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Abstract: Biocomposite materials are widely implemented in various applications in clinical dentistry
and orthopedics since it is possible to combine multiple materials by relying on their compatibility.
Ceramic-based materials have osteogenic and osteoconductive features owing to their inorganic con-
stituents with dental and bone tissue. β-tricalcium phosphate (β-TCP) and bioactive glass have excellent
biocompatibility, bioresorbability, and bioactivity. In this study, β-TCP and BG powders were fabricated
by spray pyrolysis (SP) and spray drying (SD). These fabrication methods are suitable for the mass
production and synthesis of spherical particles. At first, β-TCP and BG spherical particles were synthe-
sized by SP and characterized using X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR), and scanning electronic microscopy (SEM). After that, these powders were granulated with
the different weight ratios of β-TCP/BG = 100/0, 75/25, 50/50, 25/75, and 0/100 by SD. The resulting
granulation powders were characterized using XRD, FT-IR, and SEM to investigate phase compositions
and microstructures. In addition, cytotoxicity was investigated using the MTT assay.

Keywords: β-tricalcium phosphate; bioactive glass; spray pyrolysis; spray drying; granulation

1. Introduction

Bioceramics have recently garnered increasing attention due to their applications in the
repair and reconstruction of bones [1]. Bioceramics with porous structures help improve
mechanical strength at the interface between the bone and implant [2]. In addition, it
provides a larger surface area and strong surface interaction between tissues and implants,
along with good osteoinductive properties [3].

Calcium phosphate-based bioceramics have been widely used as implants for bone
repair because they have similar chemical elements as human bones [4]. Calcium phosphate-
based bioceramics include hydroxylapatite, α-tricalcium phosphate, β-tricalcium phos-
phate (β-TCP), and so on. Among these bioceramics, β-TCP bioceramics are popular due
to their excellent biocompatibility [5,6] and superior bioresorbability [7].

Although β-TCP has become one of the potential candidates for bone implants, there is
a critical problem of degradation behavior that needs to be overcome. β-TCP is a crystalline
bioceramic material that has a constant degradation rate. Since young people have the
fastest bone growth rate while older people have the slowest bone growth [8], β-TCP mate-
rials with fixed degradation behavior are not able to solve this problem. Therefore, new
bone implants with a suitable personalized degradation rate are urgently required [9–11].
In order to propose a possible solution for personalized bone grafts, β-TCP and bioactive
glass (BG)-composited materials were studied. BG-based materials, with an amorphous
structure, are adjustable in chemical composition and, therefore, offer adjustable degra-
dation rates [12,13]. Also, BG is currently attracting attention due to its ability to react
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chemically on the material surface and bond directly to the surrounding tissue. BG, first
discovered by Hench in 1969 [14,15], forms inorganic-like thin layers of hydroxyapatite
(HAp) at the junction with bone through which it spontaneously bonds. The degradation
rate of pure β-TCP material is faster than that of β-TCP/BG-composited materials [16].

According to previous studies, β-TCP and BG composites are commonly synthesized
by the sol–gel method, i.e., Spirandeli et al. [17] reported that the β-TCP and BG com-
posites through the sol–gel method need high calcination temperatures and have uneven
particle size. Therefore, it is worth considering other fabrication methods. Spray pyrol-
ysis (SP) is a good choice because of its large amount, uniformity, and lower synthetic
temperature compared to the sol–gel method [18–21]. Spray drying (SD) is a technique
that transforms liquid into powders, offering an effective way to fabricate not only porous
structures but also composites. It has some advantages, such as cost-effectiveness, mass
production, and controllable morphology [22–25]. In addition, the resulting particles have
a narrow size distribution and are spherical, microsphere, or granular in shape and are
non-agglomerated [26]. There are two distinct groups of ceramic microspheres as follows:
(i) those with dense and smooth granules with high density, specific surface area, and
strong compatibility; (ii) those with hollow or porous granules with a high specific surface
area [27]. SP-derived spherical particles (particle size of ~1 µm) may help SD-derived-
granulated powder become more uniform and denser because the spherical particles are
likely to form closed-packing.

