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This study explores the fabrication and characterization of porous ceramic scaffolds using the
polyurethane sponge replication technique with commercial hydroxyapatite (SA-P) and Nile Tilapia
bone-derived (FB-P) powders. Scaffolds sintered at 1300 °C and 1400 °C for 5 h exhibited high porosity
(70-90%) with interconnected pores. SA scaffolds exhibited greater shrinkage due to differences in
particle size and morphology. FTIR and XRD analyses confirmed hydroxyapatite (HAp), B-tricalcium
phosphate (B-TCP), and a-tricalcium phosphate (a-TCP) phases, with compositions influenced by
sintering temperature. FB scaffolds developed a distinct blue coloration attributed to hydroxyl (OH")
and oxygen (O -PO,) vacancies within the HAp, while SA scaffolds appeared lighter. UV-vis and
XANES analyses validated these compositional differences. In vitro cytotoxicity assays confirmed

the biocompatibility of all scaffolds, with SA scaffolds exhibiting higher cell viability and proliferation
than FB scaffolds, likely due to their optimized microstructure and phase composition. While FB
scaffolds showed slightly lower cell proliferation, their bioactivity remained sufficient for bone tissue
engineering applications. These findings suggest a promising strategy for selectively enhancing the
OH™ vacancy within the HAp structure and refining the HAp/B-TCP composition, thereby improving the
biological performance of calcium phosphate scaffolds for biomedical applications.
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Calcium phosphate (CaP) materials, including hydroxyapatite (HAp), biphasic calcium phosphate (BCP), f-
tricalcium phosphate (B-TCP), and a-tricalcium phosphate (a-TCP), are extensively utilized in bone tissue
engineering due to their biocompatibility and osteoconductive properties?. Moreover, CaP-based biomaterials
facilitate osteoblast adhesion, proliferation, and differentiation, thereby promoting effective bone regeneration3.
Among CaP materials, BCP, which consists of HAp and B-TCP, demonstrates superior osteoinductive and
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osteoconductive performance compared to single-phase CaP biomaterials when implanted in bone defect sites.
This is attributed to the high resorbability of B-TCP and the low solubility of HAp, which together enhances
bone remodeling and regeneration®>. HAp promotes new tissue growth through osteoconduction, a process
in which bone grows on the surface of materials without causing toxicity or inflammation®. Furthermore,
the osteoconductive properties of HAp can be enhanced by surface charge modification, which influences
cellular interactions and biological responses”?. In contrast, f-TCP exhibits strong osteoinductive properties,
promoting the differentiation of progenitor cells into osteoblastic lineages upon implantation in bone defects,
thereby accelerating bone regeneration®*. Although BCPs have attracted significant research interest due to their
potential, the HAp/B-TCP ratio is crucial in controlling their degradation rate. Optimizing this ratio is essential
to ensure that degradation aligns with the rate of bone tissue regeneration while maintaining biocompatibility,
minimizing toxicity, and allowing safe elimination from the body without adversely affecting other organs*°.

Scaffolds are 3D structures that provide structural support for bone augmentation, offering a surface for bone
cell adhesion and promoting new bone formation®!°. An optimal scaffold features high porosity (80-90%) and
an interconnected open-pore network (100-1250 pm)'!, allowing bone cell infiltration, nutrient diffusion, and
waste removal. This 3D pore structure also aids in the gradual degradation and clearance of scaffold materials
without affecting surrounding tissues®!°. Ebrahimi et al.'> demonstrated that a scaffold composed of a 50:50 ratio
of HAp/B-TCP fabricated using the polymeric sponge method exhibited promising characteristics in promoting
cell proliferation, enhancing cell attachment, and stimulating alkaline phosphatase activity in MC3T3-E1 cells
over 19 days. However, previous studies have indicated that several factors, including purity, crystallinity,
surface area, porosity, and pore size, significantly influence the performance of scaffolds. Additionally, surface
charge, charge imbalance, and vacancy formation are critical determinants of the biological properties of CaPs
scaffold!>!%. Among various types of vacancy formation, OH~ vacancies in HAp have been shown to enhance
bioactivity by increasing solubility, facilitating apatite formation, and improving osteoconductivity. Bystrov et
al.’® suggested that the pale blue coloration observed in HAp powder derived from cod fish bones through
chemical and thermal treatment is attributed to the presence of mixed vacancies, specifically OH™ vacancies
and O_-PO, defects, at the boundary of the UVA-UVB regions. In addition, Bas et al.'® synthesized HAp/-TCP
ceramics using powder derived from salmon bone and reported a color change from white to blue at 1200 °C and
1300 °C. However, their study did not provide specific details regarding the underlying mechanism responsible
for the blue coloration in ceramics.

