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Abstract

In this study porous three-dimensional scaffolds of borate (13-93B3) bioactive glass were prepared by robocasting and in vitro
degradation and bioactivity was evaluated. Grid like scaffolds with interconnected pores was assembled using robotic deposition
technique which is a direct ink writing method. After binder burnout, the constructs were sintered for 1 h at 560 °C to produce scaffolds
(porosity = 60%) consisting of dense glass struts (300 +20 um in diameter) and interconnected pores of width 580 + 20 um.
Hydroxyapatite formation on borate bioactive glass scaffolds was investigated in simulated body fluid (SBF) using three different
scaffold/SBF (S/S) ratios (1, 2 and 10 mg/ml) at 37 °C. When immersed in SBF, degradation rate of the scaffolds and conversion to a
calcium phosphate material showed a strong dependence to the S/S ratio. At high solid concentration (10 mg/ml) surface of the glass
scaffolds converted to the calcium rich amorphous calcium phosphate after 30 days. At lower solid concentrations (2 and 1 mg/ml) an
amorphous calcium phosphate layer formation was observed followed by the conversion to hydroxyapatite.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Bioactive glasses are promising scaffold materials for
bone regeneration because of their unique ability to
convert to hydroxyapatite (HA) in vivo, and their ability
to bond with bone and soft tissues [1-4]. They are also
reported to release ions that activate expression of osteo-
genic genes and to stimulate angiogenesis [5,6].

The silicate bioactive glass designated 45S5, developed
by Hench et al. [7], has been widely applied in bone tissue
engineering applications. Another silicate bioactive glass,
13-93, has also been receiving interest for bone repair
applications because it has better processing characteristics
by viscous flow sintering, and the glass phase in porous
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3-D scaffolds can be sintered to high density without
crystallization [2]. Recently, borate based bioactive glasses
have also been developed for potential applications in
tissue engineering [8,9]. Especially, the borate bioactive
glass designated 13-93B3, formed by replacing all the SiO,
in 13-93 with B,0s;, has received a special interest [4,11].
Because of their higher dissolution, some borate bioactive
glasses convert faster completely to a hydroxyapatite than
the silicate bioactive glasses [10,11]. Borate bioactive
glasses have been shown to support tissue infiltration
in vivo, additionally cell proliferation and differentiation
in vitro [12].

In bone tissue engineering applications it is very neces-
sary to enhance the generation and growth of hydroxya-
patite on the surface of bioactive glasses in a certain
reaction time in body environment. For instance, the
degradation rate and conversion to an HA-like material
of 4585 glass is slow, which makes it difficult to match the
degradation rate of the scaffold with the rate of new tissue
formation [13]. On the other hand too fast conversion of
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the scaffolds to a weak (porous) hydroxyapatite-like
product may result in a steeper reduction in the strength.
The conversion rate of a given bioactive glass in an
aqueous phosphate solution depends on several factors,
such as the surface area and geometry of the glass, its
composition, as well as the phosphate ion concentration,
temperature and initial pH of the solution [11,13-15].
Original SBF developed by Kokuba and co-workers [16]
has relatively low calcium and phosphate ion concentra-
tions. It normally takes 7-28 days to form an apatite
coating of reasonable thickness [14,17]. To make the
coating method more cost-effective, SBF with higher ion
concentrations, such as x 2.5 [18], x 5 [19] and x 10 [20]
SBF, have been utilized to accelerate the coating process.
Previous studies indicated that when calcium and phos-
phate concentrations increased, calcium hydrogen phos-
phate dihydrate form due to the high nucleation rate
among different Ca—P phases [14,21]. On the other hand,
Jones et al. [22] investigated the reactivity of 45S5 by
changing the powder/solution volume ratio in SBF solu-
tion. It is reported that, higher concentration of the
material in solution caused larger increase in pH, and this
implied that calcium carbonate formed at the expense of
HA [22]. Effect of solid/solution ratio on the hydroxyapa-
tite and calcite formation from 70SiO,—30CaO bioactive
glasses in simulated body fluid was also studied by Lukito
and co-workers [23]. When the samples were soaked in
SBF for 1 day, calcite crystalline phases formed and
covered up the pre-formed HA phases on the surfaces of
the bioactive glasses with S/S ratios of 10, 5, 3.3 and
2.5mg/ml. There was no calcite phase formed on the
surface of the bioactive glass with the S/S ratio of 2 mg/ml.
The in vitro characteristics of 13-93 and 13-93B3
bioactive glass scaffolds and powders, such as the degra-
dation rate and conversion to an HA-like material has
been studied previously [10,11] in potassium phosphate
solution and in SBF (S/S ratio, 10 mg/ml) at 37 °C. Fu
et al. [11] showed that for a borate glass, such as 13-93B3,
the conversion is controlled by reaction at the interface
and the kinetics can be described by a 3-D contracting
sphere model. Previous work [10] on the same area has
shown complete conversion of particles (150-300 pm) in
0.02M K,HPO, and highly porous constructs (prepared
by a foam replication technique) within 7 days in SBF at
10 mg/ml S/S ratio [11]. Similarly, porous, grid-like scaf-
folds of 13-93B3 bioactive glasses have been prepared by
robocasting recently, and their conversion to calcium
phosphate in an SBF solution (S/S ratio 10 mg/ml)
in vitro has been evaluated [24]. Results showed that

