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Abstract

This in vitro study was conducted to evaluate the ability of two types of constructs of bioactive, silica-based 13–93 glass fibers to
support the growth and differentiation of MC3T3-E1 osteoblastic cells. The two types of constructs tested included single-layer 13–93
glass fiber rafts and three-dimensional porous scaffolds formed from sintered 13–93 fibers. Scanning electron micrographs showed a clo-
sely adhering, well-spread morphology of MC3T3-E1 cells seeded on both types of constructs. The scanning electron microscopy images
also showed a continuous increase in cell densities during a 6 day incubation on 13–93 glass fiber rafts and scaffolds. Quantitative fluo-
rescence measurements of DNA also revealed a linear increase in cell density during a 6 day incubation on both types of 13–93 con-
structs. Examination of scaffolds incubated in MTT containing medium showed the presence of metabolically active viable cells
within the interior of the scaffold. The addition of ascorbic acid to MC3T3-E1 cells cultured on the 13–93 glass fibers triggered a threefold
increase in alkaline phosphatase, a key indicator of osteoblast differentiation. The sintered scaffolds were found to have open, intercon-
nected pores favorable for tissue ingrowth with a compressive strength similar to cancellous bone. Collectively, the results indicate that
13–93 glass fiber scaffolds are a favorable substrate for the growth and differentiation of osteoblasts and a promising material for bone
tissue engineering and repair of bone defects.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The shortage of skeletal allografts has created a great
demand for synthetic substitutes for bone, the most com-
monly replaced organ of the body [1]. A promising
approach to this dilemma is through the use of cell support
scaffolds for both in vivo reconstruction of skeletal defects
[2] and in vitro engineering of new bone tissue [3,4]. The
development of novel scaffold materials for these applica-
tions has been the focus of numerous investigations over
the past decade [1,5]. Most scaffold materials are designed
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as either a macroporous matrix or a fibrous mesh to permit
tissue ingrowth and the development of vessels for nutrient
delivery [6]. Poly-L-lactide and other biodegradable poly-
mers have been commonly used to prepare support scaf-
folds in the form of porous foams [7,8] and fiber meshes
[9,10]. Bioactive glasses and glass ceramics have also been
used to form porous scaffolds fabricated via sol–gel
[11,12] and sintering techniques [13].

Bioactive glasses and glass ceramics are attractive as
scaffold materials due to their ability to bond to either
hard or soft tissue without promoting the formation of
an intervening fibrous encapsulation [14]. Bioactive glass
fibers that could be woven into a mesh or sintered to form
a scaffold of a desired shape would be useful in some
vier Ltd. All rights reserved.
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Table 1
Nominal composition (mol%) of test glasses

Glass Na2O
(%)

K2O
(%)

MgO
(%)

CaO
(%)

P2O5

(%)
SiO2

(%)

13–93 6 7.9 7.7 22.1 1.7 54.6
45S5 24.3 – – 26.9 2.5 46.3
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applications. Currently, the only bioactive glass contain-
ing products approved by the Food and Drug Adminis-
tration for clinical use are those with silica-based 45S5
glass [15]. However, 45S5 glass cannot be easily pulled
into fibers due to devitrification that occurs during the
fiber drawing process.

One approach for enhancing the ability to pull fibers
involves increasing the silica content of the glass and add-
ing both sodium oxide and potassium oxide to take advan-
tage of the ‘‘mixed-alkali effect’’ [16]. A new silica-based
glass, designated S520, is an example of a mixed-alkali,
high-silica-content glass that can be pulled into continuous
fibers [17]. The S520 glass was recently reported to be bio-
active based on evidence that S520 glass fibers developed a
hydroxyapatite surface layer during incubation in simu-
lated body fluid and also supported the formation of min-
eralized nodules by primary human osteoblasts [18].