To date, there have been no reports on blue-colored CaP scaffolds or porous materials. Furthermore, the
influence of defects or vacancies on color variations and their potential impact on the biological properties of these
materials remains unexplored. This study investigates and compares the sintering behavior, phase composition,
local atomic structure, and morphology—including surface area, porosity, and pore size—of scaffolds fabricated
from Nile tilapia bone-derived powder and commercial hydroxyapatite powder. By analyzing these properties,
it aims to provide fundamental insights into phase composition, morphology, the blue coloration due to local
defect sites, and the bioactivity of fish bone-derived scaffolds. The findings underscore the potential of this
sustainable raw material for biomedical applications, laying the foundation for future research and development.

Material and methods

Powder and scaffold preparations

In this study, commercial hydroxyapatite powder (SA-P, Sigma-Aldrich Co. LLC, 900203-50G, white powder)
and HAp/B-TCP powder derived from fish bones (FB-P, white powder) were used as starting materials for
scaffold fabrication. The extraction process followed the same procedures as in our previous work!”. The
scaffolds were produced using the polyurethane sponge replication technique. Cylindrical polyurethane sponges
(45 ppi, 7.5 mm diameter x 7.5 mm height) were pretreated with 1 M NaOH solution for 24 h to enhance slurry
adhesion to the sponge surface, following the method of Khallok et al.’. The treated sponges were then rinsed
three times with deionized water and dried at 100 °C for 1 h. A slurry was prepared using polyvinyl alcohol
(PVA, BF17W, Ajax Finechem Pty Ltd, New Zealand) as a binder to coat the polyurethane sponges during the
scaffold fabrication process. Two slurries were prepared using a consistent powder-to-PVA solution ratio (9 g:15
mL), one incorporating SA-P and the other FB-P. A 5 wt% PVA solution was used for the SA-P slurry, and the
mixture was stirred at 100 rpm for 30 min to achieve a homogeneous slurry. However, this approach caused
particle agglomeration in the FB-P slurry. To address this, a 2.5 wt% PVA solution and a hand-mixing method
were employed to ensure a uniform slurry suitable for coating. The slurries were coated onto polyurethane
sponges, and the excess slurry was removed using a custom-built spin coater system. Then, the coated sponges
were dried at 100 °C for 5 min to form the first layer. This procedure was repeated for each subsequent layer
until 5 layers were completed. The coated sponges were preheated at 600 °C in an electric furnace (XINKYO,
§X2-4-17TP, China) at a 1 °C/min heating rate for 1 h to remove the polyurethane sponge template. Given that
partial decomposition of HAp to p-TCP occurs within the 1200-1400 °C range®'’, the scaffolds in this study
were sintered at 1300 and 1400 °C for 5 h at a heating rate of 5 °C/min in an air atmosphere. After sintering,
all scaffolds were naturally cooled inside the furnace. The scaffolds sintered at 1300 °C (SA-13 and FB-13) and
1400 °C (SA-14 and FB-14) were comparatively studied for their sintering behavior, microstructure, phase
composition, and biological properties. The results were investigated and discussed.

Powder and scaffold characterizations

The functional groups in the samples in the wavenumber range of 1750-550 cm~! were examined using Fourier
transform infrared spectroscopy (FTIR, TENSOR27, Bruker, USA). High-quality X-ray diffraction (XRD, D8
ADVANCE, Bruker, USA) was employed to analyze the crystal structure and phase composition of the samples.
XRD data were collected in the 20 range of 10-90° with a step size of 0.02° and a scan time of 2s per step.
Quantitative phase analysis was performed using the Rietveld refinement method with TOPAS software. The
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fitting employed the FP peak profile model, incorporating Lorentzian-type contributions for crystallite size and
Gaussian-type contributions for a strain to refine the peak profiles.

Synchrotron radiation X-ray tomographic microscopy (SRXTM) was used to determine the porosity in
the three-dimensional scaffolds, including total porosity, contact surface, and pore distribution. The SRXTM
experiments were conducted at the XTM beamline (BL1.2W) of the Synchrotron Light Research Institute
(SLRI), Nakhon Ratchasima, Thailand. X-rays were generated by the 1.2 GeV Siam Photon Source, utilizing
a 2.2 T multipole wiggler with a 23.5 mm. For X-ray imaging, the X-ray beam was collimated with a toroidal
mirror located 890 m from the source, filtered through a beryllium window, and attenuated using 200-um
aluminum foil, resulting in a filtered beam with a mean energy of 11.5 keV. The sample position was situated
34 m from the radiation source. All X-ray projections were acquired at the isotropic voxel size of 3.61 um with
the X-ray imaging system comprising a YAG-Ce scintillator, 2X objective lens-coupled microscope (Optique
Peter, France), and the PCO-edge 5.5 camera. Cylindrical scaffold samples (6 mm diameter x6 mm height)
were mounted on a rotary stage to collect the tomography data. For a complete dataset, two tomography scans,
covering 0-180° with 0.2° increments, were performed on the top and bottom portions of each scaffold, and
the data were combined using an image stitching strategy'®. Then, the flat-field correction, normalization, and
tomographic reconstruction were processed using Octopus Reconstruction software (Tescan Orsay Holding,
Brno, Czech Republic). Three-dimensional porosity analysis was performed with Octopus Analysis (Tescan
Orsay Holding, Brno, Czech Republic), and 3D volume representations of the scaffolds were generated using
Drishti software, Version 2.6 (ANU Vizlab, Canberra, Australia).

