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The quest for synthetic materials to repair load-bearing bone lost because of trauma, cancer, or congenital
bone defects requires the development of porous, high-performance scaffolds with exceptional mechan-
ical strength. However, the low mechanical strength of porous bioactive ceramic and glass scaffolds, com-
pared with that of human cortical bone, has limited their use for these applications. In the present work
bioactive 6P53B glass scaffolds with superior mechanical strength were fabricated using a direct ink writ-
ing technique. The rheological properties of Pluronic� F-127 (referred to hereafter simply as F-127)
hydrogel-based inks were optimized for the printing of features as fine as 30 lm and of three-dimen-
sional scaffolds. The mechanical strength and in vitro degradation of the scaffolds were assessed in a sim-
ulated body fluid (SBF). The sintered glass scaffolds showed a compressive strength (136 ± 22 MPa)
comparable with that of human cortical bone (100–150 MPa), while the porosity (60%) was in the range
of that of trabecular bone (50–90%). The strength is �100-times that of polymer scaffolds and 4–5-times
that of ceramic and glass scaffolds with comparable porosities. Despite the strength decrease resulting
from weight loss during immersion in SBF, the value (77 MPa) is still far above that of trabecular bone
after 3 weeks. The ability to create both porous and strong structures opens a new avenue for fabricating
scaffolds for load-bearing bone defect repair and regeneration.

Published by Elsevier Ltd. on behalf of Acta Materialia Inc.
1. Introduction (0.2–28 MPa for a porosity of 92–40%) limits their application in
Bioactive glasses and ceramics have shown excellent potential
in the repair and regeneration of bone defects because of their
widely recognized ability to support the growth of bone cells,
strong bonding to hard and soft tissues, and ability to adjust the
degradation rate while newly formed bone and tissue are being
remodeled [1–4]. The release of ions from bioactive glasses is also
reported to activate the expression of osteogenic genes and to
stimulate angiogenesis [5–7]. Recently there has been increasing
interest in using bioactive glasses as scaffold materials for bone re-
pair [1,8–13] because of the ease with which their chemical com-
position, and thus their rate of degradation, can be controlled.
The structure and chemistry of glasses can be tailored over a wide
range by changing their composition or their thermal or environ-
mental processing history. Therefore, it is possible to design glass
scaffolds with desirable degradation rates to match that of bone
in-growth and remodeling. A variety of techniques, including poly-
mer foam replication [8,9], sol–gel transformation [10], and freeze
casting [11], have been used for the fabrication of glass scaffolds.
However, the low compressive strength of these scaffolds
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the repair of load-bearing bone defects.
Direct ink writing is a layer-by-layer assembly technique that

has been used to fabricate constructs using materials including
polymeric [14], sol–gel [15], and ceramic inks [16–19]. The tech-
nique can be used to build scaffold structures designed by a com-
puter. Scaffold architecture can thus be optimized to achieve the
desired mechanical response, accelerate the bone regeneration
process, and guide the formation of bone with the appropriate ana-
tomical cortical–trabecular structure [20]. Achieving these goals,
however, requires a process able to print a wide range of materials
with custom made compositions and increased precision. In the
design of such a process the formulation of concentrated inks with
the optimal rheological properties is crucial. The ink must be ex-
truded through a fine nozzle in filamentary form and deposited
over gaps that could be as large as 1–2 mm over the prior layer,
while maintaining the weight of the printed structure. Concen-
trated ceramic inks are formulated by dispersing ceramic particles
in water and using polyethyleneimine (PEI) as a coagulant agent.
The viscoelastic behavior of the ink is determined by the interac-
tion between the ionized PEI and the ammonium polyacrylate-
based dispersant absorbed on the particle surface [21–23].
However, precise control of the amount of dispersant and PEI is
required, as is careful manipulation of the pH. Such control is
Inc.
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difficult with PEI-formulated inks. For a flexible ink formulation
that can print a wide range of ceramics a hydrogel-based ink was
developed by dispersing ceramic particles in a water-based solu-
tion of F-127 [16]. The ink showed good flowability and could be
used to print various calcium phosphate constructs, achieving a
minimum line diameter of 100 lm.