An extensive investigation of mixed-alkali, high-silica-
content glasses was conducted by Brink and colleagues to
identify new bioactive glasses suitable for use as coatings
and formation of fibers [19,20]. The latter investigators
developed 26 different glasses within the Na2O–K2O–
MgO–CaO–B2O3–P2O5–SiO2 system and implanted sam-
ples of each glass in rabbit tibia for 8 weeks to test bioac-
tivity in vivo. Follow-up physical analyses of resected
specimens revealed that 10 of the 26 compositions showed
direct bonding to bone via a bioactive calcium phosphate
layer. One of the 10 bioactive compositions within this
family, a glass designated as 13–93 glass, can be easily
pulled into continuous fibers [21]. Favorable mechanical
properties of 13–93 glass fibers include the retention of
approximately three-quarters of the initial flexural strength
after 3 weeks of immersion in simulated body fluid (SBF)
[22].

Based on a combination of attractive features, there is
interest in 13–93 glass as a strengthening component of
bioabsorbable composites and for the manufacturing of
porous scaffolds. Bioabsorbable composite membranes
containing pulverized 13–93 glass particles as a strengthen-
ing component were tested for repair of maxillary alveolar
defects in rabbits, but were found to be devoid of osteo-
genic activity [23]. In a related investigation, 13–93 glass
microspheres (50–125 lm) were thermally bonded to the
surface of self-reinforced poly-L-lactide plates to form an
osteoconductive surface that would prevent fibrous encap-
sulation [24]. The latter composites were found to provide
limited support for the growth of human osteoblasts
in vitro, although the ability of the microspheres to remain
bonded to the composite when exposed to tissue fluids
in vivo was not presented.

The present in vitro study was conducted to further
assess the suitability of 13–93 glass fibers as a scaffold
material. Two types of 13–93 glass fiber constructs were
fabricated and tested for their ability to support the attach-
ment, growth and differentiation of MC3T3-E1 osteoblas-
tic cells. The constructs included single-layer 13–93 glass
fiber rafts prepared as simple model scaffolds plus three-
dimensional constructs of sintered 13–93 glass fibers
formed to create reasonably strong porous scaffolds.
Because 45S5 glass fibers were not available for use, tests
with 45S5 glass discs and 13–93 glass discs were included
in this study to compare growth and differentiation on
the two glasses. In addition, samples of the 13–93 glass
were soaked in SBF and analyzed for the formation of
HA as a test for bioactivity.

2. Materials and methods

2.1. Preparation of glass fibers and discs

Type 13–93 glass (nominal composition listed in Table 1)
was prepared at MO-SCI Corporation, Rolla, MO, by melt-
ing a homogeneous mixture of reagent-grade Na2CO3,
K2CO3, MgO, CaCO3, CaHPO4 and SiO2 in a platinum
crucible. Some of the 13–93 glass melts were poured into
metal molds to form 12 mm diameter rods. Other batches
of 13–93 glass were re-melted in a Pt-resistance-type bush-
ing from which fibers with a diameter between 25 and
40 lm were pulled. A controlled speed take-up drum was
used to align and collect the fibers. In addition to the 13–
93 glass, 12 mm diameter rods of 45S5 glass were prepared
by melting a mixture of reagent-grade Na2CO3, CaCO3,
CaHPO4 and SiO2 mixed in the proportions listed in Table
1. A low-speed wafering saw was used to cut the annealed
13–93 and 45S5 glass rods into discs approximately 1 mm
thick. The discs were ground to a final finish with 600 grit
alumina and then ultrasonically cleaned for 15 min in ace-
tone followed by 15 min in ethyl alcohol. The cleaned glass
discs were blotted and dry-heat sterilized for 3 h at 250 �C.

2.2. Fabrication of glass fiber rafts and glass fiber scaffolds

Preparation of glass fiber rafts began with a strip
(�3 cm · 15 cm) of unidirectionally aligned fibers posi-
tioned on a glass sheet and carefully oriented into a tightly
juxtapositioned, single-thickness layer. The fibers were
bonded together with a continuous bead of silicone adhe-
sive (GE ‘‘Silicone I’’) applied perpendicular to the fibers
at 1 cm intervals. After allowing the silicone to cure, the
layer was sectioned to obtain 1 cm · 1 cm square rafts, as
shown in Fig. 1. The preparation of three-dimensional
glass fiber scaffolds began by slightly crushing the 13–93
fibers between two glass plates to obtain fragmented fibers
with a mean length of 3 mm. The fiber fragments were
weighed, placed in short tubular ceramic molds (7 mm