13-93B3 cubic scaffolds having a ~300 pm 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 + 6%
(Theoretical weight loss 67%) and the surface of the
scaffolds were still covered by amorphous calcium phos-
phate (ACP) layer. Although in vitro degradation behavior
of 13-93B3 bioactive glasses has been studied previously,
the effect of the scaffold/SBF ratio on the degradation
behavior has not been investigated yet systematically.
Therefore, the aim of this study was to elucidate the
influence of scaffold/SBF ratio on the in vitro degradation
and bioactivity of 13-93B3 scaffolds fabricated by
robocasting.

2. Experimental
2.1. Materials

Borate 13-93B3 bioactive glass frits with the composi-
tion given in Table 1 were supplied by Mo-Sci Corp.,
Rolla, MO, USA. In the preparation of the suspensions
(inks) for robocasting, ethyl cellulose (Acros Organics,
USA) and poly(ethylene glycol) (PEG 300; Alfa Aesar,
Ward Hill, MA) were used as the binder and plasticizer,
respectively. Anhydrous ethanol (Sigma Aldrich, USA)
was utilized as the solvent.

2.2. Suspension preparation

Particles of bioactive glass were prepared by grinding the
as-received glass frits for 3 min in a SPEX mill (Model
8500, Metuchen, NJ), sieving to obtain particles of size
< 100 um, followed by attrition-milling for 2.5h using
ethanol as the solvent and zirconia balls (3 mm) as the
milling media. The slurries were dried at 60 °C and the
powder was sieved through a 53 um stainless steel sieve to
eliminate the agglomerates resulting from the drying step.
Particle size analysis (Microtrac 3501; Microtrac Inc,
USA) showed a median diameter of 2.3 um. 13-93B3
suspensions (inks) were prepared using ethanol and
organic additives. The procedure followed for suspension
preparation is described elsewhere in detail [24].

2.3. Robocasting
Periodic lattices were assembled using a robotic deposi-

tion apparatus (3D Inks; Stillwater, OK). For the deposi-
tion, the ink was housed in a 3 ml syringe and deposited

Table 1

Composition of 13-93B3 glass (in wt%) used in this work; for comparison, the composition of 45S5 bioactive glass is also shown.

Glass B,O3 SiO, CaO Na,O K,O MgO P,Os
13-93B3 56.6 18.5 5.5 11.1 4.6 3.7
4585 45 24.5 24.5 6
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through a tapered stainless steel nozzle (inner diameter,
D=410 pm) 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 10 mm/s. Deposi-
tion was performed in a closed chamber with an ethanol
rich environment to control the drying rate of the extruded
material during the printing step.

After printing, the scaffolds were dried under ambient
conditions for 24 h, followed by a controlled heat treat-
ment process. Binder burn out was performed in flowing
oxygen using a heating rate in the range 0.1-1 °C/min.
Sintering was performed for 1 h at 560 °C using a heating
rate of 5°C/min. The microstructure of the fabricated
scaffolds was examined using scanning electron micro-
scopy; SEM (S-4700, Hitachi, Tokyo, Japan) at an accel-
erating voltage of 15 kV and a working distance of 12 mm.
X-ray diffraction, XRD, was performed using a powder
diffractometer (Philips X-Pert) to investigate for the pre-
sence of any crystalline phase in the sintered scaffolds.
Analysis was performed using Cu K, radiation at a
scanning rate of 0.01 °/min in the 20 range of 3-90°.