In this study, the starting powders of β-TCP and BG particles were synthesized by
SP. The phase compositions and particle morphologies of these starting powders were
characterized using X-ray diffraction (XRD) and scanning electron microscopy (SEM), re-
spectively. After that, these starting powders were granulated with various weight% ratios
of β-TCP/BG = 100/0, 75/25, 50/50, 25/75, and 0/100 using SD. The phase compositions
of these five granulated powders were measured by XRD; Fourier transform infrared spec-
troscopy and SEM was employed to investigate the corresponding bonding structures and
microstructures, respectively. In addition, the cytotoxicity of each granulated powder was
investigated via the MTT assay.

2. Materials and Methods
2.1. Preparation and Characterization of β-TCP and BG Starting Powders

In this work, β-TCP and BG powders were fabricated by spray pyrolysis (SP). Initially,
the β-TCP powders were prepared following our previous study [19] with the molar ratio
of Ca/P at 3:2. Calcium nitrate tetrahydrate (CNT, Ca(NO3)2·4H2O, 98.5%, Showa, Tokyo,
Japan) and diammonium hydrogen phosphate (DHP, (NH4)2HPO4, 98.0%, Thermo Fisher
Scientific, Waltham, MA, USA) were used as the sources of Ca and P. The precursor solution
was prepared by mixing 70.84 g of CNT and 26.42 g of DHP in 500 mL of deionized (DI)
water. After stirring for 30 min, 10 mL of nitric acid (HNO3, 69.5%, Scharlau, Barcelona,
Spain) was added dropwise to adjust the pH to 3. Afterward, the precursor solutions were
stirred for 12 h at room temperature to obtain a uniform and transparent β-TCP precursor
solution. Next, for BG powders (SiO2:CaO:P2O5 = 80:15:5 in mol%), the initial precursor
solution was prepared by mixing 21.79 g of CNT, 96.15 g of tetraethyl orthosilicate (TEOS,
Si(OC2H5)4, 98%, Thermo Fisher Scientific, Waltham, MA, USA) and 8.23 g of triethyl
phosphate (TEP, (C2H5)3PO4, 99 wt %, Alfa Aesar, Haverhill, MA, USA) with 120 g of
ethanol. After stirring for 30 min, DI water was added to bring the volume to 1 L, and
10 mL of 0.5 M hydrochloric acid (HCl) was added to adjust the pH to 2.5. Then, the
mixture solutions were stirred for another 12 h in order to obtain uniform and transparent
BG precursor solutions. For the spray pyrolysis (SP) process, the prepared precursor
solutions were atomized into droplets by an ultrasonic atomizer (King Ultrasonic, KT-100A,
New Taipei, Taiwan) with a frequency of 1.65 MHz. Next, the resulting droplets were fed
into a quartz tube furnace (with a length of 1200 mm and diameter of 30 mm) with the
heating temperatures shown in Table 1. Finally, the resulting powders were collected in an
earthed stainless tube and dried in an oven for 1 day.
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Table 1. The temperature settings of three heating zones for β-TCP and BG starting powders by SP.

Pre-Heating (◦C) Calcination (◦C) Cooling (◦C)

β-TCP 300 1050 350
BG 400 700 500

2.2. Characterization of β-TCP and BG Starting Powders

For characterization, the phase composition of β-TCP and BG powders was confirmed
by X-ray diffraction (XRD, D2 Phaser, Bruker, Karlsruhe, Germany) with Cu-Kα radiation at
30 kV and 2θ in the range of 20–80◦. The functional groups of β-TCP and BG powders were
investigated using Fourier transform infrared spectroscopy (FT-IR, Digilab FTS-3500, Aglient,
Santa Clara, CA, USA) at room temperature with the transmittance mode in the wave number
range from 400 cm−1 to 1300 cm−1. Before the measurement, the samples and KBr with a
weight ratio of 1.4 mg and 100 mg were mixed using mortar; then, 20 mg of the mixed powders
were weighed and pressed to make a pellet by the die-pressing technique. Finally, the mor-
phologies and particle sizes were observed for more than 300 particles in several micrographs
using field emission scanning electron microscopy (JSM-6500, JEOL, Tokyo, Japan).

