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Abstract

Borate bioactive glass has been shown to convert faster and more completely to hydroxyapatite and enhances new bone formation in vivo
when compared to silicate bioactive glass. In this work, bioactive borate glass scaffolds, with a grid-like microstructure having different filament
diameters (130710 mm to 300720 mm), were prepared by a robotic deposition technique. In vitro degradation and hydroxyapatite formation on
borate bioactive glass scaffolds were investigated in a simulated body fluid (SBF) at 37 1C under static conditions. Mineralization of borate and
silicate bioactive glass powders was also tested under the same conditions. When immersed in SBF, degradation rate of the scaffolds and
conversion to a hydroxyapatite-like material showed dependence on filament diameter. Similarly, conversion of bioactive glass particles to
calcium phosphate phase strongly depends on the particle size and the sample/SBF ratio of the system. Large particles and scaffolds composed of
thick struts formed less apatite and degraded less completely compared with smaller particles and thinner struts. Results showed that it is possible
to tailor the degradation rate and bioactivity by changing the filament diameter of the borate bioactive glass scaffolds produced by robocasting.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Bioactive glass; Scaffolds; Interfaces; Biomedical applications; Tissue engineering
1. Introduction

Porous three-dimensional scaffolds composed of biomater-
ials are receiving considerable interest for bone tissue engi-
neering applications [1–4]. They represent templates for
in vitro culturing of the cells from the patient for the beginning
of bone formation. Bioactive glass is a promising scaffold
material for bone tissue engineering applications. Silicate
bioactive glasses such as 45S5 glass, and compositions based
on 45S5 bioglass, such as 13-93 have been widely investigated
[5–9]. 45S5 bioactive glass is nowadays used successfully in
middle ear and dental implants but it has potential to be used in
many more applications [9]. More recently, some borate-based
glasses have also been shown to be bioactive [10–13].
Scaffolds of borate bioactive glass designated 13-93B3, a
composition formed by replacing all of the SiO2 in 13-93 with
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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B2O3, have been shown to convert faster to HA and to support
faster bone growth in rat calvarial defects when compared to
scaffolds of silicate 13-93 glass with the same microstructure
[14]. In a recent study [15] 45S5 bioglass powder, borosilicate
and borate bioactive glass scaffolds were evaluated in critical-
sized rat calvarial defects. Results showed that 45S5 and
13-93B3 converted completely to HA in vivo and 13-93B3
glass provided greater bone formation and may be more
promising for bone defect repair due to its capacity to be
molded into scaffolds [15].
For a given biomaterial composition, the important micro-

structural characteristics that influence the performance of the
scaffold are the porosity, pore size, pore shape and intercon-
nectivity of the pores [16–19]. The porous structure is crucial
for migration and proliferation of cells and tissue formation
[20]. Similarly, degradation behavior of porous scafffolds
plays an important role in the new tissue formation. Degrada-
tion properties are of critical importance for biomaterial
selection and design as well as the long term success of
a tissue engineered construt [21]. Once implanted in the
body, a porous scaffold should maintain mechanical strength
and structral integrity until the loaded cells adapt to the
ghts reserved.
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Table 1
Composition of 13-93 and 13-93B3 glasses (in wt%) used in this work.

Glass SiO2 B2O3 CaO Na2O K2O MgO P2O5

13-93 53 20 6 12 5 4
13-93B3 56.6 18.5 5.5 11.1 4.6 3.7

Table 2
Particle size of the bioactive glass powders utilized in the experiments.

Glass Attrition milled (mm) Ball milled (mm) Swing milled (mm)

13-93 2.1 – 220
13-93B3 2.3 13 185
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environment and excrete sufficient amount of extracellular
matrix. It is believed that the optimum in vivo degradation rate
may be similar or slightly less than the rate of tissue formation.
Because the space occupied by porous scaffold is replaced by
newly formed tissue [22]. The degradation of scaffolds
depends on several parameters, namely the biomaterials
intrinsic properties and the scaffold morphology [19–22].
Therefore, the appropriate design of a porous architecture is
necessary for tissue engineering reconstruction.

