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Abstract: Achieving bone regeneration in large defects caused by trauma, pathology and atrophy is a challenge. 
Innovative implant materials are emerging as alternatives to autografts in regenerative medicine. 3D-printed 
β-tricalcium phosphate (β-TCP) scaffolds have emerged as a promising solution for bone tissue replacement, offering 
patient-specific implants without relying on donors or transplantation. There are many open questions that need to 
be addressed before they can be used on a large scale. The analysis of sintering temperatures and the different 
crystalline phases, the in-depth evaluation of the microstructure and its biological response, as well as the assessment 
of suitable mechanical properties are some of these. The present study carried out a comprehensive characterization 
of the microstructure of commercial 3D-printed β-TCP using X-ray diffraction coupled with Rietveld refinement, X-ray 
microtomography and scanning electron microscopy. In addition, blood and cell compatibility tests were carried out 
using MG63 cells. The imaging techniques revealed the influence of the sintering treatment on the microstructure, 
resulting in an increase in the average pore size, efficient coalescence between particles and a shrinkage effect at 
higher temperatures. This behavior had a direct impact on the mechanical properties and cell adhesion behavior. 
Blood compatibility showed no significant differences between all the samples. However, the material sintered at 
1200 °C showed better mechanical properties and a better behavior in the adhesion and proliferation of MG63, which 
were correlated with a higher density, improved mechanical properties and interconnected porosity, which play a key 
role in improving osteoblastic function.
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Introduction
Medical complications due to trauma, pathology, 

and bone atrophy are challenges for surgical 
reconstructions and tissue recovery in cases of 
extensive damage (critical-size defects)1. The need 
for the development of technologies that can reduce 
the number of surgeries, morbidity, and cost is still 
an open question2. 

For many years, the use of autogenous bone tissue 
remains as gold standard for cranio-maxillo-facial, 
orthopedic, and dental implant reconstructions3. 
However, it is usually associated with morbidity, 
aesthetic, and functional complications4. 

Macroscopically, bone tissue is made up of two 
parts: cortical and cancellous bone. The cortical bone 
is highly dense and is responsible for providing the 
primary mechanical properties of bone. Its nutrition 
is ensured by an intricate number of channels 
containing blood vessels distributed longitudinally 
and transversely (Haversian canals and Volkmann 
canals), connected to the inner and outer surfaces 
of the cortical structure5-7. Cancellous bone is 
directly immersed in the bone marrow stroma and 
is composed of several intertwined trabeculae 
providing sufficient space for the development of 
bone cells and vascular networks8. Moreover, 80% 
of the bone remodeling processes during life occur 
in this region9.

In recent decades, interest has arisen in 
bioengineered implants as reliable alternatives 
to autografts for the recovery of extensive bone 
damage. Advances in materials and computerized 
solutions have made it relatively simple to convert 
tomographic images into implantable scaffolds 
for bone reconstruction10,11. The technique enables 
the precise fabrication of customized patient-
specific solutions without relying on donor sites 
or transplantations12. In this scenario, synthetic 
3D-printed bioceramic scaffolds have emerged 
as viable solutions due to their osteoconductive 
capacity for bone engineering. The main 
advantageous features of these biomaterials are: 
optimized mechanical properties, plasticity, and 
controlled degradation. In addition, its alloplastic 
condition does not demonstrate antigenic effects, 
the possibility of disease transmission, or any other 
relevant issue to consider13,14. 

To achieve the success of 3D-print scaffolds 
for bone repair, many factors are required, such as 
physical and chemical characteristics. In addition, 
the precision of the manufacturing process 
to produce robust, high-resolution implants is 
necessary for the stable formation of the bone-
implant interface15. In order, to obtain an accurate 
response, the scaffolds must be designed to mimic 
living tissue, improving blood circulation, and cell 

colonization, and facilitating the process of bone 
formation16,17.

The use of 3-D printing technologies for bones18,19 
and cartilage regeneration are being approached, 
with good results, using acellular porous scaffolds 
that do not seem to induce persistent inflammation 
or an active immune response20-22. Among these 
materials, ceramic composites are the most studied 
for the development of biofabricated scaffolds 
for bone engineering, due to the similarity to 
natural apatites of bone  matrix23,24. Due to its 
osteoconduction capacity, β-tricalcium phosphate 
(β-TCP) bioceramic has been widely tested as an 
option for critical-size bone defects25. Even under 
these conditions, bone remodeling is known to be 
a complex and highly regulated process. Different 
molecular activations that control its initiation, 
progression, and quiescence are still not fully 
understood26. To achieve this, inks for 3D printing 
must align not only with biocompatibility but also 
with printability, which is not easy. For example, 
thermoplastic inks’ high melting temperatures 
used in traditional 3D printing are a challenge 
to overcome27. High temperatures result in the 
formation of secondary phases and highly 
crystalline surfaces, while lower temperatures 
diminish bending strength and the arrangement 
of the material particles, thereby limiting native 
cells and local response for bone regeneration28,29. 
Recognizing the physicochemical processes 
and their relevance in the crystal arrangement 
of the biomimetic calcified matrix, transcribing 
this information to the signaling network of gene 
activation, and triggering a remodeling process is 
what is expected when alloplastic graft materials 
are used30. 

