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Abstract
Purpose The aim of the study was to verify the ability of
nanoparticulate bioactive glass (BAG) to infiltrate into the
porous titanium (Ti) layer on Ti-based implants to promote
osseointegration.
Methods The porous titanium layer on Ti-based implants
was impregnated with nanoparticulate BAG. The implants
without or with BAG were implanted bilaterally in tibial
holes of ten New Zealand white rabbits. The rabbits were
sacrificed after ten weeks for examinations. Beside histo-
logical examination, EDXS analysis of polished cross-
sections of explanted implants was also performed with
the aim to quantitatively evaluate the bone-to-pore contact
and bone-in-pore ratio.
Results After ten weeks, EDXS analyses of cross-sections
of the explanted implants confirmed that bioactive glass was
fully resorbed and that the pores throughout the thickness of
the porous titanium layer were to a large extent filled with a
new bone. In the absence of bioactive glass, only the outer

part of the porous layer was filled with bone. The implants
without BAG in the porous Ti-layer exhibited similar bone-
to-pore contact, while significant improvement of bone in-
growth into the pores was observed for the implants with
BAG (38%), as opposed to those without it (22%).
Conclusion This study confirmed that the nanoparticulate
bioactive glass within the porous titanium surface layer on
implants promotes osseointegration and stimulates the for-
mation of bone within the pores.

Introduction

Titanium-based implants are the most widely used in ortho-
paedics and dentistry. Since they are not bioactive, the
osseointegration is limited and, therefore, to improve the
fixation, different implant designs and surface modifications
are used. Implant surfaces are modified mechanically (sur-
face roughening, porous coatings) or chemically (bioactive
coatings). Porous metallic coatings with their open and
interconnected pores are designed to allow bone to grow
into the pores and thus to improve stability of the implant.
Porous coatings also reduce the large difference in stiffness
between bone and implant [1].

To improve osseointegration, metallic implants are often
coated with bioactive coatings such as hydroxyapatite. Hy-
droxyapatite coatings exhibit strong osteoconductive capac-
ity based on similar chemical composition to natural bone
and are being used in clinical practice. They have been also
successfully applied to treat bone or articular cartilage
defects, and to induce bone ingrowth into and/or onto the
soft tissue [2, 3]. Another bioactive material—bioactive
glass (BAG) that bonds to living bone trough the apatite
layer formed on the surface of the implant—has been con-
firmed in several studies as highly resorbable and bioactive.

N. Drnovšek : S. Novak (*) :M. Čeh
Department for Nanostructured Materials, Jožef Stefan Institute,
Ljubljana, Slovenia
e-mail: sasa.novak@ijs.si

U. Dragin
Institute of Cell Biology, Faculty of Medicine,
University of Ljubljana,
Ljubljana, Slovenia

M. Gorenšek
Department of Orthopaedic Surgery,
University Medical Centre Ljubljana,
Ljubljana, Slovenia

M. Gradišar
HELI PRO, d.o.o.,
Lesce, Slovenia

International Orthopaedics (SICOT) (2012) 36:1739–1745
DOI 10.1007/s00264-012-1520-y



It has been shown that BAG stimulates angiogenesis and has
an antibacterial effect [4–7]. Their potential to bond to hard,
as well as soft tissue, depends on their composition and
structure. Despite substantial osteogenic properties, the use
of bioactive glass is still limited to non-load bearing appli-
cations due to its brittleness. To expand its use to load
bearing applications, bioactive glass can be applied as a
coating on metals, using one of the various proposed tech-
niques, such as plasma spraying [8], pulsed laser deposition
[9], dip-coating in sol [10], etc. These techniques are, how-
ever, unable to produce coatings within porous metallic
surface layers.

Recent development of nanoparticulate bioactive glass
powder in combination with a novel approach [11] enabled
preparation of orthopaedic implants with porous metallic
surface layer containing bioactive glass within the pores.
While commercially available bioactive glass formulations
are produced by conventional means, i.e. by melting and
milling, the BAG powder used in this study is produced in a
direct process by particulate sol–gel synthesis. Consequently,
contamination with milling bodies is excluded, and the par-
ticles are much smaller, which helps to provide faster biore-
sorption. With the goal to prove its effectiveness in bone
repair, an in-vivo (animal) study was performed. In the present
paper, we discuss osseointegration of Ti-alloy implants having
a porous titanium surface layer with or without BAG in the
pores.

