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The purpose of this work was to produce submicrometric hydroxyapatite (HA) and beta-tricalcium
phosphate (B-TCP) biphasic fibers by means of solution blow spinning (SBS). This method was chosen
due to its lower cost and higher production rate than those of electrospinning, which is normally employed
in ceramic fiber production. The fibers thus obtained were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), and thermogravimetric analysis (TGA). The in vitro bioactivity
and cytotoxicity of the fibers were also investigated. The XRD patterns indicated the formation of
biphasic HA/BTCP fibers. SEM analysis revealed an interconnected cylindrical morphology with the
presence of beads. Fiber diameters in the submicrometric range varied from 374 to 451 nm. TGA
results indicated that organic losses occurred solely below 600°C. All the fibers were non-cytotoxic,
presenting an inhibitory concentration (IC) of > IC50. All the samples successfully formed acicular
apatite layers when immersed in SBF, indicating a high potential for in vivo bone bioactivity.
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1. Introduction

The most well-known ceramics for bioabsorbable
applications are calcium phosphate (CaP). Calcium phosphates
are the basic constituents of bones, teeth, animal horns and
mammalian tendons. The biomineral phase (one or more
types of CaP) comprises up to 70% of bone constituents,
the remainder consisting of water and an organic phase,
such as collagen ',

Different calcium phosphates are classified by the Ca/P
ratio, which ranges from 0.5 to 2.0. Compounds with higher
Ca/P ratios are less soluble in neutral conditions and have
lower degradation rates, while materials with high phosphorus
contents are more reactive. Hydroxyapatite, Ca (PO,)(OH),,
and B-tricalcium phosphate, B-TCP, Ca,(PO,),, stand out
among these materials. Hydroxyapatite (HA) is an important
component and an essential part of bone, and B-TCP is a
common biomaterial used in bone grafts.

HA promotes the formation of a free layer of fibrous
tissue containing carbonated apatite on its surface, while
B-TCP presents higher solubility than HA and degrades
faster, enhancing the release rate of calcium and phosphorus
ions into tissue, thereby favoring new bone growth. This
helps the implant attach to living bone, resulting in its early
stabilization and its attachment to surrounding tissues 3.
For this reason, HA/B-TCP ceramics are more effective in
bone repair or regeneration than pure HA or pure f-TCP .
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CaP nano-biomaterials support stem cell attachment and
proliferation, induce osteogenic differentiation, and enable
better bone regeneration than conventional CaP biomaterials °.
Studies have therefore focused on the production of nanometric
powders of hydroxyapatite and CaP using several techniques,
such as solid state synthesis, hydrothermal '°, microwave-
assisted hydrothermal ', sol-gel '2, and mechanochemical
synthesis '*, among others. However, most of these methods
require the use of highly agglomerating powders, which ends
up reducing the material's surface area.

On the other hand, CaP nano- and submicrometric fibers
are excellent alternatives to circumvent this disadvantage of
nanopowders. Nano- and submicrometric fibers have a high
specific area, providing most of the advantages and benefits
of nanostructured powders without the disadvantage of
intense agglomeration. Currently, there is a growing demand
for fibers with smaller diameters, i.e., nanometric fibers, in
order to increase the flexibility of composite systems and their
surface area to volume ratio. The desired fiber morphology
depends on the intended application and is influenced by the
production method and parameters/conditions of synthesis '“.

Calcium phosphate fibers can be synthesized by different
routes, starting from the sol-gel technique, followed by
extrusion, and more often electrospinning. Medeiros ' ¢
developed a method for producing nanofibers, a nonelectrostatic
electric field method, by forming a solution cone from an
adjustable concentric nozzle. This process, called solution
blow spinning (SBS), is a variant of the electrospinning
(ES) technique, which is a globally disseminated process
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employed to produce nanometric and micrometric fibers
when an electric field is used to overcome the surface
tension of a polymer solution, creating a polymer jet. The
SBS process precludes disadvantages of ES, such as the
need for a potential difference and restrictions about the
type of solvent that can be used, while still ensuring high
production capacity.

To date, there has been only one report of the SBS
technique employed in the production of hydroxyapatite
nanofibers that failed to achieve satisfactory fiber quality !7;
moreover, those fibers were not subjected to a bioactivity
test. Therefore, the threefold purpose of this work is to
produce biphasic HA/B-TCP fibers using the SBS technique,
to evaluate their structural and morphological behavior as a
function of the solids concentration in the precursor solution
and the firing temperature of the fibers, and to analyze the
cytotoxicity of the fibers and their in vitro bioactivity.

2. Materials and Methods

2.1 Materials

Triethyl phosphate, TEP (Sigma-Aldrich), and calcium
nitrate (Vetec, Brazil) were used as precursors to produce
CaP. Polyvinylpyrrolidone, PVP, (average Mw = 1,300,000)
(Sigma-Aldrich) was used as a spinning aid and N,N-
dimethylformamide, DMF (Vetec, Brazil) and absolute
ethanol (Vetec, Brazil) as solvents.