2.4. In vitro degradation

The degradation and bioactivity of the scaffolds was
evaluated in vitro in simulated body fluid (SBF). The
composition of this buffer, described by Kokubo et al. [16],
has an ionic composition similar to that of human blood
plasma. The SBF was prepared by dissolving reagent-grade
chemicals of NaCl, NaHCO;, KCI, K,HPO,-3H,0,
MgCl, - 6H,0O, CaCl, and Na,SO,4 (Sigma Aldrich, USA)
in deionized water and buffering at a pH of 7.40 with
tris(hydroxymethyl)aminomethane ((CH,OH);CNH,) and
1 M hydrochloric acid (Fisher Scientific Inc., USA) at
37 °C. The conversion of the bioactive glass to calcium
phosphate is accompanied by a weight loss, and pH
change. This weight loss and variation in pH (initial
pH=7.4) was measured to determine the rate and the
extent of the conversion. Three different scaffold/SBF (S/S)
ratios (1, 2 and 10 mg/ml) was used in the experiments.
Each sample (scaffold or powder) immersed in a polyethy-
lene bottle containing the SBF solution having different S/S
ratios, and kept for up to 30 days without shaking in an
incubator at 37 °C. Three scaffolds were used for each
immersion time. After removal from the SBF, the samples
were dried at 60 °C and weighed. Additionally, the SBF
solution was cooled to room temperature, and its pH was
measured using a pH meter.

2.5. In vitro bioactivity

SEM and XRD were used to analyze the structure of the
reacted scaffolds, using the conditions described pre-
viously. Energy dispersive X-ray spectroscopy (EDS) was
utilized to analyze the elemental composition of the
converted layer on the surface of the scaffolds immersed
in SBF at different time intervals. EDS was performed on

the SEM equipped with EDAX wunit. Surface of the
samples were coated with a carbon layer prior to char-
acterization with SEM and EDS. For the elemental
analysis, measurements were made on three different
regions of the surface and calcium/phosphorous (Ca/P)
ratio was calculated as the average value of three
measurements.

Fourier transform infrared spectroscopy (FTIR, Nexus
870, Thermo Nicolet) was used to determine the HA like
layer formation on the surfaces of the glass particles. The
reacted powders (2 mg) were mixed with high purity KBr
(198 mg) and dry pressed prior to measurements. FTIR
analysis was performed in the wavenumber range of 400-
4000 cm ™' on disks. During the experiments number of
scans and the resolution was 32 and 4 cm ™', respectively.

2.6. Zeta potential measurements

The surface potential of the 13-93B3 particles after
immersion in SBF was analyzed in terms of its zeta
potential, which was measured using laser electrophoresis
spectroscopy (Malvern, Nano, ZS-90). Powders were
immersed in SBF solution at conditions described pre-
viously (section 2.4). After they are removed from the SBF
and dried at 60 °C, the glass particles were dispersed into
fresh SBF in a high-purity silica glass cell, which was
immediately equipped into the electrophoresis system to
measure the zeta potential of the bioactive glass surface.
This system adopts laser Doppler electrophoresis to mea-
sure the electrophoretic mobility of the particles. The zeta
potential ({) is obtained using Henry equation [25];

Up = 28(f3§11c.a)

where Uy is the electrophoretic mobility of particles, # is
the viscosity of the solution and ¢ is the dielectric constant
of the solution. In Eq. (2.1) Smoluchowski approximation
was used and f(x.a) was taken as 1.5. Zeta potential of the
13-93B3 powders which was not immersed in SBF was also
measured to obtain the surface charge of the particles as a
function of solution pH. For this purpose, dilute suspen-
sions of borate glass particles were prepared in de-ionized
water and zeta potential measurements were performed as
a function of pH immediately prior to suspension prepara-
tion. The pH adjustments were made using 0.1 M HCl and
3.0 M NaOH (Fisher Scientific, USA). The measurements
were periodically checked against a calibration standard
with a zeta potential of —50mV. Experiments were
performed in triplicate, and the results given are the
average of 100 measurements.

