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Abstract: Mesoporous beta tricalcium phosphate (B-TCP) has recently attracted significant interest
as an artificial bone tissue in orthopedics. However, a scalable process is required to meet future
demands. Spray drying is one of the potential synthesis methods owing to its low cost and scalable
production. In this study, various mesoporous B-TCP powders were calcined in the range of 800 to
1100 °C, with particle sizes ranging from ~0.3 to ~1.8 um, specific surface areas from ~16 to ~64 m?/g,
and average pore sizes of 3 nm. Except for the 800 °C calcined powder, the other B-TCP powders
(calcination temperatures of 900, 1000, and 1100 °C) exhibited no cytotoxicity. These results indicate
that spray-dried mesoporous B-TCP powders were obtained. Finally, the corresponding formation
mechanisms are discussed.

Keywords: B-tricalcium phosphate; calcination; electron microscopy; biomedical applications

1. Introduction

Bioceramic has been used as bone repair to reduce the demand of autograft, allograft,
or xenograft sources. Thus, eliminating issues such as disease transfer risks and donor site
morbidity which are common occurred when using bone graft materials [1]. Since the
1920s, tricalcium phosphate (TCP) has been used as a bone graft and bone implant for
bone regeneration applications due to its similar chemical composition to that of the hu-
man bone [2]. Among the TCP family, three polymorphs of o-TCP, o’-TCP, and B-TCP
have been commonly reported [3]. In addition, B-TCP has attracted more attention than
o-TPC and o’-TCP owing to its excellent bioactivity, biodegradability, and biocompatibil-
ity [4-7]. Moreover, mesoporous materials, which contain pores with diameters between
2 and 50 nm, exhibit large specific surface areas and a narrow pore size to improve surface
wettability and cell growth [8]. Thus, mesoporous B-TCP has become one of the most pop-
ular bioceramics in the fields of medical and biological engineering.

Although various methods (e.g., solid state [9], wet precipitation [10], sol-gel [11],
and spray drying [12]) have been reported to fabricate B-TCP materials, each method has
some disadvantages that need to be overcome. For the solid-state method, the grinding
process causes contamination, making it difficult to maintain a high purity for bioactivity
[13]. Although high purity requirements have been satisfied using wet precipitation and
the sol-gel method, both processes are time-consuming, accordingly unfavorable for mass
production [11], and have the problem of nonhomogeneous size distribution [14]. Spray
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drying is a process used to transform feed materials such as slurry or liquid precursors
into ceramic powder by evaporating atomized droplets into dry powders [15]. Grinding
and sieving are not required for the spray-dried powders, and thus, high purity require-
ments are met. In addition, the sizes of the spray-dried particles are homogeneously dis-
tributed around the sub-micron range and its continuous process is suitable for mass pro-
duction [16,17]. Therefore, the spray drying method was chosen to fabricate §-TCP parti-
cles in this study.

To the best of our knowledge, only a few research groups have reported the prepa-
ration of TCP powder using spray drying as compared to solid state, wet precipitation,
and sol-gel methods. Thus, some issues require investigation. First, the lack of feed mate-
rials for liquid precursors was reported, and only the feed materials of the slurry were
used to prepare the TCP powder, which may be associated with the disadvantage of the
above mentioned preparation methods. For example, Reno et al. used the solid-state
method to synthesize the B-TCP powder as the feed material [18], while Ben et al. used
the commercial B-TCP powder as the feed material for forming B-TCP aggregates [12].
Second, since biocompatibility is critical for the B-TCP powder, the rare cytotoxicity test
was reported in the spray-dried B-TCP studies [18]. In summary, a spray drying study on
B-TCP with a liquid precursor feed material and cytotoxicity evaluation is urgently re-
quired.

In this study, various mesoporous -TCP powders were prepared and characterized.
The phase compositions, surface morphologies, chemical compositions, and specific sur-
face areas were examined using X-ray diffraction (XRD), a scanning electron microscope
(SEM), energy-dispersive X-ray spectroscopy (EDS), and nitrogen/desorption isotherm,
respectively. In addition, in vitro cytotoxicity was evaluated using osteoblastic cells
(MC3T3-E1 cell line, ATCC CRL-259%4, Virginia, USA). Finally, the formation mechanism
of spray-dried B-TCP powder was proposed, and the corresponding cytotoxicity was dis-
cussed.