Despite recent research on the use of direct ink writing for the
preparation of calcium phosphate scaffolds [16,21,22], the
technique has not been used to fabricate bioactive glass scaffolds.
We hypothesize that three-dimensional (3-D) scaffolds with
superior mechanical strength can be obtained by printing glass
inks with an optimized low viscosity. The aim of the present work
was to prepare glass inks that can be easily printed into 3-D
scaffolds with improved precision. The glass selected was the
bioactive 6P53B composition (52.7 SiO2, 10.3 Na2O, 2.8 K2O, 10.2
MgO, 18.0 CaO, 6.0 P2O5 in wt.%), a modified version of the original
45S5 glass [4]. This bioactive glass has shown significant advanta-
ges in the preparation of coatings on metallic implants to enhance
the osteointegration of Ti and for the fabrication of polymer/glass
composites [24] because of its relatively better stability in aqueous
environments [25,26]. The work focused on the rheological proper-
ties of the glass ink, and the in vitro degradation and mechanical
response of the glass scaffolds in a simulated body fluid (SBF).
The ability to print 3-D scaffolds with a controlled hierarchical
structure may give rise to the high mechanical strength, which is
desirable for application in load-bearing bone defect repair and
regeneration.

2. Materials and methods

2.1. Preparation of glass scaffolds

Bioactive 6P53B glass with the composition (wt.%) 52.7 SiO2,
10.3 Na2O, 2.8 K2O, 10.2 MgO, 18.0 CaO, 6 P2O5 was purchased
from SEM-COM Co. (Toledo, OH). Particles of D50 = 1.2 lm were ob-
tained by sieving the glass to a size of <75 lm, followed by wet
attrition milling (Model 01-HD, Union Process, Akron, OH). The
inks were created by mixing glass particles in a 20 wt.% F-127 solu-
tion and homogenized at 0 �C for 12 h. The viscosities of the glass
inks containing 10–35 vol.% particles were measured at 0 and
40 �C, respectively, using a rotating cylinder viscometer (Haake
VT500, Haake Inc., Paramus, NJ).

Based on the measurements, the viscosity of inks containing
30 vol.% glass particles was almost doubled upon heating from 0
to 40 �C (from 5.5 to 10 Pa s at a shear rate of 100 s�1). These inks
were used for the preparation of glass scaffolds. Before printing the
ink was sieved through a 25 lm mesh to minimize the presence of
aggregates. The ink was loaded into a 3 ml syringe (BD, Franklin
Lakes, NJ) with an HD-PTFE custom plunger. Glass scaffolds were
fabricated by printing the inks through a 100 or 250 lm nozzle
(EFD precision tips, East Providence, RI) using a robotic deposition
device (RoboCAD 3.0, 3-D Inks, Stillwater, OK). The glass ink was
first loaded into a syringe and then kept in an ice bath for 30 min
to cool the ink to lower the viscosity. The inks were printed on
an Al2O3 substrate (3 mm thick) inside a reservoir of non-wetting
oil (Lamplight�, Menomonee Falls, WI) heated to 40 �C. The change
in temperature resulted in setting of the filaments in less than 5 s.
The Al2O3 substrate was coated with an oil-soluble hydrophobic
layer (Sharpie� Permanent Marker, Sanford, Oak Brook, IL) before
printing. The printed scaffolds were easily detached from the sub-
strate after the oil dissolved the hydrophobic layer.

The forces required for scaffold printing were measured on a
servo-hydraulic testing machine (MTS810, MTS Systems, Eden
Prairie, MN) at a constant displacement of the syringe piston (vp).
The equivalent printing velocity (vw) was calculated using the
equation:
vp ¼ ð/t=/sÞ
2vw ð1Þ

where /t and /s are the diameter of the tip and syringe,
respectively.

