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Abstract

a-TCP microspheres were obtained by atomizing aqueous slurries containing 50 wt% of low crystallinity a-TCP and 1 wt% of
citric acid. Poly(ethylene glycol) and poly(vinyl alcohol) were tested as a binder. The spray drying process yielded to microspheres
with mean diameter around 20 pm and sphericity (horizontal and vertical length ratio) closest to one, which is essential to many
applications, such as drug delivery and injectability of cements. The addition of binders was necessary to decrease the amount of
loose particles and to improve powder flowability but it also caused a reduction in wettability and surface area. Best results were
achieved with 3 wt% of PVA, as the microspheres presented the highest specific surface area, wettability, and sphericity. The
microspheres prepared in this study may be used as injectable bone cements precursor since their geometry and flowability would
favor paste homogeneity and injectability overcoming many drawbacks of today’s injectable bone cements.
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Resumo

Microesferas de a-TCP foram obtidas atomizando uma suspensdo aquosa contendo 50% em massa de a-TCP com baixa
cristalinidade e 1% em massa de dcido citrico. Poli(etileno glicol) e poli(dlcool vinilico) foram testados como ligantes. O processo
de spray drying resultou em microesferas com didmetros médios de aproximadamente 20 um e esfericidade (razdo de comprimentos
na horizontal e na vertical) proxima a um, caracteristicas essenciais para vdrias aplicagcées, como a liberagdo controlada de drogas
e cimentos 0sseos injetdveis. A adigdo dos ligantes foi necessdria para reduzir a quantidade de particulas soltas e aumentar a fluidez
do pd, mas também resultou em uma redugdo na molhabilidade e na drea superficial das microesferas. Os melhores resultados
foram obtidos com 3% de PVA jd que as microesferas apresentaram a maior drea superficial, molhabilidade e esfericidade. As
microesferas preparadas neste estudo podem ser utilizadas como precursoras de cimentos dsseos injetdveis, jd que a sua geometria
esférica e sua fluidez favorecem a homogeneidade e injetabilidade das pastas sobrepujando as principais dificuldades dos cimentos
injetdveis atuais.
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INTRODUCTION

Tricalcium phosphate [TCP, Ca,(PO,),] bioceramics
have successfully been employed for bone regeneration for
the past 40 years. Their bioactivity, osteoconductivity, and
reabsorption depend on the crystalline polymorph they are
made of [1, 2]. There are three known TCP polymorphs:
p-TCP, a-TCP and o’-TCP [2]. B-TCP is stable at
temperatures below 1115+10 °C. On the other hand, a-TCP
is formed at 1115+10 °C and exists on temperatures as high
as 1465+5 °C. Above this temperature up to the melting
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point (~1756 °C), metastable o’ phase is formed [3, 4]. a
and B are the only polymorphs with biomedical interest
and, despite having the same chemical composition, they
present quite different chemical and biological properties
influencing in their applicability. a-TCP is more soluble than
[ and has higher specific energy and lower density which
grants more reactiveness in aqueous systems where it can be
hydrolyzed into calcium deficient hydroxyapatite, resulting
in a reduction of the degradation rate [4-7]. At 37 °C the
solubility of o and 3 are close (a-TCP presents a solubility
of 0.24 mg.L'!, and f has 0.15 mg.L'), however after a-TCP
dissolution the product formed is one of the most stable
calcium orthophosphate, which is the calcium-deficient
hydroxyapatite (CDHA) [2, 8].

TCP microspheres present a higher rate of in vivo



600 C. O. Reno et al. / Ceramica 65 (2019) 599-604

resorption when compared to dense blocks [9, 10] due to their
larger specific surface area, porosity and surface reactivity,
increased rate of bone ingrowth, minimized inflammatory
responses, higher packing, and good flowability. Therefore,
they are suitable for many applications [11-13] such as
filling bone defects [10, 14, 15], formulating injectable
pastes and cements [16-19], drugs, genes and cells carriers
[20-22], being used for thermal-spray coatings [23], and
serving as raw materials for 3D printed and robocasted
bone implants [24, 25]. The shape and size of implantable
TCP microspheres should be carefully controlled since
it has been shown that they determine the extent of tissue
reaction [26] as well as the handling properties of cement
pastes and putties (mainly packing and injectability) [19,
27]. Moreover, sphericity, i.e. horizontal and vertical length
ratio, also determines the necessary flowability of powders
used in thermal-spray coating technologies [23] and 3D
additive manufacturing [24, 28-30].