Materials and methods

For the in vivo tests, we used cylindrical Ti6Al4V implants
(3 mm x 6 mm) with a∼300-μm thick, porous Ti-layer
(vacuum plasma sprayed; Alhenia, Switzerland), with
interconnected pores in the size range from 20 to 100 μm.
The porous Ti-layers were filled with a bioactive glass
powder containing SiO2, CaO, Na2O and P2O5, with particle
size from 100 nm to 1 μm, and thermally treated to form a
solid, porous BAG structure within the pores. The implants
with BAG-impregnated porous Ti-layers were taken from
the furnace in a sterile environment, sealed and gamma-
sterilized. Implants without bioactive glass in the Ti-layer
were tested for comparison.

Surgical procedure

The animal tests were approved by the Veterinary Admin-
istration of the Republic of Slovenia. Principles of labora-
tory animal care (NIH publication No. 85–23, revised 1985)
were followed, as well as European and specific national
laws (e.g. the current version of the Slovenian Law on the
Protection of Animals) where applicable. Ten mature male
New Zealand rabbits (mean weight 4.5±1.0 kg) underwent

the operative procedure: 12 implants with BAG and eight
without BAG were implanted in both rabbit proximal tibias.
Anaesthesia was induced by intravenous administration of
0.08 mg/kg acetylpromazine (Vanastress; Vana GmbH, Ger-
many), 30 mg/kg ketamine (Narketan, Vetoquinol) and
3 mg/kg xylazine (Chanazine, Chanelle Pharmaceuticals
Manufacturing Ltd) and maintained by intravenous injection
of 3 mg/kg propofol (Propofol, Fresenius). A skin incision
was made over the medial border of the tibial tuberosity,
approximately 10-mm distal to the knee joint, this was
followed by dissection to the periosteum and retraction of
the tibialis anterior muscle laterally. Then a hole was drilled
into the proximal tibial metaphysis at a 90° angle relative to
the long axis of the tibia, using a 3.2-mm drill bit. A press-fit
implant was pushed into the hole, and the wound was closed
in a routine fashion. Ten weeks post-surgery the animals
were sacrificed by the administration of the above-
mentioned sedation, followed by intravenous administration
of T61 euthanasia solution (Intervet/Schering-Plough). The
implants were explanted by en-bloc resection of the proxi-
mal tibia.

Specimen preparation

Specimens were removed from the formaldehyde, rinsed
with 0.2 M cacodylate buffer, dehydrated through a graded
series of ethanol, and embedded in Epon (Epoxy Embed-
ding kit, Sigma-Aldrich, Switzerland). The embedded sam-
ples were sectioned vertically along the long axes of the
implant using a circular water-cooled diamond saw. One
cross-section was ground with SiC papers and polished with
diamond paste for scanning electron microscopy (SEM)
examination, energy-dispersive X-ray analyses (EDXS),
and for quantitative analyses of bone ingrowth. The second
half was used for further parallel cutting of thin slices for
histological examination, which were then additionally
thinned to 50–70 μm by grinding, and then finally stained
with Van Gieson picrofuchsin red and Stevenel’s blue.

Quantitative analyses of bone ingrowth

The quantitative analysis of bone ingrowth into the pores
and bone-to-implant contact was performed on SEM images
(JEOL JSM 7600 F) of polished cross-sections of the
explanted samples mounted in Epon. To clearly identify
the position, amount and composition of the newly formed
bone, EDXS analyses (X-ray mapping, point analysis) were
performed. For quantification of the volume percentage of
bone in pores, we used manual stereological analysis with a
standard point-count technique [12]. The relevant area was
carefully selected so that only the porous titanium layer was
evaluated. The lineal fraction of the bone-to-implant contact
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was measured using Image Tool software (A Division of
Evans Technology, Inc., USA).

