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Abstract

Bioactive Glass (BG) is one of the most remarkable materials
in the field of biomedical applications because of its
fundamental properties such as bioactivity, biodegradability and
biocompatibility, which are mainly used for the applications of
bone implants, dermal fillers and drug releasing carriers. Here
in this study, simple and continuous methods were employed to
produce Hollow Spherical Bioactive Glasses (HSBGs)
microspheres. Using a spray pyrolysis method, solid and
hollow spherical particles were successfully synthesized and
the particle formation mechanism was also discussed in detail.
Surface morphologies and inner structures of all Bioactive
Glass (BG) powders were examined using scanning electron
microscopy and transmission electron microscopy, respectively.
In addition, in vitro bioactivity was examined by SEM after
soaking in Stimulated Body Fluid (SBF). The cell viability of
both BG specimens was evaluated at various extraction
concentrations using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazolium bromide (MTT assay). The in vitro bioactivity of BG
powders was determined by evaluating their apatite forming
ability in Simulated Body Fluid (SBF). Based on the Ca/P ratio
HSBGs possessed higher hydroxyapatiten forming capacity
than SBGs. In addition, the cell viability of both specimens
showed that at all extraction concentrations, they pass the
standard biocompatibility levels. Therefore, the HSBGs have
better biocompatibility and in vitro bioactivity; hence they are
promising for future tissue engineering development.
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Introduction

Over the last few decades, Bioactive Glasses (BGs) have received
special attention in the applications of bone tissue, drug delivery, tooth
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implants and dermal fillers [1,2]. Particularly, due to its superior
properties such as bioactivity, biodegradability, biocompatibility and
osteoconductivity, which stimulate new tissue growth which is similar
to compositions within the main inorganic components of human
bones [3-6]. Among these properties, bioactivity and biocompatibility
have received special attention extensively to enhance the clinical
demand for BG's performance [7].

Hence, several factors influence the bioactivity and biocompatibility
of bioactive glasses such as compositions morphology and surface
areas [8-11]. For example, bioactive glass which contains hollow
structures improves several properties such as inject ability, flow
ability and drug delivery, which are the most significant in tissue
engineering [12-14]. In addition, particles with spherical morphology
also enhance the activities of bone tissue regeneration, optimizes drug
release and minimizes inflammatory reactions than irregular shape
particle [15]. Several research works were reported related to the effect
of morphology on bioactivity. For example, Liu et al. reported that the
spherical and hollow particles were synthesized using Poly Acrylic
Acid (PAA) as a template by sol-gel methods in which the bioactivity
of the BGs improvement was reported [16]. In addition, spherical
bioactive glasses particles with hollow structures have been attracted,
due to owing superior properties such as higher specific surface area,
lower density, good flow ability and large porosity [17]. Furthermore,
bioactive glass, which contains hollow structures have higher
characteristic in vitro bioactivity as compared to a solid structure, due
to a higher specific surface area which enhances the contacting area of
the fluids and the materials. In addition, the morphologies were directly
influencing the biocompatibility of the bioactive glasses. For example,
Kuo et al. reported that the spherical and smooth sphere particles
synthesized by the spray pyrolysis method result in greater cell
viability than irregular and rough surface particles [18].

So far, several methods have been used to synthesize BG
nanoparticles, such as sol-gel, spray drying and spray pyrolysis
methods. Among those methods, the sol-gel method is the most
common method due to its chemical flexibility and low temperature
synthesis [19]. However, the whole process takes from 2 days to 3 days
and it is batch production. In contrast, the Spray Pyrolysis (SP) process
offers the benefits of low cost, short process time and continuous
fabrication, which is a suitable form of production [20,21].

In brief, surface morphologies and inner morphologies of the
bioactive glasses have been proven capable of influencing the
bioactivity and biocompatibility of BGs. In our previous studies, PEG
was used as a pore-forming agent who could significantly changes the
morphology and the structure of BG particles properties as well as
biodegradation and bioactivity ability. However, little attention has
been paid to hollow spherical BG particles and their effect on the
bioactivity and biocompatibility of BGs. In this work, we study the
effect of morphology on the bioactivity and biocompatibility (cell
viability) of BGs using the spray pyrolysis method.