Q.1

3. Results and discussion
3.1. Borate bioactive glass scaffolds

Fig. 1 shows optical image of borate 13-93B3 scaffolds
prepared in a disk like geometry using the robocasting
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technique. The external shape and grid-like microstructure
formed in the robocasting step were retained after the
binder burnout and sintering steps. After sintering, the
glass filaments were almost fully dense (Fig. 2). The linear
shrinkage of the scaffolds during sintering was about
25%. The sintered scaffolds had a porosity of ~60%, as
determined from the mass and external dimensions and
pore width and strut diameter of ~580+ 20 um and
300 + 20 um, respectively. The interconnectivity of the
pores in the scaffolds was maintained after sintering.
Additionally, the pore width was in the range shown to
be favorable for tissue infiltration in vivo [4].

3.2. In vitro degradation

Fig. 3(a) and (b) shows data for the weight loss of the
scaffolds and pH of the SBF, respectively as a function of
immersion time and S/S ratio. The weight loss for the
borate 13-93B3 scaffolds immersed in SBF solution at a
1 mg/ml S/S ratio was much higher than those scaffolds
immersed in SBF at other ratios. After immersion for 7
days, the weight loss reached a nearly constant, limiting
value of 67+ 3% at 1 mg/ml S/S ratio. However, weight
loss was 15+ 5% and 19 + 6% after 7 days for 10 mg/ml
and 2mg/ml SBF ratios, respectively (see Table 2). A

Fig. 1. Optical image of the sintered 13-93B3 scaffolds fabricated by
robocasting.

significant increase in weight loss of scaffolds was observed
at 2 mg/ml ratio after 10 days and the measured weight
loss was 67 + 4% at the end of 30 days. Assuming the glass
is completely converted to stoichiometric HA, the theore-
tical weight loss is calculated to be 67%. The lower value
of the measured weight loss compared to the theoretical
value may indicate that the borate 13-93B3 scaffolds were
not completely converted to HA after the 30-days immer-
sion at 10 mg/ml S/S ratio. Previous work has shown
complete conversion of particles in 0.02 M K,HPO,4 and
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Fig. 3. (a) Weight loss of 13-93B3 scaffolds as a function of immersion
time in SBF at different S/S ratios, (b) The pH of SBF solutions as a
function of immersion time of 13-93B3 scaffolds.

Fig. 2. SEM images of the as-fabricated (sintered) 13-93B3 scaffolds (a) top surface, (b) cross section and (c) cross section at high magnification.
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Table 2

Weight loss of 13-93B3 bioactive glass scaffolds immersed in SBF and the final pH of the SBF.

Scaffold/SBF ratio (mg/ml) Weight loss (%) after 7 days

Weight loss (%) after 30 days pH of SBF after 30 days

10 1545
2 19+6
1 67+2

3345 8.6
67+ 4 8.3
6743 8.0

Fig. 4. SEM images of the 13-93B3 bioactive glass scaffolds immersed in SBF for 2 days at 37 °C, (a)l mg/ml S/S ratio, magnification x 30, (c) 10 mg/ml
S/S ratio, magnification x 30 (b),(d) surface of the scaffolds at higher magnification ( x 5 k).

porous constructs prepared by a foam replication techni-
que within 7 days [10,11]. In the present work, the coarse
dense struts (~300 um), coupled with the low phosphate
ion concentration of the SBF (for 10 mg/ml S/S ratio),
could be key factors responsible for the incomplete
conversion of the 13-93B3 scaffolds within a thirty-day
period.

The pH of the SBF (starting value =7.4) increased with
time upon immersion of the bioactive glass scaffolds. After
immersion of the scaffolds for 30 days, the pH of the SBF
increased to 8.0 for the 1 mg/ml and to 8.6 for the 10 mg/ml
S/S ratio (Table 2). An increase in pH was observed as a
function of S/S ratio. At low scaffold/SBF ratios the pH
was lower as expected due to larger amount of liquid in the
system. The change in pH of the SBF resulted from
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. Since boric acid is a weaker acid than
phosphoric acid, release of BO~* ions from the glass,
coupled with the consumption of PO3;* ions from the
solution and the release of the alkali ions may resulted in an
increase of pH of the solution [11].

