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Borate-based bioactive glass scaffolds with a microstructure similar to that of human trabecular bone were
prepared using a polymer foam replication method, and evaluated in vitro for potential bone repair
applications. The scaffolds (porosity=72±3%; pore size=250–500 μm) had a compressive strength of 6.4±
1.0 MPa. The bioactivity of the scaffolds was confirmed by the formation of a hydroxyapatite (HA) layer on the
surface of the glass within 7 days in 0.02 M K2HPO4 solution at 37 °C. The biocompatibility of the scaffolds was
assessed from the response of cells to extracts of the dissolution products of the scaffolds, using assays of MTT
hydrolysis, cell viability, and alkaline phosphatase activity. For boron concentrations below a threshold value
(0.65mM), extracts of the glass dissolution products supported the proliferation of bonemarrow stromal cells,
as well as the proliferation and function of murine MLO-A5 cells, an osteogenic cell line. Scanning electron
microscopy showed attachment and continuous increase in the density ofMLO-A5 cells cultured on the surface
of the glass scaffolds. The results indicate that borate-based bioactive glass could be a potential scaffold
material for bone tissue engineering provided that the boron released from the glass could be controlled below
a threshold value.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

There is a growing interest in the use of bioactive glasses as
scaffolds for bone repair [1,2]. Bioactive glasses have a widely
recognized ability to foster the growth of bone cells [3,4], and to
bond strongly with hard and soft tissue [1,5]. Upon implantation,
bioactive glasses undergo specific reactions, leading to the formation
of an amorphous calcium phosphate (ACP) or crystalline hydroxya-
patite (HA) phase on the surface of the glass, which is responsible for
their strong bonding with surrounding tissue [1]. Bioactive glasses are
also reported to release ions that activate expression of osteogenic
genes [6,7], and to stimulate angiogenesis [8,9].

Since the discovery of 45S5 bioactive glass by Hench et al. in 1971
[5], 45S5 and other silicate bioactive glasses based on the 45S5
composition, such as the glass designated 13-93 [10], have been
widely studied for biomedical applications [2]. Because of their lower
chemical durability, some borate glasses react faster, and convertmore
completely to HA, than the more widely studied silicate 45S5 and 13-
93 glasses [11,12]. Partial or full replacement of SiO2 with B2O3 in 45S5
and 13-93 bioactive glasses results in a marked increase in the
conversion of the glass to HA in aqueous phosphate solution [13,14].

The bioactivity of the glass, as measured by its conversion rate to HA,
can be varied over a wide range, from hours to months, depending on
the glass composition [11–14].

Based on their rapid and controllable conversion to HA, borate-
based bioactive glasses are attractive candidates for making scaffolds
[2,15]. Some borate-based glasses have been observed to undergo
viscous flow sintering more readily than 45S5 glass, providing a more
facile bioactive glass system for producing scaffolds with anatomically
relevant shapes [16].

Particles of a boron-modified 45S5 glass, containing 2.5 weight
percent (wt.%) B2O3, promoted new bone formationmore rapidly than
45S5 glass particles upon implantation into tibial defects in rats [17].
Scaffolds of a borate glass (molar composition: 20 Na2O, 20 CaO, 60
B2O3) was found to support the growth and differentiation of human
mesenchymal stem cells [18]. However, our previous in vitro work
showed that borate ions leached out of the glass inhibited the pro-
liferation of the MC3T3-E1 cells, an osteoblastic cell line, if the boron
concentration was above a certain threshold value [19]. The toxic
effect on cells could be alleviated by partial conversion of the borate-
based glass to HA prior to cell culture, or the use of more dynamic cell
culture conditions [19].

Several methods have been used to produce porous three-
dimensional scaffolds of bioactive glass and ceramics, including
polymer foam replication [20–22], sintering (thermal bonding) a
porous mass of particles [23] or fibers [24], the use of foaming agents
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[25–27], solid freeform fabrication [28,29], sol–gel [30–32] and freeze
casting methods [33–36]. For the production of scaffolds with
interconnected pores and with the porosity and pore size capable of
supporting tissue ingrowth, the polymer foam replication technique
provides an economical fabrication route. In this method, a polymer
foam is infiltrated with a colloidally-stable particulate slurry. After
drying, the foam is decomposed, and the system is sintered to form a
dense solid network. The architecture of the scaffold is essentially
determined by that of the foam.