An influence of scaffold architecture on degradation has
been widely investigated. For example, Saito et al. [23]
investigated the strut size effects on long-term in vivo degra-
dation in poly(L-lactic acid) (PLLA) 3-D scaffolds. Three types
of porous PLLA scaffolds with variable pore sizes, strut sizes,
porosities, and surface areas were fabricated and implanted
subcutaneously into mice. Among the porous scaffolds, the
group with the largest strut size lost weight in terms of
percentage faster than the other two groups. Scaffold porosity
was not found to be significantly correlated with the degrada-
tion rate [23]. Deliormanlı et al. [24] investigated the effect of
the pore size of borate 13-93B3 bioactive glass scaffolds on
the ability to support tissue ingrowth in a rat subcutaneous
implantation model. Scaffolds with a grid-like microstructure
with the same strut size but having 3 different pore widths
were prepared using a robotic deposition technique, and
implanted in rats. Results showed that qualitatively, the
difference in pore size had little effect on the amount of
fibrous tissue infiltrated into the borate glass scaffolds.
Additionally, degradation rate of the scaffolds with large pore
widths was higher compared to the scaffolds with a smaller
one, which was clearly correlated with the porosity difference
of the scaffolds [24]. Previously, it was also shown that
scaffold/SBF volume ratio strongly affects the degradation
rate of borate (13-93B3) scaffolds in vitro [25]. Similarly,
Fu and co-workers examined the relationship between bio-
active glass scaffold architecture and the degradation behavior.
However, in their studies, porous scaffolds were sponge-like
whose internal architectures, especially the strut size, could not
be precisely controlled [26–28].

The effect of the strut size on the degradation behavior and
bioactivity of bioactive glass scaffolds has not been investi-
gated yet systematically. The goal of this study was to
investigate the influence of filament size, on the in vitro
degradation and bioactivity of the designed bioactive glass
scaffolds produced by robocasting. HA formation ability of
borate and silicate bioactive glass powders having different
particle sizes was also investigated for comparison purposes.

2. Experimental work

2.1. Materials

Borate and silicate bioactive glass, with the composition
given in Table 1, was kindly supplied by Mo-Sci Corp., Rolla,
MO, USA in frit form.

Particles of borate and silicate bioactive glass were prepared
by grinding the as-received glass frits for 3 min in a SPEX
swing mill (Model 8500, Metuchen, NJ), sieving to obtain
particles of size o100 mm, followed by attrition-milling
(Model 01-HD, Union Process, Akron, OH) for 2.5 h using
ethanol as the solvent for borate glass and zirconia balls
(3 mm) as the milling media. The slurries were dried at 60 1C
and the powder was sieved through a 53 mm stainless steel
sieve to eliminate the agglomerates resulting from the drying
step. A second group of borate bioactive glass particles were
prepared by dry ball milling of the coarse (o100 mm)
bioactive glass particles for 7 days using zirconia balls
(10 mm) in a plastic container. Particle size analysis (Microtrac
3501; Microtrac Inc, USA) showed a median diameter of
2.3 mm and 13 mm for attrition-milled and ball-milled borate
powders, respectively. Similarly, median particle size of the
attrition milled silicate glass powders was 2.1 mm. Third group
of glass particles was prepared by only grinding the glass frits
for 3 min in a SPEX mill. These particles were sieved through
a 106 mm stainless steel sieve and particles bigger than 106 mm
and smaller than 300 mm were used in the experiments. The
median particle size of the sieved borate and silicate bioactive
glass particles were measured to be 185 mm and 220 mm,
respectively. Table 2 summarizes the size reduction method
and the final median diameter of bioactive glass powders used
in the experiments.
For the robotic deposition, 13-93B3 suspensions (inks) were

prepared using ethanol, organic additives (ethyl cellulose,
polyethylene glycol) and bioactive glass powders with a
particle size of 2.3 mm. The procedure followed in ink
preparation is described elsewhere in detail [29].
2.2. Scaffold preparation

Three dimensional borate based bioactive glass scaffolds
were assembled using a robotic deposition apparatus (3D Inks;
Stillwater, OK). For the deposition, the ink was housed in a
3 ml syringe and deposited through a tapered stainless steel
nozzle (inner diameter, D¼200, 250, 330 and 410 mm) held in
a plastic housing (EFD precision tips, East Providence, RI) at a
volumetric flow rate required to maintain a constant x-y table
speed of 7 mm/s. After printing, the scaffolds were dried under
ambient conditions for 24 h, followed by a controlled heat
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treatment process. Binder burn out was performed in flowing
oxygen using a heating rate in the range of 0.1–1 1C/min.
Sintering was performed for 1 h at 560 1C using a heating rate
of 5 1C/min. The microstructure of the fabricated scaffolds was
examined using scanning electron microscopy; SEM (S-4700,
Hitachi, Tokyo, Japan) at an accelerating voltage of 15 kV and
a working distance of 12 mm. X-ray diffraction, XRD (Philips
XPert, Cu Kα radiation, scanning rate 0.011/min), was used to
investigate for the presence of any crystalline phase in the
sintered scaffolds.