2. Materials and Methods
2.1. Synthesis

B-TCP powders were synthesized using the spray drying technique. The sources of
Ca and P were calcium acetate (CaA, Ca(CHsCOO)2.H20, 99.0%, J.T. Baker, Mexico City,
Mexico) and diammonium hydrogen phosphate (NHP, (NH4)2HPO4, 98.5%, ].T. Baker,
Mexico City, Mexico). The precursor solutions were prepared by dissolving 105.71 g of
CaA and 60.95 g of NHP in 1000 mL of deionized water in a ratio of Ca/P = 1:5. Next, the
reactant nitric acid (HNOs, 68%, Fisher, Pittsburgh, USA), was added dropwise into the
solution to reach a pH of 3 in order to slow down the precursor precipitation [19]. In the
spray drying process, the precursor solution was transferred to a spray dryer (SDDO-03,
IDTA Machinery Co. Ltd, Taipei, Taiwan) at a flow rate of 20 mL/min and an atomizer
disk rotation speed of 20,000 rpm. The inlet and outlet temperatures were set at 200 and
80 °C to dry the dispersed droplets. Note that different calcination treatments of calcium
phosphate resulted in the formation of different phases. Since the formation of B-TCP is
known to occur between 800 and 1200 °C [18], the dried B-TCP powders were calcined at
temperatures of 800, 900, 1000, and 1100 °C in an air atmosphere for 2 h.

2.2. Structural Characterizations

First, the phase compositions of B-TCP powders were characterized using an X-ray
diffractometer (D2 Phaser, Bruker, Karlsruhe, Germany) with Cu Ka radiation and Ni-
filter. The diffraction angle (20) was scanned from 20 to 80° with an increment of 0.5° per
step. In addition, the crystallite sizes of B-TCP powders were calculated using Scherrer’s
equation. Next, the surface morphologies of B-TCP powders were observed using a field-
emission scanning electron microscope (JSM 6500F, JEOL, Tokyo, Japan), and the corre-
sponding atomic compositions were recorded by energy dispersive spectroscopy (X-Max
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50 mm?, Oxford Instrument, Abingdon, UK) and computed using the INCA software (Ox-
ford instrument, Abingdon, UK). In addition, the statistical averaged particle sizes and
distributions were obtained by measuring more than 300 particles from several SEM im-
ages. Moreover, the specific surface areas and pore size distributions of B-TCP powders
were examined using a Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH)
nitrogen adsorption method, respectively. All B-TCP specimens were degassed at 200 °C
for 3 h, and nitrogen adsorption and desorption isotherms were obtained at —196 °C with
constant-volume adsorption equipment (Novatouch LX2, Quantachrome Instrument,
Boyton Beach, USA).

2.3. In Vitro Cytotoxicity

Following the standard protocol of ISO 10993-5, osteoblastic cells (MC3T3-E1 cell
line, ATCC CRL-2594, Virginia, USA) were cultured in a minimum essential medium
(MEM, Gibco, Massachusetts, USA) supplemented with a 10% fetal bovine serum (FBS,
Gibco, Massachusetts, USA) and 1% antibiotic-antimycotic (Corning, New York, USA) fol-
lowed by incubation at 37 °C in 5% CO: humidified atmosphere. For the assessment of
cytotoxicity, 500 uL of MC3T3-E1 cells were seeded into 24-well plates at a density of 2 x
104 cells/well and cultured for 1 d. Next, by immersing 4 g of each specimen into 5 ml of
the medium, the extract solutions with various concentrations were added to each well,
and each concentration was prepared in triplicate experiments. After 72 h of incubation,
the medium was aspirated from all the wells, and 300 pL of the thiazolyl blue tetrazolium
bromide (L119139, Alfa Aesar, Massachusetts, USA) solution was added to each well and
incubated for another 4 h to form formazan crystals. Finally, the MTT solution was re-
moved and 200 pL of dimethyl sulfoxide (DMSO, ECHO, Taiwan) was added to each well.
The solution was transferred to a 96-well plate, and the absorbance was measured at 570
nm using a microplate reader (Multiskan Go, Thermo Scientific, USA). The percentage of
cell viability at each concentration was computed against the control solution without a
specimen.

2.4. Statistical Analysis

A statistical analysis was performed using the one-way analysis of variance to deter-
mine significant differences. The value of p < 0.05 was considered statistically significant.