After printing the scaffolds were air dried for 24 h and subjected
to a controlled heat treatment to decompose the organics and sin-
ter the glass particles into dense filaments. The green samples were
heated at 1 �C min�1 to 600 �C in flowing O2 gas, and then at
5 �C min�1 to 690–700 �C, and maintained for 1 h.

2.2. Characterization of the glass scaffolds

The porosity of the sintered glass scaffolds was measured using
the Archimedes method. Scanning electron microscopy (SEM) (Hit-
achi S-4300, Tokyo, Japan) was used to observe the microstructure
of the scaffolds. The samples were sputter coated with Au and
examined at an accelerating voltage of 10 keV.

X-ray diffraction (XRD) (Siemens D500, Munich, Germany) was
used to identify the phases present in the starting powder and sin-
tered samples, using Cu Ka radiation (k = 0.15406 nm) at a scan-
ning rate of 1.8 min�1 in the 2h range 20–80�.

Synchrotron X-ray micro-computed tomography (SR microCT)
was used to obtain a 3-D perspective of the scaffold. Scanning
was conducted at the Advanced Light Source (ALS-LBNL, Berkeley,
CA) with 22 keV monochromatic X-rays and a 4.4 lm voxel size
(resolution). The data sets were reconstructed using the software
Octopus and the 3-D visualization was performed using Avizo™
software.

2.3. Degradation and in vitro bioactivity of the scaffolds

Degradation of the scaffolds and their conversion to hydroxyap-
atite (HA) were evaluated as a function of immersion time in a SBF
with a starting pH of 7.2 at 37 �C, following a method described in
detail elsewhere [27]. The degradation and conversion process is
accompanied by weight loss, which was used to monitor the con-
version kinetics. A ratio of 1 g of scaffold to 100 ml of SBF was used
in all of the conversion experiments. After removal from the SBF at
selected times the scaffolds were dried at 100 �C and weighed. The
weight loss was defined as DWt = (W0 �Wt)/W0, where W0 is the
initial mass of the scaffolds and Wt is the mass at time t. The solu-
tion was cooled from 37 �C to room temperature, and its pH was
measured using a pH meter. The microstructure of the converted
scaffolds was observed by SEM.

2.4. Mechanical responses

The compressive strength of the glass scaffolds was measured
by performing uniaxial tests on cubic blocks (3 � 3 � 3 mm) cut
from the sintered specimens. The cubes were ground using an
automated surface grinder (FSG-2040ADII, Chevalier Machinery
Inc., Santa Fe Springs, CA) to ensure that the two tested ends were
flat and parallel. The samples were compressed in a direction par-
allel to the pore orientation on a servo-hydraulic testing machine
(MTS810) at a cross-head speed of 0.5 mm min�1. At least eight
samples were tested to obtain statistically reliable values.

2.5. Analysis of conversion kinetics

For the scaffolds immersed in SBF the weight loss data obtained
in the experiments described earlier were converted to fractional
weight loss a, by dividing the measured weight loss DWt by the
maximum weight loss measured (DWmax) for each sample. The
fractional weight loss data were fitted by two kinetic models, a
geometrical model and a diffusion model [28]. In these models it
is assumed that the reaction at the interface is rate controlling,
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and that the interface moves inward at a uniform rate. In the geo-
metrical model nucleation at the reaction interface is assumed to
be fast, so the reaction rate only depends on the geometry. For a
spherical geometry the contracting volume model (CVM) predicts
that

1� ð1� aÞ1=3 ¼ k1t ð2Þ

where k1 is a constant and t is the time. If diffusion to the reaction
interface is rate controlling, and assuming a 3-D model, the 3-D dif-
fusion model predicts that

1� ð1� aÞ1=3
h i2

¼ k2t ð3Þ

where k2 is a constant. The data for a vs. t for the glass scaffolds
were fitted using Eqs. (1) and (2) to test the ability of these models
to describe the conversion kinetics of the scaffolds. The constants k1

and k2 in the equations were adjusted to give the best fit to the data.