Bioceramic inks, incorporating β-TCP and 
fatty acids, have been successfully used in 
the development of 3D printing scaffolds. The 
remodeling capacity and regeneration of native 
bone have been demonstrated in vivo models29. 
Slots et al. showed that these scaffolds retained their 
pre-sintering shape and chemical composition after 
sintering, exhibiting clinically relevant mechanical 
strength31. However, dimensional instability caused 
by sintering shrinkage is a drawback in bioceramics 
processing, along with limited dissolution in the 
body environment 32. 

The interest increases in the β-TCP scaffolds 
promoted the arising of several commercial 
companies, commercializing ready-to-use scaffolds 
for bone regeneration. For example, the product 
MyBoneR© (CERHUM company) has recently 
shown improved bone regeneration capability 
in large animal models employing 3D gyroid-
shaped scaffolds, demonstrating the absence of 
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toxicity and no side effects on the sheep implant 
in the femur, demonstrating good reliability when 
compared with Bio-Oss® bovine standard, readily 
employed in the literature33. T&R Biofab also 
produces polycaprolactone and β-TCP scaffolds 
and has demonstrated efficient biocompatibility, 
osteoinductivity, and osteoconductivity34.  Ossiform® 
ApS (Denmark) also produces high-quality β-TCP/
fatty acid scaffolds, as green pieces. A recent paper 
by the company shows that 3D-printed β-TCP 
scaffolds led to the replacement of vascularized 
compact bone after six months in mini pigs, leading 
to excellent osteointegration, with no immune 
reaction35. However, despite the advances, there 
are still concerns about the microstructure and the 
functionality of those employed materials, even by 
commercialized products. A better understanding of 
the porosity, mass transfer, and how microstructural 
properties affect their biocompatibility are largely 
necessary 36. A work by Podgórski et al. showed the 
importance of tailoring the scaffold’s porosity, even 
using fatty acids and organic content that can act 
as porogenic agents, leading to an internal structure 
with connected pores 37. Another work by Slavin 
et al. showed that lower sintering temperatures 
(~ 600 °C) lead to high cellular stress, contraly, 
scaffolds sintered at high temperatures (~1100 °C) 
showed a morphological change in the particle 
size and porosity, also leading to improved cellular 
response, showing only a small amount of cellular 
stress instances. However, the sintering process 
at higher temperatures also caused crystal phase 
transformation, probably leading to the observed 
instances of acute cellular stress 38.

In this sense, this work aims to enhance the 
understanding of how the physicochemical features 
of β-TCP 3D-printed scaffolds influence the bone 
microenvironment. The study employs imaging 
techniques such as scanning electron microscopy 
(SEM) and X-ray microtomography (µCT) to 
understand how the sintering process affects the 
total porosity, filament thickness, shrinking process, 
and mineral density of the scaffolds, compared 
with the performed mechanical analysis. Moreover, 
hemocompatibility and biocompatibility tests with 
MG63 were carried out to understand its biological 
behavior.  

Materials and Methods
In this study, fabricated β-Tricalcium Phosphate 

(β-TCP) Ossiform™ scaffolds, from Odense, 
Denmark were used. Twelve rectangular bars (25.0 
mm long, 2.0 mm wide, and 2.0 mm thick) and 
twelve gyroid-shaped discs (6.0 mm in diameter and 
2.0 mm in width) were checked using a Digimatic 
caliper (Mitutoyo Absolute Digimatic Caliper, 

Tokyo, Japan). The samples were prepared using 
a β-TCP powder with stearic acid to form a paste, 
then the ink was transferred to a syringe and the 
scaffolds were printed using an extrusion process. 
More information about the methodology used by 
Ossiform™ can be found in previous papers25,31,35. 
The pre-sintering stage was carried out for 1 hour 
at 400 °C, with a cooldown of 2h before sintering. 
Then, the samples were sintered at 900, 1050, and 
1200 °C in triplicate, in atmospheric air, for 16 hours. 
The samples were named S-βTCP900, S-βTCP1050, 
and S-βTCP1200, respectively. 