3. Results
3.1. Phase Composition

Figure 1 shows the XRD patterns of -TCP powders calcined at 800, 900, 1000, and
1100 °C. First, for the B-TCP powder calcined at 800 °C, the major phase of B-TCP (JSPDS
no. 09-0169) and the minor phase of calcium pyrophosphate (Ca2P207) (JSPDS no. 09-0346)
were observed. By contrast, B-TCP powders calcined at 900, 1000, and 1100 °C exhibited a
single phase of B-TCP. These results indicate that a calcination temperature of 800 °C was
not capable of producing pure B-TCP powder (both B-TCP and Ca2P207 phases were
found), while 3-TCP powders calcined at 900, 1000, and 1100 °C were able to produce B-
TCP powders with high purity. In addition, based on Scherrer’s equation, the average B-
TCP crystallite sizes of 800, 900, 1000, and 1100 °C calcined B-TCP powders were obtained
as47+2,49+1,51+4, and 51 £ 3 nm, respectively. The result shows that a higher calcined
temperature powder exhibits at a larger B-TCP crystallite size. Thus, nanocrystalline -
TCP powders were successfully synthesized using the spray drying technique.
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Figure 1. XRD patterns of B-TCP powders calcined at temperatures of 800, 900, 1000, and 1100 °C.

3.2. Morphology

The SEM micrographs of 800, 900, 1000, and 1100 °C calcined B-TCP powders are
shown in Figure 2a—d, respectively. From the figure, only a spherical shape was observed
for all the calcined B-TCP powders. In general, these micrographs show that the shapes of
all the B-TCP powders are irregular. In addition, the higher magnification images in Fig-
ure 2 show the fine (nanosized) features on the surfaces of B-TCP powders. Moreover, the
surface curvature decreases with the increasing calcination temperature (e.g., the 800 °C
calcined powder has more curved surfaces, but the 1100 °C calcined powder has more flat
surfaces).

(3 S [ ey 2

Figure 2. SEM images of B-TCP powders calcined at temperatures of (a) 800, (b) 900, (c) 1000, and
(d) 1100 °C with insets of surface structure captured at higher magnification.
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Figure 3. Particle size distributions of B-TCP powders calcined at temperatures of (a) 800, (b) 900,
(c) 1000, and (d) 1100 °C.

Furthermore, the particle size distributions and specific surface areas of various cal-
cined B-TCP powders were investigated. Figure 3 shows the size histograms for the §-TCP
powders calcined at 800, 900, 1000, and 1100 °C, and their average particle sizes and cor-
responding standard deviations of 0.30 +0.11, 0.54 + 0.17, 1.00 = 0.44, and 1.81 £ 0.81 um,
respectively. However, the particle sizes from the high and low calcination temperatures
are distinctive different; the powders calcined at 800 and 900 °C are mostly in the submi-
cron range, whereas those calcined at 1000 and 1100 °C are larger (in the submicron and
micron ranges). In addition, the 1000 and 1100 °C calcined powders have a wider size
distribution than those of the 800 and 900 °C calcined powders. The BET data of the spe-
cific surface areas, average pore diameters, and pore volumes are listed in Table 1. The
table shows that all the calcined B-TCP powders are mesoporous, with an average pore
diameter of ~3 nm. Furthermore, the B-TCP powder calcined at a higher temperature re-
sults in a lower pore volume (e.g., 0.057 cc/g for 800 °C calcined case and 0.012 cc/g for
1100 °C calcined case) and lower specific surface area (e.g., 64.92 m?/g for 800 °C calcined
case and 16.04 m?/g for 1100 °C calcined case). In addition, Figure 4 presents the pore size
distribution for each B-TCP powder and demonstrates that all B-TCP powders exhibit a
mesoporous structure with pore sizes ranging from 1 to 6 nm. In other words, when the
calcination temperature increased, the particle size increased, but the related specific sur-
face area decreased.
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Figure 4. Pore size distributions of B-TCP powders calcined at temperatures of (a) 800, (b) 900, (c)

1000, and (d) 1100 °C.

Table 1. Specific surface area, average pore diameter, and pore volume of f-TCP powders calcined
at temperatures of 800, 900, 1000, and 1100 °C.