UV-vis spectra were obtained using a UV-visible-Near Infrared Spectrometer (PerkinElmer Lambda 950,
America) equipped with an integrating sphere covering the wavelength range of 200-800 nm. The measurements
were performed on the SA- and FB scaffolds along with BaSO, as a reference material. The indirect band gap
energy (E)) of the scaffolds was calculated using a modified Kubelka-Munk function, as detailed in previous
research!®2;

(F (Roo) - hv)'/? = B (hv — E,) (1)
where F' (R ) or a represents the ratio of scattering to absorption in the material, calculated using

2
o= LT @

where R is the reflectance of the material. Here, h is the Planck’s constant, v is the photon frequency,B is a
constant, and E is the band gap energy. To determine the band gap values for the SA- and FB scaffolds, a plot
of (F (Rao) - hv)'/? against hv was constructed.

X-ray absorption near edge structure (XANES) measurements were carried out at Beamline 8 of the
Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand, to investigate the local calcium site
in the scaffolds. The measurements were conducted in transmission mode, with samples mounted on polyimide
tape and installed in the holder. The spectra were recorded at room temperature within the photon energy range
of the Ca K-edge (3938.5-4238.5 eV) using Ge (220) crystals generated from electron beam energy of 1.2 GeV
and beam current of 120-80 mA. The monochromatic X-ray beam size on the sample position was 13 mmx 1
mm. The Ca K-edge XANES spectra were calibrated using the peak position of CaCO; at 4060.5 eV2!, with
CaCO; powder (Sigma-Aldrich) as the reference material. Data processing and analysis were performed using
Athena software (Demeter System, Version 0.9.26)%%.

Computational methodology
To investigate the electronic band structure and structure models of pristine HAp and vacancy case to compare
with our experimental data, the Vienna ab initio Simulation Package (VASP) code, which is based on first-
principles density functional theory, was used for all calculations?®. Electronic wave functions were expanded
to fully relax and optimize the crystal structures using a plane wave basis set with a cut-off energy of 520 eV.
Brillouin zone integration was performed using a Monkhorst-Pack?* mesh with a 3 x 3 x 6 grid in primitive cells.
Using the projector augmented wave (PAW) approach?, the exchange-correlation potential was parameterized
using the Perdew-Burke-Ernzerhof (PBE) parameterization®. The self-consistent iterations converged when the
total energy and force difference between cycles were less than 0.001 meV/atom and 0.01 meV/A, respectively.
The Cal and Ca2 K-edge XANES spectra were calculated based on defective structures containing O -
OH~, O,-PO,, and OH™ vacancies, which were obtained from first-principles density functional theory (DFT)
optimizations?’. The crystal structure of HAp is illustrated in Fig. 1. The self-consistent calculation was carried
out within a sphere of radius 4.0 A centered around the absorber Cal and Ca2 atoms. The full multiple scattering
calculations were performed by considering all potential paths within a larger cluster, using a 7.0 A radius as
provided by the FEFF9 code?.

In vitro cytotoxicity assay and cell proliferation assay

In this study, the cytotoxicity and cell proliferation were evaluated by using (3-(4,5-dimethylthiazolyl-2)-
2,5diphenyltetrazolium bromide) (MTT) assay. MC3T3-El subclone 14 cells (ATCC CRL-2594™) were
maintained in Minimum Essential Medium-alpha with GlutaMAX supplement (MEM-a 1X+ GlutaMAX™-1,
Gibco, NY, USA) supplemented with 10% Fetal Bovine Serum (Gibco) and 1% Antibiotic-Antimycotic in alpha
MEM (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA)) (100X, 10,000 units/mL of penicillin with
10,000 pug/mL of streptomycin, and 25 pg/mL Amphotericin B) (Anti-Anti, Gibco). Cells were incubated at 37
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Fig. 1. Crystal structure of hydroxyapatite.

°C and 5% CO,. The complete medium was replaced every two days until the MC3T3-E1 cells reached 90%
confluence. The subcultivation ratio of 1:10 was used.