X-ray diffraction (XRD) and Rietveld analysis
X-ray diffraction analysis was conducted to 

determine the crystalline phase of the samples, 
using a SHIMADZU 7000 with a theta-2theta 
configuration, Cu radiation (Kα = 1.5406 Å) with 
a voltage of 40 kV and a current of 30 mA. A 
divergence and scatter slit of 1.00°, with a step size 
of 0.02°, collection time of 1.2s, and a 2θ range of 
10° – 100°. The Rietveld refinement analysis was 
performed using the GSAS/EXPGUI free software39 
and the standard Crystallographic Information File 
(CIF) from ICSD with code #6191. This analysis 
aimed to obtain information on the Ca

3
(PO

4
)

2
 crystal 

structure, including phase, lattice parameters, 
calculated density, occupation of Ca(4) site, and 
position of atoms in the lattice. The VESTA software 
was used for structure visualization and plotting40.

FTIR functional group analysis
The identification of functional groups in the 

samples was carried out using Fourier transform 
infrared (FTIR) analysis on a Perkin Elmer Infrared 
Spectrometer Spectrum 100. The FTIR scans cove-
red a range of 400-4000 cm-1 wavenumber, and an 
average of 16 scans were recorded with a spectral 
resolution of 4 cm-1, using attenuated total reflec-
tance (ATR) mode. This method allowed for the pre-
cise identification of functional groups present in 
the samples.

Scanning electron microscopy (SEM)
The scanning electron microscopy (SEM) analy-

sis was carried out in a FEG-SEM TESCAN MIRA3 
XMU equipment employing the secondary electron 
(SE) detector at an acceleration voltage of 1.5 kV, 
with a spot size of 5.2 nm, and ultra-high vacuum 
(UHV). The tree samples in the study were analyzed 
on a top view of the printed filament, a close view of 
the particles on the top, and the fracture of the ma-
terials. All the samples were coated with gold nano-
particles to avoid charging effects. The equipment 
employed for the gold coating is a Sputter Coater 
from BALTEC, model BALZERS – SCD 050, with the 
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parameters of 50 mA of current, sputtering time of 
30 seconds, and 0.05 mbar of working pressure, le-
ading to a 10 nm gold deposition film.

X-Ray microtomography
To investigate the sintering process of 3D-printed 

scaffolds and determine porosity parameters, 
X-ray microtomography (µCT) was employed. 
The SKYSCAN 1272 CMOS Edition from Bruker 
was used for all sample imaging, and images 
were acquired under consistent conditions. The 
acquisition parameters for the 2048 x 2048 pixel 
image included flat field correction, a 6 µm pixel size, 
a Cu 0.11 mm filter, a 16-megapixel camera detector, 
random movement of 50 pixels, an exposure 
time of 1073 ms, a voltage of 100 kV, a current 
of 100 µA, four-frame averaging, and a rotation 
step of 0.4° with a half-rotation of 180°. Standard 
procedures were followed to obtain images free of 
digital artifacts. Reconstruction and visualization 
of the 3D images were performed using NRecon 
and CTVox software provided by Bruker. The 
Results and Discussion section provides further 
details regarding the reconstruction methodology. 
The porosity, pore size distribution, and filament 
thickness values were obtained using the CTan 
software. The methodology employed the following 
steps: Filtering with Anisotropic diffusion in the 2D 
space with 10 iterations and 15 of gradient threshold, 
thresholding the images from 66 to 255 gray scale, 
ROI-shrink-wrap to obtain a region of interest (ROI) 
that contains all the sample, despeckle to remove 
black speckles with size lower than 64 voxels, and 
performing the 3D analysis.  

Mechanical Analysis
Uniaxial compression and diametral testing were 

carried out on an Instron ElectroPuls E3000 testing 
machine (Instron, Norwood, USA), in ambient condi-
tions, with gyroid-shaped disc designs. The loading 
rate was 0.5 mm/min until the occurrence of failure. 
A 5kN load cell was used. Compressive strength 
values (kgf/cm2) were calculated by dividing the 
fracture load (F) by the cross-sectional area and 
converted into MPa. Diametral tensile strength val-
ues (kgf/cm2) were calculated using the equation: 

where d is the specimen diameter, and t is the 
height of the specimen. DTS values were converted 
in MPa.

Three-point bending test was carried out on an 
Instron ElectroPuls E3000 testing machine (Ins-
tron, Norwood, USA), in ambient conditions. Rectan-

gular bars were checked using a Digimatic caliper 
(Mitutoyo Absolute Digimatic Caliper, Tokyo, Japan). 
The bars were placed over two rods approximately 
2.0 mm in diameter, with a 16.0-mm span length. A 
compressive force of 20 kgF load cell was applied 
in the center of the bars using a piston with 2.0 mm 
in diameter at a 0.5 mm/min crosshead speed to 
fracture. The flexural strength was measured as pre-
viously cited by Tavares et al.41.