Calcination Specific Surface Area  Average Pore Diameter Pore Volume
Temperature (°C) (m?/g) (nm) (cc/g)

800 64.92 +2.30 3.15+0.01 0.057 £ 0.002

900 43.43+£1.19 3.15+0.02 0.037 £ 0.006

1000 23.07 +0.96 3.16 £ 0.01 0.017 £ 0.004

1100 16.04 +1.28 3.15+0.01 0.012 +0.002

Figure 5 presents the EDS spectra of all calcined B-TCP powders. The main X-ray
peaks of O - Ko, P - Ko, and Ca - Ko are at energies of 0.52, 2.05, and 3.69 KeV, respectively.
Moreover, the detailed atomic compositions and Ca/P ratios from these EDS spectra are
listed in Table 2. Table 2 shows that Ca/P ratios were 1.08 + 0.09, 1.48 + 0.06, 1.50 + 0.05,
and 1.51 £ 0.07 for B-TCP powders calcined at 800, 900, 1000, and 1100 °C, respectively. In
short, the EDS result indicates that all calcined B-TCP powders have similar chemical com-
positions, and the Ca/P ratio increased with the increasing calcination temperature.
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Figure 5. EDS spectra of B-TCP powders calcined at temperatures of (a) 800, (b) 900, (c) 1000, and

(d) 1100 °C.

Table 2. Atomic compositions of -TCP powders calcined at temperatures of 800, 900, 1000, and
1100 °C derived from EDS spectra.

Calcination Temperature (°C) Ca (at%) P(at%) Ca/P
800 52.13+1.99 47.87 +1.99 1.08 +£0.09
900 58.99 +1.37 39.81+1.76 1.48 +0.06
1000 60.02+1.93 39.98 +1.93 1.50 £ 0.05
1100 60.08+1.16 39.92+1.16 1.51 +£0.07

3.3. In Vitro Cytotoxicity

Cell viability (%

T
150 200

Concentration (mg/ml)

Figure 6. MTT assays of B-TCP powders calcined at temperatures of 800, 900, 1000, and 1100 °C (*
presents the statistical differences with respect to the control, n =3, and p < 0.05; # presents the

statistical differences with respect to the 800 °C calcined pB-TCP powder).
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Figure 6 shows the MTT assay results of 800, 900, 1000, and 1100 °C calcined B-TCP
powders for the extraction concentrations of 250, 200, 150, 100, and 50 mg/mL after 72 h
of incubation. Initially, for the 800 °C calcined B-TCP powder, the cell viabilities were sig-
nificantly lower than those of the control medium at all concentration cases. Furthermore,
in addition to the concentration of 50 mg/mL, the 800 °C calcined B-TCP powder is toxic
to MC3T3-E1 cells since its cell viability is lower than 70%, according to ISO 10993-5 [20].
By contrast, the cell viabilities of 900, 1000, and 1100 °C calcined B-TCP powders were
significantly higher than that of the 800 °C calcined B-TCP powder at all extraction con-
centrations. This result also indicates that the 900, 1000, and 1100 °C calcined B-TCP pow-
ders have no cytotoxicity against MC3T3-E1 cells (their cell viabilities are higher than
70%). Hence, the MTT study showed that the 900, 1000, and 1100 °C calcined B-TCP pow-
ders are suitable for osteoblast cell growth.

4. Discussion

For the phase composition, Sanosh et al. reported that some XRD peaks of B-TCP
appeared at 600 °C [14], and most of the major peaks of B-TCP were observed at the calci-
nation temperature at 800 °C [13] for the sol-gel derived powder, which agrees with our
study. In addition, according to [21], the Ca2P207 phase was formed under the heat treat-
ment range of 500-700 °C, which may support the impurity of the Ca2P207 phase for the
800 °C calcined B-TCP powder in this study. As both spray-dried and sol-gel methods are
liquid-solution methods with homogenous molecular mixing [22], similar B-TCP phase
formation temperatures were obtained.

For the spray-dried process, the factors of precursor properties and process parame-
ters (e.g., heating rate) are important for influencing the powder morphology, and these
two factors are commonly considered using the dimensionless Peclet number (Pe), which
was reviewed by Vehring et al. [23]. Pe is defined as the ratio of the solvent evaporation
rate to the solute diffusion coefficient [23]. First, a low Pe number shows that the diffusion
motion of the solute is faster than the solvent evaporation rate during the evaporation
process, and the morphology of the sphere is formed. Second, for the case of a high Pe
number, the powder is said to have a faster evaporation rate than the diffusion of dis-
solved and suspended solute, and therefore, irregular (non-sphere) morphology is
achieved. Figure 2 demonstrates that all spray-dried B-TCP powders had an irregular
shape and were formed under the condition of a high Pe number (higher solvent evapo-
ration rate).

