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In this study fabrication of rod-like bioactive glass-ceramics (BGCs) using hydrothermal treatment based on a sol-
gel precursor is reported for the first time. BGCs with composition 58 wt% SiO,, 33 wt% CaO and 9 wt% P,0s were
synthesized in different thermal conditions (200 and 220 °C) and characterised with regard to morphology,
chemical composition and crystallinity. The bioactivity of the materials was assessed by immersion in simulated
body fluid for up to 7 days. The results revealed that as the reaction temperature increased from 200 to 220 °C, the
diameter of rods was reduced from microscale to nanoscale and the crystallinity was enhanced. It was also found
that the BGC nanorods have higher surface area and consequently enhanced bioactivity than BGC microrods. This
technique provides a facile method for rapid production of BGC nanorods at relatively low temperature which
may have the potential to be used as bioactive composite reinforcement or for bone grafting applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Bioactive glasses have been evaluated for maxillofacial and musculo-
skeletal, drug delivery and hemostatic applications since their discovery
in 1969 [1-5]. Bioactive glasses are capable of forming an interfacial
bond to bone through rapid formation of hydroxyl carbonate-apatite
on the surface upon implantation which promotes cell migration and
differentiation [6]. The ability of bioactive materials to release ions
into the surrounding environment can stimulate the healing process
at the site of injury [7-9]. The mechanical and biological characteristics
of bioactive glasses are markedly influenced by material properties such
as particle size, morphology and chemical composition [10,11].

There has been growing interest in developing bioactive glass/
ceramic materials on the nano-structural level due to their enhanced
bioactivity resulting from the increased surface area [12], which leads
to a greater dissolution rate [11]. Furthermore, controlling the size
and shape of nanoparticles is crucial with respect to their interaction
with cells [13]. Bioactive glass/ceramic nanoparticles can be used as re-
inforcement in polymer-inorganic nanocomposites [14]. In tissue
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engineering scaffolds, using anisotropic structures such as elongated
particles or fibers is preferred to spherical particles since they better
mimic the native extracellular matrix (ECM). Unal et al. reported that
needle-like inorganic particles can influence the mechanical properties
of polymer-inorganic composites significantly more than spherical
fillers [15]. Okuda et al. also found that when rod-like particles of hy-
droxyapatite (HA) were implanted in bone defects in rabbit femurs,
they integrated more quickly into bone than globular-shaped particles
[16]. Thus, the assembly of nanoparticles with novel structures and
high length-diameter ratios, such as rod-like, needle-like or wire-like
particles is a research area with much potential.

Recently, rod-like bioceramics have been prepared by various tech-
niques such as sonochemical [17], coprecipitation [18], sol-gel [19],
and hydrothermal [20] methods. The latter is a typical process for syn-
thesizing inorganic materials with good repeatability. The main advan-
tage of hydrothermal synthesis over other non-conventional ceramic
synthesis methods such as sol-gel, is in producing ceramic bodies at rel-
atively low temperatures (under 300 °C). The compression of samples
under hydrothermal conditions accelerates densification of inorganic
materials and allows better control of crystallization, purity and even
morphology of the products [21]. To the authors' knowledge no study
has yet reported the fabrication of nanorod-like bioactive glass-
ceramics (BGC) using a hydrothermal method.

Here, we report the synthesis of rod-like sol-gel derived BGCs
based on Si0,-Ca0-P,05 by means of a hydrothermal method. Two
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Fig. 1. FESEM micrographs of the BGC rods synthesized at 200 °C (a, b); at 220 °C (d, e) at two different magnifications (the inset shows the hexagonal structure of microrods) and the
corresponding EDX spectra (¢, f).FESEM images show the area for EDX analysis as indicated by white square line.

different temperatures (i) 200 °C and (ii) 220 °C were selected for the impact of these variables on the bioactive response of the syn-
hydrothermal treatment and the influence of temperature on crys- thesized materials was assessed after soaking in simulated body
tallization and other structural changes was investigated. Finally, fluid (SBF) solution at 37 °C.

Fig. 2. TEM micrographs of synthesized BGC rods at (a) 200 °C and (b) 220 °C. TEM (c) and FESEM (d) images of a microrod started to grew from centre after 12 h of reaction.
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Fig. 3. Schematic illustration of the shape-controlled synthesis of dandelion and broom-like particles of BGCs by a hydrothermal route.