3. Results and discussion

3.1. Rheological behavior of the glass ink

The rheological behavior of the F-127-based glass inks exhibited
a strong dependence on temperature. At 0 �C the glass suspension
(10 vol.% in 20 wt.% F-127 solution) was stable and displayed Bing-
ham plastic behavior. This stabilized suspension underwent a fluid
to gel transition upon heating up to 40 �C and exhibited shear thin-
ning behavior. The viscosity of the glass ink at 0 and 40 �C is shown
in Fig. 1a. For comparison, the viscosity of the F-127 suspension
without glass particles at the same temperatures is also shown.
The increase in temperature from 0 to 40 �C not only markedly in-
creased the viscosity of the ink at all shear rates, but also changed
their rheological properties from Bingham plastic to shear thinning
behavior; the addition of the glass resulted in a further increase in
viscosity of the F-127 solution at 40 �C, but not for these inks at
0 �C.

As F-127 is composed of poly(ethylene oxide) (PEO)–poly(pro-
pylene oxide) (PPO)–PEO triblocks it is able to produce a low-vis-
cosity aqueous solution at low temperature, while forming a gel
at rising temperatures as a result of the release of water molecules
bound to the hydrophobic PPO segments in the triblock [29]. At the
low temperature 0 �C the –OH groups in the PEO–PPO–PEO
triblocks can bond to the surface of glass particles by van der Waals
or hydrogen bonding, providing stabilization by steric repulsion
[28], resulting in the low viscosity of the glass inks. The sharp in-
Fig. 1. (a) Viscosity of the inks as a function of shear rate at 0 �C and 40 �C, respectively; (
fits of the experimental data used to extract the Herschel–Bulkley viscosity parameters
crease in the viscosity of the inks upon heating from 0 to 40 �C re-
sulted from the phase transition of F-127 from aqueous solution to
polymerized gel.

The rheology of the colloidal ink can be described by the
Herschel–Bulkley model [28,30]:

s ¼ sy þ k _cn ð4Þ

where s is the shear stress, sy is the shear yield stress, _c is the shear
rate, n is the flow index and k is the viscosity parameter. By fitting
the curve of log (s � sy) vs. log ( _c), shown in Fig. 1b, the values of sy,
n and k are obtained, and are summarized in Table 1. At 0 �C n = 1.0
and sy = 15 and 19 Pa for inks with and without glass particles,
respectively, indicating that the inks were Bingham fluids; at
40 �C n = 0.62 and 0.58, sy = 67 and 250 Pa of the inks with and
without glass particles, respectively, indicating their shear thinning
behavior. Gel-based inks with a shear thinning behavior are re-
ported to flow with a three zone velocity profile within the cylindri-
cal deposition nozzle. The profile consists of an unyielded (gel) core
moving at a constant velocity surrounded by a yielded (fluid) shell
experiencing laminar flow and a thin slip layer devoid of colloidal
particles at the nozzle wall [31,32]. The continuous deposition of
rod-like filaments with a gel core–fluid shell structure enables their
shape retention while allowing the rods to fuse at their contact
points.

The low viscosity of the inks at 0 �C enabled the preparation of
stable glass inks with higher particle concentrations, up to 35 vol.%.
Data for the relative viscosity of the inks (shear rate = 100 s�1) as a
function of glass particle concentration at 0 and 40 �C are shown in
Fig. 2. The particle concentration had a limited effect on the viscos-
ity for volume fractions lower than �30 vol.%, but above this value
the viscosity began to increase. The data can be well fitted by a
modified Krieger–Dougherty equation [33,34]of the form:

gr � 1� /
/m

� ��n

ð5Þ

where gr, the relative viscosity, is defined as the viscosity of the sus-
pension g divided by the viscosity of the solvent (20 wt.%
F-127 solution) gL, / is the volume fraction of the particles, /m is
the volume fraction of particles at which the viscosity becomes
practically infinite, and m is a fitting parameter. The maximum glass
particle concentration in F-127 solution at 0 �C predicted by this
model was um = 45 vol.% for n = 2.8, while for the solution at
40 �C um = 40 vol.% for n = 3.2. To print structures with fine features
(<100 lm) glass inks with a low viscosity are required to extrude
b) linear plot of log10(s � sy) as a function of log10( _c) for the inks. The lines are linear
and exponent values in Table 1.