2.3. Preparation of Granulated β-TCP/BG Powders

For the fabrication of granulated β-TCP/BG powders, the slurries were prepared
by adding 1.3 g of poly-N-vinyl acetamide (PNVA, 13.0%, Showa, Tokyo, Japan) as a
dispersant and 26.0 g of spray-pyrolyzed β-TCP/BG powders with various weight ratios of
β-TCP/BG at 100/0, 75/25, 50/50, 25/75, and 0/100 into 50.0 mL of DI water. Meanwhile,
for the binder solutions, 1.3 g of polyvinyl alcohol (PVA, 88%, M. W. 20,000–30,000, Thermo
Fisher Scientific, Waltham, MA, USA) and 30.0 mL of DI water were stirred at 50 ◦C for 1 h.
Next, slurry and binder solutions were mixed with the addition of 21.4 mL of DI water and
stirred for 12 h. The detailed amount of all reagents is listed in Table 2.

Table 2. The amount of reagent for granulation slurry.

Sample
(Weight Ratio:
β-TCP/BG)

β-TCP (g) BG (g) PVA (g) PNVA (g) Water (g) Total (g)

100/0 26 0 1.3 1.3 101.4 130
75/25 19.5 6.5 1.3 1.3 101.4 130
50/50 13 13 1.3 1.3 101.4 130
25/75 6.5 19.5 1.3 1.3 101.4 130
0/100 0 26 1.3 1.3 101.4 130

Finally, for the spray drying process, the final slurry was introduced into the spray
dryer (SDDO-03, IDTA machinery Co., New Taipei, Taiwan) with a flow rate of ~20 mL/min
and a high-speed-rotating disc at 20,000 rpm. The inlet and outlet temperatures were set as
200 ◦C and 75 ◦C, respectively. The obtained powders were calcined at 400 ◦C for 2 h to
remove the dispersants and binders.

2.4. Characterization of Granulated β-TCP/BG Powders

The crystalline structures of granulated β-TCP/BG powders were investigated using
XRD. The crystalline size was calculated using Scherrer’s equation as follows:

D =
Kλ

Bcos θ
(1)

where D is the crystallite size, K is the Scherrer constant, the value of which is 0.89 [28],
λ is the wavelength of the Cu-Kα radiation, B is the full width at half maximum (FWHM)
of the peak, and θ is the diffraction angle. The morphologies and average particle sizes
were studied by SEM (JSM-6500, JEOL, Tokyo, Japan) with an operating voltage of 15 kV.



J. Compos. Sci. 2024, 8, 111 4 of 13

Before the measurement, the samples were placed on the carbon tape in an SEM holder and
coated with the conductive metal. The average particle size distributions were obtained by
counting more than 300 particles for each sample using ImageJ 1.50i software. Moreover,
the coefficient of variation (COV) was used to identify the variation in all granulated
β-TCP/BG powder distribution sizes, which was calculated using the equation below:

COV =
SD

Davg
× 100% (2)

where SD denotes the standard deviation and Davg denotes the average sphere size. The
functional groups of granulated β-TCP/BG were investigated using Fourier transform infrared
spectroscopy (FT-IR, Digilab FTS-3500, Agilent, Santa Clara, CA, USA) at room temperature
with the transmittance mode in the wave number range from 400 cm−1 to 1300 cm−1.

Finally, the cell viability of granulated β-TCP/BG powders was investigated via the
MTT assay. The MC3T3-E1 cells (ATCC CRL-2594, Manassas, VA, USA) were cultured
in MEM-α (Gibco, Waltham, MA, USA) containing 1% penicillin–streptomycin (Thermo
Fisher, Waltham, MA, USA) and 10% FBS (Gibco, Waltham, MA, USA) in a humidified
5% CO2 atmosphere incubator at 36.5 ◦C for 24 h. The MEM-α-containing granulated
β-TCP/BG powder with a dilution concentration of 100 mg/mL was added and incubated
for 72 h. Afterward, the MEM-α was removed, and 300 µL of the MTT solution (Alfa Aesar,
Haverhill, MA, USA) solution was added to each well. After 4 h, the MTT solution was
removed, and 200 µL of dimethyl sulfoxide (DMSO, Echo, Taipei, Taiwan) was added to
dissolve the formazan crystal. Finally, the absorbance of the solution was measured at
570 nm with a microplate reader (Multiskan Go, Thermo Scientific, Waltham, MA, USA).
The cell viability of each concentration was calculated with reference to the control solution
without a sample.