2. Experimental
2.1. Fabrication of bioactive glass ceramic (BGC) rod

A bioactive glass-ceramic with a composition of 58 wt% SiO,-33 wt%
Ca0-9 wt% P,0swas synthesized by the hydrothermal method. The re-
agents used for the preparation of the sol were purchased from
Sigma-Aldrich (USA), with high purity ( > 98%). Initially, 8.62 mL of
tetraethoxysilane (TEOS) was added to 30 mL of 0.1 N HNOs aqueous
solution and the mixture was allowed to react for 1 h for the complete
hydrolysis of TEOS. Then, 0.86 mL of triethylphosphate (TEP) and
5.55 g calcium nitrate tetrahydrate were added to the above solution
in sequence and allowed 45 min for each reagent to completely react.
Then, the obtained sol was transferred into a 60 mL Teflon-lined
stainless-steel autoclave. After sealing, the autoclave was heated in an
oven for 24 h. The hydrothermal treatment was performed at two dif-
ferent temperatures of 200 and 220 °C in order to investigate the effect
of temperature on morphology and physical properties of synthesized
materials, hereafter we name the samples BGC200 and BGC220, respec-
tively. After the autoclave was naturally cooled to room temperature,
the suspension was separated by centrifugation, washed with ethanol
and distilled water several times, and dried at 100 °C overnight.

2.2. Structural characterisation

The microstructures and morphology of the samples were observed
by field emission scanning electron microscopy (FESEM: Quanta™ 250
FEG—FEI, USA) and transmission electron microscopy (TEM, Hitachi,
HT-7700, Japan). The rod diameters were measured manually from
FESEM micrographs using Image] software (NIH, Bethesda, MD) by
analysis of 10 individual particles for each sample. Elemental analysis
was performed by energy dispersive spectroscopy (EDX: 20 mm X-
Max, Oxford Instruments, Oxford, UK) attached to the FESEM. X-ray dif-
fraction (XRD) patterns were obtained using an X-ray diffractometer
(PANalytical Empyrean) with Cu K, radiation. FTIR analysis was
conducted in a Perkin-Elmer Spectrum 400 spectrometer using the
KBr pellets technique. The specific surface area, pore volume and pore
size distribution of the samples were determined by Brunauer-

Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) analyses, with
a Micromeritics ASAP 2020.

2.3. In vitro bioactivity study

The apatite-forming abilities of BGCs were investigated by their im-
mersion in SBF, prepared in accordance with the protocol described by
Kokubo and Takadama [22]. The samples (2.5 mg/mL) were incubated
in SBF at 37 °C for 1 and 7 days. At each time point, the BGCs were re-
moved from SBF, gently rinsed with distilled water and oven dried at
60 °C. The newly formed apatite layers on the surface of the BGC rods
were analyzed by FESEM, XRD and FTIR.

3. Results and discussion
3.1. Structural characterisations of rod-shaped BGCs

Fig. 1 shows FESEM images and corresponding EDX spectra of rod-
like BGCs synthesized by the hydrothermal method at 200 and 220 °C

for 24 h. The results indicated that micron size particles with dandelion
and broom-shaped structures with arranged rods were obtained at 200

O Apatite
¥ Quartz
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Intensity (a.u.)

BGC200

5 15 25 35 45 55 65
20(°)

Fig. 4. XRD patterns of synthesized rod-like BGCs.
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Fig. 5. FTIR spectra of synthesized rod-like BGCs.

and 220 °C, respectively. The rods prepared at 200 °C mainly have a hex-
agonal cylinder morphology and as the temperature increased the rod
diameters shifted from micron (few hundred nm to 6.9 um) to nano
size (76 to 650 nm) and the size of rods become more uniform with
mainly circular cylinder rod-like morphology. However the rod length
was not obviously changed. EDX analysis of rods (Fig. 1c, f) confirmed
the ternary system of the BGCs, containing the elements silicon, calcium
and phosphorous.

The synthesized rod-like BGCs were subjected to TEM analysis to de-
termine their geometry (Fig. 2a, b). The results demonstrated that rod-
like BGCs have smooth surfaces. In addition, the sample that was pre-
pared at 200 °C was composed of a wide range of diameters while the
sample synthesized at 220 °C was more uniform. Furthermore, it
showed that sample BGC200 was formulated of rods with larger diam-
eters than BGC220 (in line with the FESEM observations). To further
evaluate microbroom formation a sample synthesized at 200 °C for
12 h was observed under FESEM and TEM (Fig. 2c, d). After 12 h, only
a small amount of the product was obtained. The corresponding images
illustrate the beginning of multiple rods growth from an initial formed
rod.

