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Abstract: The ability of two groups of 13-93 bioactive glass

scaffolds to support tissue ingrowth was evaluated after im-

plantation for 4 weeks into subcutaneous pockets in the dor-

sum of Fisher 344 rats. One group of scaffolds (porosity ¼
85%; pore size ¼ 100–500 lm) had a ‘‘trabecular’’ microstruc-

ture similar to that of dry human trabecular bone, whereas the

other group had a ‘‘columnar’’ microstructure of oriented

pores (porosity ¼ 65%; pore width ¼ 90–110 lm). Despite the

lower porosity and pore width, the columnar scaffolds sup-

ported abundant soft tissue ingrowth (glycosaminoglycan and

fibrillar stroma), whereas the trabecular scaffolds showed only

limited tissue ingrowth. When seeded with mesenchymal stem

cells (MSCs), both groups of scaffolds supported abundant

tissue infiltration. Bone-like tissue was formed in both groups

of scaffolds seeded with MSCs, but not in the scaffolds without

MSCs. The new tissues integrated with the hydroxyapatite-like

surface layer of the scaffolds which resulted from the conver-

sion of the bioactive glass in the body fluids. The results indi-

cate that the trabecular bioactive glass scaffolds seeded with

MSCs, as well as the columnar bioactive glass scaffolds,

seeded with MSCs or unseeded, could serve as substrates for

bone repair and regeneration. VC 2010 Wiley Periodicals, Inc.
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INTRODUCTION

There is a growing need for the creation of synthetic scaf-
folds with the requisite properties for bone repair and
regeneration because of an aging population and shortcom-
ings of current treatments based on the use of bone auto-
grafts (limited supply and donor site morbidity) and bone
allografts (immune rejection and possible transmission of
pathogens). In addition to being biocompatible, scaffolds for
bone repair and regeneration should have mechanical prop-
erties comparable to the tissue they are intended to replace.
Scaffolds should also have a porous three-dimensional struc-
ture with an interconnected pore network and surface char-
acteristics suitable for supporting tissue ingrowth and inte-
gration of the scaffolds with surrounding tissues.1–5

Although brittle, bioactive glass is of interest as a scaf-
fold material for bone repair because of its proven ability to
bond strongly with surrounding bone and tissues, and to
promote new bone formation. Bioactive glass reacts in the
body fluids to form a hydroxyapatite-like phase, similar in
composition to the main mineral constituent in living bone,
which is responsible for the strong chemical bond between
bioactive glass and bone.6 Bioactive glass has a widely rec-
ognized ability to support the growth of bone cells,7,8 and

the glass is reported to release ions that activate expression
of osteogenic genes.9,10 More recent work indicates that bio-
active glass has the ability to stimulate angiogenesis.11,12

The preparation of bioactive glass and glass-ceramic
scaffolds, as well as their in vitro and in vivo performance,
has been receiving increasing attention in recent years.13–18

In our previous work, we created bioactive glass (13-93)
scaffolds with anatomically relevant microstructures, unique
mechanical properties, and promising in vitro response to
cells.19,20 One group of scaffolds, prepared by a polymer
foam infiltration technique, had a microstructure similar to
that of dry human trabecular bone. Another group of scaf-
folds, prepared by unidirectional freezing of suspensions,
had an oriented microstructure of columnar pores. Mechani-
cal testing of these ‘‘trabecular’’ and ‘‘columnar’’ bioactive
glass scaffolds showed promising as well as unique proper-
ties for bone repair. Trabecular bioactive glass scaffolds (po-
rosity ¼ 85%; pore size ¼ 100–500 lm) had a compressive
strength of 10–12 MPa, and an elastic modulus of 2.5–3.5
GPa, approximately equal to the highest values reported for
trabecular bone.21 The columnar bioactive glass scaffolds
had a unique ‘‘elastic-plastic’’ mechanical response with
large strain for failure (>20%), and strain rate sensitivity.
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At the same deformation rate used for the trabecular scaf-
folds, the columnar scaffolds (porosity ¼ 65%; pore width
¼ 90–110 lm) had an elastic modulus of 1–1.5 GPa and a
compressive strength of 22–28 MPa, more than twice the
highest compressive strength reported for trabecular bone.
In vitro cell culture showed that both the trabecular scaf-
folds and the columnar scaffolds had the ability to support
the attachment, proliferation, and function of MLO-A5 cells,
an osteogenic cell line. Furthermore, both groups of scaf-
folds supported the proliferation of cells into the interior
pores of the scaffolds.