2.5. Statistical Analysis

The results of cell viability were expressed as the mean ± standard deviation, with
sample n = 3. Statistical analysis was determined using the t-test, where a statistically
significant difference was considered at p-value < 0.05 and denoted as *.

3. Results
3.1. SP-Derived β-TCP and BG Starting Powders

In this work, various granulated β-TCP/BG powders were fabricated with a two-step
process. First, the starting β-TCP and BG powders were synthesized by SP (described in this
section), and then the as-received β-TCP and BG powders were granulated using SD. The XRD
patterns of as-received β-TCP and BG powders are shown in Figure 1. Initially, for the β-TCP
powder, the crystalline phase with 28 diffraction peaks was detected within the diffraction
angle 2θ range of 20~80◦, indicating a single phase of β-TCP (JCPDS No. 09-0169). Next,
the XRD pattern of BG powder showed a broad peak at 2θ~20–40◦, which demonstrated
the amorphous phase of BG. In brief, the XRD results suggest the presence of crystalline in
the β-TCP powder, whereas the BG powder exhibits an amorphous phase.

Figure 2 depicts the FT-IR spectra of as-received β-TCP and BG powders. The first peak
at 450–500 cm−1 is for the O-Si-O/Si-O-Si angle bending vibration. Additionally, the peak
at 800 cm−1 is due to the vibration of the Si4+ cation within the SiO4 tetrahedron [18,29].
The O-P-O ν4 bending vibration of phosphate groups is evident due to the peak at
550–650 cm−1 [18,30]. The transmittance peak around 940–1150 cm−1 was detected in
both as-received β-TCP and BG powders because the silicate and phosphate peaks coex-
isted. The peak around 1100 cm−1 comes from asymmetric Si-O stretching. The other
peaks around 940–1050 cm−1 and 1130 cm−1 come from the stretching mode of the PO4
group [18,29,31]. In short, the FT-IR result demonstrates that as-received β-TCP and BG
powders have the main features of β-TCP and BG.
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Figure 1. XRD patterns of SP-derived β-TCP and BG powders.

The SEM images of SP-derived β-TCP and BG powders are shown in Figure 3.
The average particle size and the standard deviations of β-TCP and BG powders were
1.37 ± 0.57 µm and 1.06 ± 0.54 µm, respectively. From the SEM image, it was observed that
there are three types of morphologies, including smoothed (type 1), roughed (type 2), and
concaved particles (type 3). Figure 4 shows the populations of the three typical morpholo-
gies for the β-TCP and BG powders. In the case of SP-derived β-TCP powders, all types of
particle shapes were identified. The frequencies of type 1, type 2, and type 3 particles were
35%, 26%, and 39%, respectively. In the case of BG, the populations of type 1, type 2, and
type 3 particles were 93%, 7%, and 0%, respectively. In brief, for SP-derived β-TCP, the
populations of type 1, type 2, and type 3 particles were similar; however, the proportion of
type 1 particles comprised the majority for SP-derived BG powders.
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3.2. Granulated β-TCP/BG Powders