2.2 Methods

Two precursor spinning solutions, samples A1 and A075,
were prepared and are described in Table 1. The required
quantity of calcium nitrate was homogenized in 8 mL of
absolute ethanol under constant stirring at room temperature
(~25°C) to achieve complete dissolution. TEP was added to
each solution, maintaining a Ca/P ratio of 1.67. Then, 700
mg of PVP (average Mw = 1,300,000) and an aliquot of 2 ml
of DMF were also added to each solution. The two solutions
were stirred constantly during each step and then for an
additional hour, after which they were poured into syringes.

Hybrid fibers (inorganic/PVP fibers) were produced
using the SBS apparatus schematized in Figure 1. The system
consisted of an injection pump, a compressed air source, a
spinning matrix and a collector. The syringe was inserted
into the spinning pump and compressed air was used to spin

Table 1. Precursor solutions prepared.
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the fibers in a spinning matrix with concentric nozzles. The
solution was extruded through the inner nozzle while high
pressure air was released through the outer nozzle. The spinning
operation was performed inside a heated chamber to help the
solvent evaporate at 300°C. The solution injection rate was
set at 0.11 mL/min and the air pressure at 0.34 MPa. Spun
fibers were fired at 900 and 1000°C, applying a heating rate
of 5°C/min and a holding time of 120 min in air atmosphere.
Samples A1 and AQ75 fired at 900°C were identified as A1-
900 and A075-900, while the samples fired at 1000°C were
identified as A1-1000 and A075-1000.

The cytotoxicity of the fibers was evaluated using peripheral
blood mononuclear cells (PBMCs). The cytotoxicity test
was conducted in accordance with a protocol approved by
the Human Research Ethics Committee (Protocol CAAE
60924816.1.0000.5188) of the Federal University of Paraiba,
Brazil. The cytotoxicity test was performed on three healthy,
gender-matched patients between 25 and 30 years of age with
no history of diseases. The test was performed in triplicate
on each patient. The viable cell counts were calculated using
the Trypan blue 0.4% exclusion method (Sigma Aldrich).
Cells were suspended at 2x10° cells/ml in Dulbecco's
medium (GIBCO) supplemented with fetal bovine serum
(5%), penicillin (100 IU/ml), streptomycin (100 pg/ml) and
1 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES). Cytotoxicity was assessed using a LIVE/DEAD
Viability/Cytotoxicity kit (Molecular Probes(r)), following
the manufacturer's guidelines. Aliquots of 100 pl of the
PBMCs were plated in 96-well plates and incubated with the
ceramic fibers at concentrations of 5 mg/ml, 25 mg/ml and

Figure 1. Schematic representation of the Solution Blow Spinning
process: 1) Pressurized air 2) Manometer 3) Nozzle 4) Injection
pump 5) Tubular furnace 6) Heated chamber 7) Collector.

Calcium nitrate Tri-ethyl phosphate Sintering . . Solids
Sample (mg) (ml) temperature (°C) Inorganic/PVP ratio concentration (%)
1000
Al 502 0.218 1:1 14.3%
900
1000
A075 376.5 0.163 0.75:1 12.5%

900
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50 mg/ml for 24 hours in a humidity chamber at 37°C, with
5% CO, and humidified atmosphere. Calcein (1 uM) and
ethidium homodimer (2 pM) were added to the wells, and
the plates were incubated for 45 min prior to fluorescence
reading. Percentages of viable cells were calculated based
on fluorescence readings from control wells containing
only samples with or without the markers, 100% of live or
dead cells and labeled with calcein or ethidium homodimer.

In vitro bioactivity was evaluated using simulated body
fluid (SBF). The SBF was prepared according to a methodology
proposed by Kokubo and Takadama '8. The samples were
immersed in SBF (2mg/ml) and kept in an oven at 37°C
for 7 and 14 days. They were then washed with deionized
water and dried in a desiccator at room temperature. The
surface of the samples was then characterized by scanning
electron microscopy (SEM) to verify the formation or not
of an apatite layer.

2.3 Characterization

The fibers were characterized by X-ray diffraction (XRD)
(Shimadzu, XRD 6000) with Cu-Ka radiation (A= 1.5418 A)
in the 20 range from 20 to 60° with 0.02° increments. The
morphology of the fibers was examined by SEM (LEO,
SEM 1430). The thermogravimetric behavior of the as-spun
fibers was determined (Shimadzu, DTG-60H) from 25°C to
1000°C in an oxidative atmosphere (synthetic air, 21% O, +
79% N,) at a heating rate of 5°C/min. Fiber diameters (100
fibers) were measured using Imagel software (from the
National Institutes of Health, USA).

