 
significant amount of calcium than phosphorus in the sample composition. After the leaching test, the scaffolds were analyzed again by 
SEM (Fig. 3-C). In general, the samples showed increased surface porosity due to contact with water and leaching of surface particles. 
To better understand the results of these SEM images, it is interesting to review some concepts. HA plays an essential role in cell 
adhesion, proliferation, and differentiation dynamics. Due to its slow degradation, it maintains spaces for the exchange of substances 
within the repair. β-TCP is a biocompatible, resorbable material and can act in osteoconduction. Upon simple dissolution, it rapidly 
releases calcium and phosphorus ions, contributing to initial osteogenic activities. Therefore, one of the hypotheses would be that this 
release is due to the amount of β-TCP in the biomaterial [52,53].

Thus, our scaffold has bioactive capacity and biodegradation once it contains HA and β-TCP. HA presents slow degradation, 
whereas β-TCP presents faster degradation, as shown in the leaching test through the ICP-OES assay [23,44]. In the SEM measure
ments, we could observe that when these ions were released into the environment, they modified the surface of these bioceramics. 
Initially, the biomaterial presents a smooth surface with microporosity (Fig. 2); after exposure and leaching (Fig. 3C–H), the surface 
becomes more irregular with greater porosity, having a less compact appearance, leaving small craters, and if we observe these craters 
(Fig. 3 F, G, H), we see that on the internal surface of the material, the particles present a morphology similar to the particles of the 
material without compaction.

The Alamar Blue method assessed cell viability and proliferation (Fig. 4). These results showed that 150 and 200 mg bioceramics 
were not cytotoxic; only the 250 mg bioceramic had a significant reduction in cell proliferation. A similar result was described by 
Ref. [54]. According to Ref. [55], they plated BALB/3T3 clone A31 and MC3T3 cells on hydroxyapatite biomaterial as lyophilized 
foam. These authors report that on the first day of exposure there was a significant decrease in the viability of BALB/3T3 clone A31 
cells, around 70 %–80 %, compared to the control using the MTT method. The opposite result was described for the pre-osteoblastic 
MC3T3 cell line; cell viability was significantly increased. When using the formula to assess cell toxicity (author), our results did not 
significantly reduce cell proliferation compared to the control group for the 150 and 200 mg bioceramics. We obtained a decrease of 
35 % only for the 250 mg bioceramic. These results are promising compared to those described in the literature, using the same cell 
line, with lower percentages of loss of cell viability. Because it is a 250 mg bioceramic, it was a biomaterial that morphologically 
presented a flatter, regular surface with a more compact morphological appearance.

With this result, it is worth highlighting that smoother surfaces with smaller porosities proved efficient for cell viability, prolif
eration, and adhesion dynamics, possibly due to their larger contact area, promoting efficient cell adhesion [56]. The importance of 
porosity and pore size of biomaterials is evident since they play a critical role in bone formation in vitro and in vivo. The literature 
reports that porosity is essential for cell communication [57,58]. However, smaller porosities stimulate osteogenesis, suppressing cell 
proliferation and forcing cell aggregation. It has been shown that biomaterials with small porosities induce hypoxic conditions, fa
voring osteochondral formation, preceding osteogenesis, and, on the other hand, larger pores favor neovascularization, leading to 
osteogenesis without prior cartilage formation [57].

In addition to the results presented in the calcium and phosphorus leaching technique, ICP-OES analyses were also performed. In 
this technique, the 250 mg biomaterial, when compared to the 150 mg and 200 mg, was the one that leached the lowest percentage of 
Ca (1.45) and P (0.36) into the cell culture medium. In fact, these factors effectively suggest the modulation of the loss of cell viability. 
Serum calcium and phosphorus concentrations are crucial for normal bone formation and mineralization [59]. Calcium cations are a 
versatile second messenger that regulates various cellular processes, including proliferation, gene transcription, aerobic metabolism, 
exocytosis, and synaptic plasticity [60].

To verify cell biocompatibility, regarding cell adhesion and proliferation, we used ISO 10993–5:2009 - a biological evaluation of 
medical devices, in vitro cytotoxicity test. The cell line used in this ISO was BALB/3T3 clone A31, thus justifying the choice of this line 
in our in vitro experimental model [61].

