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Abstract: Bioactive glass fibers are attractive materials for
use as tissue-engineering scaffolds and as the reinforcing
phase for resorbable bioactive composites. The bioactivity of
S520 glass fibers (52.0 mol % SiO2, 20.9 Na2O, 7.1 K2O, 18.0
CaO, and 2.0 P2O5) was evaluated in two media, simulated
body fluid (SBF) and Dulbecco’s modified Eagle’s medium
(DMEM), for up to 20 days at 37°C. Hydroxyapatite forma-
tion was observed on S520 fiber surfaces after 5 h in SBF.
After a 20-day immersion, a continuous hydroxyapatite
layer was present on the surface of samples immersed in SBF
as well as on those samples immersed in DMEM [fiber
surface area to solution volume ratio (SA:V) of 0.10 cm2/
mL]. Backscattered electron imaging and EDS analysis re-
vealed that the hydroxyapatite layer formation was more
extensive for samples immersed in SBF. Decreasing the SA:V
ratio to 0.05 cm2/mL decreased the time required to form a
continuous hydroxyapatite surface layer. ICP was used to
reveal Si, Ca, and P release profiles in DMEM after the 1st h

(15.1, 83.8, and 29.7 ppm, respectively) were similar to those
concentrations previously determined to stimulate gene ex-
pression in osteoblasts in vitro (16.5, 83.3, and 30.4 ppm,
respectively). The tensile strength of the 20-�m diameter
fibers was 925 � 424 MPa. Primary human osteoblast attach-
ment to the fiber surface was studied by using SEM, and
mineralization was studied by using alizarin red staining.
Osteoblast dorsal ruffles, cell projections, and lamellipodia
were observed, and by 7 days, cells had proliferated to form
monolayer areas as shown by SEM. At 14 days, nodule
formation was observed, and these nodules stained positive
for alizarin red, demonstrating Ca deposition and, therefore
mineralization. © 2003 Wiley Periodicals, Inc. J Biomed Ma-
ter Res 67A: 285–294, 2003
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INTRODUCTION

One of the primary goals in the field of tissue engi-
neering is the development of scaffold materials that
support, stimulate, and direct the growth of specific
cells undergoing collective processes that ultimately
lead to the creation of a specific tissue type. The selec-
tion of a proper material for the scaffold is of course a
concern, but the geometrical architecture of the scaf-
fold is important as well. Porous foams1 and fibrous
meshes2,3 are common motifs, because the intercon-
nected nature of such designs allows for the diffusion
of cell nutrients and the ingrowth of vascular tissue.

Bioactive glasses are potential candidates for use in
the construction of tissue-engineering scaffolds. Sev-
eral compositions of bioactive glass (and glass-ceram-
ics) have that are able to form bonelike hydroxyapatite

surface layers when immersed in buffered fluids with
ionic concentrations similar to those found in human
blood plasma have been discovered.4–6 The presence
of hydroxyapatite on the surface of bioactive glasses
or glass-ceramics may encourage osteoconduction and
bone bonding.7,8 The specific biological mechanisms
that contribute to this property have been a matter of
speculation for some time, but recent studies have
indicated that the ionic dissolution products of the
bioactive glass 45S5 stimulate the upregulation of a
host of genes that lead to differentiation of osteopro-
genitor cells. In effect, the bioactive glass is capable of
“turning on” genetic information in such a way that
the production of bone-building cells is enhanced.9

This finding suggests that bioactive glass could be a
useful component in a scaffold designed to support
and stimulate the formation of calcified tissue.

A new glass, designated as S520, that can easily be
converted into fiber by using a continuous draw pro-
cess has been developed.10 The primary features of the
S520 composition are an elevated silica content and

Correspondence to: D. Clupper; e-mail: clupper@bellsouth.net

© 2003 Wiley Periodicals, Inc.



the replacement of a portion of soda with potassia to
take advantage of the mixed alkali effect. As a result,
devitrification of the glass is greatly inhibited and
fragility is reduced, which aids the fiber-forming pro-
cess.