In view of the promising in vitro performance of these
trabecular and columnar bioactive glass (13-93) scaffolds,
this study was undertaken to evaluate the ability of these
two groups of scaffolds to support tissue ingrowth in vivo. A
rat subcutaneous implantation model was used because of
the widely accepted validity of the model. Scaffolds, seeded
with rat bone marrow-derived mesenchymal stem cells
(MSCs) or unseeded, were implanted into subcutaneous
pockets in the dorsum of rats. After implantation, tissue
ingrowth into the scaffolds was evaluated using histology
and scanning electron microscopy (SEM). We hypothesized
that because of their larger porosity and pore size, the tra-
becular scaffolds would be better able to support new tis-
sue ingrowth than the columnar scaffolds, and that seeding
the scaffolds with MSCs would enhance new tissue
ingrowth.

MATERIALS AND METHODS

Preparation of trabecular and columnar scaffolds
Scaffolds of 13-93 bioactive glass (composition in wt %: 53
SiO2, 6 Na2O, 12 K2O, 5 MgO, 20 CaO, 4 P2O5) with the tra-
becular and columnar microstructures were prepared using
procedures described in detail elsewhere.19,20 Trabecular
scaffolds (6 mm in diameter � 2 mm) were prepared using
a polymer foam infiltration technique, whereas columnar
scaffolds (9 mm in diameter � 2 mm) were prepared by
unidirectional freezing of suspensions (Table I). The scaf-
folds were washed twice with water and ethanol, and steri-
lized by heating for 24 h at 500�C, before seeding with cells
and implantation.

Seeding of scaffolds with mesenchymal stem cells
Scaffolds, either seeded with rat bone marrow-derived stem
cells (MSCs) or unseeded (no MSCs), were used in the ani-
mal implantation experiments. The MSCs were harvested
from the femurs and tibias of Fisher 344 rats. Briefly, two
6-week-old Fisher rats were sacrificed by CO2 inhalation.
Both ends of the femurs and tibias of each rat were
removed at the level of the epiphysis, and marrow plugs
were flushed out from the epiphysis using 10 mL of a cul-
ture medium expelled from a syringe through a 23-gauge
needle. The culture medium consisted of a-minimum essen-
tial medium (a-MEM) containing 10% fetal bovine serum,
100 U/mL penicillin, 50 lg/mL ascorbic acid, 10 mM b-glyc-
erolphosphate, 10�8 M dexamethasone, 0.25 lg/mL ampho-
tericin. Marrow samples were collected and mechanically
disrupted by passing through successively larger-gauge nee-

dles attached to the 10-mL syringe, starting with 16-gauge
and ending with 20-gauge. The resulting cells were collected
in two culture plates, each containing 10 mL medium. The
medium was changed after the first 24 h to remove nonad-
herent cells and, subsequently, every 2 days. Cultures were
maintained in a humidified atmosphere of 95% air with 5%
CO2 at 37�C. Typically, cells were maintained for 7–14 days
as primary culture or upon formation of large colonies.

Sterilized trabecular and columnar scaffolds were each
seeded with 60,000 MSCs, and incubated for 4 h to permit
cell attachment. The cell-seeded scaffolds were then trans-
ferred to a 24-well plate containing 2 mL of complete me-
dium per well, and cultured for 24 h before implantation.
The control group consisted of the same types of scaffolds
but without seeding with MSCs.

To confirm the presence of metabolically active cells on
the scaffolds before implantation, some cell-seeded scaffolds
were placed in 400 lL serum-free medium containing 100
lg of the tetrazolium salt MTT for the last 4 h of incubation.
After incubation, these scaffolds were rinsed in PBS, blotted,
and allowed to dry. Images of the scaffolds were obtained
using a stereomicroscope fitted with a digital camera to
qualitatively assess the distribution of insoluble purple
formazan, a product of mitochondrial reduction of MTT by
viable cells.

Animal implantation
Fisher 344 rats (4–6 weeks old) were used for the implan-
tation. All procedures were approved by the institutional
animal care and use committee. The rats were anesthetized
by isofluorane inhalation. Trabecular and columnar bioactive
glass scaffolds, seeded with MSCs or unseeded, were
implanted into subcutaneous pockets in the dorsum of syn-
genic rats under sterile conditions. For each animal, two
unseeded and two MSC-seeded scaffolds of the same group
were implanted into four sites in the dorsum, to prevent
interaction between the glass dissolution products from the
two different groups of scaffolds.