An in vitro cytotoxicity was conducted using direct contact based on ISO 10993-5 (Biological evaluation
of medical devices, 2nd Edition) with some modifications?®. Before the experiment, the scaffolds were
decontaminated using autoclaving at 121 °C for 15 min and sterilized under UV light for 30 min in 96-well plates.
One well would contain one scaffold. MC3T3-E1 cells were seeded on top of the scaffolds at a concentration of
1x10* cells per well. Twenty-four hours later, the medium in each well was replaced with the MTT reagent
(MTT, Invitrogen by Thermo Fisher Scientific, Life Technologies Corporation, OR, USA) at the concentration
of 1 mg/mL (in PBS). After 4 h, the MTT reagent was replaced with 100 uL of dimethyl sulfoxide (DMSO,
AMRESCO, OH, USA) to dissolve the precipitated formazan crystals. The formazan solution (60 uL per well)
was used to analyze the absorbance. The absorbance was measured at 570 nm (EPOCH, BioTek Instrument, VT,
USA). All absorbance values were adjusted with a blank solution containing 60 uL of DMSO. The cells cultured
in a blank well (without the scaffolds) served as a negative control or untreated, and the cell viability was adjusted
to 100%. Cell viability was calculated using the following equation:

Absorbance(cellsonscaffolds) % 100

% cellviability =
Absorbance(cellswithoutscaffolds)

The cell proliferation assay was conducted in the same manner as the in vitro cytotoxicity study, except with a
more extended incubation period. Cells were seeded onto the scaffolds and incubated for 3, 7, and 14 days. Cell
viability was normalized against the untreated cells at 24 h incubation period.

Statistical analysis

Data in graphical format are expressed as mean * standard error of the mean (SEM). In vitro studies data were
performed using a Two-way ANOVA, followed by the Tukey multiple comparisons test. The comparison was
conducted by comparing the mean within the same incubation period. A p-value less than 0.05 was considered
significant. All statistical tests were performed using GraphPad Prism, version 7.00 (GraphPad Software, CA,
USA, www.graphpad.com).

Results

Physical appearance and morphology of scaffolds

After sintering, the physical appearance of all scaffolds is shown in Fig. 2. The FB-13 and FB-14 scaffolds
appeared blue, while the SA-13 scaffold exhibited a pale blue color. Interestingly, the SA-14 scaffold displayed
a light blue color at higher sintering temperatures. Previous studies have linked color changes in HAp and f-
TCP to incorporating ion substitutes, such as Mn and Cu, into Ca sites within their structures!>3%3!. These
substitutions can induce crystal defects, charge imbalances, and alterations in the electronic structure and optical
properties of the materials. Despite the absence of Mn and Cu in the powder derived from fish bones!”, the
FB-13 and FB-14 scaffolds still displayed a blue coloration. This phenomenon is likely attributed to the formation
of defects or vacancies within the HAp structures. Other characterization techniques were employed to provide
an explanation, which will be discussed in "UV-vis analysis and scaffold color" section.

The SA scaffolds exhibited a higher degree of shrinkage, with a reduction of 47% in diameter and 33% in
height, compared to the FB scaffolds, which shrank by 33% in diameter and 20% in height. As reported in our
previous work!”, FB-P powder consists of irregularly shaped particles with a larger particle size than the spherical
particles of commercial hydroxyapatite (SA-P, Sigma-Aldrich Co. LLC, 900203-50G). The shrinkage behavior
during sintering is influenced by particle size and morphology. Smaller particles shrink more due to their higher
surface area-to-volume ratio, enhancing sintering forces, accelerating diffusion, and increasing sintering stress.
In contrast, larger particles exhibit lower shrinkage due to reduced surface energy and stress. Furthermore,
particle morphology significantly influences densification, with irregularly shaped particles exhibiting distinct
shrinkage patterns compared to spherical particles, primarily due to variations in packing density and diffusion
pathways®*34, Therefore, the differences in scaffold shrinkage observed in this study can be attributed to the
particle size and morphology of the powders used as starting materials for scaffold fabrication.
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Fig. 2. Physical appearance of scaffolds.
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Fig. 3. 3D volume representation of the scaffold SA-13, SA-14, FB-13, and FB-14 in orthogonal views.

The microstructure and porosity of the scaffolds were analyzed using synchrotron radiation X-ray tomography
at high resolution, with an isotropic voxel size of 3.61 um. Three-dimensional volume representations of the SA-
13, SA-14, FB-13, and FB-14 scaffolds in orthogonal views are presented in Fig. 3. Porosity was calculated from
the voids within the analyzed volume, segmented based on the X-ray absorption contrast between the scaffold
material and air. A summary of the porosity analysis is provided in Table 1 (in Supplementary Information).
The porosity of the SA-13 and SA-14 ranged from 80 to 90%, whereas the FB-13 and FB-14 scaffolds exhibited
slightly lower %porosity, between 70 and 80%. Further analysis indicated that over 99.9% of the pores in all
scaffolds were classified as open pores. The pore distribution profiles of all scaffolds are shown in the histogram
plots in Fig. 4, illustrating the distribution of separated pores based on their equivalent diameters. Notably, the
majority of the contact surface area of the scaffolds was associated with pores having equivalent diameters of
less than 100 pm.