The formation of the 3D-structured dandelion and broom-like BGCs
is proposed based on the experimental results, as shown in Fig. 3. The
formation process includes nucleation, splitting growth, and formation
of rod-like structures. Indeed, the nuclei were firstly evolved into single
microrods and secondly by increasing the reaction time, microrods con-
verted into dandelion-like structures by multiple rod growth from the
centre of an initial rod. Finally, at 220 °C, the rods that formed the dan-
delion structures grew further into broom-like structure composed of
nanorods via splitting. It is well-known that crystal structure of minerals

~
o
o

affect on their splitting ability [23]. Thus, in our experiment raising the
reaction temperature from 200 to 220 °C enhanced the degree of crystal
splitting and shifted the microrods to nanorods.

Fig.4 shows the XRD patterns of prepared rod-like BGCs. The results
show that the materials are partially crystallized and consist of both
crystalline and amorphous parts. The growth of the amorphous phase
can be related to the presence of silicon which disturbed crystalline for-
mation, especially at the lower temperature. In comparison to BGC220,
BGC200 exhibits smaller degree of crystallinity. Some crystal diffraction
peaks appeared in the patterns (20; 29.2, 31.8, 33.2, 34.4 and 40.4°)
which could be assigned to the crystallization of calcium phosphate
(CaP, JCPDS 024-0033). As the temperature increased to 220 °C new
peaks appeared (26; 26.2, 40.8, 42.7 and 45°) which could be ascribed
to the crystallization of silicate into quartz (SiO,, JCPDS 07-0346) [24].
This confirms that the crystallinity of BGC rods could be increased in
line with reaction temperature. The diffractogram for BGC220 indicates
the presence of both crystalline apatite and quartz.

Fig. 5 shows FT-IR adsorption spectral curves of the BGCs rods pre-
pared at different temperatures. The spectra of both samples are domi-
nated by a strong signal related to nitrate ions at 1360 cm™! which are
often present in sol-gel derived bioactive glasses as a result of using
HNOs as a catalyst in the synthesis procedure [25]. The small peak at
about 461 cm™ ' is ascribed to the Si—O—Si bending vibration while
the peak at 787 cm~! is attributed to the Si—O—Si symmetric
stretching, and the strong absorption band at 1103 cm ™! is assigned
to the Si—O—Si asymmetric stretching [26,27]. Further, the band at
966 cm~ ! is ascribed to the stretching modes of Si—OH, confirming
the presence of non-bridging oxygen in the matrix. The wide peaks lo-
cated at 3423 and 1614 cm™ ! could be due to the stretching vibration
of the H—O bond of H,0 that was absorbed in the materials. Compari-
son of both spectra revealed that increasing reaction temperature led
to splitting of the band at 570 cm™ ! attributed to the bending vibration
of amorphous P—O into two small bands at 554 and 603 cm™ ! indicat-
ing the bending vibration of P—O bond in crystal phosphate as well as a
decrease in intensity of the band at 966 cm™ !for non-bridging oxygens
[28]. These results indicate that the crystallinity of BGC rods enhanced
with increasing hydrothermal temperature which is consistent with
the results of XRD analysis.

The N, adsorption-desorption isotherms and the Barrett-Joyner-
Halenda (BJH) pore size distribution for the both BGC200 and BGC220
are plotted in Fig. 6. The specific surface areas as obtained by the BET
method, BJH total pore volume and BJH average pore diameter are listed
in Table 1. As can be seen in Fig. 6a, both samples showed type IV iso-
therm patterns with H3-type hysteresis loops that is characteristic of
mesoporous materials with slit-shape pores according to IUPAC classifi-
cation [29]. In contrast to BGC200, for the BGC220 adsorption isotherm,
the hysteresis loop is much larger indicating a higher overall mesopore
volume. Fig. 6b confirms that both samples have a broad pore size distri-
bution in the mesopore range (2 nm < pore diameter < 130 nm). Appar-
ently, BGC220 exhibited narrower pore size distribution than BGC200.
The BGC220 had higher surface area than BGC200 which could be
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Fig. 6. (a) N, adsorption/desorption isotherms and (b) pore size distributions obtain from BJH analysis of the synthesized rod-like BGCs.
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Table 1
N, adsorption/desorption parameters of the synthesized BGC rods.