Fig. 1. Macrostructure of: (A) 13–93 glass fiber raft; and (B,C) 13–93 glass fiber scaffold. The 1 cm · 1 cm raft consists of parallel-oriented glass fibers
bonded together by a bead of silicone adhesive at each end. The inset in panel A is an SEM view of the as-made 13–93 fibers. The SEM image in panel B
shows fragmented 13–93 glass fibers bonded together by mild sintering to form porous scaffolds with a mean porosity of 44.3 + 3.6%. A cross-sectional
view of an epoxy-infiltrated scaffold (photomicrograph in panel C) shows the interconnection of pores within the interior of the sintered glass fiber scaffold.
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diameter) and sintered for 45 min at 720 �C. These condi-
tions, previously reported to yield constructs with a poros-
ity of slightly less than 50% [25], were chosen to form
scaffolds with moderate compression strength. The sintered
product was a porous disc approximately 2 mm thick and
6 mm in diameter. A separate group of scaffolds was pre-
pared by the same procedure for strength tests except that
they were 14 mm in height and 6 mm in diameter. The glass
fiber raft and 2 mm thick scaffold constructs were ultrason-
ically cleaned for 15 min in ethyl alcohol, blotted and then
dry-heat sterilized for 3 h at 250 �C.

2.3. Measurement of scaffold porosity and compressive

strength

Samples of the scaffolds were infiltrated with epoxy resin
under vacuum and, after hardening, were cut into 1 mm
thick sections with a low-speed diamond wafering saw
(Buehler Isomet). The sections were polished to 1200 grit,
sputter coated with gold–palladium and examined with a
Hitachi S570 scanning electron microscope. The glass/
epoxy area ratio was measured manually in six representa-
tive photographic images of the sections to determine the
mean porosity of the scaffolds. The compressive strength
of the 13–93 scaffolds was measured with an Instron
mechanical test instrument (Model 4204) at a crosshead
speed of 0.5 mm min�1 in accordance with ASTM standard
C-773-88 [24].

2.4. Soaking in simulated body fluid

The bioactivity of the 13–93 glass was assessed by mon-
itoring the formation of hydroxyapatite (HA) on the sur-
face of samples soaked in a simulated body fluid (SBF)
prepared as described by Kokubo et al. [26]. Discs of 13–
93 glass were suspended in sealed polyethylene bottles con-
taining 20 cm3 of SBF to give a sample surface area to SBF
volume ratio of 0.1 cm�1. After immersion in SBF for
durations of up to 14 days at 37 �C, the discs were rinsed
and dried in air at room temperature for at least 24 h. Crys-
talline phases formed on the surface of the discs were
detected using thin-film XRD (Cu Ka radiation;
k = 0.15406 nm) at a scanning rate of 1.8� min�1 in the
2h range of 10–80�. Samples of 13–93 glass fibers were also
immersed in SBF and after soaking for 14 days at 37 �C
were examined by scanning electron microscopy (Hitachi
4700 SEM) with associated energy dispersive spectroscopic
(EDS) analysis (EDAX Phoenix) to analyze the reaction
product formed.

2.5. Cell line and culture conditions

The established MC3T3-E1 line of mouse pre-osteoblas-
tic cells [27] was obtained from ATCC and cultured in
ascorbic acid-free a-MEM medium supplemented with
10% fetal bovine serum plus 100 U ml�1 penicillin and
100 lg ml�1 streptomycin sulfate. Prior to seeding with
cells, the glass fiber rafts, scaffolds and discs were subjected
to a 6 h preconditioning soak in complete medium. The
soaked rafts and discs were placed in 24-well plates and,
for most of the tests that followed, MC3T3-E1 cells were
seeded in the wells at a density of 30,000 cells cm�2. The
pre-soaked scaffolds were blotted dry, placed on a 6 cm
diameter Teflon disc and seeded with 50,000 MC3T3-E1
cells suspended in 40 ll of complete medium. After a 1 h
incubation to permit cell attachment, the seeded scaffolds
were transferred to a 12-well plate with 2 ml of complete
medium per well. All incubations were at 37 �C in a humid-
ified atmosphere of 5% CO2, with the medium changed
every 2 days.