In the previous section, we reported that the SA scaffolds exhibited higher shrinkage than the FB scaffolds.
However, the total porosity fractions in Table 1 (in Supplementary Information) and the pore size trends show
an opposite result. Although the porous structures, prepared under the same preparation condition, exhibited
notable similarities across the scaffolds, the SA scaffolds had thinner struts than the FB scaffolds, as shown in
Fig. 3. This observation may be attributed to a higher degree of shrinkage in each strut, influenced by the particle
size and morphology, which results in a larger pore size and higher pore volume in the SA scaffolds compared
to the FB scaffolds.
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Fig. 4. Histogram plot of pores in the scaffold (a) SA-13, (b) FB-13, (c) SA-14, and (d) FB-14.

FTIR analysis

FTIR spectra of the two starting powders and scaffolds within the wavenumber range of 1750-550 cm™! are shown
in Fig. 5. Characteristic vibrations of H Ap were evident in both starting powders!”-*. However, the presence
of v,PO,* (1126 cm™) and v,PO,*" (948 cm™) of B-TCP, as well as v,PO,>" (985 cm’l) of Mg-substituted
beta tr1calc1um phosphate (B- MgTCP) was detected in only the FB-P3¢7, The HAp structure comprises two
types of carbonate substitution: A-type at the hydroxyl site and B-type at the phosphate site, along with CO,*
located on the surface of the SA-P and FB-P**, Following the sintering process, no vibration peaks assoc1ated
with polyurethane were detected, confirming the complete removal of the polyurethane sponge. All scaffolds
exhibited characterlstlc HAp vibrations without CO,*, A-type, and B-type peaks. The decrease in the OH~
vibration at 629 cm! in the FB-13 and FB-14 scaffolds 1nd1rectly indicates a higher degree of Mg substitution
for Ca than the FB-P sample. As the sintering temperature increased, the PO,*~ bands in the 1200-900 cm™
region of all scaffolds broadened compared to the powders, likely due to overlappmg vibrations of PO,*" in
the HAp, B-TCP, and a-TCP structures. Furthermore, in this region, the PO,*" bands of the FB-13 and FB-14
scaffolds were broader than those of the SA-13 and SA-14 samples, 1nd1cat1ng differences in phase composition
between the scaffolds sintered at the same temperature.

Crystal structure analysis

The XRD patterns of the powders and scaffolds collected at room temperature are presented in Fig. 6. The
diffraction pattern of SA-P (Fig. 6a) showed only HAp (JCPDS No. 01-074-0565) without detectable impurities.
In contrast, the pattern of FB-P (Fig. 6d) displayed both HAp and B-TCP phases, indexed to COD ID 9,002,213
and COD ID 1,517,238, respectively. The crystalline phase compositions of all samples, except SA-P, were
quantitatively analyzed using Rietveld refinement. The fitting results in Fig. 6b—f demonstrated good agreement
between experimental and calculated data, as indicated by the excellent goodness-of-fit (GOF) values. The
refinement parameters, phase content percentages, and lattice parameters are summarized in Table 2 (in
Supplementary Information). The phase composition of FB-P comprised 88% HAp and 12% p-TCP. Notably,
the B-TCP and a-TCP phases in the FB scaffolds increased following sintering at 1300 °C and 1400 °C for 5
h, while the HAp phase decreased. This indicates that the HAp phase in FB-13 and FB-14 underwent greater
decomposition into B-TCP and a-TCP phases. Although SA-P exhibited only the presence of HAp, partial
phase transformation of HAp to B-TCP and a-TCP was observed in SA-13 and SA-14 scaffolds after sintering.
The proportions of p-TCP and a-TCP phases increased with higher sintering temperatures. Furthermore, at
the same sintering temperature, FB scaffolds exhibited higher amounts of 3-TCP and a-TCP phases than SA
scaffolds. These findings align with the FTIR results.

Scientific Reports |

(2025) 15:24058 | https://doi.org/10.1038/s41598-025-99708-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

o

~ 2

o _ o)

On =

=) &

i o =
& > ;

o T ; &
O = Sl T O
FB-14 . ) o &
: 8“‘ ] :

% Transmittance

C(Atype) b )
(B-type) --4---N\---\-------me e e e

2
3
2-
3
R e

CO
PO?'““““:.: P S T ) et I
CcO

e R e T (O &

1750 1500 1250 1000 750
Wavenumber (cm™)

Fig. 5. FTIR spectra of powders and scaffolds.