Blood compatibility test
To analyze the compatibility of the biomaterials 

with blood, the hemolysis assay was performed in 
duplicate as in previous studies29,20. First, 4 ml of 
anticoagulated sheep blood was diluted with 5 ml 
of normal saline 0.9%. For the positive and negative 
controls, 5 ml of Milli-Q water and 5 ml of normal 
saline 0.9% were used respectively. Biomaterials of 
the same size were submerged in tubes with 5 ml 
of normal saline. Then, 100 µl of diluted blood was 
added to each group and incubated at 37 °C for 60 
min, followed by centrifugation at 1800 rpm for 10 
min. Subsequently, the absorbance of the superna-
tant was taken at 540 nm in a spectrophotometer 
(Loccus LMR-96, Brazil). The hemolysis percentage 
was calculated as follows:

where A
s
 is the absorbance of the sample, A

nc
 is 

the absorbance of the negative control, and A
pc

 is 
the absorbance of the positive control.

Additionally, the results were confirmed with 
the hemolysis assay on blood agar, in which blood 
base media was prepared according to fabricant 
instructions (HIMEDIA, Ref. M158-500G). The 
agar base was cooled to 45 °C and mixed gently 
with sterile defibrinated sheep blood in a final 
concentration of 5% (vol/vol). Blood agar was poured 
into sterile Petri dishes and the scaffold samples 
were placed on solid agar and incubated at 37 °C for 
24 and 48 hours.

Cell adhesion and viability
Scaffold samples were sterilized with 70% alcohol 

followed by UV light for 30 min at each site in a 
laminar flow.  Then, the scaffolds were placed into 24 
well plates, and MG63 cells (human osteosarcoma 
cell line) were seeded on the sample’s upper surface 
at a cell density of 3500 cells/cm2. Cells were 
cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM, Vitrocell, Ref D0025) supplemented with 
10% fetal bovine serum (Vitrocell, Ref S0011), 1% 
penicillin/streptomycin (Vitrocell) and incubated at 
37 ºC with 5% CO

2. 
For assessment of cell adhesion, 
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the presence of attached cells on the samples 
was analyzed by SEM 24h after seeding. Then, the 
samples were washed with phosphate-buffered 
saline (PBS, pH 7.4), fixed in 10% formaldehyde for 
30 min, rinsed in PBS, and dehydrated in ethanol 
series. The dried samples were metalized with a thin 
layer of gold. Images were acquired using TESCAN 
MIRA3 XMU equipment, see section 2.4. 

Cell viability was examined with a resazurin-based 
assay (Sigma, Ref. 263-718-5) in triplicate and fol-
lowing the manufacturer’s protocol on days 2, 5, and 
7. Cells cultured directly on the 24-well cell culture 
plate (Kasvi, Ref. K12-024) were taken as the nega-
tive control.

Results and Discussion
Structural and chemical analysis
Figure 1(a) presents the XRD diffractograms for 

the three scaffolds, and it shows that all samples 
crystallized in the beta-phase of calcium phosphate 
without the presence of contaminants (β-TCP or 
β-Ca

3
(PO

4
)

2
), independently of the temperature. 

This behavior is corroborated by a previous study 
by Jensen et al .42. Also, the scaffolds indicate a 
trigonal crystal system with a rhombohedral lattice, 
space group R3c, and international number 161. The 
atoms occupy the 6a and 18b Wyckoff positions, 
with different occupancy for some Ca, O, and P 

atoms. Figure 1(b) shows the crystalline structure 
of the material, with Ca2+ atoms in disordered 
octahedrons sharing an oxygen atom with PO

4
3- 

tetrahedral groups in the polyhedral corner. It is 
known that the partial occupancy and distortions 
of Ca2+ sites alter the occupancy and position of the 
phosphate groups, thus, altering the densification 
and properties of the material43. It is also known 
that β-TCP has five distinct Ca atoms, where the 
Ca(1), Ca(2), Ca(3), and Ca(5) are been discovered 
to be fully occupied with one Ca atom (occupancy 
factor of 1.0), meanwhile, the Ca(4) presents a 
three-fold coordination with oxygen atoms, leading 
to tetrahedral coordination, and it also presents 
a lower occupancy factor around 0.543. Recently, 
Sblendorio et al. published a paper regarding 
the structural features of the β-TCP employing 
atomistic simulation, emphasizing the role of the 
Ca(4) atoms in the crystal structure. They presented 
that β-TCP could have seven different unit cell 
types, varying how many Ca(4) are occupied in the 
crystal structure44. This behavior showed that β-TCP 
can have a ratio of Ca/P ≠ 1.5, where values above 
1.5 mean a higher occupancy of Ca(4) atomic sites, 
leading to an occupancy above 0.5.  To obtain more 
information about the crystal structure, Rietveld 
refinement was performed in all the scaffolds. 
Figures 1(c,d,e) show the Rietveld refinement graphs 

Figure 1 - (a) XRD data from scaffolds and the (b) crystal structure of the Calcium Phosphate - 
Rietveld refinement graphs of (c) S-βTCP900, (d) S-βTCP1050, and (e) S-βTCP1200 samples.
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obtained for the S-βTCP900, S-βTCP1050, and 
S-βTCP1200 samples, respectively. 