Biocompatibility is measured by evaluating the results of the viability, adhesion, and cell proliferation tests on the scaffolds. The 
150 and 200 mg scaffolds showed many adhered cells and spread cells over the bioceramics. The 200 mg scaffold showed cells in a 
monolayer covering all the biomaterial. These biomaterials (150 and 200 mg) were more promising. The 250 mg was the least suc
cessful pellet for this cell line at this time of study among the three biomaterials studied. Future tests with pre-osteoblast MG3T3-and 
mesenchymal cell lines are interested in evaluating the possible action of these bioceramics aimed at biotechnological potential. 
According to Refs. [55,59–61], a biomaterial is promising if the cell lineage maintains its morphology and cell proliferation and gets 
attached to the biomaterial, covering its surface after cell plating on a biomaterial.

Our biomaterials presented a smoother surface with slight irregularity and little porosity, with different diameters and morphol
ogies. Depending on the bioceramic, the surface showed a greater or lesser degree of wear and irregularities. These characteristics 
promoted good performance against the viability, adhesion, and cell proliferation dynamics, especially for two of the three bioceramics 
analyzed in Fig. 5 (150 mg 5-B and 200 mg 5-C).

Cell adhesion to the biomaterial surface is essential; it directs the active effects of cell proliferation and viability [62]. Due to its 
greater contact area, the smooth surface promotes better adhesion. On the other hand, the rougher surface restricts adhesion and cell 
proliferation [63].

We must also mention the role of porosity and pore size of biomaterials, which play a critical role in bone formation in vitro and in 
vivo. The literature reports that porosity is essential for cellular communication [64,65]. Smaller porosities stimulate osteogenesis by 
suppressing cell proliferation and forcing their aggregation. It is reported that biomaterials with small porosity induce hypoxic con
ditions, favoring osteochondral formation preceding osteogenesis. On the other hand, larger pores support neovascularization, leading 
to osteogenesis without prior cartilage formation [64].

The literature also reports that bone neoformation biomaterials are required in a minimum size of 100–300 μm, having a better 
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response in studies for new bone formation and capillary formation. Also, smaller pores of 10–75 μm allow the penetration of fibrous 
tissue, which helps in the mechanical fixation of the biomaterial. Pores of 5–15 μm favor the growth of fibroblasts, and pores of 40–100 
μm favor osteoid matrix formation [66]. It is necessary to find an ideal surface to evaluate the biotechnological potential of these 
bioceramics because the more significant the porosity, the lower the resistance of this biomaterial.

The biomaterials initially presented a smooth and regular surface with porosity and the described characteristics. As they were 
exposed to the culture medium, they were modified by releasing calcium and phosphorus ions by β TCP. The HA matrix remained to be 
colonized, and its degradability showed to be slower. Therefore, these biomaterials have great potential for in vitro studies. They are 
interested in studies with other cell lines to verify their biotechnological potential in other in vitro and in vivo models.

5. Conclusions

The results presented here describe the synthesis and characterization of biomaterials from mussel shell discards. We produced 150, 
200, and 250 mg bioceramics with HA and β-TCP extracted from the mussel shells, each with a diameter of 10 mm. Prior to exposure to 
the liquid medium, they presented a regular smooth relief morphology with little porosity. After the leaching test, they presented 
important ultrastructural characteristics for biomaterials.

The in vitro results using the BALB/T3T clone A31 cell line showed promising results for cell viability, adhesion, proliferation, and 
morphology on the 150 and 200 mg scaffolds. Due to their similarity to bone hydroxyapatite, they showed important chemical, 
morphological, and ultrastructural characteristics.

The successful sintering of natural source bioceramics has a great potential to reduce costs. In addition, they come from renewable 
sources, generating recyclable source material and helping the environment. Its use in implant dentistry should be investigated in 
future studies using mesenchymal cells of dental origin. In vivo studies will be necessary to assess their biotechnological potential, test 
their capacity for bone neoformation and clinical use.
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[37] R.L. Frost, Y. Xi, R. Scholz, A. López, F.M. Belotti, Vibrational spectroscopic characterization of the phosphate mineral hureaulite-(Mn, Fe)5(PO4)2(HPO4)2⋅4 

(H2O), Vib. Spectrosc. 66 (2013) 69–75, https://doi.org/10.1016/j.vibspec.2013.02.003.
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