3.3. In vitro bioactivity

SEM images in Fig. 4 shows the surfaces of the borate
13-93B3 scaffolds after immersion in SBF for 2 days at two
different S/S ratios. Compared to the smooth surface of
the sintered scaffolds, the surface of the reacted scaffolds
had a fine particulate structure. The converted layer on the
13-93B3 scaffold was composed of rounded particles. This
morphology is typical of HA-like material formed by the
conversion of borate bioactive glasses in an aqueous
phosphate solution [10,11,34,35]. The surface of the borate
scaffold immersed in SBF at 1 mg/ml S/S ratio contains
more converted regions compared to the surface of the
scaffold treated at 10 mg/ml S/S ratio for 2 days.

XRD analysis of the 13-93B3 scaffolds after reaction in
SBF (for 10 mg/ml and 2 mg/ml) for 20 days did not show
the presence of a crystalline phase (see Fig. 5). Instead, the
diffraction pattern showed a broad band centered at ~30°
and 45° 20. However, immersion of scaffolds in SBF for 20
days at 1 mg/ml S/S ratio resulted in the formation of
peaks in the XRD pattern which corresponds to a
reference HA (JCPDS 72-1243). Similarly, HA formation
peaks appeared in samples treated in SBF at 2 mg/ml S/S
ratio after 30 days (see Fig. 6). However, intensity of these
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Fig. 5. XRD patterns of the 13-93B3 scaffolds immersed in SBF for 20
days at different scaffold/SBF ratios (a) 1 mg/ml, (b) 2 mg/ml, (c) 10 mg/ml.
(*Hydroxyapatite, JCPDS 72-1243).
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Fig. 6. XRD diagram of the scaffold immersed in SBF for 30 days at
2 mg/ml scaffold/SBF ratio, (*Hydroxyapatite, JCPDS 72-1243).

peaks obtained after 30 days were relatively low compared
to the diffraction peaks shown in Fig. 5.

FTIR spectroscopy of the same scaffolds (Fig. 7)
showed resonances at 1000-1100 cm ' and at 570 cm ™'
corresponding to a calcium phosphate [10,22]. A crystal-
line Ca-P layer, as indicated by the divided P-O bending
vibration band between 500 and 600 cm !, formed after 10
days for sample immersed in SBF at 1 mg/ml S/S ratio. A
C-O stretching vibration band also appeared between 890
and 800 cm ™' indicating the formation of carbonated
calcium phosphate [26]. The resonances at 1390 cm ™' were
attributed to C-O in the (CO5)*>~ group.

Taken together, the XRD and FTIR analyses 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 in the

Absorbance

o (d)

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (1/cm)

Fig. 7. FTIR spectra of the 13-93B3 scaffolds immersed in SBF for 10
days at different S/S ratios (a) 1 mg/ml, (b) 2 mg/ml, (c) 10 mg/ml, (d) for
comparison, the spectrum of a reference HA powder.

initial stage of conversion in SBF [4]. Ca’>" deficient HA
was then formed by crystallization of ACP [27]. The DSC
spectra of the converted calcium phosphate layer on the
surface of the scaffold treated in SBF (10 mg/ml) for 30
days is shown in Fig. 8(a). Accordingly, an exothermic
peak obtained at ~700 °C was due to the crystallization of
the amorphous calcium phosphate and transformation to
the crystalline HA. An endothermic peak due to dehydra-
tion of ACP was observed at approximately 100-200 °C.
Besides, for the scaffolds reacted in SBF (10 mg/ml) for 30
days, heat treatment (1h at 900 °C) resulted in the
formation of peaks in the XRD pattern which corre-
sponded a reference HA (JCPDS 72-1243) (Fig. 8(b)).
The HA peaks presumably resulted from the crystalliza-
tion of the amorphous calcium phosphate formed during
the conversion reaction. The XRD pattern also showed
minor peaks corresponding to the presence of calcium
metaborate, Ca(BO,), (JCPDS 78-1277) presumably due
to crystallization of the unconverted glass in the scaffold.