The difference curve between the experimental 
and calculated model shows good confidence in 
the Rietveld analysis since it appears almost flat for 
the samples in all the diffractogram regions. Table 
1 shows quantitative data obtained through the 
refinement process, showing values for statistical R 
coefficients, where all samples presented Χ² < 2.700, 
indicating that the refinement process has chemical 
and physical meaning45. The Rietveld Refinement 
Data are presented in Supplementary Information. 
Interestingly, there are no major changes in 
the lattice parameters, however, it is noticeable 
significant changes in the Ca(4) occupancy as the 
sintering temperature increases. 

Table 1 - Quantitative data from the Rietveld refinement of the samples and the standard CIF for 
comparison.

Sample Lattice Para-
meters / Å

Ca(4) occu-
pancy 

Ca/P 

Ratio
Density 
/ g.cm-3 R

F
 / % R

p
 / % R

wp
/ % X²

S-βTCP900
a = b = 

10.4231(7)
c = 37.360(2)

0.5942 1.513 3.088 8.44 7.85 8.38 2.618

S-βTCP1050
a = b = 

10.4196(1)
c = 37.350(5)

0.7157 1.531 3.105 8.21 7.47 9.15 2.464

S-βTCP1200
a = b = 

10.4233(5)
c = 37.36(3)

0.7954 1.542 3.120 8.15 6.61 8.39 2.010

Standard CIF - 
ICSD #6191

a = b = 
10.439(0)

c = 37.37(5)
0.4910 1.5000 3.140

The S-βTCP900 presented a lower Ca(4) 
occupancy of 0.5942, close to the standard CIF, 
which led to a Ca/P ratio of 1.513. Meanwhile, the 
S-βTCP1050 and S-βTCP1200 presented a sharp 
increase in the Ca(4) occupancy, leading to a higher 
Ca/P ratio of 1.531 and 1.542, respectively. Sblendorio 
et al. show that a Ca/P ratio higher than 1.500 means 
that there are more filled Ca(4) sites and the β-TCP 
has a supercell that is consistent with building 
blocks of several unit cells with different Ca(4) 
occupancy, leading to different crystalline structures 
that can affect its biochemical behavior44. Taking 
this information into account, the S-βTCP900 
supercell may be composed of building blocks of 
three and four filled Ca(4) atomics sites, while the 
S-βTCP1050 and S-βTCP1200 can be composed of 

 Figure 2 - FTIR spectra of the β-TCP scaffolds.
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building blocks of four or five filled Ca(4) sites. These 
behaviors are closely related to the density of the 
material and its final structure. It is worth mentioning 
that this behavior is still undergoing investigation in 
the literature, and the characteristics of the Ca(4) 
site cannot be accounted for by employing only one 
unit cell, but a combination of the seven types found 
in Sblendorio’s work, which could lead to errors in 
the analysis. 

Figure 2 shows the functional groups present 
in the scaffolds, identified using Fourier-transform 
infrared (FTIR) spectroscopy. The spectra of the 
samples exhibited similarities in the functional 
groups. The v

3
 vibrational mode of the PO

4
3- ion was 

attributed to stretching peaks observed at 1008, 
1015, 1080, 1100, and 1115 cm-1. The v

1
-PO

4
 mode 

was observed at 945 and 970 cm-1, while the v
4
-PO

4
 

mode was observed at 605, 592, 552, and 540 cm-1. 
Changes in the intensity of the stretching peaks were 
noted with variations in the sintering temperature, 
consistent with previous findings46. Furthermore, 
less intense peaks were observed at 726 and 1212 
cm-1, characteristic of the pyrophosphate group 
(P

2
O

7
-4 species). This observation may be attributed 

to a non-stoichiometric balance between Ca/P ions 
in the crystalline structure, which can be related 
to the Ca(4) atomic site47, consistent with the 

results obtained from XRD and Rietveld refinement 
analyses. It is worth mentioning that there is no 
observation of carbonyl peaks around 1680 cm-1. 
However, the inset inside Figure 2 presents small 
intensity vibrations around 2981, 2950, and 2910 
cm-1 for the S-βTCP900, attributed to the stearic 
acid of the initial ink. This shows that the initial ink 
was fully removed during the sintering process of 
the S-βTCP1050 and S-βTCP1200 samples48.