Finally, the resulting powders were characterized by Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM), nitrogen adsorption/desorption method Brunauer-Emmett-
Teller (BET) method) and MTT assay for the observation of surface
morphology, inner structure, specific surface area and cell viability
respectively.
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Materials and Methods

Powder preparation

Two BG powders were synthesized by SP. Initially, BG precursors
without PEG were prepared using, Tetraethyl Orthosilicate (TEOS,
Si(OC,Hs)s, 99.9 wt%, Showa, Japan), calcium nitrate tetra hydrate
(CN, Ca(NOs;),.4H,0, 98.5 wt%, Showa, Japan) and Triethyl
Phosphate (TEP, (C,Hs);PO4, 99.0 wt%, Alfa Aesar, USA) were used
as the sources for Si, Ca and P, respectively. The precursor solution
was prepared by mixing 37.49 g Tetraethyl Orthosilicate (TEOS),
Si(OC,Hs)4, 99.9 wt%, Showa, Osaka, Japan), 25.50 g calcium nitrate
tetra hydrate (CN, Ca(NO;),.4H,0, 98.5 wt%, Showa, Osaka, Japan)
and 4.37 g Triethyl Phosphate (TEP,(C,Hs);POs, 99 wt%, Alfa Aesar,
Haverhill, MA, USA) into 60.00 g of ethanol with 1.60 g of 0.5 M
HCL. Secondly, for PEG derived BG particles, the precursor solutions
were prepared by adding additional polyethylene glycol (PEG, 95.0 wt
%, molecular weight of 600 g/mol, Showa, Tokyo, Japan) Si, Ca and P
precursor mixture was dissolved in 60.00 g ethanol combined with 1.00
g 0.5 M HCI and stirred at room temperature for 24 h to form the final
precursor solution. For the SP process, the precursor solution was
dispersed into fine droplets using an ultrasonic nebulizer (King
Ultrasonic Co., Taiwan) at a frequency of 1.65 MHz. The droplets
went through the thermal treatments of preheating, calcining and
cooling in a tube furnace (D110, Dengyng, Taiwan) at 250°C, 550°C
and 350°C, respectively. The surfaces of the particles were charged by
electrons released from tungsten corona wire at high voltage (16
kV). After that, the negative charged powders were neutralized and
condensed in an earthed stainless steel collector [22].

Characterization

For TGA analysis (TGA, perkin-elmer model TGA-7) the percussor
were placed under nitrogen flow to examine the decomposition
temperature, in which the heating rate was 20°C/min. In addition,
surface morphology and inner structure were examined by Scanning
Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM), respectively. For TEM characterization powders were prepared
by dispersing the particles in acetone using an ultrasonic bath for
around 5 min and then depositing a drop of suspension onto holey
carbon film grids. The solvent on the carbon grids was evaporated at
room temperature. Furthermore, for the evaluation of bioactivity,
Simulated Body Fluid (SBF), which has a similar ionic concentration
as human plasma, was used according to Kokubo’s protocol. The
resulting powders were washed with deionized water and acetone three
times and then dried in an oven at 70°C. Then, to analyze the
bioactivity of each specimen SEM was employed. Finally, the
assessment of cell viability was carried out using the experimental
procedure reported.

Results and Discussion

The TGA result of PEG, pure BG and BG-derived PEG precursor
was shown in Figure 1. As shown, at ~400°C the sharp peak is

associated with the mass loss for PEG in the particles. For pure BG
precursors, as shown in Figure 1. With the temperature ranges of
~50°C to ~200°C and 550°C to 800°C can be attributed to dehydration
and the formation of calcium oxide, respectively. In addition, BG-
derived PEG precursors showed that some PEG residues might be
within particles, even at 400°C temperature. The second mass loss
stage at ~550°C is associated with the decomposition of Ca(NO3), and
no PEG is remaining in the particles at this temperature.
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Figure 1: The TGA data for the (a) PEG and (b) Pure BG and BG-
derived PEG precursors.