EDS analysis results of the scaffolds immersed in SBF at
various time intervals are shown in Table 3. Results revealed
that after 10 days of immersion, calcium to phosphorous
(Ca/P) ratio of the converted calcium phosphate layer on the
surface of the scaffolds was calcium rich (Ca/P:2.1) for
10 mg/ml S/S ratio, and it was calcium poor (Ca/P:1.55) for
2 mg/ml S/S ratio compared to the Ca/P atomic ratio of the
reference HA (1.67). Under the same conditions, Ca/P value
was 1.64 for the scaffold treated in SBF at 1 mg/ml S/S ratio
which is very close to the atomic Ca/P ratio of HA. As
mentioned previously, FTIR analysis approved a crystalline
Ca-P layer, as indicated by the divided P-O bending
vibration band between 500 and 600 cm ™', formed after
10 days for the same sample. After 30 days of immersion,
scaffolds treated in SBF at 10 mg/ml S/S ratio had calcium
rich amorphous phosphate layer on their surface. Further
experiments showed that Ca/P ratio of these scaffolds was
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Fig. 8. (a) DSC graph of the amorphous calcium phosphate layer on the
scaffold immersed in SBF for 30 days (S/S ratio, 10 mg/ml), (b) XRD
pattern of borate 13-93B3 scaffold after immersion in SBF 30 days (S/S
ratio, 10 mg/ml), followed by heat treatment at 900 °C for 1 h. (*Hydro-
xyapatite, JCPDS 72-1243; A Calcium metaborate, JCPDS 78-1277).

still calcium rich (Ca/P: 2.11) after 60 days of immersion and
the converted layer was still amorphous. However, samples
treated in SBF at 2 mg/ml S/S ratio for 30 days showed
some crystalline HA peaks and Ca/P value was 1.68.

3.4. Zeta potential of 13-93B3 powders

Zeta potential measurements indicated the formation of
positive surface charge on 13-93B3 powders (0.5 wt%) in
de-ionized water in the range of pH 7-13 (see Table 4).
Therefore, no isoelectric point (IEP) was obtained in this
pH range. Similarly, in SBF solution at pH 7.4, 13-93B3
particles gained a positive surface charge. At pH 6 strong
dissolution of the powder was observed in de-ionized
water. Therefore, zeta potential at pH 6 or below was
not measured. Previous work of Celik et al. [27] showed
that the different boron minerals such as inderit (MgB;03
(OH)s-5H,0) and tunnelite (SrB¢Oo(OH),-3H,0) simi-
larly has no IEP in water (solids concentration, 4 g/I) and
positively charged in the practical pH range. Another
boron mineral colemanite (Ca,B¢O;;-5H,0) yields an
IEP at pH 10.5.

Table 4
Zeta potential of 13-93B3 powders (0.5 wt%) in
de-ionized water as a function of pH.

pH Zeta potential (mV)
7.4 9.84
8.2 9.36
9.7 9.72

12.2 10.5

12.9 9.15

13.2 7.50

Table 3
Ca/P ratio and structure of 13-93B3 scaffolds immersed in SBF for different time periods.
Scaffold/SBF ratio (mg/ml) Immersion time (days) Ca/P atomic ratio Structure
10 4 1.79 +£0.24 A
10 2.09 +0.06 A
20 2.07 £ 0.05 A
30 2.11+£0.15 A
60 1.92+0.12 A
2 2 1.89+0.14 A
4 1.854+0.19 A
10 1.554+0.21 A
20 1.58 +£0.31 A
30 1.68 +0.02 C
1 2 1.34+0.1 -
4 1.38 +£0.06 -
7 1.47 £0.02 -
10 1.64+0.12 C
20 1.67 £0.01 C

A: Amorphous
C: Crystalline
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The zeta potential values of the borate glass particles
after immersion in SBF for 30 days are given in Table 5. At
10 mg/ml S/S ratio, surface charge of the particles was still
positive after 30 days. On the other hand, at lower S/S
ratios a negative surface charge developed on the particles.
In other words, at low S/S ratios a transition from a
positive to negative charge was observed on the surface of
the particles as a function of immersion time. The sign
reversal observed in powders immersed in SBF was
attributed to the HA formation on the surface.

During the in vitro degradation experiments performed
in the study pH of the SBF was higher than 7 as shown in
Fig. 3(b) and the initial pH of the SBF solution was 7.4. It
is known that the solubility of HA is extremely low in
water, and its isoelectric point is between 5 and 7, which is
lower than the pH of the SBF, ie. 7.4 [28,29]. On
immersion in SBF, the HA could reveal a negative surface
charge by exposing hydroxyl and phosphate units in its
crystal structure [28,29].

Based on the EDS analysis results and the zeta potential
measurements, formation of the ACP and HA phases on
13-93B3 bioactive glass particles is shown schematically in
Fig. 9. Accordingly, at 10 mg/ml S/S ratio surface of the
glass converted to the calcium rich ACP layer after 30
days. Further experiments showed that after 60 days the
surface of the scaffolds still contain calcium rich ACP

Table 5
Zeta potential of 13-93B3 powders immersed in SBF
(for 30 days) at different S/S ratios.