Histology
Scaffolds were harvested 4 weeks after implantation, photo-
graphed, and fixed in 10% buffered formalin. After dehydra-
tion through a serial of graded ethyl alcohol, the specimens
were embedded in poly(methyl methacrylate), PMMA, and
stained at the Department of Surgical Sciences, School of
Veterinary Medicine, University of Wisconsin, Madison, WI.

TABLE I. Characteristics of the 13-93 Bioactive Glass

Scaffolds with Trabecular and Columnar Microstructure

Scaffold
Group Porosity

Pore
Size (lm)

Strength
(MPa)

Fabrication
Method

Trabecular 85 6 2 100–500 11 6 1 Polymer foam
replication

Columnar 65 6 2 90–110 25 6 3 Unidirectional
freezing of
suspensions
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Specimens were sectioned along the axial direction, and pol-
ished to give 50 lm sections. The sections were stained
with toluidine blue and Goldner’s trichrome to detect the
formation of glycosaminoglycan (GAG) and collagen, respec-
tively, and examined using transmitted light microscopy.
Mineralized collagen is stained green with Goldner’s tri-
chrome, whereas demineralized collagen is stained red.22,23

The quantity of tissue infiltrated into the implant, as well as
the amount of toluidine blue stained matrix, and the
amount of trichrome stained matrix within the implant
were subjectively evaluated by a ‘‘blinded’’ observer with no
previous knowledge of the implants, using the following
scale: 0: none; 1: small amount; 2: moderate amount; 3:
abundant.

The sections were also stained at Missouri University of
Science and Technology with SandersonTM Bone Stain (Sur-
gipath Medical Industries, Richmond, IL), and then counter-
stained for �40 s with a solution consisting of 1 g acid
fuchsin, 99 mL distilled water, and 1 mL acetic acid. This
technique provided sufficient contrast to differentiate
between soft tissue (blue), bone tissue (red), and osteoid
production (purple).24

SEM observation
Scanning electron microscopy, SEM (S-4700, Hitachi, Tokyo,
Japan) in the backscattered electron (BSE) and secondary
electron (SE) modes, as well as X-ray mapping, was used to
identify the compositional change of the glass scaffolds and
the morphologies of the tissues formed inside the scaffolds
after implantation. Cross sections of the implants were
ground with SiC paper, polished with diamond paste, and
examined at an accelerating voltage of 5 kV and a working
distance of 12 mm.

Statistical analysis
Four samples in each group were used for the implantation.
The data are presented as the mean 6 standard deviation.
Statistical analysis was carried out using one-way analysis
of variance (ANOVA) and Tukey’s post hoc test, with the
level of significance set at p < 0.05.

RESULTS

Microstructure of as-prepared scaffolds
Figure 1 shows typical microstructures of the as-prepared
trabecular and columnar scaffolds. The trabecular scaffold
[Fig. 1(a)] consisted of an interconnected porous network,
with pores of size 100-500 lm, and porosity ¼ 85 6 2%,
and had a microstructure similar to that of dry human tra-
becular bone. In comparison, the columnar scaffolds [Fig.
1(b)] consisted of an oriented microstructure of columnar
pores, with a pore diameter of 90-110 lm and porosity ¼
65 6 2%. The two groups of scaffolds were prepared using
different techniques, which did not allow a closer match of
the pore characteristics. Table I summarizes the characteris-
tics of the scaffolds used in this work.

Morphological and compositional changes
of scaffolds in vivo
Examination of the scaffolds after subcutaneous implanta-
tion for 4 weeks (Fig. 2) indicated that both groups of scaf-
folds maintained their original shapes. The implants were
surrounded by a band of fibrovascular tissue, with blood
vessels apparently more frequently present in the scaffolds
seeded with MSCs [Fig. 2(c,d)] than in the unseeded scaf-
folds [Fig. 2(a,b)]. Backscattered electron (BSE) images of
cross sections of the implants (Fig. 3) revealed morphologi-
cal changes in the bioactive glass resulting from the implan-
tation. The light-gray areas (labeled G) in the images repre-
sented the glass scaffold, whereas the medium-gray areas
(labeled T) showed the tissue infiltrated into the implants,
and the dark-gray areas (P) show the PMMA. Qualitatively,
it is clear that there is little tissue infiltrated into the
unseeded trabecular scaffolds (without MSCs) [Fig. 3(a)],
but more abundant tissue in the MSC-seeded trabecular
scaffold and the columnar scaffolds (MSC-seeded or
unseeded).