Preliminary reactivity testing in a simple Tris-HCl
buffering solution indicated that S520 glass fibers re-
acted to form a surface hydroxyapatite layer.10 There-
fore, it was concluded that the S520 composition was
nominally bioactive. However, the actual environ-
ment under which such a fiber would function is more
complex. The culturing media, which provide nour-
ishment to cells used in tissue-engineering applica-
tions, are generally rich in inorganic ions and organic
species such as basic carbohydrates and amino acids.
Therefore, additional meaningful information about
the S520 composition as a candidate scaffold material
was obtained by testing in solutions of increasing
complexity [i.e., simulated body fluid (SBF, which
contains ions similar to blood plasma) and Dulbecco’s
modified Eagle’s medium (DMEM, which in addition
to containing similar ionic concentrations as blood
plasma also contains proteins common to blood)]. Fur-
thermore, biomaterials are commonly tested in SBF,
whereas DMEM is commonly used in cell culture
media.

This article presents results that were obtained from
reactivity testing in which S520 glass fibers were ex-
posed to SBF and DMEM at 37°C for up to 20 days.
Primary human osteoblast attachment to the S520 fiber
surface, proliferation, nodule formation, and mineral-
ization and the fiber tensile strength were also as-
sessed.

MATERIALS AND METHODS

Before creating glass fiber, a precursor material was pre-
pared from reagent grade Na2CO3, K2CO3, CaCO3,
NH4H2PO4, and SiO2 to yield a glass of the nominal com-
position (in molar percentage) 52.0 SiO2, 20.9 Na2O, 7.1 K2O,
18.0 CaO, and 2.0 P2O5. Fragments of this starting glass were
then remelted in a platinum bushing, and fiber was drawn at
a temperature between 1050 and 1100°C onto a rotating
collection drum. An optical microscope was used to verify
that the glass fiber possessed a consistent diameter of 20 �m.

Bioactive response

Bioactivity tests were conducted in triplicate by using an
incubator set at 37°C and a rotational speed of 100 rpm. The
bioactive response was monitored at 1, 5, 8, and 24 h and 2,
4, 10, and 20 days in both SBF and DMEM by using a fiber
surface area to solution volume ratio (SA:V) of approxi-
mately 0.1 cm2/mL. SBF, developed by Kokubo,11 is a close

approximation of the ions composing human blood plasma.
In addition, a set of samples was also tested in SBF using an
SA:V ratio of approximately 0.05 cm2/mL. When working
with DMEM, the sample containers were sterilized with UV
light, and all work was conducted in a laminar flow hood to
prevent microbial contamination.

After the designated reaction time interval, the solution
was decanted and stored under refrigeration for analysis by
inductively coupled plasma (ICP) emission spectroscopy
(ARL Fisons ICP Analyser 3580B). The reacted fibers were
rinsed twice in acetone to arrest further reaction with the test
solution and then dehydrated in a drying oven at 60°C.
Scanning electron microscopy (SEM) was performed by us-
ing a Jeol T-220A, and energy dispersive X-ray spectroscopy
(EDS) was performed by using a Jeol 200 with an Oxford
Link attachment. Fourier transform infrared (FTIR) spectro-
scopic (Genesis II FTIR, Spectronic Unicam) analysis was
conducted by using KBr pellets (1:100 weight ratio). Scans
were taken between 1400 and 400 cm�1.

Mechanical properties

The tensile strength of 20-�m S520 glass fibers was eval-
uated on the basis of the method prescribed in ASTM stan-
dard D-3379-75.12 In brief, a section of fiber was glued
(Araldite� epoxy, Bostik Ltd., UK) across the window of a
mounting tab manufactured from heavy paper stock (230g
sm, Ryman Ltd., UK). The dimensions of the window were
10 mm � 20 mm (20-mm gauge length), and the overall
dimensions of the tab were 25.4 mm � 87 mm. After mount-
ing, the sample was then placed in a drying oven at 60°C for
at least 2 days to cure the epoxy. The crosshead displace-
ment rate during tensile testing was 0.5 mm/min. The fiber
strength was determined from the load at fracture and the
fiber cross-sectional area. The Weibull modulus was also
calculated from the 40 samples tested.