Spray drying is one of the preferred methods for
manufacturing spherical microparticles [20, 31, 32]. It is a
simple method: the liquid droplets are dried while suspended
into a drying gas chamber. This liquid feed contains the
precursors that transform into a free-flowing dry powder
in a continuous process [33]. Solid content, feeding liquid
and flow rate can be used to control the size of the obtained
microparticles [20, 23, 27, 31, 34]. The process is low-
cost, quite efficient and very reproducible. It can be easily
scaled up to nearly any production scale and is extensively
used in pharmaceutical, food and ceramic industries [20,
33, 35-39]. Spray drying has already being employed to
manufacture hydroxyapatite [11, 31, 40-42], 3-TCP [13]
and biphasic calcium phosphate [41, 42] microspheres for
several biomedical applications. However, no reports could
be found in the preparation of o-TCP microspheres by
spray drying. This is probably due to the fact that a-TCP
easily hydrolyzes into CDHA when in contact with water
[43], leading to possible clogging of the atomizer nozzle
and/or crystalline phase transformation, making necessary
the use of organic solvents and increasing the complexity
and the costs of the process. Therefore, in this study, a-TCP
microspheres were manufactured by spray drying from a
slurry of synthesized and dry milled a-TCP in the presence
of hydrolysis inhibitor and binders.

MATERIALS AND METHODS

Preparation of the a-TCP microspheres: o-TCP was
synthesized by solid-state reaction of a stoichiometric mixture
of Mg-free CaCO, and CaHPO, at 1300 °C [44], followed
by ball milling during 96 h (ZrO, balls of 10 and 15 mm
diameter; ball to powder ratio of 10:1 wt/wt). The resulting
powder was analyzed by laser diffraction (mod. 1190, Cilas,
France). a-TCP slurries were prepared by dispersing 50
wt% of a-TCP into an aqueous solution containing 1.0 wt%
of citric acid, 0.1 mol.L"! of N H, and binder concentrations
indicated in Table I. Citric acid was used as dissolution
inhibitor. Binders employed were poly(vinyl alcohol) (PVA,

mol. wt. 10000-20000 g mol”!, Optapix PAF 35, Zschimmer
Schwarz, Germany) and poly(ethylene glycol) (PEG, mol. wt.
1350-1650 g mol™', Synth, Brazil). The a-TCP slurries were
immediately fed at 80 mL.min" into a spray drier Mobile
Minor (GeaNiro, Denmark) with a capacity of 7 kg water/h
and sprayed with outlet air temperature of 115 °C.

Table I - Binders and their concentrations.
[Tabela I - Ligantes e suas concentragdes.]

Binder Concentration (wt/vol %)
PEG 30
PVA 30,100

Characterization of o-TCP microspheres: crystalline
phases were identified by X-ray diffraction (XRD, D8§,
Bruker, USA, CuKa, Ni filter, 20° to 40° 20, 0.02 °s, 45
kV and 40 mA). JCPDS files employed were 46-0905 for
calcium deficient hydroxyapatite and 09-0348 for a-TCP.
Morphology, mean size and sphericity of the microspheres
were studied by scanning electron microscopy (SEM, TM-
1000, Hitachi, Japan) using the software ImageJ for size
and sphericity measurements (approximately 50 individual
microspheres were measured in different images).
The microspheres sphericities were determined by the
measurement of the diameter in the horizontal and vertical
direction. The specific surface area (SSA) was measured by
N, adsorption (Monosorb, Quantachrome, USA) applying
the BET model. Total pore volume was measured by Hg
intrusion porosimetry (Pore Master, Quantachrome, USA).
Granules flowability in terms of Hausner’s ratio (HR) was
evaluated by [32]:

HR=V/V, (A)

where V, is the apparent volume and V. the final tapped
volume of the powder. The apparent volume was determined
by slowly filling a recipient with the free-falling powder,
which represented the volume of the granules and the
intergranular porosity [32, 45]. The final volume was
determined by vibrating the recipient until the volume
of the powder stopped to decrease. The flowability of the
samples was compared with one-way ANOVA with respect
to statistical significance (p<0.05) of the HR values. To
evaluate the influence of the spray dying and binders on the
powder wettability, the contact angle was measured using
a Goniometer (DSA 100, Kriiss, Germany) by the sessile
drop technique. Powder samples were slightly compacted
into 17.3 mm discs and contact angle was measured by
dropping a 10 pL drop of deionized water onto sample’s
surface. The results interpretation was carried out with Drop
Shape Analysis 4 software (Kriiss, Germany), using Young-
Laplace fit as a baseline method. At least three measurements
were made in order to guarantee reproducibility. In order to
determine the granule strength by apparent yield pressure
(Py),acompaction curve was made by compacting 2 g of each



C. O. Reno et al. / Ceramica 65 (2019) 599-604 601

sample at a rate of | mm/min in a cylindrical steel die, using
a universal testing machine (1114-H 1262, Instron, UK),
with a maximum force of 20 kN. The final dimensions of the
resulting compact piece were determined; the log(pressure)
X compactness response (compaction curve) could be back-
calculated from the load and displacement curves. Then, as
shown in Fig. 1, Py was determined from the intersection
of two straight lines that were fitted in the low-pressure and
high-pressure legs of the compaction curve [46].

2.0 |Without binder
1.8
1.6
1.4
1.2
1.0
0.8
0.6 Py

Density (g/cm?3)

1 10 100
Compaction pressure (MPa)

Figure 1: Compaction curve of the microspheres without binders to
determine the apparent yield pressure, Py.

[Figura 1: Curva de compactagcdo das microesferas sem ligante
para determinagdo da pressdo de escoamento, Py.]

RESULTS AND DISCUSSION

Fig. 2 shows the XRD patterns of the precursor powder
and the as-sprayed microspheres. Citric acid addition was
effective in preventing a-TCP hydrolysis [47] during the
aqueous slurry preparation and atomization as evidenced
by the absence of hydroxyapatite diffraction peaks in
the XRD patterns of the sprayed microspheres. a-TCP
(JCPDF 09-0348) was the only crystalline phase detected
in the precursor powder and sprayed microspheres. These
o-TCP microspheres could be applied for the filling of
bone defects; the a-TCP presents a high solubility, however
after the dissolution process the product is a stable calcium
orthophosphate. Some researchers have studied the use of
a-TCP granules; according to [48], after 86 weeks, 95-97%
of o-TCP was resorbed, and the remained material was
incorporated in the new-formed bone. Kihara et al. [49]
studied the degradation of a-TCP particles and observed
an osteoconductive material, that could be applied in bone
regeneration as space maintainers.

The SEM micrographs of sprayed microspheres are
displayed in Fig. 3. It was evident that the precursor powder
(Fig. 3a) with irregular morphology and a mean particle size
of 2.8 um and 90 vol% with particle sizes in the range of
1.0-7.3 um has changed to spherical granules after the spray
drying process. The sprayed particles had a sphericity index
close to one, despite the use and nature of the binder (Table
IT). Nevertheless, the sample without any binder presented a

Intensity

20 25 30 35 40
20 (degree)

Figure 2: X-ray diffraction patterns of the precursor powder (a),
and as-sprayed microspheres without a binder (b), and with 3 wt%
PEG (c), 3 wt% PVA (d), and 10 wt% PVA (e). a: a-TCP.