The objectives of the present work were to investigate the
preparation of borate-based bioactive glass scaffolds by the polymer
foam replication method, and to evaluate their performance in vitro
for potential bone repair applications. The borate glass had a
composition designated 13-93B2, with a composition identical to
silicate 13-93 glass but with two-thirds of the molar content of SiO2

replaced by B2O3. Previous work showed that the conversion rate of
13-93B2 glass particles to HA was intermediate between those for
silicate 13-93 and the borate equivalent of 13-93, obtained by
replacing all the SiO2 with B2O3. The microstructure, compressive
strength, and bioactivity of the scaffolds were evaluated.

2. Experimental procedure

2.1. Preparation of bioactive glass scaffold

Borate-based glass, with the composition (mole percent): 22 CaO,
6 Na2O, 8 MgO, 8 K2O, 18 SiO2, 36 B2O3, and 2 P2O5, was prepared by
melting Reagent grade CaCO3, Na2CO3, MgCO3, K2CO3, SiO2, H3BO3 and
CaHPO4·2H2O (Shanghai Chemical Reagent Distribution Co., Shang-
hai, China) in a Pt crucible at 1200 °C for 2 h, and quenching between
cold stainless steel plates. Particles of size b53 μm were obtained by
grinding the glass using a hardened steel mortar and pestle, and
sieving through a 270 mesh sieve.

Scaffolds were prepared using a polymer foam replication tech-
nique, as described in detail elsewhere [21]. Briefly, a slurry containing
25 vol.% glass particles was prepared by dispersing the particles in
ethanol with ethyl cellulose as a binder. As a result of observations of
different commercial foams in the scanning electron microscope, a
polymer foam with a structure comparable to that of human
trabecular bone was selected. Cylindrical samples of the foam
(10 mm in diameter×10 mm) were immersed in the slurry so that
the walls of the foamwere coated with the slurry. The as-coated foam
was dried for at least 12 h at room temperature, and then subjected to
a controlled heat treatment to decompose the foam and sinter the
glass particles into dense network. The samples were heated at 5 °C/
min to 450 °C in air to decompose the foam, then at 10 °C/min to
600 °C, and kept at this temperature for 1 h to densify the glass
network without crystallizing the glass.

2.2. Structural and mechanical characterization of 13-93B2 glass scaffolds

The porosity of the as-prepared 13-93B2 glass scaffolds was mea-
sured using the Archimedes method. Scanning electron microscopy,
SEM (Quanta 200 FEG; FEI Co., Hillsboro, USA)was used to observe the
microstructure of the scaffolds. The compressive strength of scaffolds
with a cylindrical geometry (7.5 mm in diameter×7.5 mm) was
measured using an Instron testing machine (Model 4204, Instron
Corp., High Wycombe, UK) at a crosshead speed of 0.5 mm/min. Five
samples were tested, and the strength was expressed as an average
and standard deviation.

2.3. Bioactivity of 13-93B2 glass and conversion to hydroxyapatite

The in vitro bioactivity of the 13-93B2 scaffolds was assessed by
immersing the scaffolds in 0.02 M K2HPO4 solution with a starting
pH=7.0 at 37 °C, and determining the formation of HA on the surface

of the scaffolds using X-ray diffraction (XRD) and SEM after known
immersion times, as outlined below. Although the solution used in
this work had a phosphate ion concentration that was approximately
twice the value of a simulated body fluid (SBF), it was used to
accelerate the rate of HA formation, thereby reducing the time scale of
the experiments.

Conversion of the 13-93B2 scaffolds to HA was also followed by
measuring the weight loss of the scaffolds and the pH of the
phosphate solution as a function of immersion time. The procedure
is described in detail elsewhere [13]. Briefly, scaffold samples were
placed in 0.02M K2HPO4 solutionwith a starting pH=7.0 at 37 °C. The
mass of the glass scaffolds to the volume of phosphate solutionwas 1 g
to 100 cm3. After given immersion times, scaffolds were removed from
the solution, dried at 90 °C, and weighed. The weight loss was defined
as ΔW/W0, where ΔW=W0–Wt,W0 is the initial mass of the scaffold,
and Wt is the mass at time t. After removing the scaffolds to be
weighed, the solutionwas cooled to room temperature, and its pHwas
measured.