Preparation of fibers for cell culture

Fibers were cut to �10 mm in length, sterilized by UV
light for 30 min, and preincubated in DMEM culture me-
dium for 24 h. Fibers were then rinsed in phosphate-buff-
ered saline (PBS) and attached to 13-mm-diameter glass
coverslips by using 4% agarose, applied at either end of the
fibers.

Cell cultures

Primary human osteoblast cells were isolated as described
previously13 from femoral heads after total hip replacement
surgery. Bone fragments of �3 mm � 3 mm were removed.
Fragments were washed several times in PBS to remove
blood cells and debris with a final wash in culture medium.
Fragments were then placed in tissue culture flasks in com-
plete DMEM containing 10% fetal bovine serum (FBS) with
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1% glutamine, 2% penicillin/streptomycin, and 0.85 mM
ascorbic acid. The fragments were incubated at 37°C in a
humidified incubator with 5% CO2. Medium was changed
every 2 days and after �4 weeks in culture, bone fragments
were discarded and cells were harvested by using trypsin
EDTA. Cells were used up to passage 6 and seeded onto
materials at a density of 40,000 cells/cm2.

SEM samples were prepared as follows. After culture for
various periods, samples were washed twice in PBS and
fixed in 3% glutaraldehyde in 0.1M phosphate buffer for 30
min at 4°C. Samples were then washed in phosphate buffer
and postfixed in osmium tetraoxide for 1 h at 4°C. Samples
were washed again in phosphate buffer and dehydrated by
using ethanol. After the final dehydration in 100% ethanol,
samples were transferred to hexamethyldisilazane (HMDS),
a chemical drying agent, for 5 mins. Samples were then
rinsed in fresh HMDS and left in a fume hood to allow
complete drying. Samples were sputter coated with gold
and viewed under a Cambridge stereoscan S360 scanning
electron microscope at 10 kV.

To determine culture mineralization, medium was sup-
plemented with 10 mM �-glycerophosphate and 100 nM
dexamethasone. Cells were cultured on the fibers as above

and then fixed with 70% ethanol, stained with alizarin red
for 2 min, washed several times with distilled water, and
viewed under a light microscope.

RESULTS

Bioactive response

The scanning electron micrographs shown in Fig-
ures 1(a) and (b) reveal that hydroxyapatite formed on
the surface of S520 fibers after 5 h and 8 h immersion
in SBF (0.1 SA:V), respectively. After 24–48 h in SBF,
the amount of surface hydroxyapatite increased [Fig.
1(c) and (d)]. EDS analysis of the S520 fibers after 20
days in SBF (Fig. 2) revealed that the hydroxyapatite
layer was well established, because only Ca and P
were detected on the fiber surface. Figure 3 shows a
backscattered electron image of the end of a S520 fiber
immersed in SBF for 20 days. The contrast (Fig. 3)

Figure 1. Scanning electron micrographs of S520 fiber surfaces after (a) 5 h, (b) 8 h, (c) 24 h, and (d) 48 h of immersion in
SBF (0.1 SA:V). Hydroxyapatite is present as submicron-micron scale precipitates on the fiber surface.
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between the fiber core and outer reaction layer
(�5-�m thick) was indicative of a compositional dif-
ference.

The dissolution profile of S520 fibers in SBF (0.1
SA:V) is shown in Figure 4. Ca increased from �100 to
175 ppm between 2 and 48 h and then decreased to
�100 ppm by 4 days and beyond. The P concentration
was steady throughout the experiment at �30 ppm.
There was no pronounced deviation from the 5-h Si
concentration (8 ppm), through 20 days.

In Figure 5 is shown the surface of S520 fibers after
20 days of soaking in DMEM. The fiber surface is
covered by a continuous layer of hydroxyapatite glob-

ules �1–4 �m in diameter. Closer examination of the
globules reveals each was composed of smaller grains
on the order of 50 nm. EDS spectra of the S520 fibers
soaked for 20 days in DMEM revealed pronounced Ca
and P peaks (Fig. 6) as well as other peaks correspond-
ing to elements found in the parent glass.