2.6. MTT detection of viable cells

The tetrazolium salt MTT was added (50 lg per 250 ml
of medium) to some of the cell-seeded scaffolds for the last
4 h of incubation to permit visualization of metabolically
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active cells on and within the scaffolds. At the conclusion
of the incubation, the scaffolds were briefly rinsed in phos-
phate-buffered saline (PBS) and blotted dry. Macroimages
were obtained under a stereo microscope fitted with a
digital camera to qualitatively assess the distribution of
purple formazan, a product of mitochondrial reduction
of MTT by viable cells. The MTT-treated scaffolds were
then frozen with liquid nitrogen and fractured with a
microtome blade, and the fracture face was examined
for evidence of purple formazan within the interior of
the scaffold.

2.7. Scanning electron microscopy

Glass fiber constructs with attached cells were removed
at appropriate culture intervals, washed with warm PBS
and fixed with 2% glutaraldehyde in PBS for 30 min. Fixed
samples were washed twice with PBS, dehydrated through
a graded ethyl alcohol series, and then soaked in hexameth-
yldisilazane (HMDS) for 5 min. After rinsing in fresh
HMDS, samples were allowed to evaporate as described
elsewhere [28]. Dried samples were sputter coated with
gold–palladium and examined with a scanning electron
microscope at 5 kV accelerating voltage.

2.8. Quantitation of DNA

Cultures on the glass fiber constructs or glass discs were
washed with PBS and fixed with cold 70% ethanol. The
sample was placed in 1.0 ml of 10 mM Tris (pH 7.5)/
1 mM EDTA and sonically disrupted using an ultrasonic
oscillator (Branson Model 250 Sonifier). The lysed cell sus-
pension was spun at 3000g for 10 min in a refrigerated
microcentrifuge to sediment particulate debris. Aliquots
of the supernatant portion of the cell lysates were placed
in a 96-well plate and mixed with PicoGreen� dsDNA
reagent (Molecular Probes) for fluorescent measurements
of total DNA following the protocol supplied by the man-
ufacturer. Fluorescence intensities of the samples were
recorded in a BMG Optistar plate reader (485 nm ex/
520 nm em) with lambda DNA used as standard for
comparison.

2.9. Alkaline phosphatase assay

MC3T3-E1 cells were trypsinized, resuspended in com-
plete medium and seeded onto glass fiber rafts in 12-well
plastic plates at a density of 50,000 cells cm�2 of plate sur-
face. Ascorbic acid (50 lg ml�1) was added to half of the
cultures, a treatment previously shown to induce differenti-
ation of MC3T3-E1 cells [29]. At intervals of 6, 9 and 12
days, three normal and three ascorbate-treated cultures
were removed, washed with cold PBS and lysed in cold
PBS with an ultrasonic oscillator (Branson Model 250 Son-
ifier). Aliquots of the cell lysates were placed in a 96-well
plate for quantitation of alkaline phosphatase (ALP) activ-
ity as described elsewhere [30]. Briefly, this procedure
involved spectrophotometric measurement of p-nitrophe-
nol (pNP) liberated by ALP from 20 mM p-nitrophenol
phosphate. Measurements were performed at 405 nm in a
BMG FLUORstar Optima plate reader. Additional ali-
quots of the cell lysates were placed in a separate 96-well
plate for measurement of total DNA with the PicoGreen
reagent as described above. ALP activity is expressed as
nanomoles of pNP formed per microgram of DNA per
30 min.

2.10. Statistical analysis

Statistical analysis was performed with Student’s t-test
and values were considered to be significantly different
when p < 0.05.