After removal from the phosphate solution, washing with water
and thenwith ethanol, and drying, the scaffolds were coated with Au/
Pd and examined in the SEM (Quanta 200 FEG). Crystalline phases
formed in the scaffolds were detected using X-ray diffraction, XRD (D/
max2550VB3+/PC; Rigaku International Corp., Tokyo, Japan) at a
scanning rate of 1.8 °2θ/min (CuKα radiation; λ=0.15406 nm). The
concentration of boron in the phosphate solution, resulting from the
conversion of the bioactive glass, was measured using inductively-
coupled optical emission spectroscopy (ICP-OES; Perkin-Elmer, Eden
Prairie, MN, USA).

2.4. Bone marrow stromal cells (BMSCs) culture

The bonemarrow stromal cells (BMSCs) used in these experiments
were kindly provided by Shanghai 9th Hospital, Shanghai, China. The
cells were cultured in α-MEM medium supplemented with 10% fetal
bovine serum (FCS) plus 100 U/ml penicillin and 100 μg/ml
streptomycin sulfate. Once 80% confluence was reached, the cells
were subcultured for cytotoxicity study. All cell cultures were
performed at 37 °C in a humidified atmosphere of 5% CO2.

The effect of the boron concentration in the dissolution products of
the glass scaffold on the proliferation of the BMSCs was evaluated using
MTT assay. Samples were extracted from a solution obtained by
immersing 2 g of 13-93B2 glass scaffold in 10 ml culture medium for
24h, anddiluted in the ratio1:1,1:2,1:4 and1:8 (v/v), respectively. After
sterilization by filtering through a 0.22 μm filter, the diluted solutions
were used for cell culture in a 96-well plate. Culture media without
treatment with the glass dissolution product was used as the control.

Cell proliferation was evaluated using the MTT test (3-(4, 5-
dimethyl-2-thya-zolyl)-2, 5-diphenyl-2H-tetrazolium-bromide;
Merck, Schuchardt, Germany) after 24 h of culture. The media was
removed, and 0.2 ml MTT solution was added to each well. After
incubation for 4 h at 37 °C in a fully humidified atmosphere of 5% CO2

in air, the untransformedMTTwas removed and 0.3 mL of isopropanol
was added. Sample absorbance values were measured at 490 nm in a
BMG FLUORstar Optima plate reader.

2.5. MLO-A5 cell culture

The biocompatibility of the 13-93B2 glass scaffolds was also
assessed from the response of murine MLO-A5 cells, an established
post-osteoblast/pre-osteocyte cell line, kindly provided by Professor
Lynda F. Bonewald, University of Missouri-Kansas City. The MLO-A5
cells were cultured in α-MEM medium supplemented with 5% FCS
and 5% newborn calf serum (NCS) plus 100 U/ml penicillin on a
collagen-coated plate (rat tail collagen type I, 0.15 mg/ml). All cell
cultures were maintained at 37 °C in a humidified atmosphere of 5%
CO2 with the medium changed every 2 days.
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2.6. MLO-A5 cell viability

The effect of borate ions in the dissolution products of the glass
scaffold on the viability of MLO-A5 cells was evaluated using a live
cell/dead cell assay. Extracts of the dissolution products were
prepared by immersing 1 g of glass scaffold in 40 ml medium for
24 h, giving a boron concentration of 0.65 mM in the extracts. Cells
were seeded onto glass cover slips (Fisherbrand) at a density of 15,000
cells/cm2. After culturing for different intervals, the cover slips were
rinsed with warm phosphate-buffered saline (PBS) and incubated for
additional 30 min in 2ml serum-free medium containing 2 μM calcein
AM and 2 μMethidium homodimer, EthD-1(Invitrogen Corp, Carlsbad,

CA). The fluorochrome-labeled cultures on the glass slips were then
rinsed with PBS. Images were collected under an epifluorescent
microscope fitted with appropriate exciter and emitter filters to detect
live (green fluorescent) and dead (red fluorescent) cells.