2.3. In vitro degradation and bioactivity

The degradation and bioactivity of the scaffolds and
bioactive glass particles were investigated in vitro in a
simulated body fluid (SBF) under static conditions. SBF was
prepared in compliance with the protocol of Kokubo et al.
[30], by dissolving reagent-grade chemicals of NaCl,
NaHCO3, KCl, K2HPO4 � 3H2O, MgCl2 � 6H2O, CaCl2 and
Na2SO4 (Sigma Aldrich, USA) in deionized water and buffer-
ing at a pH of 7.40 with tris(hydroxymethyl)aminomethane
((CH2OH)3CNH2) and 1 M hydrochloric acid (Fisher Scientific
Inc., USA) at 37 1C. Table 3 gives the composition of the SBF.

The weight loss of the scaffolds and variation in pH (initial
pH ¼7.4) of SBF were measured after a certain time period to
determine the rate and the extent of the conversion. Three
different sample/SBF (S/S) ratios (1, 2 and 10 mg/ml) were
used in the experiments. Each sample (scaffold or bioactive
glass particles) was immersed in a polyethylene bottle contain-
ing the SBF solution and kept for up to 60 days without
shaking in an incubator at 37 1C. Three scaffolds were used for
each immersion time. After removal from the SBF, samples
were washed with deionized water, dried at 60 1C overnight
and weighed. Degradation degree (weight loss, %) of the
scaffolds was estimated simply as

ðW%Þ ¼ ðW0−Wf Þ=W0

where W0 is the initial mass of the scaffold and the Wf is the
final mass. Additionally, after the scaffolds were removed from
the bottle, the SBF solution in the bottle was cooled to room
temperature, and its pH was measured using a pH meter.

Fourier transform infrared spectroscopy (FTIR, Nexus 870,
Thermo Nicolet) was used to determine the HA-like layer
formation on the surfaces of the scaffolds and glass particles.
The reacted dry powders were mixed with KBr at high purity
and dry pressed prior to measurements. FTIR was performed in
the wave number range of 400–4000 cm−1 on disks. During
the experiments, the number of scans and the resolution was
recorded as 32 and 4 cm−1, respectively. SEM and XRD were
used to analyze the microstructure and crystalline phase of the
Table 3
Ion concentration (mM) in SBF and human blood plasma [30].

Ion Na+ K+ Mg+2 Ca+2 Cl− HCO3
− HPO4

−2 SO4
−2

SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5
Human Plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5
reacted scaffolds and powders, using the conditions described
previously.
3. Results and discussions

3.1. Bioactive glass scaffolds

The particle size distribution and SEM images of the
attrition-milled and ball-milled borate 13-93 B3 bioactive glass
particles are shown in Fig. 1(a and b), respectively. Both types
of particles have an angular geometry and a wide distribution
of sizes, with a median diameter (d50) of 2.3 mm and 13 mm,
respectively. SEM characterization results also indicated that
the coarser borate glass particles (185 mm) and silicate glass
particles have a similar morphology (not shown).
Fig. 2 shows the digital images of a sintered borate bioactive

glass scaffold with a 300720 mm filament diameter before (a)
and after treatment in SBF for 30 days (b and c). From the
images, it is clear that the surface and the interior of the
scaffold was covered with a second phase material, presum-
ably a calcium phosphate. However, glass phase did not
completely convert to this second phase material.
The external shape and grid-like microstructure formed in

the robocasting step were retained after the binder burnout and
sintering steps and the glass struts (filaments) were almost fully
dense. The linear shrinkage of the scaffolds during sintering
was almost isotropic, in the range of 25–30%. The pore width,
strut diameter and the porosity (as determined from the final
mass and external dimensions) of the sintered scaffolds are
tabulated in Table 4. Accordingly, strut diameter of the
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Fig. 1. Particle size distribution and the SEM images of the (a) attrition-milled
and (b) ball-milled 13-93B3 bioactive glass particles.
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Fig. 2. Digital images of the sintered borate bioactive glass scaffold with a filament diameter of 300 mm: (a) un-treated and (b), (c) treated in SBF for 30 days.