UV-vis analysis and scaffold color

The absorption spectra were identified, and the corresponding optical band gap was determined using UV-
Vis spectroscopy and the modified Kubelka-Munk equation. This method enables a detailed understanding
of the electronic and optical properties of the scaffolds. Figure 7a displays the UV-vis spectra of the FB and
SA scaffolds. The SA scaffolds show no apparent absorption in the visible region (380-750 nm), consistent
with previous reports on pure HAp**2. In contrast, the FB scaffolds exhibit a prominent absorption band at
approximately 300 nm and a weak band in the 550-700 nm wavelength region. This result may be attributed to
defects in the HAp environment. A Tauc plot was employed to calculate the indirect band gap energy (E ) of all
scaffolds, and the E_values for each scaffold, indicated by the dashed lines, are shown in Fig. 7b—e. The FB-13 and
FB-14 scaffolds had an E_ of approximately 3 eV, while the SA scaffolds exhibited two distinct band gap values.
The SA-13 scaffold reveaI%d E values of 3.1 eV and 5.0 eV, whereas the SA-14 scaffold showed Eg values of 3.1 eV
and 3.8 eV. These E_values are consistent with the colors of the scaffolds.

The band structure and projected density of states (pDOS) of pure HAp are displayed in Fig. 8a. At the
GGA-PBE level (5.23 eV), the computed E_ of pure HAp is 5.21 eV (an indirect band gap), which agrees with
many reports***4. O (2p) states dominate the top of the valence band, which spans energy levels from -6 eV to
0 eV, although Ca (34) states provide a very small contribution in this range. On the other hand, Ca (3d) states
predominate in the lowest conduction band, which spans from 5 to 9 eV above the Fermi level. The modest
presence of O (2s) and O (2p) states in this area suggests little hybridization between O and Ca atoms. The
calculated E, for OH™ vacancy (OH,) in Fig. 8b is 1.55 eV. A defect state occurs at the mid-gap due to the O (2p)
state, reducing the band gap of pure HAp by approximately 27.4%. For O -OH in Fig. 8c, the calculated E is 5.25
eV. These results show that an oxygen vacancy in the OH group does not significantly affect the energy gap of
pure HAp, which remains high compared to the pure structure. The calculated E, for O_-PO, in Fig. 8d is 3.94 eV.
A defect state occurs at the mid-gap due to the O (2p) state hybridized with the b (3p) state, narrowing the band
gap of pure HAp by approximately 24.4%. However, calculations rely on the exchange-correlation potential,
which was parameterized using the Perdew-Burke-Ernzerhof (PBE) method. Consequently, the calculated
values tend to be underestimated compared to experimental results. This suggests that OH~ vacancy defects
predominantly influence the sample color. The E_ corresponding to the blue visible light region typically ranges
from 2.48 eV to 3.26 eV, corresponding to light wavelengths of approximately 380 nm to 495 nm. Moreover, the
absorption of orange spectra (480-665 nm) subsequently reflects a blue color’®®. Based on our calculations,
it is plausible that the blue color observed in our FB scaffolds (which exhibit a prominent absorption band at
approximately 300 nm and a weak band in the 550-700 nm wavelength region), with an E_of approximately
3 eV, might originate from OH~ vacancies. Although the E_corresponding to the blue visible light region was
observed in the SA scaffolds, the low (ahv)'/? intensity of the SA scaffolds resulted in a lighter blue color than
that of the FB scaffolds. This may imply that the FB scaffolds contain more OH™ vacancy than the SA scaffolds.
Furthermore, the SA-14 scaffold shows no E, characteristic of pure HAp, which may cause the different blue
shade observed in the SA scaffolds.
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XANES study

XANES is a spectroscopic technique that provides insights into the electronic structure of materials at the atomic
level. The Ca K-edge XANES offers information about the local structure surrounding Ca atoms in the sample.
The spectra can be compared with those of standard reference materials to identify the phases present in the
sample. Figure 9a shows the normalized Ca K-edge XANES spectra of standard powders (HAp, a-TCP, and B-
TCP) and scaffolds (FB-13, FB-14, SA-13, SA-14). Consistent with our Rietveld refinement analysis in "Crystal
structure analysis" section, the results confirm that the samples comprise a mixture of HAp, a-TCP, and 3-TCP
phases.