2.7. Quantitation of alkaline phosphatase activity

MLO-A5 cells (30,000 cells) were seeded into a 24-well plate, and
cultured in normal medium and in extracts of the glass dissolution
products (boron concentration=0.65 mM). The medium or the
extract was replaced every 2 days. After incubation for 2, 4, and 6 days,
the cell cultures were washed twice with PBS, and the cells were lysed
twice using freeze–thaw cycles (−80/37 °C) with 500 μl of 1% Triton
X-100 in PBS. Aliquots of lysate were placed in a 96-well plate for
spectrophotometric measurement of alkaline phosphatase (ALP)
activity with p-nitrophenyl phosphate (p-NPP) substrate as described
elsewhere [37]. The values of ALP activity were normalized with
respect to the total protein content obtained from the same cell lysate
and expressed as nanomoles of pNP formed per microgram of protein
per min. Total protein content was determined using a micro-BCA
Protein Assay kit (Pierce Biotechnologies, Rockford, IL), following the
manufacturer's recommended procedure.

2.8. Cell morphology

Bioactive glass scaffolds (∼8 mm in diameter×2 mm) were
sterilized by washing 3 times with water and ethanol and heating
for 24 h at 500 °C. The constructs were seeded with 50,000 MLO-A5
cells suspended in 40 μl medium, and incubated for 4 h to permit cell
attachment. The cell-seeded constructs were then transferred to a 24-
well culture plate containing 2 ml of complete medium per well. At
selected time intervals, glass constructs with attached cells were
removed, washed twice with warm PBS, and placed in 2.5%

Fig. 1. XRD patterns of borate-based 13-93B2 glass scaffolds before and after being
soaked for 7 days in 0.02 molar K2HPO4 solution at 37 °C and with a starting pH
value=7.0.

Fig. 2. SEM images of (a) human trabecular bone, and (b) 13-93B2 glass scaffold prepared by the polymer foam infiltration method. (c),(d) show SEM images of the surface of the
scaffolds after immersion in K2HPO4 solution for 7 days.
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glutaraldehyde in serum-free medium. After soaking overnight in
gluraraldehyde, the fixed constructs were washed with PBS and
dehydrated through a graded series of ethyl alcohol, followed by two
soaks in hexamethyldisilazane (HMDS) for 10 min each. The samples
were allowed to fully evaporate in air, sputter-coated with Au/Pd,
and then observed in a scanning electron microscope, SEM (Hitachi
S-4700), at 5 kV accelerating voltage.

2.9. Statistical analysis

Values are expressed as mean±standard deviation (SD) and were
compared using one-way analysis of variance (ANOVA) and Tukey's
post hoc test, with the level of significance set at pb0.05.

3. Results

XRD patterns of the as-prepared 13-93B2 glass scaffold and the
glass scaffold immersed for 7 days in 0.02 M K2HPO4 solution are
shown in Fig. 1. The pattern of the as-prepared scaffold showed broad
bands typical of an amorphous material. In comparison, the pattern of
the scaffold immersed for 7 days in the phosphate solution contained
peaks corresponding to those of a standard HA (JCPDS 72-1243),
indicating the in vitro bioactivity of 13-93B2 glass. The width of the
peaks in the XRD pattern may indicate the formation of poorly
crystallized HA, nanometer-sized crystals, or a combination of both.

Fig. 2 shows SEM images of the 13-93B2 glass scaffold prior to, and
after immersion in the K2HPO4 solution, as well as a sample of dry
human trabecular bone (Fig. 2a). In general, the microstructure of the
glass scaffold (Fig. 2b) is almost identical to those of human trabecular
bone. The scaffold had a porosity of 72±3% as determined by the
Archimedesmethod, which consisted of an interconnected network of
pores of size 250–500 μm. Compared to the smooth surface of the as-
prepared glass scaffold, the surface of the scaffold immersed for 7 days
in the phosphate solution (Fig. 2c) was covered with a fine particulate
layer, which is presumably HA based on the XRD pattern described
earlier. A high-resolution SEM image (Fig. 2d) of the surface showed
that the surface consisted of porous network of nanometer-sized,
needle-like crystals, characteristic of HA deposited by precipitation
from solution [13].