The release profile of Si, Ca, and P into DMEM
solution is shown in Figure 7. Through the first 4 days,
the Ca concentration increased only slightly from �80
to 90 ppm. The Ca concentration then decreased to
�50 ppm and 40 ppm after 10 and 20 days, respec-
tively. Similarly, the phosphorous concentration (�30
ppm) underwent little deviation through 4 days be-
fore decreasing to �10 ppm and 8 ppm after 10 and 20
days, respectively. The Si concentration was observed

Figure 2. EDS spectra of S520 fiber surface after 20 days of immersion in SBF (0.1 SA:V).

Figure 3. Backscattered SEM micrograph of S520 fiber after
20 days of immersion in SBF. The outer reaction layer (�5
�m) is contrasted with the inner fiber core.

Figure 4. ICP data for S520 fibers immersed in SBF (0.1
SA:V). Errors bars (n � 3; 1 SD) were smaller than symbols
used for each data point.
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to increase from �15–30 �g/mL between 1 h and 2
days in solution. However, there was little change in
the Si concentration between 2 and 7 days.

Because the SA:V ratio can influence the forma-
tion of hydroxyapatite surface layers,14 –16 S520 fi-
bers were additionally tested in SBF by using a
second SA:V ratio, 0.05 cm2/mL. After 2 days in
solution, a continuous hydroxyapatite layer was
clearly present on the fiber surface (Fig. 8). Forma-
tion of surface hydroxyapatite layers at 2 days and
beyond is additionally revealed by examination of
the FTIR spectra shown in Figure 9. After 2 days in
solution, P-O bending peaks, indicative of the pres-
ence of hydroxyapatite, were located near 600 cm�1

and 563 cm�1. At 5 days and beyond, P-O peak
splitting is evidence of a more thoroughly crystal-
line hydroxyapatite layer.17 Solution concentrations
of Ca and P decreased significantly after 2 days (not
shown), indicating further growth of the hydroxy-
apatite layer.

The average tensile strength of 20-�m-diameter
S520 fibers (before SBF immersion) was 925 � 424
MPa (n � 40). The Weibull strength distribution plot,
shown in Fig. 10, yielded a Weibull modulus of 2.5,
which is similar to other reported values for bioactive
glass fibers.18

An initial study of the culture of primary human
osteoblasts on the S520 fibers resulted in cell attach-
ment, spreading, and proliferation. Figure 11 shows
a low-power scanning electron micrograph of cells
in a monolayer area after 7 days in culture, and
Figure 12 shows a higher power monolayer area.
Cells were elongated and mainly observed aligning
along the long axes of the fibers. However, in some
areas, cells were observed to wrap around individ-
ual fibers (Fig. 13). Osteoblasts were observed to
also branch across fibers in close proximity to one
another (Fig. 11). Osteoblast dorsal ruffles, cell pro-
jections, and lamellipodia were evident as shown in
Figures 12, 13, and 14.

After supplementation of culture medium with
dexamethasone and �-glycerophosphate, mineralized
nodule formation was observed as shown by alizarin
red staining in Figure 15. A darkly stained nodule is
shown with fibers running through the center. Figure
16 shows negatively stained cells when cultured with-
out such supplements.

Figure 5. SEM micrographs of S520 fibers after 20 days of
immersion in DMEM (0.1 SA:V).

Figure 6. EDS spectrum of the S520 fiber surface after 20 days of immersion in DMEM (0.1 SA:V). The unlabeled peaks
correspond to the other elements contained in the unreacted fiber.
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DISCUSSION

The bioactive response of novel S520 fibers (52.0 mol
% SiO2, 20.9 Na2O, 7.1 K2O, 18.0 CaO, and 2.0 P2O5) in
vitro in SBF and DMEM was characterized. Osteoblast
attachment, proliferation, mineralized nodule forma-
tion, and fiber tensile strength were also assessed.

SEM micrographs revealed that hydroxyapatite
globules formed on S520 fibers by 5 h in SBF (0.1
cm2/mL), and this amount increased with immersion
time. By 20 days (0.1 cm2/mL SBF) the hydroxyapatite
layer was continuous and preliminary analysis using
EDS suggested that the reaction layer was relatively
thick, because only Ca and P peaks were identified
(Fig. 2). Further analysis by backscattered electron
imaging revealed the thickness of the reaction layer
formed after 20 days in SBF was 5 �m (Fig. 3). The

layer beneath the hydroxyapatite layer in bioactive
glasses and glass-ceramics is often Si-rich.15,19–21

SEM analysis clearly showed that a continuous re-
action layer was produced by immersing S520 fibers in
DMEM for 20 days. Subsequent EDS analysis of this
layer revealed the presence of peaks other than Ca and
P (e.g., Si). This finding indicated the reaction layer
produced by DMEM immersion was not as thick (� 5
�m) as that caused by SBF immersion.