Table 4
Physical properties (pore width, strut diameter and porosity) of 13-93B3 grid-
like scaffolds.

Strut diameter (mm)
(during printing)

Pore width (mm)
(after sintering)

Strut diameter (mm)
(after sintering)

Porosity (%)
(after sintering)

410 420730 300720 4873
330 560720 230715 5572
250 640740 180720 6073
200 750750 130710 6574
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Fig. 3. (a) Weight loss of 13-93B3 bioactive glass scaffolds in SBF solution
(10 mg/ml) as a function of strut diameter, (b) the pH of the SBF solutions as a
function of immersion time of 13-93B3 scaffolds.
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sintered scaffolds was ranged from 130710 to 300720 mm
and the porosity values were between 6574% and 4873%.
XRD analysis showed no measurable crystallization of the
glass after the sintering step (results not shown).

When immersed in an aqueous phosphate solution, such as
the body fluid, bioactive glasses convert to an amorphous
calcium phosphate or hydroxyapatite (HA)-like material,
which is responsible for their strong bonding with surrounding
tissue [5–8,10,31,32]. In the present study, the bioactivity of
the borate glass was evaluated in vitro in SBF. The degradation
and conversion of the borate bioactive glass scaffolds to HA in
a SBF occurs by dissolution of components such as Na2O,
K2O, and B2O3 into the solution to form Na+, K+, (BO3)−3,
coupled with the reaction of Ca+2 ions from the glass with
PO3

−4 from the solution to form a HA layer on the glass
[26,27]. Fig. 3(a and b) shows the weight loss values of the
scaffolds with various filament size prepared by robocasting
and pH of the SBF solution as a function of immersion time,
respectively. Results revealed that the weight loss percentage
of the borate 13-93B3 scaffolds with a filament diameter of
130710 mm, and the pH of the corresponding SBF solution
was higher than the related values of the scaffolds having a
larger filament diameter. After immersion for 60 days, the
weight loss reached 53%72 for scaffolds with a filament
diameter of 300720 mm. However, weight loss was found
60%73 for the scaffolds with a filament diameter of
180720 mm and it was 67%71 for the scaffolds having a
filament diameter of 130710 mm. If it is assumed that ions
such as Na+, K+, (BO3)−3, dissolve in the solution and that all
the CaO in the glass reacts with the phosphate ions in the SBF
to form HA,Ca10(PO4)6(OH)2, then the theoretical weight loss
of the fully converted glass scaffolds is 67%. The lower value
of the measured weight loss of the thicker scaffolds compared
to the theoretical value may indicate that the borate 13-93B3
scaffolds (with a strut diameter of ∼300, 230 and 180 mm) did
not completely convert to HA after the 60-day immersion.
The pH of the SBF (initial value¼7.4) increased with time

upon immersion of the bioactive glass scaffolds. After immer-
sion of the scaffolds for 30 days, the pH of the SBF increased
to 9.26 and 8.56 for the scaffolds with a strut diameter of
130710 mm and 300720 mm, respectively. The change in
pH of the SBF was attributed to the dissolution of boron
(presumably as borate ions) and the network modifiers (such as
Na+ and K+) during the degradation of the glass, coupled with
the consumption of phosphate ions from the solution in the
formation of the HA-like product.
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Fig. 4. SEM images of the bioactive glass scaffolds with a filament diameter of
130 mm and 300 mm: un-treated and (b,d,f) after treatment in SBF (10 mg/ml), for
30 days.
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Results also showed that the weight loss values of the
scaffolds with a strut diameter of 1307 10 mm and the
increase in pH of the SBF solution was significantly high
compared to the other scaffolds. Even in the case of scaffolds
having a strut diameter of 180720 mm, lower degradation
rates were observed compared to the scaffolds with
130710 mm strut diameter. The reason of the high degrada-
tion rates of scaffolds starting from this critical size (strut size
1307 10 mm) is not clear yet.