Figure 3 shows the SEM images obtained 
for the scaffolds. It is clear the changes in the 
morphology and texture of the 3D-printed scaffolds 
when the sintering temperature increases, with a 
smoothing process of the particles on the top of the 
scaffold filament. It is noticeable that the scaffold 
filament size shrinks with the thermal treatment, 
going to 322 ± 14, 275 ± 13, and 251 ± 15 µm for 
the S-βTCP900, S-βTCP1050, and S-βTCP1200 
samples, respectively. This information is also 
presented in Table 2, for comparison purposes of 
the measured filament size between SEM and µCT 
analysis. This behavior occurs due to the sintering 
process and the coalescence between particles, 
which can be seen in Figures 3(b,e,h), where the 
S-βTCP900 sample presents detached particles on 
the surface with a granular morphology, creating 
a loosely porous network that occurs between 

Figure 3 - SEM images of the (a,b,c) S-βTCP900, (d,e,f) S-βTCP1050, and 
(g,h,i) S-βTCP1200 samples showing the filament top view, filament top view 
at higher magnification, and side fracture of the scaffolds, respectively.
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particles, which do not have strong interaction and 
coalescence. Meanwhile, the S-βTCP1050 sample 
presents fewer detached particles and the beginning 
of coalescence between particles, showing a more 
efficient sintering process with less granular regions, 
which directly impacts the mechanical properties, 
pore size distribution, surface morphology, and 
cell adhesion and viability properties49. Finally, the 
S-βTCP1200 sample shows a complete coalescence 
between particles and an optimal sintering process, 
where the particles are completely connected and 
it creates a small porous network, with some pores 
ranging between 1 and 30 µm. However, Figures 
3(c, f, i) shows the side view of the scaffold fracture, 
presenting an interesting behavior. The sintering 
temperature increase caused the formation of big 
pores around 100 – 300 µm inside the structure, 
correlated with the coalescence between particles, 
that start to bind together, creating empty spaces 
in the 3D printed structure. This behavior is very 
important for biomaterial, where a previous study 
shows the importance of a range of pore sizes to 
improve cell growth on 3D printed scaffolds, where 
small pores (1 – 30 µm) are important for mass and 
nutrient transfer, and bigger pores are good for cell 
attachment50.

To study the sintering process using the µCT 
technique, it is necessary to follow a strict method 
of reconstruction due to the lack of information 
about this methodology in the literature51. A work 
by Cengiz et al. shows the importance of giving 
the most information possible to reproduce µCT 
analysis, and that there is a small number of 
papers reporting the mineral density of ceramic 
materials52. However, past works presented a way 
to obtain information about the mean values of 
greyscale pixels for the volumetric reconstruction, 
showing the possibilities of obtaining information 
about the densification of biomaterials53. In this 
sense, we used the same histogram start and 
end points of the 16-bit TIFF grayscale images to 
select the same pixels for all scaffolds during the 
NRecon reconstruction, ranging the attenuation 
coefficient from 0.013647 to 0.034850, and the 
same parameters for smoothing (value = 3), beam-
hardening correction (10%), a rectangular region of 
interest (ROI), and image rotation when needed. 
This gave us the confidence to analyze the materials 
in the same pixel density and range, between 0 to 
65434 gray levels (0 the pure black and 65434 pure 
white color), thus providing confidence in analyzing 
and comparing the materials in this study. We 
filtered the transfer function in the opacity channel 
to show only the pixels with grayscale values 
between 45200 – 65434, and applied it to all 
analyses, providing information about the dense 

regions in the scaffolds.  
Figure 4 presents the volumetric reconstruction 

of the scaffolds, showing the whole sample (Figures 
4(a,d,g)) with no transfer function editing, and the 
transversal and longitudinal view of the samples 
with the applied transfer function mentioned 
before. The S-βTCP1200 and S-βTCP1050 possess 
more dense regions than S-βTCP900, which is 
correlated to the sintering process of the materials. 
The S-βTCP900 presents dense regions around 
the edges of the piece, showing that the sintering 
process was not that efficient, and the dense 
regions respect the usual heat flow during the 
sintering process, coming out of the edges into the 
core of the sample, and it is clear in Figures 4(b,c) 
that in the center of the sample, there are no dense 
particles. Meanwhile, the samples S-βTCP1050 and 
S-βTCP1200 present more dense particles, thus 
showing that the sintering process is more efficient 
at temperatures higher than 1050 °C, corroborating 
SEM images.

Table 2 presents the results of the quantitative 
analysis conducted using µCT. It was observed that 
the filament size decreased with increasing sintering 
temperature, indicating a tendency for contraction 
of the β-TCP ceramic. The porosity is also affected 
by the sintering process, showing a decrease in the 
total porosity. The S-βTCP900 shows the highest 
porosity values, with a small value of mean pore 
size. The closure of some of those pores occurs for 
the S-βTCP1050 and S-βTCP1200 samples, leading 
to a sharp increase in the mean pore size.