Table 1
Rheological properties of the inks

Temperature (�C) Glass concentration (vol.%) sy (Pa) k (Pa sn) n

0 0 15 0.03 1.0
0 10 19 0.1 1.0
40 0 67 2.7 0.62
40 10 250 24.0 0.58

Fig. 2. Relative viscosity of the inks at a shear rate of 100 s–1 vs. volume fraction of
glass particles at 0 and 40 �C, respectively.

Fig. 3. Load vs. displacement curves for the inks printed through a 250 lm tip at
0 �C and 40 �C with a printing speed of 10 mm s–1. Initially the system equilibrates,
after which flow starts (shadowed zone) until a steady state is achieved.

3550 Q. Fu et al. / Acta Biomaterialia 7 (2011) 3547–3554
through capillary nozzles. As the viscosity of the ink at 0 �C in-
creased sharply above �35 vol.% the highest particle concentration
used was 30 vol.% for all printing in this study.

Just as the viscosity of the paste is highly dependent on the tem-
perature of the inks, so is the flow of the ink through the tip. As the
printing process begins ink flow is generated when a threshold
stress is exceeded, after which a steady flow is achieved. A typical
load–displacement curve (Fig. 3) exhibits two stages: (1) initial sta-
bilization of the flow and (2) steady-state flow. Regardless of the
ink composition, the increase in temperature of the ink resulted
in a significant increase in the load required for printing (from
�5 N at 0 �C to >10 N at 40 �C). In contrast to the effects of temper-
ature increases, the addition of 10 vol.% glass particles to the F-127
ink does not significantly increase the threshold load. These find-
ings correspond well with the rheological properties of the ink as
discussed above, and indicate that the fluid to gel transition result-
ing from the temperature increase plays a more important role in
determining the flowability of the F-127-based ink.
3.2. Printing of glass scaffolds

The low viscosity of the stabilized glass ink facilitated printing
through fine nozzles (down to 30 lm capillary tip, Fig. 4a and b).
Typically, when using micron sized particles the forces required
to extrude the gel-like inks through narrow tips (<100 lm) cause
water segregation and clogging of the nozzles [16]. Previous work
has shown that 30 lm filaments can only be printed using inks
containing BaTiO3 nanoparticles [35]. Here the possibility of
achieving the same fine featured structure with micron sized glass
particles dispersed in a hydrogel-based ink is realized by simply
controlling the temperature of the ink. The ease of processing the
micro-sized ceramic ink enabled the printing of various ceramic
powders into fine architectures.
To achieve a filament span as large as 1–2 mm while maintain-
ing a high mechanical strength, tips with diameters of 100 or
250 lm were also used for printing. Fig. 4c shows a typical 3-D
glass scaffold with precisely defined filament diameter, spacing,
and number of layers patterned by extruding the glass ink through
the 100 lm tip. The sintered periodical scaffold consisted of struts
with diameters of 75 lm and pores of 200 lm. The softening point
of the glass was �610 �C [25], and the scaffolds were subjected to a
binder burnout process at 600 �C for 2 h. Next they were sintered
at 690 �C for 1 h to densify the glass filament while avoiding crys-
tallization or deformation of the structure. Sintering of the glass
also led to full densification of the glass rods and the formation
of strong bonds between the filaments (Fig. 4d). 3-D visualization
of the sintered glass scaffolds was achieved by SR microCT. The
scaffolds had uniform structures with well-bonded layers, as
shown in Fig. 4e and f. The constructs retained their shape, with
no noticeable deformation of the total structure after sintering
(Fig. 4e), while solid fusion between the contact points of the fila-
ments was formed (Fig. 4f).