3. Results and Discussion

Figure 2 shows the XRD patterns of the A1 and A075
fibers obtained after calcination at 900 and 1000°C. Note
the formation of both hydroxyapatite and the beta-tricalcium
phosphate in both fibers at the two temperatures. The peaks of
hydroxyapatite phase were determined based on JCPDS file
no. 09-0432, and those of the -TCP phase were determined
based on JCPDS file no. 09-0169. The A1 samples calcined
at 1000°C and A075 samples calcined at 900°C consisted
mainly of hydroxyapatite phase and minor B-TCP phase,
whereas the other samples consisted mainly of B-TCP phase
and minor HA phase.

Calcination temperatures above 700°C may cause
hydroxyapatite to decompose into B-TCP, as reported by
Ben-Arfa et al. ¥ after they calcined hydroxyapatite obtained
by a sol-gel route. However, this was not observed in the
A1 composition. These results (Figure 2) indicate that phase
formation is influenced not only by the calcination temperature
but also by the solids concentration in the precursor solution
during the production of CaP fibers via SBS.

The development of B-TCP after firing at 900°C is in
accordance with data reported in the literature 2%, which
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Figure 2. XRD patterns of the obtained fibers.

indicate that HA decomposition may begin to occur starting
at 600°C, but may extend up to 1100°C, depending on the
synthesis route and the calcination atmosphere. We believe
that the decomposition of HA into 3-TCP occurred according
to the reaction described in the literature 2. However, the
reaction path was altered by the concentration of the polymer
in the solution.

Ca (PO,),(OH), — 3Ca,(PO,), + CaO + H,0

The microstructural evolution of the formulation with the
inorganic/organic ratio of 0.75, A075, occurred as expected,
in the case of formulations containing a Ca/P ratio of 1.67.
Most of the hydroxyapatite but only a low B-TCP content
was formed at 900°C, probably due to minor compositional
segregation in the system. As the temperature increased, the
formulation decomposed as described in the literature .
However, formulation A1 developed mainly B-TCP after
firing at 900°C, indicating that the high PVP content may
have compromised the homogeneity of Ca and P ions
in this formulation. Polyvinylpyrrolidone interacts with
metal cations and forms unstable complexes ?*. Due to the
metallic nature of PVP, calcium ions should interact more
strongly with it than with the phosphorous present in TEP.
It is known >3 that the carbonyl group of PVP interacts
with cations when in solution, as illustrated in Figure 3 for
calcium ions. Hence, composition A1 may have contained
a large amount of polymer that interacted strongly with
the calcium ions, causing a segregation in the reaction,
which may have continued after the polymer was calcined,
shifting the forming reaction to the production of B-TCP. The
expected equilibrium may have been reached in response
to increasing temperature and higher energy for diffusion
and reaction, leading to the predominant formation of HA.
In this case, if the firing temperature was increased, the HA
may have decomposed to form the B-TCP and amorphous
phases of calcium.

The TGA of the as-spun fibers (Figure 4) reveals four
stages of mass loss in response to rising temperatures. The
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first stage corresponded to 19% and was observed within
a temperature range of approximately 30°C to 220°C. This
mass loss was attributed mainly to the evaporation of retained
water and DMF %. The second stage, which consisted of
a double-step mass loss of 34% that occurred within a
temperature range of 280°C to 410°C, was attributed to the
onset of decomposition of the inorganic precursor. PVP
degrades basically in two stages: one between 220°C and
430°C, which pertains to the degradation of the PVP side
chain, and the other between 450°C and 550°C, resulting
from the oxidation and decomposition of residual polymer.
The third stage of mass loss, which corresponded to 12%,
occurred within a temperature range of 410 to 470°C and
probably involved TEP decomposition, while the fourth stage
was equivalent to 13% and occurred within a temperature
range of 475 to 570°C, and was attributed to burning of
residual carbonaceous PVP and TEP **!. The TGA results
indicated that all the organic loss occurred below 600°C,
which is consistent with reports in the literature involving
fibers produced using PVP as polymer aid.

Figure 5 depicts SEM micrographs of the spun fibers,
showing an interconnected cylindrical morphology in both
compositions. All the fibers showed bead formation, but
the A075 samples displayed a higher number of beads and
defects, indicating that the viscosity of the Al samples
was suitable for the SBS procedure under the processing
parameters used here.