Porosity is also an important factor which tailors the
degradation rate of the tissue engineering scaffolds [20].
However, in the current study, porosity of the prepared
scaffolds was between 48%73 and 65%74. Therefore, the
difference obtained in degradation rates of the borate glass
scaffolds cannot be totally attributed to the porosity difference.
Previous study of Deliormanlı and Rahaman [29] showed that
13-93B3 cubic scaffolds having a ∼300 mm strut size with
∼50% porosity did not degrade completely and convert to HA-
like material in 30 days. After 60 days in SBF, the weight loss
of the borate 13-93B3 scaffolds was 56%76 (Theoretical
weight loss 67%) and the surface of the scaffolds was still
covered by amorphous calcium phosphate (ACP) layer. On the
other hand, previous study of Fu et al. [27] showed that
degradation rate of 13-93B3 scaffolds prepared by polymer
foam replication (having strut size about 100 mm, porosity
78–82%; pore size 100–500 mm) was 67%72 after 200-hour
immersion in SBF (10 mg/ml S/S ratio). Therefore, it is
possible to conclude that strut size has a strong influence on
the degradation rate of bioactive glass scaffolds. Additionally,
this effect may be more significant starting from a critical size.

SEM images in Fig. 4 show the surfaces of the borate 13-
93B3 scaffolds with a filament diameter of 1307 10 mm and
3007 20 mm after immersion in SBF for 30 days. When
compared to the smooth surface of the sintered scaffolds, the
surface of the reacted scaffolds had a fine particulate structure.
Converted layer on the scaffolds was composed of rounded
particles, which is consistent with the information reported
previously for 13-93B3 glass [26,27]. A significant difference
was not observed on the morphology and the particle size of
the converted material depending on the strut diameter.

Fig. 5 demonstrates the FTIR spectra of the powders
obtained from the surface (converted region) of the scaffolds
treated in SBF (10 mg/ml) for 30 days. The spectrum of the as-
prepared 13-93B3 glass powder is also shown for comparison
purposes. For the un-treated glass powder resonances shown at
1440 cm−1 and 730 cm−1 were assigned to the B–O stretching
mode and bending mode of BO3 groups, respectively. The
resonance at 1050 cm−1 was assigned to the B–O stretching
mode of BO4 group. FTIR spectroscopy of the scaffolds
showed resonances at 1000–1100 cm−1 and at 570 cm−1

corresponding to a calcium phosphate [31,33]. The resonances
at 1390 cm−1 were attributed to C-O in the (CO3)

2– group.
After immersion in SBF the resonances attributed to the 13-
93B3 glass network weakened and resonances attributed to the
vibrations of the phosphate group dominated the spectrum.
Results also indicate that the converted layer might be an
amorphous calcium phosphate (ACP) material, presumably a
precursor to the formation of the crystalline HA phase. It is
known that ACP is formed on the surface of bioactive glass at
the initial stage of conversion in SBF. Ca2+ deficient HA was
then formed by crystallization of ACP [34]. In the current
study, no significant difference was observed in the FTIR
spectra of the powders obtained from the converted layer of
scaffolds depending on the filament diameter. However, peak
intensities of the sample corresponding to the scaffold with a
filament diameter of 130710 mm were high compared to the
other samples. Additionally, there was a resonance at
866 cm−1 corresponding to the stretching vibration of CO3

−2

function group which indicated that as formed calcium
phosphate had carbonate groups substituted into the structure.
In summary, filament size of the borate scaffolds affected

their degradation rate in SBF solution under static conditions.
Scaffolds with a filament diameter starting from 130710 mm
degraded much faster compared to the scaffolds having thicker
struts such as 300720 mm. It is confirmed that the filament
diameter influences the degradation rate of 13-93B3 robocast
scaffolds and their ability to convert to HA.

3.2. Bioactive glass particles

Size-dependent bioactivity of the glass powder particles was
investigated under the same conditions with the scaffolds.
FTIR spectra of the 13-93B3 powders, which were treated in
SBF (10 mg/ml), are shown in Fig.6. Results showed that the
intensity of the peaks corresponding to the calcium phosphate
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was higher for 2.3 mm particle compared to the coarser
particles.