Scaffolds with custom designed patterns were also successfully
printed through a 250 lm nozzle into 3-D structures (Fig. 5). Scaf-
folds with periodic grids (Fig. 5a), an anatomical cortical–trabecu-
lar structure (Fig. 5b), and gradient porosity (Fig. 5c and d) were
fabricated, demonstrating the capability of the technique for the
design and manufacture of scaffolds with complex architectures.
As bone consists of trabecular and cortical structures, with the cor-
tical bone primarily in the shaft of long bones and as the outer shell
around trabecular bone [36], the ability to fabricate scaffolds with
the anatomical structure and varied porosity may achieve the de-
sired mechanical response, and accelerate the healing of bone de-
fects [37].

To determine the feasibility of using these scaffolds for the re-
pair of load-bearing bone defects their compressive strength
(porosity 60 vol.%, pore size 500 lm, rod diameter 100 lm, sin-
tered at 700 �C for 1 h) in directions parallel and perpendicular to
the pore channels was determined. The compressive strength par-
allel to the pore channels was �2.5-times that measured in the
perpendicular direction (136 vs. 55 MPa), a reflection of the aniso-
tropic structure of the scaffolds. This strength is within the range of
that of human cortical bone (100–150 MPa) [38,39]. This value is
4- to 5-times the strength obtained for the bioactive glass and
HA scaffolds prepared by other conventional techniques [40],
as shown in Fig. 6. The elastic modulus, determined from the



Fig. 4. Patterns printed using the hydrogel-based glass ink: (a) as-printed parallel filaments using a 30 lm tip; (b) high-magnification image of (a); (c) surface of the sintered
glass scaffolds printed through a 100 lm nozzle with a spacing of 200 lm; (d) high-magnification image of (c); (e) 3-D visualization of the sintered 6P53B glass scaffolds
using synchrotron X-ray micro-computed tomography; (f) a cut-away image of (e) to show the line of fusion in the scaffold.
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approximately linear region in the stress–strain curve, was 2.0 GPa,
also within the range of trabecular bone (0.1–5 GPa) [38,39]. The
strength was also at least two orders of magnitude higher than that
of the polymeric scaffolds [41]. The curve of compressive strength
vs. porosity of the glass scaffold shows a trend similar to that of the
freeze cast HA scaffolds consisting of unidirectional pores. The high
mechanical strength of the freeze cast scaffold is attributed to its
anisotropic structure, consisting of parallel ceramic lamellae
[42,43]. Anisotropic structure has been commonly observed in bio-
logical systems like wood, bone, cork, and glass sponges, and has
been reported to be responsible for the ability to efficiently opti-
mize the strength to density and stiffness to density ratios [44–
46]. The work in this study might provide a new avenue for the fab-
rication of light yet strong materials.

At porosities up to 60 vol.% the strength of glass scaffolds
(136 MPa) is significantly higher than that of the freeze cast HA
scaffolds (Fig. 6). This might be a result of the complete densifica-
tion of the glass rods and the periodic structure consisting of par-
allel channels.

3.3. In vitro degradation

The in vitro reaction of the 6P53B glass scaffolds in SBF was
monitored by measuring their weight loss and the pH of the
solution. Fig. 7a shows the weight loss of the 6P53B glass scaffolds
as a function of immersion time in SBF, which was used to monitor
the conversion kinetics of the scaffolds to HA. The weight loss of
the scaffold increased rapidly during the first 100 h of immersion,
slowed between 100 and 400 h, and reached a nearly constant lim-
iting value above �400 h. The limiting weight loss was 4.5%. The
change in pH of the SBF, resulting from the reactions accompany-
ing the conversion of the glasses to HA, followed the same trend
as the weight loss data (Fig. 7a).