Data for the weight loss, ΔW/Wo, of the 13-93B2 bioactive glass
scaffolds as a function of immersion time in the K2HPO4 solution are
shown in Fig. 3. Conversion of the glass to HA in the phosphate
solution leads to a weight loss, so the ΔW/Wo data can be used to
follow the kinetics of the conversion reaction. The ΔW/Wo values
increased rapidly during the first 100–200 h of immersion. Between
200–400 h, the weight loss was nearly constant, but it then increased
slowly to a value of 13.0% after 720 h (30 days) when the experiment
was stopped. The change in the pH value of the phosphate solution,
resulting from the reactions accompanying the conversion of the glass
to HA (Fig. 3), also increased rapidly during the first 100–200 h, from
7.0 to 8.5. Above ∼200 h, the pH increased slowly and reached a final
limiting value of 8.8 after 720 h (30 days).

The stress vs. displacement response for as-prepared 13-93B2
scaffolds tested in compression is shown in Fig. 4. The stress is the
engineering stress based on the initial cross-sectional area of the
scaffold. The peaks and valleys in the mechanical response may be
caused by progressive breaking and compaction of the solid network

Fig. 3.Weight loss of scaffolds and pH change of the solution, resulting from immersion
of 13-93B2 glass scaffolds in 0.02 M K2HPO4 solution with a starting pH=7.0.

Fig. 4. Stress vs. deformation for as-prepared 13-93B2 glass scaffolds tested in
compression.

Fig. 5. Compressive strength of the 13-93B2 glass scaffolds as a function of immersion
time in 0.02 M K2HPO4 solution.

Table 1
Effect of boron concentration in culture media on the proliferation of BMSCs after 24 h
of culture.

Dilute ratio Boron concentration (mM) Absorbance valuea

1:1 5.204 0.17±0.01
1:2 2.601 0.19±0.01
1:4 1.301 0.22±0.01
1:8 0.650 0.28±0.02
Control 0 0.27±0.02

The boron concentrations were achieved by immersing 2 g of 13-93B2 glass scaffolds in
10 ml α-MEM for 24 h, and diluting the boron-containing media in the ratios shown.

a All pairs of absorbance value were significantly different except the pair between
the 1:8 dilute ratio and the control (p=0.6852).
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of the scaffold. The highest value in the stress vs. displacement
response was taken as the compressive strength of the scaffold.

The change in compressive strength of the 13-93B2 glass scaffolds
as a function of immersion time in the K2HPO4 solution is shown in
Fig. 5. The compressive strength decreased almost linearly during the
first 15 days of immersion, from 6.4±1.0 MPa for the as-prepared
glass scaffold to 2.0±0.5 MPa. For longer immersion times, the
decrease in strength was less severe, with the scaffolds having a
strength of 1.5±0.3 MPa after 30 days.

Table 1 shows the boron concentrations in the media used for
culturing BMSCs, and the absorbance values, which is a measure of the
amount of formazan extract recovered from the cultures. The
absorbance values increased with decreasing boron concentration
and at a concentration of 0.65 mM, the absorbance was not sig-

nificantly different from that of the control. The results indicate that at
this threshold concentration (or below), borate ions do not inhibit the
growth and proliferation of BMSCs.

The results of live cell/dead cell assays for MLO-A5 cells cultured in
the extracts of the glass dissolution products (boron concentration=
0.65mM) are shown in Fig. 6. The fluorochrome labeling of theMLO-A5
cells cultured for up to 4 days showed amarked increase in cell number
with culture time, with only very few fluorescent dead cells. The live
cell/dead cell assay provided further evidence that extracts of the
scaffold dissolutionproduct had no inhibitory effect on cell proliferation
for this threshold boron concentration.

Fig. 7 shows results for the alkaline phosphatase (ALP) activity of
MLO-A5 cells cultured in extracts of the glass dissolutionproducts (boron
concentration=0.65mM)and innormalmedium for2, 4 and6days. The
ALP increasedwith incubation time for theMLO-A5 cells cultured in both
media. This is an indication that the cells were able to carry out an
osteogenic function in the extract of the glass dissolution products,
although theALPactivitywas lower than that for cells in normalmedium.