3. Results

3.1. Glass fibers and rafts

Panel A of Fig. 1 shows the appearance of a 13–93 glass
fiber raft prior to cell seeding. Each raft consisted of a
single layer of tightly packed, parallel fibers. The average
diameter of the individual fibers was 34 ± 1.8 lm (n =
14). The SEM inset image in panel A shows the appearance
of the 13–93 fibers in their original as-manufactured state.
Panel B of Fig. 1 is an SEM image of a porous scaffold
formed by sintering fragmented 13–93 glass fibers. This
SEM image shows evidence of softening of the glass fibers
during the sintering at 720 �C such that they flow together
and bond to form a three-dimensional structure. A cross-
section of an epoxy-infiltrated scaffold (panel C of Fig. 1)
shows open pore spaces ranging from below 50 to nearly
500 lm, with a high degree of interconnection between
the pores. Based on the relative per cent area measurements
of epoxy-infiltrated cross-sections, the 13–93 scaffolds
formed by sintering had an average porosity of 44.3 ±
3.6%. The mean compressive strength measured for the
13–93 scaffolds was 5.3 ± 2.0 MPa (n = 10). Not shown
here are the powder XRD patterns of the sintered 13–93
glass fiber scaffolds that showed no detectable crystalliza-
tion had occurred at 720 �C.

3.2. Test of bioactivity

Thin-film XRD profiles for 13–93 glass discs in their as-
made form and after soaking in SBF for 7 and 14 days are
shown in Fig. 2 in comparison with HA (JCPDS card #72-
1243). The as-made disc showed a wide peak at 2h � 30�,
which is typical of an amorphous glass. After 7 days of
immersion in the SBF, the major diffraction peaks were
observed at 2h = 26� and 32�, corresponding to the (002)
and (21 1) lattice planes of HA. The intensity of these peaks
increased after 14 days of immersion, although the peaks
were still broad and had lower intensities than those of a
standard crystalline HA. This indicates that the HA
detected on these samples was incompletely crystallized



Fig. 2. X-ray diffraction patterns of the 13–93 glass in the ‘‘as-made’’ condition and after immersion in a simulated body fluid. The XRD pattern of
standard HA (JCPDS card #72-1243) is included for comparison.
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or that the crystallite size was in the nanometer range, or a
combination of both.

A 2 week soak in SBF resulted in formation of a reac-
tion layer consisting of 2–5 lm diameter circular regions
on the surface of the 13–93 fibers (Fig. 3A). This reaction
layer was similar in appearance to the surface reaction
layer that formed on S520 fibers immersed in SBF [18].
The EDS analysis indicated a calcium phosphate rich layer
on the surface of the 13–93 fibers immersed in SBF for 2
weeks (Fig. 3B). In contrast, the EDS analysis showed very
little calcium and phosphate present on the unreacted, as-
made 13–93 fibers.

Data for the mass of the fibers before and after immer-
sion in SBF for 6, 12 and 24 days are presented in Table 2.
These measurements indicate that the mass of the fibers
decreased 11% during the 24 day immersion in SBF. A sep-
arate preliminary test with 13–93 rafts (results not shown)
revealed that the bulk of the raft remained intact during a
30 day immersion in SBF.
Fig. 3. Analyses of 13–93 glass fibers after soaking for 2 weeks in SBF at 37 �C.
EDS scan of SBF-soaked 13–93 fibers superimposed over an EDS scan of un
3.3. SEM examination of cultures

Low-magnification scanning electron micrographs of
MC3T3-E1 cells on the 13–93 glass fibers at culture inter-
vals of 2, 4 and 6 days are presented in Fig. 4. The pre-
osteoblastic cells seen in these micrographs are elongated
with alignment predominately along the long axis of the
fibers. The cells visible in the day 2 and day 4 SEM images
show numerous lamellipodia and cell projections, and
appear well attached to the 13–93 glass fibers. The day 6
SEM image shows almost complete coverage of the 13–
93 fibers with MC3T3-E1 cells plus evidence of cell migra-
tion and attachment to adjacent fibers. The SEM images in
Fig. 5 show the morphology and density of MC3T3-E1
cells cultured for 2, 4 and 6 days on sintered 13–93 glass
fiber scaffolds. The cells seen in these images also appear
well attached, with numerous lamellipodia and filopodia,
and almost complete coverage of the surface by day 6. Dur-
ing the SEM examination of the scaffolds, it was possible to
Panel (A) is an SEM image of the SBF-soaked fibers; panel (B) includes an
reacted, as-made 13–93 fibers.