Sample code Surface area Average pore width (nm) Pore volume
(m?/g) (cm’/g)

BGC200 103.92 27.77 0.55

BG(C220 130.93 33.96 0.94

attributed to the nanostructure of BGC220. Furthermore, the pore vol-
ume of BGC220 is significantly higher than BGC200, 0.96 and 0.56
cm’®g ™!, respectively.

It is established that smaller bioactive glass particles with higher
specific surface area accelerate the mineralization process of HA [11].
It is also well known that by increasing the degree of crystallinity a cer-
tain decrease in the bioactive response would take place [24]. Therefore,
in this study we have further investigated the apatite-forming ability of
materials to have a better understanding of the effect of both surface
area and degree of crystallinity on the bioactive response.

3.2. In vitro bioactivity test

The in vitro bioactivity of BGC rods was investigated by soaking the
samples in SBF for periods of 1 and 7 days. Fig. 7 illustrates representa-
tive FESEM images and EDX spectra of the materials' surfaces after
soaking in SBF. The results showed that both samples have excellent
apatite-forming ability. Compared to surface morphology before
soaking, a new apatite layer with an appreciable thickness formed on
the surfaces of both samples after 1 day immersion in SBF. The apatite
layers were further thickened in the FESEM images (Fig. 7b) after
7 days of incubation period and filled the space between the rods. Al-
though it is reported that crystallization of bioactive glasses decreases
bioactivity [28], a greater amount of HA was observed on the surface
of nanorods as compared to microrods. Therefore, the larger surface
area of nanorods could be a controlling factor for accelerated apatite
deposition.

The EDX analysis of the formed apatite layers show a higher concen-
tration of Ca and P relative to that of Si after soaking in SBF (Fig. 7). The
results demonstrated a significant decrease in Si content while the

concentration of Ca and P increased compared to the precursor mate-
rials (Fig. 1), which strengthens the indication of the formation of an ap-
atite layer on the surface of samples. The Ca/P atomic ratio was
approximately 1.46 and 1.54 for BGC200 and BGC220, respectively,
which are close to those of stoichiometric HA (1.67).

The nature of the apatite layer formed on the surface of BGC rods was
further examined by XRD (Fig. 8). In comparison to BGC200 before
soaking in SBF, the intensity of diffraction peaks in the initial sample re-
duced or disappeared and the peaks associated with HA were less obvi-
ous after 1 day incubation. After 1 day, the apatite phase could not be
detected, possibly due to the reaction with SBF and formation of amor-
phous silica on the surface [30]. In the next stage, Ca?>* and PO3 ~ ions
migrate through the silica-rich layer causing the growth of CaP. Thus,
after prolonged incubation (7 days), the peaks corresponding to CaP
can be seen at 26 = 26°,26 = 32° and 26 = 46.8° [30,31]. However,
this is a very early stage of HA precipitation with very low crystallinity.

In the case of nanorods, the crystalline peaks of apatite and quartz
were intensified after 1 day soaking in SBF and prolonged incubation
time resulted in a small decrease in peak intensities but still remained
strong. This result is in agreement with study by Padilla et al. demon-
strating that the diffraction peaks of crystalline ternary bioactive glass-
ceramic (70S26C4P) treated at high temperature were still presented
after 7 day soaking in SBF [24].

FTIR spectroscopy was performed to determine the difference in
in vitro bioactivity after soaking in SBF for different times, as shown in
Fig. 9. The results revealed that after 7 days of immersion, the adsorp-
tion peak at 1360 cm ™! related to nitrate anions disappeared for both
BGCs and some characteristic peaks of crystalline HA appeared. As can
be seen in BGC200 spectra (Fig. 9a), the small adsorption peak at
570 cm™ ! attributed to amorphous P—O was unchanged after 1 day im-
mersion but intensified after 7 days and two new peaks at 1455 and
1535 cm ™! for the adsorption of carbonated groups appeared. After
1 day immersion, a small variation in the band shape at 1103 cm™!
was observed as well as a shift towards lower wave numbers; these var-
iations could be due to the appearance of a P—O anti-symmetric stress
band at 1091 cm~! indicating the formation of CaP [32]. After a
prolonged soaking time of 7 days, the peak at 570 cm ™! attributed to
P—O bond was intensified indicating the formation of poorly crystalline