XRD analysis of the 13-93B3 powders with a particle size
of 185 mm and 2.3 mm after reaction in SBF (10 mg/ml) for 30
days did not show the presence of a crystalline HA phase
(Fig. 7). Instead, the diffraction pattern showed a broad band
centered at ∼301 and 451 2θ in Fig. 7(b). This result is
consistent with the experimental findings obtained for the
bioactivity of the 13-93B3 scaffolds at the same scaffold/
sample (S/S) ratio, which is 10 mg/ml. The major crystalline
peaks (at ∼31.81, 46.41, 56.41 2θ) observed (Fig. 7(c)) for the
fine borate glass powder corresponds to a reference halite
(NaCl) (JCPDS 5-0628), which might have formed due to the
residues on the sample after removal from SBF. Unless the
samples should not be washed with distilled water thoroughly
after removal from SBF, these peaks may be observed due to
NaCl crystal (halite) formation on the surface of the sample.
On the other hand, XRD diagram of the SBF treated silicate
bioactive glass (13-93) powders having the similar particle size
(2.1 mm) with borate 13-93B3 showed crystalline phases that
corresponds to a calcite CaCO3 (JCPDS 5-0586) together with
the halite (Fig. 7(e)). Similarly, XRD diagram of the SBF
treated 13-93 powders having larger particle size (220 mm)
showed peaks corresponding to the (0 0 2) and (2 1 1) planes
in crystalline HA (Fig. 7(d)). No calcite formation was found
for the coarser 13-93 powders treated in SBF. Based on these
results, it is possible to conclude that surface of the 13-93B3
powders (2.3 to 185 mm) do not convert to crystalline HA in
30 days in a SBF solution having high glass powder
concentration (10 mg/ml). On the other hand, XRD results
confirmed the formation of a crystalline calcite layer on the
surface of the silicate-based bioactive glass 13-93 powders
(2.1 mm) and a crystalline HA layer on the surface of coarser
(220 mm) 13-93 glass powders under the same conditions.
Jones et al. [33] observed calcite formation for 45S5 bioactive
glass particles after immersion in SBF. It was found that calcite
is forming at the expense of HA for high glass powder
concentrations in SBF. Because an excessive amount of
calcium ions release in the SBF resulting in a higher Ca/P
ratio and a pH shift in SBF and this favors the precipitation of
calcite [33]. Furthermore, calcite formation on bioactive glass
particles is likely because of the large surface area of the fine
particles resulting in an enhanced diffusion of Ca ions in the
glass network. Therefore, in the current study calcite formation
observed on the fine 13-93 particles may be attributed to the
both particle size effect and high particle concentration effect.
In a previous study [25] it was shown that sample/SBF ratio

has significant influence on the degredation rate and bioactivity
of 13-93B3 scaffolds and powders. The zeta potential values of
the borate glass particles (∼2 mm) after immersion in SBF
(10 mg/ml) were still positive after 30 days. On the other hand,
at lower S/S ratios (such as 1 mg/ml) a negative surface charge
developed on the particles. The sign reversal observed in
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powders immersed in SBF was attributed to the HA formation
on the surface [25]. Fig. 8 shows the XRD diagram of the 13-
93B3 powders (2.3 mm) immersed in SBF (at different S/S
ratios) for 30 days. Results revealed that borate bioactive glass
powders (2.3 mm) can convert to crystalline HA only at 2 mg/
ml and 1 mg/ml S/S ratios in 30 days. Peak broadening
observed in Fig. 8(a and b) may be attributed to the formation
of HA particles with a very small particle size. Peaks became
sharper in Fig. 8(a) because of the crystal growth. Halite also
has a characteristic peak at the same degree with the major
peak of crystalline HA (Fig. 8(c)). XRD analysis shown in
Fig. 9 also confirms crystalline HA formation on the surface of
both fine borate and silicate bioactive glass powders treated in
SBF (1 mg/ml) just after 3 days.