Table 2
Change in mass of 13–93 glass fibers during immersion in simulated body
fluid

Duration in SBFa (days) Fraction remaining relative to original massb

6 0.95 ± 0.01
12 0.92 ± 0.02
24 0.89 ± 0.02

a 0.1 g fibers per 10 ml SBF.
b Average of 6 replicates ± SD.
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see high concentrations of cells within the pores of the scaf-
fold and not just on the exposed outer surface. Viewed as a
group, the SEM images of Figs. 4 and 5 show the contin-
uing increase in cell density during the 6 day incubation
on both the 13–93 glass fiber rafts and the 13–93 glass fiber
scaffolds.

3.4. MTT visualization of viable cells

A macroscopic view of cell-seeded scaffolds treated with
MTT during the last 4 h of incubation for 2, 4 and 6 days is
presented in Fig. 6. The increasing intensity of purple color
on the scaffolds, a result of mitochondrial reduction of
MTT to an insoluble formazan product, indicates that
the number of viable cells increased with the duration of
incubation. Also shown in Fig. 6 is a freeze-fractured face
of a day 4 MTT-treated scaffold that shows cells covered by
the purple formazan within the interior of the scaffold.

3.5. Quantitation of DNA

The total amounts of DNA in cell lysates recovered
from MC3T3-E1 cells grown on 13–93 and 45S5 glass discs
are compared by the bar graph in Fig. 7. The average val-
ues represented in this bar graph indicate that the cells
seeded on the 13–93 and 45S5 glass discs proliferated at
essentially the same rate on the two types of silica glass
during the 6 day incubation (no statistically significant dif-
ferences observed).

Results of the quantitative fluorescent assay of total
amounts of DNA in cell lysates recovered from the raft
Fig. 4. Scanning electron micrographs of MC3T3-E1 cells cultured on 13–93 g
well-attached cells and increased cell density during the 6 day incubation.
and scaffold cultures are shown in Fig. 8. The amounts
of DNA on the 13–93 glass fiber rafts increased at a nearly
linear rate during the 6 day incubation, a finding that com-
plements the progressive increase in cell density seen in the
SEM images of the MC3T3-E1 cells cultured on the glass
fiber rafts. Results of the quantitative DNA measurements
also indicate a progressive increase in cell density during
the 6 day incubation of MC3T3-E1 cells seeded on the
13–93 glass fiber scaffolds, a finding complemented by the
increasing cell densities in the SEM images of the cells on
the glass fiber scaffolds.

3.6. Alkaline phosphatase activity in raft cultures

Results of spectrophotometric measurements of alkaline
phosphatase activity of MC3T3-E1 cells cultured on the 13–
93 glass fiber rafts for 6, 9 and 12 days are presented in Fig. 6.
As shown, alkaline phosphatase activity increased with
duration of incubation. The addition of ascorbic acid to
the MC3T3-E1 cells cultured on the 13–93 glass fiber rafts
caused alkaline phosphatase activity to increase almost
threefold compared with the levels in raft cultures without
ascorbic acid. This finding is an indication that the pre-
osteoblastic cells were able to undergo ascorbic acid-induced
osteoblastic differentiation on the 13–93 glass fibers.

4. Discussion

The silica-based 13–93 glass composition used in this
study possesses several properties desirable for clinical
applications. A particularly important property is its abil-
ity to form a bioactive HA surface layer, a property that
has been shown to be a prerequisite for bonding bioactive
materials with bone [14]. Evidence from this study of the
bioactivity of this glass includes the XRD profiles with sig-
nature peaks at 2h = 26� and 32�, indicative of an HA layer
that formed on the surface of 13–93 glass discs exposed to
SBF solution. Additional evidence was the EDS analysis,
which showed the formation of a calcium phosphate rich
surface layer on SBF-soaked 13–93 glass fibers. Although
lass fiber rafts for: (A) 2 days; (B) 4 days; and (C) 6 days. The images show



Fig. 6. Cell-seeded scaffolds treated with MTT after incubation for: (A) 2 days; (B) 4 days; and (C) 6 days. The freeze fracture face of a cell-seeded scaffold
treated with MTT at day 4 is shown in panel D. An enlarged portion of the face (panel E) shows MTT labeled cells (indicated by arrows) within the
interior of the scaffold.