Previous work has shown that the SA:V ratio can

Figure 7. Concentrations Ca, P, and Si in DMEM test solutions (0.1 SA:V) as determined by ICP analysis. Errors bars (n �
3; 1 SD) were smaller than symbols used for some data points.

Figure 8. SEM micrograph of S520 fibers after 48 h in SBF
(0.05 SA:V).

Figure 9. FTIR spectra of S520 fibers after immersion in
SBF (0.05 SA:V).
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influence hydroxyapatite formation on the surface of a
bioactive glass or glass-ceramic.14–16 Increasing the
volume of SBF by a factor of 2 (0.05 SA:V) was ob-
served to increase the rate of hydroxyapatite forma-
tion on S520 fibers, as a continuous reaction layer was
observed after 2 days.

The results of the ICP analysis confirmed that the
S520 glass fiber underwent dissolution when soaked
in both SBF and DMEM solutions. Because of the high
alkali ion content of the reaction media, it was not
possible to monitor the cation exchange process (i.e.,
H	 7 Na	, K	) which is thought to be the first
mechanism accompanying silicate glass corrosion.
However, the Si and Ca content of the leachate solu-
tions provided a mean of monitoring the dissolution
and reaction process.

Those tests conducted in SBF and DMEM using an
SA:V ratio of 0.10 cm2/mL showed a rapid release of
Si ions into solution in the first hours, after which time
the Si concentration stabilized and remained essen-

tially constant up to 20 days. Similarly, Peltola et
al.22,23 reported that hydroxyapatite formation fol-
lowed the solution Si saturation point during the im-
mersion of sol–gel derived silica fibers in SBF.

The Ca ion behavior was qualitatively similar for
fiber dissolution in SBF and DMEM. An initial in-
crease in concentration was observed, followed by a
significant decrease that occurred between 2 and 4
days. However, the extent of dissolution of Ca in SBF
was much higher, reaching a concentration of �175
ppm, whereas Ca levels in the DMEM leachate
showed only a moderate increase to �90 ppm. The
decline in Ca concentration over time in both solutions
provided an indirect indication that a precipitation
reaction had occurred. In the DMEM leachate, the P
ion trendline was closely correlated to the decrease in

Figure 10. Weibull plot of S520 fibers loaded to failure in
tension.

Figure 11. Scanning electron micrograph of human osteo-
blasts (HOBs) cultured on fibers for 7 days. At this low
power the arrangement of fibers and cells can be seen.
Original magnification �450.

Figure 12. Scanning electron micrograph of HOBs cultured
on fibers for 7 days. A monolayer of cells can be seen
covering the fibers. Original magnification �2000.

Figure 13. Scanning electron micrograph of HOBs cultured
on fibers for 7 days. A cell can be seen wrapped around a
single fiber. Original magnification �3600.
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Ca concentration, suggesting that a calcium phosphate
compound was precipitating out of solution.

The pronounced increase in Ca concentrations dur-
ing the first hours for fibers soaked in SBF suggests
that a second phase may have precipitated, allowing
for the Ca concentration (which was already supersat-
urated) to rise. Further testing may be necessary to
elucidate the role of soluble Si on hydroxyapatite for-
mation. Peltola et al.22,23 observed that the amount of
Si released from sol–gel-derived silica fibers into SBF
did not influence the formation of the hydroxyapatite
surface layers in vitro. However, it has been shown
that soluble Si is important for bone formation in
vivo.24