3

Figure 3. Mechanism of interactions between the PVP and the
calcium nitrate ions.
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Figure 4. TG analysis of the precursor solution (solids concentration

14.3%).
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In nano- and submicrometric fiber technology, the main
defects produced during spinning and after calcination involve
the formation of beads. Micrometric and nanometric polymer
particles may appear at low concentrations of polymer in the
solution. In this condition, the low entanglement between
polymer chains reduces viscosity, and jet beads are formed
by a combination of Rayleigh-Taylor instabilities and the
action of surface tension of the solution. The fibers between
the beads may be excessively stretched during calcination
and some of them may break. The ratio of bead diameter to
fiber diameter after the electrospinning process is important
in the fibrillar structure. Bead discontinuities occur when
the ratio of bead to fiber diameters increases 2. As can be
seen in Figure 5, bead formation in SBS was minimized
by controlling the solvent ratio in the precursor solution.
This is a viable approach comparable to the use of voltage
in electrospinning configurations, as previously reported 7.

Figure 6 illustrates the fiber diameter distribution of
the spun fibers, while Table 2 describes the average fiber
diameter. The mean diameters of A1-1000 and A1-900 were,
respectively, 404 nm (ranging from 131 to 901 nm) and 374
nm (ranging from 165 to 842 nm). The mean diameters of
A075-1000 and A075-900 fibers were, respectively, 451
(ranging from 99 to 918 nm) and 423 nm (ranging from 146
to 910 nm). An analysis of Figure 6 indicated that all the
spun fibers presented a narrow fiber diameter distribution.
More than 70% of the spun fibers showed a length of 600
nm. Sample A1-900 presented a slightly smaller diameter.
The fiber diameters produced here by the SBS method
were similar to those reported in the literature '”-2°. Note
that there was no significant difference between the mean
diameter and the diameter distribution of the fibers of A1l
and A075 compositions, indicating that is possible to obtain
CaP submicrometric fibers via both routes.

Figure 7 illustrates the cell viability of each sample
measured after 24 hours in contact with PBMCs. All the tested
samples were non-toxic, regardless of their concentration, as
indicated by the value of living cells above 50%, i.e., half-
maximal inhibitory concentration, IC_*. At the concentration
of Smg/ml, samples A1-1000 and A075-1000 showed induced
cell proliferation. Other samples presented cell viability
rates of about 70%, with no significant difference between
these values. The test depicted in Figure 7 suggests that the
material was highly biocompatible **, but the mechanism
of cell/fiber interaction will be examined in future studies.

Figure 8 depicts the in vitro bioactivity of fibers
immersed in SBF solution for 7 days and 14 days. Note
the formation of apatite with acicular morphology on the
surface of samples A1-1000, A1-900, and A075-900 after
only 7 days of immersion in SBF. The apatite layer on sample
A075-1000 was not as evident as that on the other samples
in this exposure time. However, after 14 days of exposure,
all the samples showed the formation of an apatite layer.
Moreover, note the significant increase in the diameter of
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Figure 5. SEM micrographs of the spun fibers A - A1-1000, B - A
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Figure 6. Fibers diameter distribution.

Table 2. Average fiber diameter.

Sample Fiber diameter (nm)
A1-1000 404
A1-900 374
A075-1000 451
A075-900 423

1-900, C A075-1000, D - A075-900.

15 mg/mi
1204 I 25 mg/ml
[__150mg/ml

110:
100 4

A1-1000 A1-900 A075-1000 A075-900
Figure 7. Fluorescence after 24 hours in contact with peripheral
blood mononuclear cells (PBMCs).

calcium phosphate fibers after 14 days of exposure to SBF,
which was attributed to the increase in apatite layer formation.

In vitro testing enables one to predict in vivo bone
bioactivity based on the formation of apatite on the material
surface after immersion in SBF %°, and indicates that all fibers
should present in vivo bone bioactivity. The apatite layer is
easily formed due to the interaction between the calcium and
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A1-900 fibers (C) after 7 days (D) after 14 days, A075-1000 fibers (E) after 7 days (F) after 14 days, A075-900
fibers (G) after 7 days (H) after 14 days.
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phosphate ions in SBF with the calcium phosphate contained
in fibers. The surface charge of osteoconductive materials is
considered an important factor for the formation of apatite
layers in contact with SBF *. Due to its nanofibrous structure,
the surface of the fibers allows biomimicry to accommodate
and induce the formation of apatite. These nanofibers act as
nuclei for the crystallization process **. This is confirmed
by high surface area nanometric and submicrometric fibers
used in place of commonly agglomerated powders 3538,

4. Conclusions

Submicrometric hydroxyapatite and p-tricalcium phosphate
fibers were successfully produced using the solution blow
spinning technique. Phase formation was influenced by both
temperature and solids concentrations in the precursor solution.
TGA results showed that all the organic loss occurred below
600°C. The average fiber diameter fell within the range of
374 to 451 nm, with a narrow diameter distribution. All the
calcium phosphate fibers were non-cytotoxic, as indicated
by the half-maximal inhibitory concentration of the three
tested concentrations. Moreover, they successfully formed
acicular apatite layers when immersed in SBF, suggesting
their promising potential for in vivo bone bioactivity.
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