[Figura 2: Padrées de difracdo de raios X do po precursor (a)
e das microesferas sem ligante (b) e com 3% de PEG (c), 3% de
PVA(d) e 10% de PVA (e) - % em massa. a: a-TCP).]

large amount of fine precursor powder aggregates coexisting
with the microspheres (Fig. 3b). The amount of loose
particles of the precursor powder was drastically lowered
when binders were added to the slurries. Probably it was due
to the low strength of the microspheres and the beginning
of their deagglomeration. Binders, in the amounts presented
in Table I, were effective in increasing the cohesiveness
and the compaction of the sprayed particles and to provide
green strength to the sprayed microspheres [50, 51]. The
best results were obtained for 3 and 10 wt% PVA additions
which minimized the amount of loose precursor powder
and yielded particles with sphericity index of 0.94 and 0.93,
respectively.

The mean diameter, specific surface area and total
porosity of the a-TCP microspheres are displayed in Table II.
Binder addition led to a decrease in all three characteristics:
i) specific surface area due to the surface coating; ii) mean
diameter caused by the binding action between particles;
and iii) total porosity due to the closing of the interparticle
porosity by the binder. The lower surface area after binder
addition was related to molecular weight and coating
efficacy of the binder rather than to mass concentration. As
the surface area depends on the coverage of each molecule,
the higher the number of binder molecules added, the higher
the reduction in the surface area [50]. In fact, as can be
seen in Table II, the surface areas of samples with 3 wt%
of PEG and PVA were different, even though these binders
were added at the same weight percentage. The surface area
of the sample with 3 wt% of PEG decreased 41% when
compared to sample without additive, whereas the surface
area reduction with 3 wt% of PVA was only 17.6%. This
occurred since the molecular weight of PVA was higher
than PEG, resulting in a smaller number of PVA molecules
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a) b)

d)

Figure 3: SEM micrographs of the precursor powder (a), and sprayed microspheres without a binder (b), and with 3 wt% PEG (c), 3 wt%

PVA (d), and 10 wt% PVA (e).

[Figura 3: Micrografias de MEV do po precursor (a) e das microesferas sem ligante (b) e com 3% de PEG (c), 3% de PVA (d) e 10% de

PVA (e) - % em massa.]

that was added to the suspension. Therefore, the coating
level of the particles was smaller and, consequently,
increased the surface. Considering that higher specific
surface area should favor microspheres’ surface reactivity
and interaction with biological media [20], the best binder
option for preparing a-TCP microspheres should be 3 wt%
of PVA since it presented the highest value of specific
surface area.

The Hausner’s ratios are presented in Table II. For
free-flowing powder, the reference value of Hausner
is 1.25 and for poor flowability is higher than 1.5 [52].
Sample without binder presented HR value higher than
1.5, indicating its poor flowability; however, after binder
addition the flowability of the atomized powders was
improved. According to [53], powders with Hausner ratios
in the range of 1.25 to 1.4 are in the transitional group free-
flowing/cohesive and have properties in common with both
types, i.e. properties of cohesive strength, internal friction,
wall friction, bulk density and permeability [54]. From the
one-way ANOVA statistical test of the Hausner’s ratio there
was no significant difference between the samples with
3 wt% of PVA and 10 wt% of PVA (p>0.05). According
to [55], the Hausner ratio decreases with the increase in
sphericity; thus, this is one physical property which affects
the flowability of powders since irregular morphology,
i.e. irregular particles (sphericity lower than 1), leads to
more surface contacts, an increase in the frictional forces
and the particles resist to flow, resulting in a low apparent

density [45, 53]. On the other hand, with spherical form,
i.e. particles with sphericity (vertical and horizontal
length ratio) closest to one, the frictional forces decrease
improving the flowability [32, 56]. As seen in Figs. 3b and
3c, samples without additives and with 3 wt% of PEG were
less spherical when compared with those obtained with the
PVA confirming the Hausner’s ratio results.