Fig. 5. Scanning electron micrographs of MC3T3-E1 cells cultured on 13–93 glass fiber scaffolds for: (A) 2 days; (B) 4 days; and (C) 6 days. The
micrographs show increased cell density during the 6 day incubation and well-attached morphology as indicated by filopodia (white arrows) and
lamellipodia (black arrows) visible in the magnified inset of panel A.
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the bioactivity of 13–93 glass in protein-rich cell culture
medium was not tested here, it has previously been shown
that the presence of proteins tends to slow the formation of
an HA layer on bioactive 45S5 glasses [31]. Nevertheless,
13–93 glass has been demonstrated to be bioactive in the
protein-rich environment of the body, as shown by evi-
dence of direct bone-bonding by 13–93 samples implanted
in rabbit tibia [20].



Fig. 7. Assessment of cell proliferation on 45S5 and 13–93 glass discs by
quantitative measurement of DNA. Each bar represents an average of 3
replicates ± SD. There were no statistically significant differences in
amounts of total DNA recovered from MC3T3-E1 cells grown on the
two types of glass discs at each of the three culture intervals.

Fig. 8. Assessment of cell proliferation on 13–93 glass fiber rafts and
scaffolds by quantitative measurement of DNA. Each bar in the left panel
represents an average of 3 replicates ± SD. In the right panel, each bar
represents an average of 4 replicates ± SD. The asterisks indicate
statistically significant increases in amounts of DNA on the 13–93 glass
fiber constructs with increasing culture duration (p < 0.05).
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Another desirable feature of 13–93 glass is that it can be
easily pulled into fibers [21] that can be used to make scaf-
folds of various types for tissue repair. The 34 lm diameter
13–93 fibers studied here appear to possess sufficient dura-
bility and flexibility to be woven into a fabric mesh that
could be used as a pliable scaffold, although smaller diam-
eter fibers can be drawn if needed. Fragmented 13–93 fibers
can also be easily bonded together by viscous flow sintering
to form three-dimensional scaffolds with moderate poros-
ity, a high degree of interconnection between pores and
reasonable strength. The 5.3 MPa compressive strength
measured for the scaffolds in this study is similar to that
of cancellous bone [32]. This suggests that sintered scaffolds
of this type should have sufficient strength for use in sites
subjected to moderate loads. In addition, the finding that
the 13–93 glass fibers remain fully amorphous during the
45 min treatment at 720 �C indicates that the sintering pro-
cess caused no crystallization that might alter the bioactiv-
ity of this glass.

The single-layer glass fiber rafts used here were prepared
as a simple model to simulate a scaffold consisting of a
woven glass fiber mesh. As noted in Section 3, the rafts
were largely intact after 30 days in SBF. This suggests that
woven mesh scaffolds fabricated from 13–93 fibers of a
diameter similar to the 34 lm diameter fibers used here
would likely remain intact for a duration sufficient for cell
ingrowth and tissue repair in vivo.

Our finding of decreased mass of 13–93 fibers immersed
for a few weeks in SBF agrees with similar results reported
by Pirhonen et al. [22]. The latter investigators also
reported that 13–93 glass fibers retain approximately
three-quarters of their initial flexural strength after 3 weeks
in SBF [22].

The cell response tests were performed with MC3T3-E1
cells, a well-characterized line of murine pre-osteoblastic
cells [33,34] that has been used extensively for in vitro test-
ing of biomaterials [35,36]. The scanning electron micro-
graphs of the MC3T3-E1 cells seeded on glass fiber rafts
and scaffolds show well-spread cells with multiple lamelli-
podia and filopodia, features indicative of firm attachment.
This cellular morphology is similar to that of osteoblasts
cultured on fiber scaffolds described elsewhere [18]. The
SEM images presented here also show a continuous
increase in density of MC3T3-E1 cells during the 6 day
incubation on the 13–93 glass fiber rafts and scaffolds, evi-
dence that these constructs are capable of supporting cell
growth.