A high magnification BSE image of the cross section of
an unseeded trabecular scaffold after implantation [Fig.
4(a)] showed differences in contrast across the glass phase
which resulted from in vivo degradation of the bioactive
glass. The glass cross section consisted of three regions: a

FIGURE 1. SEM images of 13-93 bioactive glass scaffolds with (a) trabecular microstructure, similar to the microstructure of dry human trabecu-

lar bone, and (b) columnar microstructure of oriented pores (cross section perpendicular to the pore orientation direction).
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FIGURE 2. Gross appearance of bioactive glass scaffolds 4 weeks after subcutaneous implantation in the dorsum of rats. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 3. SEM backscattered electron images of trabecular implants (a) without MSCs and (b) seeded with MSCs; and columnar implants

(c) without MSCs and (d) seeded with MSCs, after subcutaneous implantation for 4 weeks. G denotes glass; T denotes tissue; P denotes PMMA.
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light-gray core (C), a darker-gray transition layer (S), and a
light-gray surface layer (H). Several microcracks are present
in the glass cross section, which presumably resulted from
the method used to prepare the section. Compositional in-
formation [Fig. 4(b–d)], obtained from X-ray maps for Ca(K),
P(K), and Si(K) of the area in Figure 4(a), showed that the
surface layer H was rich in Ca and P. Energy dispersive X-
ray (EDS) analysis in the SEM showed that the Ca:P atomic
ratio of this surface layer was �1.6, which is close to the
value of 1.67 for hydroxyapatite (HA). Presumably, the sur-
face layer (�20 lm thick) was an HA-type product formed
by conversion of the bioactive glass in vivo. The core (C),
rich in Ca and Si, is presumably the unconverted core,
whereas the Si-rich transition layer (�5 lm thick) is a SiO2-
layer commonly observed in the conversion of silicate bioac-
tive glass to HA.

Histological evaluation of tissue infiltration of implants
Figures 5 and 6 show transmitted light images of the tolui-
dine-blue stained matrix and the trichrome stained matrix
(stained red) in the bioactive glass implants with the trabec-
ular and columnar microstructures. There is only a small
amount of toluidine stained matrix (glycosaminoglycan,
GAG) and trichrome stained matrix in the unseeded trabecu-
lar scaffold [Figs. 5(a1,a2), 6(a1,a2)], whereas abundant to-
luidine stained matrix and trichrome stained matrix have

infiltrated the MSC-seeded trabecular scaffolds [Figs.
5(b1,b2), 6(b1,6b2)]. In comparison, abundant toluidine
stained matrix and trichrome stained matrix have infiltrated
both the unseeded and MSC-seeded columnar scaffolds
[Figs. 5(c1–d2), 6(c1,c2)]. Since mineralized collagen stains
green with Goldner’s trichrome, and the histological proc-
essing did not cause any demineralization, the matrix
stained red with Goldner’s trichrome is believed to be fibril-
lar stroma.

A semiquantitative analysis of the amount of tissue infil-
trated into the implants, as well as the amount of toluidine
stained matrix (GAG) and trichrome stained matrix (fibrillar
stroma) is given in Table II. Statistical analysis showed sig-
nificantly higher amount of tissue, GAG, and fibrillar stroma
infiltrated into the trabecular scaffolds with MSCs when
compared to the trabecular scaffolds without MSCs. For the
columnar scaffolds, a higher amount tissue was formed
within the scaffolds seeded with MSCs, when compared to
the unseeded columnar scaffolds. However, for these colum-
nar scaffolds, seeding with MSCs did not produce a signifi-
cant enhancement of the amount of GAG and fibrillar stroma
infiltrated. A comparison of the histological data for the two
groups of scaffolds without MSCs (Table II) showed a signif-
icantly higher amount of tissue, GAG, and collagen infiltrated
into the columnar scaffolds than in the trabecular scaffolds.
However, for the scaffolds seeded with MSCs, there was no

FIGURE 4. SEM backscattered electron image of bioactive glass in trabecular scaffold (without MSCs) after subcutaneous implantation for

4 weeks (a), and corresponding X-ray maps for Ca(K) (b), P(K) (c), and Si(K) (d). C denotes unconverted glass core; S denotes SiO2-rich layer;

H denotes hydroxyapatite layer. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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significant difference in the amount of tissue, GAG, and
fibrillar stroma between the two groups of scaffolds.