Scaffold/SBF ratio (mg/ml) Zeta potential (mV)
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layer. However, in the case of 2 mg/ml and 1 mg/ml SBF
ratios, ACP formation was followed by the HA conversion
after 30 days and 10 days, respectively. For the 1 mg/ml S/S
ratio, surface of the scaffolds had a calcium poor ACP
layer after immersion in SBF for 2 days. However, in much
earlier periods of conversion, there is a possibility for the
formation of calcium rich ACP layer which may be
followed by the transition to calcium poor ACP layer and
finally to crystalline HA. Similarly, previous studies showed
that the in vitro formation of apatite on 45S5 and glass—
ceramic (apatite-wollastonite) was preceded by the forma-
tion of ACP with a low Ca/P ratio [30-32].

Reaction mechanism of borate bioactive glasses in
phosphate solutions was investigated by various research-
ers previously [33-36]. Possible reaction mechanisms have
been described by Huang et al. [13] for the silicate 45S5
glass and the borate analog of 45S5 (all SiO, replaced by
B>0O3). The borate glass fully converted to HA by the glass
dissolving, the B,O5; and Na,O going into solution, and the
CaO reacting with PO;* from the phosphate solution.
According to the results of previous studies [11,33-35], the
borate based glass most closely follows a contracting
volume type of behavior, where the HA first forms at the
outside of the glass particle, and then continually reacts
inward toward the center until completely reacted.

In the case of borate 13-93B3 bioactive glass, when it is
immersed in an SBF solution, partial B,O3, Na,O, K,O
and CaO of the glass is dissolved in the SBF through ion
exchange [11]. Dissolution coupled with migration of Ca®*
and (PO,)’~ ions from the glass and from the SBF
solution, presumably leading to the formation of an
amorphous calcium phosphate (ACP) layer. The initial
positive surface charge of the glass may enhance the

10 3.89+0.3 migration of negatively charged species such as POy * ions
f :gg;f?g in SBF to the particle surface at the initial stage of the
B conversion. In the later stage of conversion surface charge
will be still positive due to formation of amorphous
a b c
- _3 :_/ \_: _3
+ . L\ PO, ~ + /PO,
+ et et et e
+/ o +>;/" D RSy . e
+/ 13933  \+ 4/ O+ +f / \\,‘ s
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Fig. 9. Schematic presentations showing the possible degradation and conversion process in 13-93B3 samples (a) surface charge just after sample
immersed in SBF, (b) formation of ACP layer on the surface of particle at 10 mg/ml S/S ratio, (c) formation ACP layer on the surface of the particle at

1 mg/ml S/S ratio, (d) HA formation at 1 mg/ml S/S ratio.
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calcium phosphate layer. Previous studies of Kim et al. [28]
and Lu et al. [26] showed that amorphous calcium
phosphate phase has a positive surface charge. In the final
stage a negative surface charge develops because of the
crystallization of the ACP to hydroxyapatite.

4. Conclusions

Borate based 13-93B3 scaffolds consisted of dense glass
filaments of diameter 300 + 20 pm, interconnected pores of
width 580 + 20 pym and porosity of ~60% porosity were
produced by robocasting. Hydroxyapatite formation on
bioactive glass scaffolds was investigated in SBF using
three different scaffold/SBF (S/S) ratios (1, 2 and 10 mg/
ml) at 37 °C. Results revealed that after immersion in SBF
for 7 days, the weight loss of the scaffolds reached the
limiting value of 67 4+ 2% for 1 mg/ml SBF ratio. The
weight loss was 15+ 5% and 19 + 6% after 7 days for
10 mg/ml and 2 mg/ml ratios, respectively. A significant
increase in weight loss of the scaffolds was observed
at 2 mg/ml ratio after 10 days and the measured weight
loss was 67 +4% at the end of 30 days. Hydroxyapatite
crystal formation was observed for scaffolds treated in
SBF for 2 mg/ml and | mg/ml ratios after 30 days and 10
days, respectively. Results of the study showed that it is
possible to control the degradation rate and bioactivity of
13-93B3 scaffolds by making modifications in scaffold/
SBF ratio.
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