2 um

Fig. 7. FESEM micrographs of the samples after soaking in SBF: (a) BGC200 after 1 day; (b) BGC200 after 7 days; (c) BGC220 after 1 day and (d) BGC220 after 7 days and their corresponding

EDX after 7 days; the square white line on the rods is the area analyzed by the EDX.
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Fig. 8. XRD patterns of (a) BGC200 (b) BGC220; before and after 1 and 7 day immersion in SBF. (0) Apatite.

apatite at this early stage of immersion, in agreement with XRD results.
BGC220 (Fig. 9b) showed double bands at 554 and 603 cm ™! assigned
to crystalline CaP or apatite after 1 day soaking in SBF and intensified
by incubation time. The bands relating to carbonate (1455 and
1535 cm™ ') were also observed for the BGC220 after 1 day incubation
in SBF. Furthermore, the band at 966 cm™' assigned to Si—OH groups
overlapped with the bands corresponding to Si—O—Si and PO3~
groups at 1095 cm™ ' and increased in size after 7 days indicating the
formation of more CaP. Indeed, the band at 1103 cm™! shifted to
1095 cm~ ! which could be due to the formation of crystalline CaP.
The FTIR results confirmed the formation of CaP on both BGCs.

Better osteoconductivity upon implantation of an orthopaedic de-
vice can be achieved if that device resembles the surrounding tissue in
composition and morphology [33]. Attention has been paid to develop-
ing nanoscale biomaterials for biomedical applications because of their
features that mimic the extracellular matrix (ECM). Indeed, bioactive
glass particles on the nanoscale not only accelerate the mineralization
process of HA but also improve biocompatibility and protein adsorption
in comparison to the particles in microscales [11]. Nanoscale bioactive
glass-ceramics with spherical and rice-shaped structures have recently
been fabricated by modification of the sol-gel method or combining
the sol-gel method with a co-precipitation process [18,34]. However,
high thermal treatment is required which results in relatively high en-
ergy consumption and may cause particle aggregation and can even
turn a bioactive glass into an inert material. In this study, we

demonstrated that rod-like BGCs could be synthesized by a simple and
green hydrothermal method at relatively low temperature. This process
allows control of the BGC rod size and shape by manipulating tempera-
ture. The sizes of rods were decreased down to the nanoscale by increas-
ing temperature. As a result the number of rods in a micro-broom
increased which further led to enhancing the specific surface area,
pore size and pore volume. Furthermore, increasing hydrothermal tem-
perature resulted in improved crystallinity and induced the crystalliza-
tion of two phases, apatite and quartz. Although crystallization of
bioactive glasses would be expected to result in a decrease in bioactive
response, the level of bioactivity of partially-crystallized glass-ceramics
is reported to be equivalent to that of 45S5 Bioglass® when the mechan-
ical properties of bioactive glass-ceramics is much closer to natural bone
[35]. It is also well known that particles with higher surface area and
pore volume would provide more nucleation sites for apatite formation.
Thus, a small rod size and high specific surface area would enhance con-
tact surface area with SBF and consequently improve bioactivity.

4. Conclusions

Ternary bioactive glass-ceramics (SiO,-Ca0-P,0s) with high silicon
content were fabricated with dandelion and broom-like structures
with rods sizes ranging from tens of nanometers to micrometers via
the hydrothermal method. It was shown that morphology, size and
crystallinity of BGCs could be controlled by manipulating reaction

0 day (a) 0day (b)
g Py
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£ £
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2000 1600 1200 800 400 2000 1600 1200 800 400

Wavenumbers (cm'!)

Wavenumbers (cm™!)

Fig. 9. FTIR spectra of (a) BGC200 and (b) BGC220; soaked in SBF for various periods.
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temperature. An increase in the hydrothermal temperature from 200 to
220 °C led to a decrease in rod diameter from micro to nanoscale when
at the same time the crystallinity and specific surface area were in-
creased. In vitro bioactivity tests showed that the BGC rods could rapidly
induce apatite deposition in SBF. The density of apatite formed on the
surface of material was higher for the BGC nanorods than microrods.
Therefore, using a facile hydrothermal method to synthesize BGCs not
only reduces necessary synthesis temperature but also offers the oppor-
tunity to control morphology and crystallinity of products. The ability to
produce BGCs with unique nanoscale morphology, high surface area
and high bioactivity will open up new prospects in the development
of biomaterials for clinical applications.
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