To further assess the behavior of pore size 
increase, Figure 5 illustrates the pore size distribution 
derived from quantitative analysis using micro-CT 
data. The S-βTCP900 sample exhibits over 50% 
of its pores within the range of 6 to 30 µm. This 
range corresponds to the gaps observed between 
granular particles on the material’s surface, as 
depicted in Figure 3(b, e, h). It is noteworthy that 
the frequency of smaller pore sizes decreases 
with the rise in sintering temperature. Specifically, 
the percentage of pores ranging from 6 to 30 µm 
decreases to approximately 13% for S-βTCP1050 and 
8% for S-βTCP1200. The emergence of larger pores 
contributes to a more uniform distribution of pore 
sizes. Figures 5(b, c) illustrate a higher frequency of 
pores with sizes exceeding 100 µm. Interestingly, 
S-βTCP1200 is the sole sample surpassing the 
small porosity region, featuring two distinct regions 
with a Gaussian behavior labeled as Region 1 (red) 
and Region 2 (green). These regions significantly 
contribute to the mean pore size compared to the 
region of pores < 30 µm. This behavior is associated 
with the formation of larger pores observed in 
Figures 3(c, f, i). The formation of larger pores can be
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Figure 4 - X-ray µCT reconstructed images showing the whole piece for (a) S-βTCP900, (d) 
S-βTCP1050, and (g) S-βTCP1200 samples. Images of the transversal and longitudinal direc-
tions, respectively, of the transfer function-filtered scaffolds for the (b,c) S-βTCP900, (e,f) S-β-
TCP1050, and (h, i) S-βTCP1200.

attributed to the removal of stearic acid, as shown 
in Figure 2, during the S-βTCP1050 and S-βTCP1200 
sintering processes. This removal process may act 
as a porogen agent54,55, creating a macroporous 
structure and different porous regions, which can 
be beneficial for cell adhesion and proliferation31. 

Recently, a work by Ossiform® also showed a 
microstructural evaluation of 3D-printed β-TCP 
scaffolds, corroborating the results presented in 
our work, such as small pores generated by the 
sintering process and variations depending on the 
thermal treatment of the samples56.
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Figure 5 - Pore size distribution of the (a) S-βTCP900, (b) S-βTCP1050, and (c) 
S-βTCP1200. The quantitative data was obtained through microCT analysis.

Mechanical Analysis
The S-βTCP1200 presented the highest flexural 

strength values (22.2 ± 4.2 MPa) when evaluated 
in the three-point bending test, followed by the 
S-βTCP1050 (10.8 ± 0.6) and then the S-βTCP900 
(1.6 ± 1.9) (p<0.001), Figure 6. Regarding the axial 
compressive test, the same behavior was observed. 
The S-βTCP1200 (46.0 ± 4.8 MPa) showed higher 
strength when compared to S-βTCP1050 (13.8 ± 1.7) 
and S-βTCP900 (2.9 ± 1.0) (p<0.001). These results 
can be influenced by micropores contained in 
scaffolds, with a total porosity varying from ~17% (for 
S-βTCP900) to ~3% (for S-βTCP1200) (Table 2).

The values are comparable with those achieved 
with 3D printed TCP sintered at 1100 °C (11.6 ± 2.1 
MPa). However, it is important to highlight that 
because of an increase of 100 °C in sintering 
temperature, we found the average strength of the 
sintered samples to be 46 MPa (S-βTCP1200), this 
was significantly higher than the 11 MPa found in a 
previously published report for the same material57.
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Figure 6  -  (a) Flexural strength and (b) axial compressive 
for S-βTCP900, S-βTCP1050, and S-βTCP1200. Graphs 
show average values ± standard deviation.
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Blood compatibility tests
The hemolysis test is based on the degree of 

erythrocyte lysis when the biomaterial comes into 
contact with these cells in vitro. Then, a lower he-
molysis percentage suggests good blood compati-
bility. Figure 7a illustrates the hemolysis percentage 
of the biomaterials. As expected, the biomaterials 
had a hemolysis percentage similar to the negative 
control, suggesting that these were highly hemo-
compatible (Figure 7b). Also, no hemolysis halo was 
detected on blood agar after 24 and 48 hours (see 
Figure 7 c-d), confirming the previous results. Then, 
the sintering temperature of 3D biomanufactured 
β-TCP scaffolds did not interfere with the scaffolds’ 
blood compatibility.

Cell adhesion and viability
The SEM analysis was performed 24h after 

cell seeding to verify adhesion on the scaffolds 
and employing the backscattered electron (BSE) 
detector, where regions with higher atomic numbers 
(such as calcium and phosphorous) will appear 
brighter, while a lower atomic number appears 
darker in the image (such as cell-matrix). Figure 
8(a-f) shows that cells were able to adhere to the 
scaffold’s surface. Also, a higher cell density was 
seen on the S-βTCP1200 (Figure 8f), suggesting 
an excellent interaction between cells and 
scaffolds. Moreover, MG63 cells presented a typical 
morphology with elongated cell processes in the 
S-βTCP1200, while S-βTCP900 and S-βTCP1050 

Figure 7 -  Blood compatibility test. (a) Hemolysis percentage of scaffolds. (b) Illustration of he-
molysis assay. (c) Hemolysis on blood agar after 24h, back of the Petry dish. (d) Hemolysis on 
blood agar after 48h, front of the Petry dish.