Figure 7 shows images of sections stained with Sander-
sonTM Bone Stain and counter stained with acid fuchsin for
the bioactive glass implants with the trabecular and colum-
nar microstructures. In both groups of scaffolds, seeded
with MSCs or unseeded, tissue was found to be in close con-
tact with the bioactive glass surface. A small amount of soft
tissue (stained blue) was formed adjacent to the surface of
the bioactive glass (G) in the unseeded trabecular scaffolds
[Fig. 7(a)], whereas abundant osteoid deposition (stained
purple), along with a number of osteoids (stained blue
within the purple-stained deposition) was found within the
MSC-seeded trabecular scaffold [Fig. 7(b)]. Whereas soft tis-
sue ingrowth was observed in the pores of the unseeded

columnar scaffolds [Fig, 7(c)], abundant osteoid deposition
(stained purple) was observed in the pores of the MSC-
seeded scaffolds [Fig. 7(d)], and osteoids were also found
within the purple-stained depositions.

DISCUSSION

The results showed that in addition to tissue infiltration
into the scaffolds, degradation of the bioactive glass scaf-
folds occurred during the 4-week subcutaneous implanta-
tion. The degradation of silicate-based bioactive glass, such
as 45S5 and 13-93, in an aqueous phosphate solution has
been widely investigated.25,26 Upon immersion of the glass
into the phosphate solution, an amorphous SiO2-rich layer
(typically 1 to a few microns thick) forms on the surface of
the glass, after which a growing HA-type layer forms on the

FIGURE 5. Transmitted light images of toluidine blue stained sections for trabecular implants (a) without MSCs, (b) seeded with MSCs, and for

columnar implants (c) without MSCs, and (d) seeded with MSCs, after subcutaneous implantation for 4 weeks. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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surface of SiO2-rich layer as the SiO2-rich layer migrates
into the glass. At a nearly constant temperature, such as the
body temperature (37�C), the rate at which a bioactive glass
converts to HA depends on several factors, such as the glass
composition, the curvature of the glass surface, the concen-
tration of the aqueous phosphate solution, and the presence
of polyanions in the phosphate solution.27,28

In this work, the thickness of the HA layer formed on the
trabecular bioactive glass scaffolds in vivo, after subcutaneous
implantation for 4 weeks, was �20 lm (Fig. 4). Our previous
in vitro work on the conversion of similar 13-93 bioactive
glass scaffolds in a simulated body fluid (SBF) showed the
formation of an HA layer of thickness �7 lm after 2 weeks,
and �10 lm after 4 weeks.29 This comparison indicates that
the conversion of the 13-93 bioactive glass scaffold in the

present in vivo experiments was approximately twice as fast
as the in vitro conversion in a SBF. In our previous work, the
addition of alginic acid (0.25–1.0 wt %) to a SBF was found to
markedly accelerate the conversion of silicate 13-93 bioactive
glass to HA.28 Chelation of the electron-donating moieties of
the alginic acid polymer, such as carboxyl and hydroxyl
groups, to the cations of the glass (such as Ca2þ) was sug-
gested as a mechanism for the enhanced conversion. On the
other hand, an investigation of the in vitro bioactivity of sili-
cate 45S5 bioactive glass in tris(hydroxymethyl)aminome-
thane buffer solution (tris), SBF, and Dulbecco’s modified
Eagle’s medium (DMEM) showed that the conversion was
markedly decreased in DMEM.30

The reason for the marked difference in conversion rates
between our previous in vitro studies and the present