SEM images in Fig. 8 show themorphologyofMLO-A5 cells grownon
the surface of the 13-93B2 glass scaffolds for 2, 4 and 6 days. The cells
seen in the micrographs appeared to attach to the glass struts with
numerous lamellipodia and cell projections at day 2 (Fig. 8a and b), and
increased in density with the duration of the culture (Fig. 8c–f). After
4 days, the cells tried to colonize the surface of the glass scaffold (Fig. 8c).
The cells were in physical contact with each other and aggregated with
the neighboring cells via extensions (Fig. 8d). The day 6 SEM image
shows almost complete coverage of the13-93B2scaffoldswith theMLO-
A5 cells and the increased cell density (Fig. 8e). The cells also showed
good attachment to the scaffolds with multiple lamellipodia and
filopodia (Fig. 8f). Viewed as a group, the SEM images in Fig. 8 show
the continuous increase in cell density during the 6 day culture time on
the 13-93B2 glass scaffolds.

4. Discussion

The experiments provide data to support the use of borate-based
13-93B2 glass scaffolds in some bone repair applications. The scaffold
has architecture of interconnected pores, with a porosity of 72±3%,
and pore sizes in the range of 200–500 μm. These pore characteristics
are better than the minimum requirements (porosity≈50%; pore
width or diameter≈100 μm) considered to be favorable for support-
ing tissue ingrowth and function in porous scaffolds [38,39]. When
immersed in a dilute phosphate solution (0.02 M K2HPO4), the scaf-
folds showmeasurable formation of HAwithin 7 days, an indication of
the in vitro bioactivity of the glass.

Fig. 6. Fluorescent images of MLO-A5 cells after culturing for (a) 0, (b) 2, and (c) 4 days
on glass cover slips in extracts of 13-93B2 glass dissolution products. Double staining
was used to detect live cells as green fluorescent and dead cells as red fluorescent. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 7. Alkaline phosphatase activity ofMLO-A5 cells cultured for 2, 4, and 6 days in normal
medium and in medium containing extracts of the 13-93B2 glass dissolution products.
Mean±SD; n=4. The asterisks indicate significant difference between the enzyme
activity of the cells in normal medium and in medium containing the glass extract.
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Conversion of the glass scaffolds in the phosphate solution results
in a weight loss of 13.0% after 30 days (Fig. 3). If it is assumed that the
soluble ions such as Na+, K+, and B3+ are dissolved out from the
scaffold, and all CaO in the glass is converted to HA, the theoretical
weight loss of the glass is found to be 55–60%. The observed weight
loss of only 13% indicates that the glass scaffolds are only partially
converted to HA during the 30 days of immersion.

During the conversion of the glass to HA, the pH of the aqueous
phosphate solution increases rapidly from a starting value of 7.0 to ∼8.0
during the first 100 h of immersion (Fig. 3). This initial rapid increase in
pHmatches the rapid increase in theweight lossduring the sameperiod,
indicating that the same reactions are responsible for the weight loss
and pH increase. The increase in pH during the conversion reaction can
be rationalized in terms of the acidity of the borate and phosphate ions.
As boric acid is a weaker acid than phosphoric acid, release of B3+ ions
from the glass, coupled with consumption of (PO4)3− ions from the
solution, results in an increase in pH.

The mechanical response of the as-prepared glass scaffolds in
compression shows peaks and valleys (Fig. 4), which may be due to
progressive breaking of the glass struts in the structure. This type of

response is typical of cellular materials in compression [40]. The thin
struts are expected to fracture first, causing an apparent drop in
the stress but, with compaction, the scaffold is able to support a higher
load, causing the stress to increase again. This process continues until
macro-cracks propagate through the scaffold, leading to complete
failure of the scaffolds and a decrease in the stress to almost zero.

The strengthof the as-prepared13-93B2glass scaffold (6.4±1.0MPa)
is comparable to the value for cancellous bone (2–12MPa). The strength
is at least one order of magnitude higher than the value reported for
biodegradable polymer scaffolds or polymer–ceramic composites pre-
pared by the thermally induced phase separation (TIPS) method, or the
gas foaming method [41–44]. Scaffolds of poly(lactic-co-glycolic acid),
PLGA, or a composite of poly(lactic acid) and HA (50 vol.%) prepared by
the TIPS method [41,42] had compressive strengths of b0.6 MPa
(porosity=90–94%). The strength of the scaffolds prepared in this
investigation is also significantly higher than that for 45S5 glass–ceramic
constructs (0.3–0.4 MPa; porosity=89–92%) prepared by the polymer
foam replication technique [20].