Sample
Filament thi-
ckness¹ / µm

Filament 
thickness² / 

µm

Open Porosi-
ty / %

Closed Poro-
sity / %

Total Porosity 
/ %

Mean 
Pore size / 

µm

S-βTCP900 300 ± 23 322 ± 14 14.64 2.31 16.95 17 ± 7

S-βTCP1050 269 ± 17 275 ± 13 3.66 0.53 4.19 196 ± 107

S-βTCP1200 225 ± 23 251 ± 15 2.44 0.39 2.83 139 ± 86

Table 2 - Porosity parameters and filament thickness measurements obtained by µCT analysis for 
β-TCP scaffolds sintered at different temperatures.
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Regarding cell viability, Figure 9 shows no 
difference between the S-βTCP1200 group and 
the negative control at each time.  However, a 
significant difference between the both groups and, 
S-βTCP900 and S-βTCP1050 was seen on days 
5 and 7. These results could be explained due to 
reduced cell adhesion observed on S-βTCP900 
since cell adhesion is crucial for subsequent 
cell functions such as proliferation, and protein 
synthesis. Additionally, the improved mechanical 
properties with higher scaffold density and 
strength in the S-βTCP1200 may contribute to 
these differences. Previous studies showed that 
higher mechanical properties enhance osteoblastic 
function52,53. This enhancement could be attributed 
to the cells’ ability to sense their extracellular 

exhibited rounded morphology. Mealy et al. found 
that sintering temperatures are associated with 
surface topography, described as wavelength (λ), 
thereby higher sintering temperatures providing 
a larger basal contact area with more adhesion 
sites for cells58. Conversely, they suggested that 
the granular surface topography obtained at low 
sintering temperatures provides insufficient contact 
area for cell attachment. Similarly, Dulgar et al.57 
suggested that ceramics with higher grain sizes 
obtained at higher sintering temperatures led to 
enhanced cell adhesion and proliferation. Then, 
in our study, the coalescence between particles in 
S-βTCP1200 could explain better cell adhesion due 
to the presence of a larger basal contact area for 
cells.

Figure 8 - Backscattered Electron - SEM images of the top view of scaffolds 
(S-βTCP900, S-βTCP1050 and S-βTCP1200) cultivated with cells at (a-f) day 
1 and (g-i) day 7. The (j) cross-section cut of the S-βTCP1200 and (k) a higher 
magnification of the squared region of (j). Yellow arrows indicate the cells 
and blue arrows indicate details of the material without cells.  
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environment mechanosensitive and modulate 
cell attachment, proliferation, and differentiation 
based on substrate stiffness61,62. This implies that 
cells can respond to the mechanical properties of 
the scaffolds by rearranging cytoskeletal elements 
and activating mechanotransduction signaling 
pathways63. Figure 8(g-i) shows SEM images of the 
scaffolds on day 7, where is possible to see a layer 
of MG63 cells (dark gray) coating the surface of the 
scaffold in S-βTCP1200 (Figure 8i), and the blue 
arrows indicate the areas without cells in light grey. In 
the rest of the scaffolds, the formation of cell layers 
was not evident on day 7. Moreover, S-βTCP1200 
presented some areas of cell infiltration into the 
scaffold (around 115 µm) as is shown in Figure 8 (j-k), 
probably due to the higher pore size of the scaffold 
facilitating cell migration. Future studies will explore 
the impact of different scaffold geometries on the 
structural and biological properties of 3D-printed 
β-TCP scaffolds. Additionally, microCT imaging will 
be employed to analyze in vivo assays, providing 
detailed insights into scaffold integration and 
performance in bone regeneration.

 Conclusion
In summary, this study evaluated the influence of 

the sintering process on the microstructure, cell, and 
blood compatibility of 3D-printed β-TCP scaffolds. 
Sintering temperatures above 1050 °C showed 
higher densification with improved mechanical 
properties, with no detached particles on the 
surface. Interestingly, during the sintering process 
of the scaffolds, bigger pores emerged inside the 
structure, and the filament had a size shrinkage due 
to the coalescence between particles, but kept its 
final structure intact. These characteristics produced 
scaffolds with enhanced mechanical properties and 
allowed MG63 osteoblast-like cells to penetrate the 
scaffold and proliferate on the top of the scaffold and 
inter filaments. These findings show that tailoring 
the sintering process of 3D-printed β-TCP scaffolds 
can modulate its structural properties maintaining 
good cell viability, making the materials a good 
choice for clinical trials analyzing its performance in 
regenerating different bone regions.
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