FIGURE 6. Transmitted light images of Goldner’s trichrome stained sections for trabecular implants (a) without MSCs, (b) seeded with MSCs,

and for columnar implants (c) without MSCs, and (d) seeded with MSCs, after subcutaneous implantation for 4 weeks. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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in vivo study are not clear. A possible factor may be the
more ‘‘dynamic’’ in vivo conditions, when compared to more
‘‘static’’ conditions present in the in vitro experiments
involving only intermittent stirring of the SBF. The more
dynamic in vivo conditions are expected to alleviate steep
concentration gradients of dissolved ions adjacent to the
scaffold, and to continuously replenish the reacting species
(e.g., phosphate ions) in the subcutaneous environment.
Another possible factor which could contribute to the

enhanced in vivo conversion is the presence of proteins,
polysaccharides, and other polymeric species in the extracel-
lular matrix which contain electron-donating moieties such
as carboxyl and hydroxyl groups. As outlined above, polyan-
ion species such as alginic acid, when added to a SBF
in vitro, were found to markedly enhance the conversion of
13-93 glass to HA.28

For the unseeded 13-93 bioactive glass scaffolds (no
MSCs), abundant amounts of soft tissue, GAG, and fibrillar
stroma infiltrated the columnar scaffolds, whereas only lim-
ited amount of tissue was formed in the trabecular scaffolds.
The total porosity and range of pore sizes of the trabecular
scaffolds were far larger than those for the columnar scaffolds
(Table I), so these two pore parameters cannot account for
the limited amount of tissue infiltrated into the trabecular
scaffolds. One factor which could contribute to the observed
difference is the orientation or topography of the pores: ran-
dom for the trabecular scaffolds versus oriented for the co-
lumnar scaffolds. The oriented pores in the columnar scaf-
folds could serve as guiding pattern for the directional
migration of cell and tissues, allowing faster vascularization
of the implants. On the other hand, the tortuous path of the
randomly arranged pores in the trabecular scaffolds could
provide an increased path for cell and tissue migration, lead-
ing to a reduced rate of tissue infiltration. Oriented poly(L-
lactic acid) (PLLA) scaffolds have shown better ability to sup-
port in vitro osteoblastic cell growth and formation into neo-
tissue than scaffolds with the same porosity but with a ran-
dom three-dimensional pore architecture.31 The enhanced

FIGURE 7. Transmitted light images of thin sections stained with SandersonTM Bone Stain for trabecular implants (a) without MSCs, and (b)

seeded with MSCs, and columnar implants (c) without MSCs, and (d) seeded with MSCs, after subcutaneous implantation for 4 weeks. G

denotes bioactive glass; S denotes soft tissue; O denotes osteoid production. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

TABLE II. Tissue Ingrowth Scores for Total Amount of

Tissue, Glycosaminoglycan (GAG), and Fibrillar Stroma

Infiltrated Into the Trabecular and Columnar Implants

Seeded With Mesenchymal Stem Cells (MSCs) or Unseeded

(Without MSCs)

Implants Tissue GAG Fibrillar Stroma

Trabecular scaffold
without MSCs 1.0 1.0 0.5 6 0.5

Trabecular scaffold
with MSCs 3.0a 1.8 6 1.0a 1.8 6 1.2a

Columnar scaffold
without MSCs 2.3 6 0.5b 2.5 6 0.6b 1.5 6 1.0b

Columnar scaffold
with MSCs 2.8 6 0.5a 1.8 6 0.5 2.3 6 0.5

Tissue ingrowth scores are based on the following scale: 0: none; 1:

small amount; 2: moderate amount; and 3: abundant.
a p < 0.05 when compared with the score for the same group of

implants without MSCs.
b p < 0.05 when compared with the score for the trabecular group

of implants without MSCs.
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neo-tissue formation in the oriented scaffolds was attributed
to the improved mass transport and/or cell-cell interaction.
The importance of pore orientation on the in vitro and in vivo
performance of scaffolds is widely recognized in axonal and
nerve regeneration.32–37 The extent of neurite outgrowth and
Schwann cell migration in vitro, and the number of regener-
ated axons per cross section in vivo are both found to be sig-
nificantly higher in oriented fiber scaffolds than in random
scaffolds.36 Topographical cues (e.g., orientation) have been
suggested to have a marked influence on endogenous repair
mechanisms for promoting nerve regeneration across long
nerve gaps.