On the other hand, if the particle size of the powder is
increased (185 mm), HA formation can be achieved only at a
ratio of 1 mg/ml SBF (see Fig. 10) after a longer period. In
Fig. 10, major resonances (P–O bending vibration) associated
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Fig. 8. XRD diagram of the fine 13-93B3 particles (2.3 mm) after treatment in
SBF at different S/S ratios for 30 days: (a) 1 mg/ml, (b) 2 mg/ml, (c) 10 mg/ml
(*, HA; Δ, Halite).
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Fig. 9. XRD diagram of the 13-93B3 and 13-93 bioactive glass particles
(∼2 mm) after treatment in SBF (1 mg/ml) for 3 and 7 days (*, HA; Δ, Halite).
with crystalline HA at wave numbers of 560 and 603 cm−1

were observed for the bioactive glass samples soaked in SBF
(1 mg/ml) for 30 days but not for the as prepared glass
providing indication for the formation of an HA layer on the
surface of the glass samples. This means that in regards to the
coarser particles, the amount of calcium and phosphate ions in
the medium per gram of the samples should be high enough
for crystalline HA formation to occur.
Previously, Cerruti [35] analyzed the dissolution of Bioglass

(45S5) samples of average particle size of 2, 16 and 90 μm in
TRIS-buffer. As for smaller particles, cation release was faster,
higher values of pH were reached, and a thinner layer of
calcium phosphate was formed. The final concentration of Si
in solution was not affected by particle size [35]. Similarly,
Zhang and co-workers [36] investigated the influence of
particle size of bioactive glasses in vitro. Large particles
(600 mmo largeo 1000 mm) formed less apatite and degraded
less completely compared with small ( 212 mmosmallo
355 mm) particles. Another study performed by Zhang and
co-workers [37] showed that the particle size had a strong
impact on the in vitro behavior of the glasses. Larger particles
showed a smaller increase in pH but more clear reaction layers
than particles smaller than 250 mm. Generally, the average
thickness of overall reaction layer, decreased with the total
surface area of the sample, i.e. with decreasing particle size.
It was found that the finer the fraction, the poorer the diffusion
between the solution inside the particle bed and the bulk
solution, thus yielding less-developed reaction layers on the
particles inside the bed [37]. Similar phenomena have been
observed by Greenspan et al. [38]. According to their work,
higher S/S ratios gave faster and larger increases in pH and
rapid initial layer formation, but less-developed calcium
phosphate layers than lower S/S ratios [38]. More recently,
Mackovic et al. [39] investigated the nanoscale reactivity and
biocompatibility of 45S5 nanoparticles. They observed forma-
tion of a nanocrystalline and large calcite because of higher
reactivity of nano bioactive glass particles in comparison to
conventional micron sized bioactive glass particles [39].
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Based on the previous studies reported in literature and the
results of the current work it is clear that for smaller bioactive
glass particles, the dissolution and reaction rate with the
medium was faster. Results also showed that particle size
has some influence on the in vitro conversion of bioactive
glass to crstalline HA phase. For fine 13-93B3 particles
(2.3 mm), 2 mg/ml S/S ratio was sufficient for conversion of
the bioactive glass to HA. However, for coarser 13-93B3
particles (185 mm), lower S/S ratios (1 mg/ml) was necessary
to obtain crystalline phase.
4. Conclusions

Borate based bioactive glass scaffolds with a grid-like
microstructure and having different filament diameters
(1307 10 mm to 300720 mm) were prepared by a robotic
deposition technique. In vitro degradation and hydroxyapatite
formation on borate bioactive glass scaffolds were investigated
in SBF at different S/S ratios 37 1C up to two months under
static conditions. Mineralization of borate bioactive glass
powders were also tested under the same conditions for
comparison purposes. Results showed that 13-93B3 powders
(2.3, 13 and 185 mm) do not convert to crystalline HA in 30
days in a SBF solution at 10 mg/ml S/S ratio. With respect to
fine 13-93B3 bioactive glass particles (2.3 mm), 2 mg/ml S/S
ratio was sufficient whereas, for coarser 13-93B3 particles
(185 mm), lower S/S ratios (1 mg/ml) were required for
conversion of the bioactive glass to HA. Scaffolds with a
filament diameter starting from 1307mm degrade much faster
compared to the scaffolds having thicker struts. All scaffolds
(filament diameters from 1307 10 mm to 300710 mm) were
converted to amorphous calcium phosphate material after 30
days of immersion in SBF. Results of this study showed that it
is possible to tailor the degradation rate by changing the
filament diameter of the scaffolds produced by robocasting.
Tailoring the filament diameter may be a useful tool to adjust
the scaffold degradation to a specific application without the
need to change the material composition.
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