The specific surface area and pore volume for BG derived-PEG
powders are 92.5 + 0.3 and 0.27 £ 0.01 respectively, which are higher
than those of pure BG (41.2 + 0.1 for specific surface area and 0.22 +
0.01 for pore volume) (Table 1).

Materials Specific surface area (m%g™') Pore volume (cm3g™)
Pure BG 41.2+0.1 0.22 +0.01
BG derived PEG 925+0.3 0.27 £ 0.01

Table 1: The specific surface area and pore volume comparison of pure BG and BG derived PEG powders.
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The surface morphology of both BG powders was observed using
SEM images, as shown in Figure 2. This shows that solid spherical
BG powder was spherical and smooth surface morphology was
obtained. Similarly, the SEM images of the BG derived PEG powder
also exhibited spherical and smooth surface morphology.

Figure 2: SEM images of a) Pure BG powder and b) BG derived
PEG powder.

For the inner morphology, Figure 3 shows the TEM images of both
BG particles. For the pure BG powder, only the particles with
continuous contrast were found, which indicates that there is no
thickness variation within the particles. Thus, it can be recognized as a
solid particle while Figure 3b, within a hollow sphere that contains a
single pore. In summary, by combining both SEM and TEM images,
pure BG particles exhibit only one morphology of a solid sphere,
whereas the BG derived PEG particles exhibit hollow structures.

Figure 3: TEM images of a) Solid BG particles and b) Hollow BG
derived-PEG particles.

Furthermore, for the evaluations of in vitro bioactivity, both BGs
powders were carried out after immersing in SBF for 12 hr. Figure 4,
shows the SEM images of both BG powders after immersing in SBF
for 24 h. It can be seen from the images that the formation of a needle
shape was observed on the surface of each BGs powder.

Figure 4: SEM images of a) Pure BG powder and b) BG derived
PEG powder after immersion in SBF for 12 h.

As shown, (inset) the Ca/P ratio was calculated from SEM-EDS
spectra and the higher Ca/P ratio was obtained for BG derived-PEG
powders compared to pure BG powders which induce better in vitro
bioactivity formation.

Evaluation of cell viability of the solid and hollow containing a
particle of BGs was carried out by MTT assay and the results are seen
in Figure 5. Cell viability was measured as the percentage of living
cells for each of the different extract concentrations. As seen, both
BGs specimens (solid and hollow particles) passed the standard cell
viability level of 70% at extraction concentrations of 20%, 40%, 60%,
80% and 100% indicating that all specimens were nontoxic. BG
specimens with hollow particles were better in biocompatibility
compared to solid particles in all extraction concentrations.
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Figure 5: Correlation of cell viability and extraction concentration
of BG particles with two particle morphology.

Based on the SEM images of as prepared BG powders, it has been
demonstrated that the particle morphology is spherical for both BG
powders. This is due to the typical particle formation mechanism of
the spray pyrolysis method, similar to the “one-particle per-drop”.
Moreover, it can be seen from the TEM prepared BG powders, that
pure BG powders exhibit solid whereas BG derived PEG powders
exhibit hollow structures. The mechanism of hollow particle formation
is expected to be sequential PEG decomposition and BG particle
precipitation. Furthermore, temperature increases can lead to pyrolysis
of the PEG core, leaving only the BGs shell, as shown in Figure 6.
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Figure 6: The schematic diagram of the formation mechanism of
the pure BG and BG derived PEG powders.

Conclusion

In this work, solid and hollow spherical BG particle structures were
successfully formed within spray pyrolyzed BGs. BG derived PEG
powders have a larger specific surface area and performed better in
bioactivity as compared to pure BG powders. Both the prepared
powders were passing the minimum standard values of cell viability.
From this study, the morphology directly influenced the bioactivity
and biocompatibility of BG powders. Thus, it can be concluded that
BGs with hollow spherical particles are a promising material for future
tissue engineering development.
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