The high strength of the scaffolds prepared in the present work
may be attributed to: (1) homogeneous packing of the glass particles

Fig. 8. SEM images of MLO-A5 cell morphology on 13-93B2 bioactive glass scaffolds after culturing for (a,b) 2, (c,d) 4 and (e,f) 6 days.
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deposited on the foam during the infiltration step, and (2) favorable
viscous flow sintering characteristics of the glass. These factors lead to
the production of dense glass struts in the sintered scaffold which are
better able to support a load. In the case of 45S5 bioactive glass,
crystallization of the glass prior to densification limits the densifica-
tion of the glass network [20]. While the design criteria for scaffolds
for bone tissue engineering are unclear, it should be noted that the
strength of the present constructs can be improved significantly by a
greater degree of sintering, at the expense of some reduction in the
porosity and average pore size.

The data in Fig. 5 shows a rapid decrease in the strength of the
13-93B2 glass scaffolds as a function of immersion time. The decrease
in strength may be attributed to a combination of factors. Conversion
of the glass to HA leads to a growing layer of porous HA on the glass.
This porous layer reduces the load-bearing ability of the scaffold.
Degradation of the unconverted glass in the scaffolds, resulting in
leaching of soluble ions (such as Na+, K+, and B3+) from the glass
leads to a further reduction in strength. After immersion in the phos-
phate solution, the scaffolds were dried prior to mechanical testing.
The fine pores in the HA layer formed on the glass (Fig. 2c and d) can
lead to high capillary drying stresses, which can cause micro-cracking
and partial delamination of the HA layer. The presence of these flaws
can lead to stress intensification and to a reduction in the strength of
the scaffold.

The cell culture experiments show that borate ions leached out of
the 13-93B2 bioactive glass scaffolds have a strong effect on the
proliferation of BMSCs (Table 1). Above a threshold concentration of
0.65 mM in the culture media, borate ions inhibit cell proliferation.
This finding is in general agreement with the results of our previous
work in which the effects of different borate glasses on the
proliferation of the MC3T3-E1 cell line were evaluated [19].

The results of live cell/dead cell assays (Fig. 6) and alkaline
phosphatase activity (Fig. 7) indicates that extracts of the 13-93B2
glass dissolution products support the proliferation and function of
MLO-A5 cells when the boron concentration in the extracts is at (or
below) the threshold value (0.65 mM) found from the MTT results for
the proliferation of BMSCs (Table 1). The SEM micrographs of the
MLO-A5 cells cultured on 13-93B2 glass scaffolds (Fig. 8) showed
well-spread cells on 13-93B2 glass scaffolds with numerous lamelli-
podia and filopodia, an indication of good attachment. The continuous
increase in cell density on the glass scaffolds during the 6 day
incubation indicated the ability of the scaffolds to support cell growth.

5. Conclusions

Scaffolds of borate-based 13-93B2 glass (porosity=72±3%; pore
size=200–500 μm) were prepared with a microstructure nearly
identical to human trabecular bone by a polymer foam replication
technique. Immersion of the scaffolds in a dilute phosphate solution
(0.02 M K2HPO4) resulted in the formation of a hydroxyapatite (HA)
layer on the glass surface within 7 days, showing the in vitro
bioactivity of the glass. Conversion of the scaffolds in the aqueous
phosphate solution resulted in a weight loss of 13.0% and an increase
in the pH of the solution from 7.0 to 8.7 after 30 days. The as-prepared
scaffolds had a compressive strength of 6.4±1.0 MPa, which
decreased to 1.5–2.0 MPa after 15–30 days immersion in the
phosphate solution. Below a threshold concentration (∼0.65 mM),
borate ions released into the culture media as a result of conversion of
the glass to HA did not inhibit the proliferation of bone marrow
stromal cells. At this threshold boron concentration, extracts of the
scaffold dissolution products supported the proliferation and function
of murine MLO-A5 cells. The MLO-A5 cells showed good attachment
and proliferation on the scaffolds during culture. These in vitro results
indicate that borate-based 13-93B2 glass scaffolds could be used for

bone repair if the boron concentration released from the scaffolds
were controlled below a threshold value.
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