Another factor which could contribute to the difference in
amount of soft tissue infiltrated into the unseeded trabecular
and columnar scaffolds is the surface roughness of the scaf-
folds. Whereas them had a fairly smooth surface [Fig. 1(a)],
the pore surfaces of the columnar scaffolds appeared to be
far rougher [Fig. 1(b)]. It is well known that surface texture
(or roughness) can influence biological response.38 The dif-
ference in roughness of the pore surfaces resulted from the
different methods used to prepare the scaffolds. In the poly-
mer foam replication technique used to prepare the trabecu-
lar scaffolds, following the decomposition of the foam, viscous
flow sintering of the well-packed glass particles produced a
smooth surface. In comparison, the pores in the columnar
scaffolds resulted from dendritic growth of ice crystals during
the unidirectional freezing process. After sublimation of the
ice, the rough dendritic surface of the pores was not elimi-
nated during the sintering process. To provide a clearer
understanding of the role of pore orientation versus surface
roughness of the pores on tissue infiltration, current efforts
are examining the ability to prepare scaffolds with the same
general morphology (trabecular or columnar) but with differ-
ent pore surface roughness.

Although soft tissue infiltration (GAG and fibrillar stroma)
into the trabecular glass scaffolds was limited, the results of
the present work showed that the ability of this group of scaf-
folds to support tissue ingrowth was markedly enhanced by
seeding them with MSCs before subcutaneous implantation.
Previous investigations have also shown that the incorpora-
tion of MSCs into scaffolds can play an important role in pro-
moting the formation of tissues and extracellular matrix in
vitro.39–42 The higher amount of tissue, GAG, and fibrillar
stroma formation was believed to be triggered by the seeded
MSCs which were initially on the surface, but then grew
within the scaffolds.

For the columnar scaffolds, seeding with MSCs did not
produce as marked an enhancement of tissue infiltration as
that observed for the trabecular scaffolds (Table II). A possi-
ble reason for this difference is that the unseeded columnar
scaffolds were by themselves able to support moderate tis-
sue infiltration, so the potential of seeding with MSCs to fur-
ther enhance new tissue formation was limited.

The seeding of both groups of scaffolds with MSCs
induced the formation of osteoid deposition (stained purple
in Fig. 7). The MSCs have intrinsically different responses to
osteoinductive agents and can be differentiated into osteo-
blastic lineage.43,44 Seeding porous calcium carbonate, HA

and b-tricalcium phosphate with MSCs has been reported to
result in bone formation upon subcutaneous implanta-
tion.45,46 In the present work, an HA-type layer was observed
to form on the surface of the implanted glass scaffolds
(Fig. 4). The formation of the HA layer has been shown to be
osteoinductive,6 which may be responsible for the differentia-
tion of MSCs into the bone-like tissue. Furthermore, the ions
released from bioactive glass have been shown to induce the
expressions of genes relevant to osteoblast metabolism and
bone homeostasis.9,10 The release of ions such as Si, Ca, P, and
Na at critical concentrations due to the surface reaction of
bioactive glasses has been reported to induce specific intra-
cellular and extracellular responses at the interface of glass
with its cellular environment.47 The ions released from the
13-93 bioactive glass scaffolds may contribute to the forma-
tion of osteoid deposition from the MSCs.

As outlined earlier, the trabecular and columnar bioac-
tive glass scaffolds used in the present work were shown to
be biocompatible in vitro and to have promising mechanical
properties. The present results showed the in vivo biocom-
patibility of both groups of scaffolds, and their ability to
support abundant soft tissue infiltration and osteoid deposi-
tion when seeded with MSCs. Current work is investigating
the ability of these scaffolds to repair contained and seg-
mental defects in bone in an animal model.

CONCLUSIONS

After subcutaneous implantation for 4 weeks in the dorsum
of rats, trabecular scaffolds (porosity ¼ 85%; pore size ¼
100–500 lm), with a microstructure similar to that of dry
human trabecular bone, showed limited ability to support
ingrowth of soft tissue (glycosaminoglycan; fibrillar stroma).
On the other hand, columnar scaffolds with oriented pores
(porosity ¼ 65%; pore width ¼ 90–110 lm) showed mod-
erate to abundant soft tissue infiltration. Seeding with mes-
enchymal stem cells (MSCs) before implantation vastly
improved the amount of soft tissue infiltrated into the tra-
becular scaffolds, and the amount of osteoid deposition in
both groups of scaffolds. The implants were surrounded by
a band of fibrovascular tissue (100–300 lm thick), indicat-
ing good integration with surrounding tissue. These in vivo
results, coupled with previous in vitro mechanical and cell
culture results, indicate considerable potential for the use of
these MSC-seeded trabecular and columnar scaffolds in
bone repair and regeneration.
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