The increasing amount of purple formazan seen on the
scaffolds in Fig. 6 reflects an increase in the number of via-
ble, metabolically active cells with culture interval and also
show the cells are uniformly distributed on the scaffolds. A
major requirement of a scaffold is the ability to support cell
growth within the interstices of the scaffold. Although the
amount of insoluble purple formazan visible within the
interior of the MTT-treated scaffold shown in Fig. 6 is less
than that seen on the exposed upper surface, nevertheless
the purple color is visible within the interior. This indicates
that the amount of nutrient permeating the scaffold was
sufficient to keep the cells metabolically active. The high
degree of interconnection between the pores of these scaf-
folds likely accounts for the nutrient permeation and
thereby satisfies a major requirement for potential use
in vivo (see Fig. 9).

The quantitative measurements of DNA provide addi-
tional evidence of active proliferation of osteoblasts on
the 13–93 glass fiber constructs. The results of the DNA
measurements indicate MC3T3-E1 cell density increased
at a nearly linear rate during the 6 day incubation on the
glass fiber rafts and, more importantly, on the sintered
glass fiber scaffolds. These findings agree with the progres-
sive increase in cell density seen in the SEM images of the
MC3T3-E1 cells cultured on the 13–93 glass fiber rafts and
the glass fiber scaffolds, evidence that these constructs are a



Fig. 9. Alkaline phosphatase activity in MC3T3-E1 cells cultured on 13–
93 glass fiber rafts. Enzyme activity is expressed as nmol of pNP formed
per lg DNA per 30 min. Average of 3 replicates (±SD). The asterisks
indicate statistically significant increases in enzyme activity at day 9 and
day 12 in ascorbic acid-treated raft cultures compared with raft cultures
without ascorbic acid (p < 0.05).
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favorable substrate for growth of osteoblasts. The uninter-
rupted proliferation of osteoblasts on the sintered glass
fiber scaffolds tested in this study differs from the pattern
of osteoblast response to composite scaffolds composed
of 13–93 glass microspheres in a polylactide matrix. The
population of osteoblasts seeded on the latter type of com-
posite decreased fivefold during the first week of culture
[24]. It is also noteworthy that the quantitative measure-
ments of DNA in cultures seeded on the 13–93 and 45S5
glass discs show the same rate of cell proliferation on these
two bioactive glass compositions.

In addition to supporting cell proliferation, scaffold
materials used for bone tissue repair and tissue engineering
applications must also support the differentiation of osteo-
progenetor cells to functional bone tissue. The activity of
alkaline phosphatase, one of a number of well-character-
ized indicators of an osteoblastic phenotype [29], was mon-
itored in this study as a test for ascorbic acid-induced
osteoblast differentiation of MC3T3-E1 cells seeded on
13–93 glass fibers. Previous studies have documented that
MC3T3-E1 cells express several key traits of osteoblast dif-
ferentiation in the presence of ascorbic acid, including the
formation of alkaline phosphatase [33,34]. Results of this
study showed that alkaline phosphatase activity in
MC3T3-E1 cells cultured on the 13–93 glass fiber rafts rose
nearly threefold following the addition of ascorbic acid.
The positive response of these cultures to the addition of
ascorbic acid is one indicator that 13–93 glass fibers are
capable of supporting osteoblast differentiation.

5. Conclusions

The bioactive 13–93 glass fiber constructs described in
this study possess a combination of properties favorable
for the attachment, growth and differentiated function
of osteoblastic cells. The sintered glass fiber scaffolds
described here appear particularly worthy of further
investigation. The open interconnected pores of these sin-
tered scaffolds, a prerequisite for nutrient permeation and
tissue ingrowth, was likely a factor in the ability of these
scaffolds to support osteoblast proliferation. New infor-
mation presented here is the data showing that the com-
pressive strength of the 13–93 scaffolds matches that of
cancellous bone. We conclude that sintered 13–93 glass
fibers scaffolds represent a promising material for bone
tissue engineering and repair of bone defects in sites sub-
jected to moderate load conditions. Follow-up tests are
underway with sintered 13–93 glass fibers scaffolds
implanted in rats to further evaluate this material as a
scaffold for repair of bone tissue.
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