Under the assumption that ions such as Na+, K+, and (SiO4)4�

dissolve in the solution and that all the CaO in the glass reacts with
the phosphate ions in the SBF to form an HA, Ca10(PO4)6(OH)2, the
theoretical weight loss of 6P53B glass (DWtheo) is 68%. The small
DWmeas values for the 6P53B glass scaffolds indicate its partial con-
version. The weight loss data were converted to a fractional weight
loss a by dividing the measured weight loss by the measured max-
imum weight loss (4.5%) to monitor the conversion kinetics
(Fig. 7b). The data were compared with the predictions of models
in an attempt to evaluate the mechanism of converting the glass
scaffolds to HA (Fig. 7c and d). While several models are available,
depending on the assumed rate controlling mechanism, the CVM
and the 3-D diffusion model were selected because they describe
processes relevant to the conversion of a bioactive glass to HA.
These models have also been used to fit the conversion kinetics



Fig. 5. Glass scaffolds with different patterns printed using the direct ink writing technique: (a) a glass scaffold with a periodic pattern; (b) a glass scaffold with an anatomic
pattern composed of a dense outer layer and porous inner layers, with the inset showing a gross view of the sintered scaffold; (c) surface view of a glass scaffold with a
gradient pore size; (d) crosssections of the scaffold in (c).

Fig. 6. Compressive strength vs. porosity of the glass scaffolds sintered at 700 �C.
Comparison with cortical and trabecular bone [38,39] and literature values for
porous glass and hydroxyapatite scaffolds. Each style of point corresponds to a
different literature value. data obtained in the present work on direct ink writing
assembly of 6P53B glass; j data obtained from freeze casting of HA scaffolds [42].
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of 45S5 glass particles (150–300 lm) and 13–93 glass scaffolds to
HA [27,47]. The rate controlling mechanisms determined for the
conversion of these glasses are similar to those found in this work,
which indicates that the geometry of the glass sample has little ef-
fect on the conversion mechanism.

The CVM assumes that the diffusion of ions is fast, so the reac-
tion at the interface is rate controlling. In this case the thickness of
the converted layer increases linearly with time. In the 3-D diffu-
sion model the diffusion of ions to the interface is rate controlling,
so the thickness of the converted layer increases with the square
root of time. A spherical geometry is assumed in the model equa-
tions used in this study.
The isothermal dependencies of 1� ð1� aÞ1=3 and 1� ð1�½
aÞ1=3�2 vs. immersion time t are shown in Fig. 7c and d, respectively.
The fitting parameters are summarized in Table 2. Three stages in
the conversion were observed in the CVM model during immersion:
(1) an initial fast dissolution stage at 0–100 h, (2) an intermediate
stage at 100–400 h, and (3) a final stage at >400 h. The kinetic
parameters k1 for these three stages were 2.8, 0.8 and 0.2 � 10�3,
respectively. A larger value of k1 indicated faster reaction at the
interface and rapid dissolution of the glass scaffolds. The 3-D diffu-
sion model provided a good fit to the conversion kinetics of the
6P53B glass scaffold throughout the degradation process (Fig. 7d),
indicating that the conversion process was also controlled by diffu-
sion of ions to the reaction interface. The kinetic value k2 was deter-
mined to be 0.7 � 10�3 based on the curve fit.

The reaction of the bioactive glass scaffolds in SBF was con-
trolled by both the dissolution of glass components (Na2O, K2O
and SiO2) and the diffusion of Ca2+ from the inside of the glass to
react with PO3�

4 ions to form HA [4]. In the conversion of silicate
bioactive glasses a thin SiO2-rich layer (1–2 lm) first forms on
the surface of the glass, which separates the unconverted glass
from the precipitated HA. This layer moved inside the glass along
with conversion and acted as a barrier for the diffusion of the
Ca2+ to the interface, which was in good agreement with the con-
stant kinetic parameter in the 3-D diffusion model. The initial fast
dissolution of the glass scaffold may be a result of the large ion
concentration gradient and higher surface areas exposed in SBF.
The CVM and 3-D diffusion model have also been used to fit the
conversion kinetics of silicate 13–93 and borate-based glass scaf-
folds to HA [27]. The rate controlling mechanisms determined for
conversion of these cellular type glass scaffolds are similar to those
found in this work.