To further investigate, linear combination analysis (LCA) was performed using the Ca K-edge XANES spectra
of HAp, a-TCP, and B-TCP as references. Figure 9b compares the sample spectra with the linear combination fit
(LCF), highlighting differences around 4051 and 4054 eV, which indicate the presence of crystal defects. These
defects were analyzed by calculating oxygen vacancies in OH™ (O ~OH") and PO, (O -PO,), as well as OH~
vacancies, and comparing them with a perfect HAp crystal. The results show that the integral intensity of the Ca
K-edge spectra decreases in the 4051-4054 eV region due to defects, except for the O _-PO, defect. Although
the results are not highly conspicuous, they are supported by FTIR analysis, which shows the absence of the
CO,* group at the OH" site after sintering. This suggests that O ~OH~ and OH~ vacancies may form during
the sintering process. However, discrepancies between the experimental and calculated results imply that the
simulated local defect sites do not fully represent the actual defect sites within the structure. XANES analysis
confirms the presence of O ~OH™ and OH"~ vacancies in the HAp structure for all samples. Additionally, band
structure calculations suggest that the sample color is influenced by OH~ vacancy defects, which correspond to a
band gap of 1.55 V. This indicates that OH™ vacancy formation is more prominent than O ~OH™ in FB-13 and
FB-14 samples, whereas O ~OH~ formation dominates in SA-13 and SA-14 samples, likely due to their lower
color intensity.

In vitro cytotoxicity and cell proliferation
The in vitro cytotoxicity of the four different types of scaffolds was assessed via an MTT assay. MC3T3-E1 cells
were chosen since they are one of the most commonly used osteoblast-like cell lines for osteogenesis evaluation®’.
MC3T3-E1 cells were seeded onto the scaffolds and assessed for cell viability after 24 h incubation period. Cells
on all scaffolds showed a relative cell viability higher than 70% (Day 1, Fig. 10). According to ISO 10993-5, all
four types of scaffolds showed no sign of cytotoxicity.

The cell proliferation assay was conducted by seeding MC3T3-E1 cells onto the scaffolds and incubating
them for longer periods of time. The cell number increased on days 3 and 7, as evidenced by an increase in the
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Fig. 10. Relative cell viability (%) of MC3T3-E1 cells that were seeded onto the scaffolds made of Fishbone
HAp (FB-13C and FB-14C) and commercial HAp from Sigma Aldrich® (SA-13C and SA-14C). Untreated cells
were seeded into blank wells without the scaffolds. Data are expressed as mean = SEM. Two-way ANOVA with
Tukey multiple comparisons were performed. ***p <0.001, **p<0.01, and *p<0.5.

percentage of relative cell viability when compared to untreated cells on day 1. When comparing groups at the
same time point, they are not significantly different. However, on day 14, cells seeded on the scaffolds showed
significantly higher cell viability than those untreated (Day 14, Fig. 10). Among all scaffolds tested, the SA-13
gave the highest percent cell viability, resulting in the highest cell proliferation ability.

Discussion

SA and FB scaffolds were fabricated using the polyurethane sponge replication technique, employing commercial
hydroxyapatite and fish bone-derived powders as precursors. Due to differences in particle size and morphology,
SA scaffolds exhibited greater shrinkage, leading to thinner struts, larger pores, and higher porosity (80-90%)
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compared to FB scaffolds (70-80%). The FB-13 and FB-14 scaffolds displayed a distinct blue coloration, whereas
SA-13 and SA-14 exhibited lighter blue shades, indicating a higher concentration of OH™ vacancy defects in FB
scaffolds. Phase analysis revealed an increased presence of 3-TCP and a-TCP in FB scaffolds, attributed to the
enhanced decomposition of hydroxyapatite, while SA scaffolds retained a higher proportion of the original HAp
phase. XANES analysis further confirmed OH™ vacancies in the HAp structure for all samples, consistent with
FTIR analysis.

Cells cultured on the scaffolds exhibited significantly higher viability compared to the untreated control group,
indicating that the scaffolds effectively support cell attachment and proliferation. This enhanced performance
is partly attributed to the macro- and micro-porous architecture, which increases the available surface area and
facilitates greater cell adhesion. Furthermore, the XANES analysis confirmed the presence of OH vacancies in
both SA and FB scaffolds. These vacancies are pivotal in promoting cell-scaffold interactions by inducinglocalized
positive charges along the c-axis of the HAp crystal lattice’®°. These positively charged domains enhance the
electrostatic attraction of negatively charged biomolecules, particularly adhesion-promoting proteins, leading
to increased protein adsorption on the scaffold surface”*°. The biological performance of calcium phosphate
scaffolds is closely linked to such physicochemical modifications. OH vacancies not only modulate the surface
charge but also improve the biointerface characteristics essential for cellular responses. The MC3T3-El pre-
osteoblast cell line, commonly employed in osteogenic studies, exhibits an overall negative surface charge due to
the presence of sialic acid residues and glycoproteins within the cell membrane and glycocalyx®">2. As a result,
electrostatic interactions between the negatively charged cell surface and the positively charged regions on the
scaffold significantly enhance cell adhesion, spreading, and osteogenic activity.