The XRD patterns of granulated β-TCP/BG powders (weight ratio: β-TCP/BG = 100/0,
75/25, 50/50, 25/75, and 0/100) are shown in Figure 5. The four granulated β-TCP/BG
powders with the weight ratios of β-TCP/BG = 100/0, 75/25, 50/50, and 25/75) all ex-
hibit the crystalline phase of β-TCP (JCPDF No. 09-0169), which reveals the existence of
SP derived-β-TCP-starting particles. Also, the granulated β-TCP/BG powder (weight ra-
tio: β-TCP/BG = 0/100) reveals an amorphous phase. With of the increase in the BG ratio,
the intensities of β-TCP diffraction peaks decrease, and the broad peak from BG at the 2θ
angle of ~20–40◦ becomes stronger. The crystallite sizes of granulated β-TCP/BG powders
are 47.7 ± 1.0 nm (β-TCP/BG = 100/0), 33.1 ± 1.8 nm (β-TCP/BG = 75/25), 34.4 ± 1.9 nm
(β-TCP/BG = 50/50), and 36.8± 0.2 nm (β-TCP/BG = 25/75), In summary, the crystalline sizes
of BG-including granulated powders are smaller than that of pure β-TCP-granulated powder.
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In addition, the FT-IR spectra of granulated β-TCP/BG powders are shown in Figure 6.
The transmittance peaks around 450–500 cm−1 and 800 cm−1 gradually appeared with the
increasing ratio of BG. The peak around 450–500 cm−1 came from the O-Si-O/Si-O-Si angle
bending vibration. The peak at around 800 cm−1 came from the vibration of the Si4+ cation
within the SiO4 tetrahedron [18,29]. In addition, the peak around 550–650 cm−1 gradually
disappeared with the increasing ratio of BG. This peak came from the O-P-O ν4 bending
vibration of phosphate groups [18,30]. The transmittance peak around 940–1150 cm−1

was detected regardless of the ratio of β-TCP and BG because the silicate and phosphate
peaks coexisted. The peak around 1100 cm−1 came from asymmetric Si-O stretching. The
peaks around 940–1050 cm−1 and 1130 cm−1 came from the stretching mode of the PO4
group [18,29,31]. In summary, the FT-IR spectra of all granulated β-TCP/BG powders are
consistent with the FT-IR spectra of as-received β-TCP and BG powders.
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The SEM images of granulated β-TCP/BG powders are shown in Figure 7. As ob-
served, the granulated β-TCP/BG powders are nearly spherical particles. The particle size
distributions of granulated β-TCP/BG powders are shown in Figure 8. As can be seen,
the average particle size and its error range were 25.56 ± 7.11 µm (β-TCP/BG = 100/0),
26.62 ± 7.16 µm (β-TCP/BG = 75/25), 25.74 ± 6.93 µm (β-TCP/BG = 50/50),
28.57 ± 8.26 µm (β-TCP/BG = 25/75), and 23.39 ± 4.88 µm (β-TCP/BG = 0/100). In sum-
mary, the particle sizes of all granulated β-TCP/BG powders are around 25 µm. The
obtained coefficients of variation values were 27.82%, 26.89%, 26.92%, 28.91%, and 20.86%
for the 100/0, 75/25, 50/50, 25/75, and 0/100 granulated β-TCP/BG powders, respectively.
These results show that all granulated β-TCP/BG powders had consistent distributions.
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3.3. Cytotoxicity Test

The cell viability test of granulation powders derived from the MC3T3-E1 cell after
3 days of incubation is shown in Figure 9. The average cell viability and the corre-
sponding error ranges of granulated β-TCP/BG powders are 129.8 ± 8.2%, 106.1 ± 1.3%,
107.4 ± 1.7%, 91.2 ± 1.1%, and 93.8 ± 8.3% for β-TCP/BG = 100/0, 75/25, 50/50, 25/50,
0/100, respectively. According to ISO 10993-5 [32], all granulated β-TCP/BG powders
have cell viability above 70%, which indicates that all granulated samples are non-toxic.
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tion of samples is 25 mg/mL (# presents the statistical differences with respect to the control, n = 3,
and p < 0.05).