In this study, the particle size range of calcined B-TCP powders was from 0.3 to 1.8
um, which agrees with the common particle size range of dry-particle (without calcina-
tion) from 0.5 to 50.0 pm [24]. Furthermore, the SEM images indicate that the variation of
particle size depends on the calcination temperature. It is well-known that the particle size
is controlling to the droplet size in the spray drying process. The main factors controlling
the droplet size, including precursor concentrations (droplet density) and the speed of the
rotary atomization system [15], were maintained constant in this study. Ideally, four pow-
ders should have a similar particle size before calcination. Therefore, the different particle
sizes are mainly attributed to the calcination process. From the particle statistical data (see
Figure 3), the average particle size increases with the increasing calcined temperature (0.3
um for the 800 °C calcined powder and 1.8 um for the 1100 °C calcined powder). A possi-
ble reason for this is the particle coarsening that takes place during the high-temperature
calcination process. Detailed SEM micrographs (Figure 2) show that the powder surface
curvature decreased when the calcination temperature increased, which supported the
particle coarsening [25].

The factors of particle size [26] and morphology [27] both affect the specific surface
area. Initially, considering the particle size effect revealed that, the smaller the particle
size, the larger the specific surface area. The 800 °C calcined powder exhibited the highest
specific surface of 64.92 m?/g since it has the smallest particle size of 0.3 pm among these
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B-TCP powders. Moreover, morphology (e.g., mesoporous structure) plays an important
role in the specific surface area. The theoretical specific surface area of the 0.3 pm solid
sphere B-TCP particle is ~6.5 m?/g (calculated using the B-TCP density of 3.07 g/cm3 [28]).
However, the experimental BET value of the 0.3 um -TCP powder was 64.92 m?/g, which
is ten times larger than the theoretical BET value. Our BET data (Figure 4) also reveal that
the 800 °C calcined powder exhibited the 3 nm mesopores to support the high specific
surface area. This mesoporous structure may be formed by the precursor of NHP. NHP
belongs to the ammonia salts (e.g., ammonium carbonate [29]), and these ammonia salts
are highly volatile, creating pores during the calcination process in spray drying.

The Ca/P ratios of Ca2P207 and B-TCP were 1.0 and 1.5, respectively. Table 2 shows
that the Ca/P ratio of 800 °C calcined powder is 1.1, which implies the presence of Ca2P207.
In addition, our XRD results confirmed that the 800 °C calcined powder has both phases
of CazP207 and B-TCP (see Figure 1). Moreover, the Ca/P ratios of 900, 1000, and 1100 °C
calcined powders are close to 1.50, which implies that the pure B-TCP phase was obtained
after the calcination in the temperature range of 900 to 1100 °C.

Finally, considering cytotoxicity, our MTT study showed that the 800 °C calcined
powder exhibited cytotoxicity, whereas the 900, 1000, and 1100 °C calcined powders were
not toxic (see Figure 6). According to previous studies, the factors of particle size [30,31]
specific surface area [29] and phase compositions [32] play a critical role in the cytotoxicity
of B-TCP. In this study, the effects of particle size and specific surface area on cytotoxicity
were not distinctive. The particle sizes and specific surface areas of 800 and 900 °C cases
are within one order (0.3 and 0.6 um for 800 and 900 °C calcined powders, and 64.92 and
43.43 m?/g for 800 and 900 °C calcined powders), but at the same time, these calcined pow-
ders exhibited contrasting cytotoxicity behaviors. Therefore, the 800 °C calcined powder
has cytotoxicity, which may be attributed to the presence of Ca2P20r since the pyrophos-
phate ions from CazP>0y7 inhibit the mineralization of osteoblast cultures by direct binding
and inhibition of the alkaline phosphatase activity [32].

5. Conclusions

In this work, mesoporous B-TCP powders were successfully synthesized using the
spray drying method. Phase-wise, both XRD and EDS results indicated that the 900, 1000,
and 1100 °C calcined powders are that of B-TCP mono-phases, whereas the 800 °C calcined
powder contained the impurity phase of Ca:P207. Morphology-wise, SEM and BET data
revealed that all the powders had an irregular shape with ~3 nm mesopores, which is
beneficial for the bioceramics application that requires a large surface area. Furthermore,
for cell cytotoxicity, only the 800 °C calcined powder exhibited low cell viability (<70%),
which may be attributed to the presence of the Ca:P20 phase. In summary, spray-dried
mesoporous B-TCP powders, synthesized via the spray drying method, are considered
promising materials for reconstructive orthopedic purposes.
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