In Table II, it was observed that all samples presented
statistically the same sphericity regardless of the use and
nature of the binder, proving the efficacy of the process.
However, for this measure it was considered only the
microspheres that had been formed, i.e., not considering
the loose and not granulated powder, and this remaining
powder presented irregular form that decreased the
flowability, i.e., the higher the amount of microspheres with
sphericity closest to one, the higher was the flowability of
the powder. According to [53], increasing particle size, the
cohesiveness of the powder decreases, resulting in a better
flowability; this occurs because the larger particle size
diminishes the influence of forces between particles (van
der Waals forces). Therefore, the Hausner’s ratio decreases
with the increase in particle size. Notwithstanding, the
results here presented were not consistent with the one
presented in [53], since the samples without additives
and with 3 wt% PEG had higher values of mean diameter
and Hausner’s ratio. This fact could be explained taking
into account Figs. 3b and 3c, where a large amount of
precursor’s loose particles was present, which did not
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Table II - Mean diameter (MD), sphericity, specific surface area (SSA), total porosity, granule flowability - Hausner’s ratio
(HR), and apparent yield pressure (Py) of a-TCP microspheres.
[Tabela II - Diametro médio (MD), esfericidade, drea superficial (SSA), porosidade total, fluidez dos granulos - indice de
Hausner (HR), e pressdo de escoamento (Py) das microesferas de a-TCP.]

Sample MD (um) Sphericity SSA (m2.g')  Total porosity (%) HR P (MPa)
Without binder 34+8 0.93+0.06 1.7 50 1.79+0.05 31.6
3.0% PEG 30+10 0.90+0.07 1.0 - 1.49+0.06 34.1
3.0% PVA 2149 0.94+0.06 14 39 1.30+0.03 347
10.0% PVA 2147 0.93+0.05 0.7 41 1.33+0.01 21.6

exhibit the spherical morphology, and, therefore, hindering
the flowability of the powder [55].

The values of apparent yield pressure (Py) determined
from the compaction curves are displayed in Table II. The
yield pressure was expected to decrease with the addition
of 3 wt% of polymer; notwithstanding, it slightly increased.
This may mean that the particles were properly coated with
the additive which was acting only as a binder and not as
a plasticizer, so reducing the friction between the particles
and increasing the green strength of the granules [57].
On the other hand, when 10 wt% of PVA was added, the
yield pressure decreased by almost 40% due to the plastic
behavior of the particles promoted by a thick layer of the
polymer, i.e. the distance between particles was increased.

Both the spray drying process and the incorporation
of additives influenced on the contact angle, i.e. on the
wettability. As observed in Table III, atomization improved
wettability (decreased contact angle) while the additives
diminished it. Binders’ coverage of the particle surface
obstructed water penetration and increased the contact
angle. This was the reason the sample with 3 wt% of PVA
had contact angle closer to sample without additives (26.8°
and 23.1°, respectively) since, as discussed earlier, PVA had
lower molecular weight and produced a smaller reduction
on surface area and total porosity. Indeed, by correlating
the results of surface area, total porosity and contact angle,
it was possible to observe that the sample with 10 wt%
of PVA presented the lowest surface area and the highest
contact angle, i.e. the higher the amount of additive, the
higher was the coverage of the particle surface hindering
water penetration and lowering the wettability. Therefore,
one way to control wettability and surface reactivity of
granulated powders and, consequently, to control the
viscosity of injectable pastes and putties, is by increasing

Table III - Granule wettability - contact angle.
[Tabela III - Angulo de contato dos granulos.]

Sample Contact angle (degree)
Precursor powder 48+6
Without binder 23+4
3.0% PEG 3145
3.0% PVA 27+3
10.0% PVA 35+2

or decreasing the quantity of binders on the slurry that is
atomized. If the interest is high wettability and high surface
area, the option is to use binders with lower molecular
weight and in smaller amounts.

CONCLUSIONS

Pure phase a-TCP microspheres with a mean particle
size around 20 pm and sphericity index close to one were
prepared by spray drying of 50 wt% aqueous slurries of
an a-TCP precursor powder. Citric acid was effective in
avoiding a-TCP hydrolysis during atomization. Comparing
the different binders and concentrations tested, best results
were obtained when 3.0 wt% of PVA was employed. The
microspheres prepared according to this study can be used to
design injectable bone cements for biomedical applications
in bone tissue engineering.
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