4. Discussion

First, let us discuss the morphologies of SP-derived β-TCP and BG starting powders.
Based on SEM images, as shown in Figure 3, diverse morphologies were observed involving
smoothed, roughed, and concaved spheres. The distributions of these morphological types
are illustrated in Figure 3. The variations in morphology can be affected by many factors,
such as the coefficient of thermal expansion (CTE), precursor solutions, and calcination
temperature [18,23]. Firstly, to be noted, CTE is defined as the degree of change in length
or volume in response to a temperature change [33,34]; this is considered because the rapid
thermal expansion may cause cracking in the material. Materials with a larger CTE are more
sensitive to heat and are likely to change their length or volume. The CTE values of β-TCP
and BG are 1.47 × 10−5 K−1 and 1.50 × 10−5 K−1 [31,33], respectively. The CTE values
of BG and β-TCP are similar, which suggests that the CTE may not dominate the particle
morphology in this study. Secondly, for the precursor solution factor, the concaved sphere
morphologies obtained from SP-derived β-TCP powder can be related to the presence of
nitric acid as the catalyst in the precursor solution. Nitric acid leads to the release of NO3
gas during the decomposition stage in the SP process, which may damage the spherical
structure to form a concave structure [18,23]. The third factor is the calcination temperature.
It is well known that the mechanism of precipitation of the droplets produced by SP affects
the final particle shape. There are two precipitation mechanisms [21] as follows: volume
precipitation and surface precipitation (see Figure 10). Volume precipitation occurs easily
at a lower calcination temperature because of the slow evaporation of the solvent; the
smaller temperature difference between the center and the surface of the droplet leads
to solid particles because of the uniform precipitation within the droplets. For example,
in this study, BG particles mainly had smooth surfaces (93% of the total particles) due to
the volume precipitation at a lower calcination temperature (700 ◦C). On the other hand,
in this study, surface precipitation occurred at a higher temperature because of the rapid
evaporation of the solvent from the surface of droplets. In the case of β-TCP, more than
half of the particles (65%) belonged to rough (Type 2) or concave (Type 3) particles due to
the surface precipitation at a higher calcination temperature (1050 ◦C).
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Next, the formation mechanism of granulated β-TCP/BG powders is discussed below.
According to the SEM images and granulated size distributions, as shown in Figures 7 and 8,
the results show that all granulated β-TCP/BG powders exhibit spherical morphology with
similar granulated size distributions at around 25 µm. This is owing to the typical spray
granulation mechanism. The atomization process is necessary to expand the surface area
of the slurry in SD because faster heat transfer occurs between the surface of the droplet
and the drying medium. After the atomization process, the evaporation of the solvent
from the produced droplet occurs due to the temperature and vapor pressure difference
between the surface of the droplet and the drying medium [35]. During the SD granulation
process, the slurry is atomized into droplets and then dried into spherical particles. For
the preparation of the slurry, a dispersant is used to stabilize the slurry. The binder is also
necessary to enhance cohesive strength for fluidity [27]. However, the excessive dosing
of the binder may not result in spherical particles due to particle agglomeration [22]. In
this study, spherical granulated particles were successfully obtained under slurry contents
with a 20 wt % solid content, 1 wt % dispersant, and 1 wt % binder. Briefly, the SEM
images confirmed that all granulated β-TCP/BG powders went through the typical spray
granulation mechanism and resulted in consistent sphere size distributions.

Finally, the cell viability of granulated β-TCP/BG powders is discussed. All granu-
lated β-TCP/BG powders have a cell viability above 70%, which indicates that all samples
are non-toxic. According to previous studies, cytotoxicity is affected by the specific surface
area [36]. Particles that are nano-sized have a larger specific surface area and might demon-
strate toxicity due to more active sites on which particles can interact with cells [37]. In our
study, all granulated β-TCP/BG powders did not exhibit toxicity, implying a non-nano
structure. In addition, the cell viability of granulated β-TCP/BG powders (weight ratio:
β-TCP/BG = 100/0, 75/25, and 50/50) was above 100%, indicating the promotion of cell vi-
ability. It is reported that pure β-TCP promotes cell viability, and the side product Ca2P2O7
inhibits the mineralization of osteoblast cultures [36,38]. In this study, the granulated
β-TCP/BG powders were obtained using SD without the formation of the side product
Ca2P2O7; this confirms the suitability of the powders for bone implant application.

5. Conclusions

In this study, β-TCP and BG powders with particle sizes of 1.37 µm and 1.06 µm,
respectively, were prepared by SP. The morphology difference between β-TCP and BG
particles came from the difference in the calcination temperature and precursor solution of
the products. In addition, different weight ratios of β-TCP- and BG-granulated powders
were successfully obtained by SD. The granulated β-TCP/BG powders with variance
weight ratios of β-TCP/BG had spherical morphology with particle sizes at around 25 µm.
Moreover, the cell viability showed the significant promotion of the granulated pure β-TCP
sample on the proliferation of the MC3T3-E1 osteoblast cells. All granulated β-TCP/BG
samples showed great potential for application in bone implants.
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