Various factors can affect bone growth, such as osteoconduction, osteoinduction, biocompatibility,
biodegradability, and vascularization. The size and connectivity of the pores in the scaffolds influence the
osteogenicity of the scaffold®®. Currently, the relationship between scaffold pore size and bone cell activity is
not fully understood. However, there are reports on the optimum scaffold pore size to achieve significant bone
growth. Han et al.> reported that bone marrow mesenchymal stem cells (BMSCs) showed the highest viability
when they grew on 200 um pore-size scaffolds. Klawitter et al.>® suggested that pore sizes ranging from 100 to
135um are suitable for bone ingrowth, while larger pore sizes showed no increase in the bone ingrowth rate. In
our study, most pores from all scaffolds tested had diameters of less than 100 um, which could benefit bone cell
proliferation. Comparing all groups, FB-13 had a higher number of larger pore sizes when compared to SA-13,
SA-14, and FB-14 (Fig. 4). However, FB-13 gave a percentage of cell viability at the same level as FB-14 (lower
than SA-13 and SA-14). While pore size can impact cell activity, other factors may be more crucial.

Scaffold composition is another factor to consider. Scaffolds made from the SA-P showed higher cell viability
than scaffolds made from the FB-P. SA scaffolds contained higher HAp, lower f-TCP, and a-TCP. Among the four
groups tested, SA-13 had the highest HAp content with no B-TCP and little amount of a-TCP. Reports suggested
that HAp, p-TCP>®, and a-TCP?” positively affected cell growth. From our study, having a higher ratio of -TCP
and a-TCP resulted in lower cell growth on day 14 (Fig. 10). Since the B-TCP and a-TCP can dissolve at a faster
rate than those of HAp, these substances could alter the environment, such as pH of the medium®’. Moreover, the
presence of Mg-substituted p-TCP (B-MgTCP) and the higher total pore surface in FB scaffolds, as compared to
SA scaffolds, can accelerate the degradation rates®*. It is possible that the dissolution rate of 3-TCP and a-TCP
could be faster than the bone formation rate, leading to suboptimal bone formation®. Although data beyond
day 14 were not collected, it is plausible that the rapid degradation of FB scaffolds adversely affected the local
microenvironment through pH shifts and increased ionic concentrations, thereby impairing cell viability and
activity. In contrast, the more stable SA scaffolds, characterized by their slower degradation rate and higher HAp
content, may have provided a more favorable and sustained environment for osteoblast adhesion, proliferation,
and differentiation. The mechanical stability offered by the higher HAp content also supports prolonged
osteogenic activity, which is advantageous for long-term bone regeneration. We acknowledge, however, that
these interpretations are based on observed trends up to day 14 and theoretical considerations derived from
material degradation behavior. Therefore, further long-term in vitro and in vivo studies are required to validate
the extended bioactivity and regenerative potential of these scaffolds.

The findings of this study showed that the scaffolds derived from fish bone had lower cell viability and
proliferation than those fabricated using commercial powder. However, their bioactivities were still considered
suitable for bone tissue engineering. This result highlights the potential of fish bone waste as a promising starting
material for developing scaffolds in various biomedical applications, particularly in bone tissue engineering.
In future research, we intend to design the heat treatment and sintering processes for the scaffolds derived
from fish bone to increase OH™ vacancies in the HAp structure. We also aim to explore different HAp/B-TCP
ratios without the a-TCP phase. These material combinations will allow us to design scaffolds with desirable
degradation rates that align with the pace of bone tissue regeneration, thus enabling their utilization in various
settings where the tissue regeneration rate changes.

Conclusion

This study examined the structural, compositional, and biological properties of scaffolds fabricated via the
polyurethane sponge replication technique using commercial hydroxyapatite (SA-P) and fish bone-derived
(FB-P) powders. After sintering at 1300 °C and 1400 °C for 5 h, SA scaffolds (SA-13 and SA-14) exhibited
more significant shrinkage than FB scaffolds (FB-13 and FB-14), attributed to differences in particle size and
morphology. All scaffolds displayed a similar porous architecture (70-90% porosity) with predominantly open
pores. FTIR and XRD analyses confirmed the presence of HAp, B-TCP, and a-TCP, with phase composition
varying with temperature. FB scaffolds exhibited a distinct blue coloration, while SA scaffolds showed lighter
shades, indicating a higher concentration of OH™ vacancy and O -PO, defects, as validated by UV-vis and
XANES analyses. Despite the observed coloration, in vitro cytotoxicity assays confirmed the biocompatibility
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of all scaffolds, demonstrating their ability to support cell viability. Among the scaffolds, SA-13 exhibited the
highest cell proliferation, likely attributed to its optimized pore structure and phase composition, specifically the
balance of HAp, B-TCP, and a-TCP, as well as the presence of OH™ vacancies, which facilitate cell adhesion and
growth. Although FB scaffolds exhibited lower cell viability and proliferation compared to SA scaffolds, their
bioactivity remained within an acceptable range for bone tissue engineering applications.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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