The ionic concentrations resulting from S520 fiber
immersion in DMEM were, after the first hour (Si
15.1 � 0.8, Ca 83.8 � 1.0, and P 29.7 � 0.2 ppm,
respectively) similar to those concentrations previ-
ously determined to stimulate gene expression in os-
teoblasts in vitro (Si 16.5 � 3.5, Ca 88.3 � 4.6, and
30.4 � 1.2 ppm, respectively).9 Xynos et al.9 obtained a
solution of the aforementioned specific Si, Ca, and P
concentrations by soaking particulate 45S5 bioactive
glass in DMEM for 48 h. Treatment of human osteo-
blasts with this solution caused upregulation of many
genes and proteins, including CD44 antigen hemato-
poietic form precursor (increase by a factor of 7�);
MAP kinase-activated protein kinase 2 (MAPKAP ki-
nase 2) (6�); integrin �1, fibronectin receptor �-sub-
unit (6�); RCL growth-related c-myc-responsive gene
(5�); defender against cell death 1 (DAD-1) (4.5�);
heat shock cognate 71-kDa protein (4.5�); and calpain,
calcium-dependent protease small subunit (4.1�). In
addition, there were 14 genes upregulated in the range
of 3.0–3.6� and 36 in the range 2.0–2.9�.

The FTIR spectra shown in Figure 9 for S520 fibers
soaked in 0.05 SA:V SBF indicate a splitting of the P-O
bending peak with increasing time. This indicates that
the reaction layer is attaining a higher degree of crys-
tallinity with increasing immersion time.17 Similarly,
Orefice et al.25 reported amorphous calcium phos-
phate formation on 77S sol–gel-derived fibers after
20 h in SBF before crystalline dual peaks formation
after 48 h.

The tensile strength of S520 fibers (20-�m diameter),
925 � 424 MPa, is sufficient for use as a tissue scaffold
material. The strength of bioactive 45S5 fibers was
reported by DeDeigo et al.18 to be 93 � 38 MPa (165–

Figure 14. Scanning electron micrograph of HOBs cultured
on fibers for 7 days. A cluster of cells can be seen attaching
to a single fiber. Original magnification �1100.

Figure 15. Light micrograph of HOBs cultured on the fibers for 14 days with 10 mM �-glycerophosphate and 100 nM
dexamethasone, stained with alizarin red. A large positively stained nodule is shown. Original magnification �200. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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220-�m diameter) and 82 � 23 MPa (250–310-�m
diameter). These pronounced tensile strength differ-
ences between the SiO2-based bioactive fibers are as
expected, because a decreasing fiber diameter leads to
an increase in strength because the distribution of
critical sized flaws will also be smaller, on average.
The Weibull modulus, an indication of the stress dis-
tribution, was 2.5 for the S520 fibers. Similar values,
3.0 and 3.5, were reported for 165–220-�m and 250–
310-�m diameter 45S5 bioactive glass fibers, respec-
tively.18

The initial findings of osteoblast responses to S520
fibers were encouraging. Osteoblasts were observed to
attach, proliferate, and form mineralized nodules on
the fibers in the presence of dexamethasone and
�-glycerphosphate. Osteoblast attachment and prolif-
eration are required for the development of the ma-
ture osteoblast phenotype and, therefore, formation of
mineralized nodules. Inclusion of mineralization sup-
plements, such as dexamethasone and �-glycerophos-
phate, are widely used to promote mineralization of
osteoblast cultures26–29 and to demonstrate the ability
of the cells to mineralize in specific culture conditions.
Mineralization of cultures in this in vitro study shows
potential for new bone formation to occur in vivo.
Further studies will include gene expression analysis.

CONCLUSIONS

SEM, EDS, ICP, and FTIR were used to determine
that S520 glass fibers, a composition amenable to fiber
formation, were bioactive in SBF and DMEM. EDS and

SEM analysis suggested that the reaction layer formed
on the surface was less thick for DMEM than for SBF
immersion. In addition, a lower SA:V ratio was ob-
served to lead to a decrease in the time required for
the formation of a continuous surface hydroxyapatite
layer in SBF. Si, Ca, and P release from DMEM solu-
tions was found to closely coincide with the solution
ionic concentrations of bioactive glass dissolution
products previously found to stimulate gene tran-
scription in primary human osteoblasts. The fiber ten-
sile strength was 925 MPa. Preliminary osteoblast cul-
ture studies on the S520 fiber surface were promising,
showing proliferation, nodule formation, and miner-
alization.
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