During the conversion reaction the increase in pH of the SBF
with immersion time of the scaffolds (Fig. 7a) showed trends sim-
ilar to those for the weight loss data. This indicates that the same
reactions are responsible for the conversion to HA and the pH in-
crease. The increase in pH resulted from dissolution of the glass
modifiers (Na+ and K+) and has been commonly observed for bioac-
tive glass reactions in SBF [27].



Fig. 7. (a) Weight loss of glass scaffolds, and pH of a simulated body fluid (SBF) as a function of immersion time; (b) fractional weight loss, a, as a function of immersion time;
(c) isothermal dependencies of 1� ð1� aÞ1=3 vs. immersion time compared with the prediction of a contraction volume model (CVM) (dashed lines); (d) isothermal
dependencies of ½1� ð1� aÞ1=3�2 vs. immersion time compared with the prediction of a 3-D diffusion model (dashed lines).

Table 2
Kinetic parameters used for fitting the weight loss data.

Model Reaction
mechanism

Integral form
of the model

Kinetic
parameter
k (�10�3)

CVM Contracting
volume

1� ð1� aÞ1=3 ¼ k1t 0–100 h 2.8
100–1000 h 0.8
>1000 h 0.2

3-D
diffusion

3-D diffusion ½1� ð1� aÞ1=3�2 ¼ k2t 0.7
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3.4. In vitro mechanical responses

Conversion of the glass to HA resulted in a decrease in the
strength of the scaffolds (Fig. 8) from the initial 136 to 77 MPa after
immersion for 3 weeks in SBF. As the glass filaments were the basic
load-bearing units of the porous scaffolds the decrease in strength
might be explained in terms of the weight loss as a function of
immersion time. The compressive strength is determined to be a
function of the weight loss by the equation [27]:

rt ¼ ro 1� DW t

DW theo

� �n

ð6Þ
where ro and rt are the compressive strengths of glass scaffolds be-
fore and after immersion in SBF for time t, DWtheo is the theoretical
weight loss of the glass scaffolds, and n is the fitting parameter. The
value of DWt is given in Fig. 7a and DWtheo was 67.8%. As a result, n
was found to be 9.0 for the scaffold. The theoretical compressive
strengths were in good agreement with the experimental values
(Fig. 8). Although the strength decreased with immersion time,
the value was much higher than that for trabecular bone (2–
12 MPa) after immersion for 3 weeks. Furthermore, infiltration of
new bone into the scaffolds may increase their mechanical strength.
Work is ongoing to evaluate the mechanical strength following
in vivo implantation in a rabbit femur segmental bone defect model.
4. Conclusion

Glass inks with controllable viscosity have been developed by
dispersing glass particles in a Pluronic� F-127 solution. The low
viscosity of the ink at 0 �C enables the printing of features as fine
as 30 lm, while the high viscosity at 40 �C retains the 3-D structure
of the printed filaments. The sintered glass scaffolds show a com-
pressive strength (136 ± 22 MPa) comparable with human cortical
bone, while the porosity (60%) is in the range of trabecular bone.
Despite the strength decrease during immersion in an SBF, the



Fig. 8. Compressive strength of the 6P53B glass as a function of immersion time in a
simulated body fluid (SBF). The calculated strengths, based on the rate of
degradation of the scaffolds in the SBF, are shown as red lines.
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strength (77 MPa) value is still far above that of trabecular bone
after 3 weeks. The results indicate the great potential of 6P53B
glass scaffolds in the repair and regeneration of load-bearing bone
defects.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 1–4 and 6–8, are
difficult to interpret in black and white. The full color images can
be found in the on-line version, at doi:10.1016/j.actbio.2011.
06.030).
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