Results

Figure 1a shows the macroscopic view of an implant used in
this study. Cross-sections of the implant with BAG-
infiltrated porous Ti-layer are presented in Fig. 1b and c
(different magnifications). In the optical micrograph
(Fig. 1b) the bioactive glass appears as a light phase within
the porous titanium layer (dark phase) on the bulk T6Al4V
substrate (dark phase in the lower part of the image). It is
obvious that the bioactive glass has impregnated the porous
titanium layer throughout the whole thickness of layer.
Conversely, in the SEM image (Fig. 1c) the metal is white,
while the bioactive glass appears as grey porous phase with
a few micrometers of large partially-sintered particles. The
BAG is also found in very small pores.

Figure 2a illustrates the position of the implants in the
rabbit tibia: only a small part of the 6-mm long cylinder
(<2 mm) was fixed in the compact bone, while the rest extend-
ed into the bone marrow. Some of the implants were in good
contact with bone only on one side. The bone overgrew the
outer part of the implant fixed in compact bone, and further
expanded on the part positioned in the bone marrow (Fig. 2b).
The area of interest was within this 2 mm of the bone-implant
interface, as indicated by arrows in Fig. 2b and c.

Metallographic examination of polished cross-sections

Polished cross-sections of the samples were first observed
by scanning electron microscopy (SEM). This technique
enables not only morphological examination of metal and
bone, but also chemical analyses of the phases by energy-
dispersive X-ray spectroscopy (EDXS). Characteristic areas
of the polished cross-sections of the samples with or without
BAG are presented in Fig. 3a and b, respectively. It is
evident that, in both cases, the bone has grown over the
metal as well as into the pores of the titanium layer. How-
ever, there is a clear difference in the depth of bone growth

within the porous titanium layer: the bone overgrew the
whole porous area of the samples with BAG within the
pores (Fig. 3a), while in the case of the samples without
BAG, only the outer part of the porous layer is occupied
with the newly formed bone (Fig. 3b). In addition, in both
types of samples relatively good bone-to-implant contact
can be observed.

A comparison between the porous titanium layer and flat
Ti-alloy surface can be seen in Fig. 3c. On the flat side of the
implant, a large gap between the implant and the bone was
formed that indicates that bone-to-implant contact is much
worse for flat than for rough surfaces.

The presence of bone in the porous titanium layer was
confirmed by EDXS analysis of the polished cross-sections
of the explanted grafts. The atomic ratio of calcium-to-
phosphorus content was determined to be close to 1.7,
which corresponds to the natural mineral phase of the bone.
Distribution of elements within the porous titanium layers
with or without the BAG is illustrated in Fig. 4a and b,
respectively. The light dots indicate areas with higher con-
centration of an analysed element. The implant material is
identified with high content of Ti, the carbon (C)-rich areas
confirm the presence of Epon resin in which samples were
mounted, while high calcium (Ca) and phosphorus (P) con-
centrations in the ratio of ∼1.7 indicate the presence of
mineralized bone. Silicon (Si) distribution revealed whether
some BAG remained in the pores.

As can be seen in Fig. 4a and b, Ca and P can be detected
much deeper in the porous region of BAG-containing sam-
ples compared to samples without BAG. For the latter, the
high carbon content and absence of Ca and P in the deeper
region of the Ti-layer confirm that the bone did not fill the
pores close to the substrate; instead, they were filled with
Epon. The minor presence of Si in the sample with BAG
indicates that the BAG has fully dissolved during ten weeks
of implantation. The detected small amount of Si is approx-
imately the same as in the sample without BAG; therefore
we assume that in both samples, this is the consequence of
grinding with SiC grinding papers. This proves that, in the
early stage, the BAG gradually dissolves providing the
necessary concentrations of calcium and silicon ions for
promoting the bone formation.

Fig. 1 a Macroscopic image of
bone implants used in in vivo
test. b Optical micrograph
(polarized light) of polished
cross-section of the Ti6Al4V
implant with porous titanium
layer impregnated with bioac-
tive glass. c SEM micrograph at
higher magnification
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Bone-to-implant contact and bone ingrowth were also
evaluated quantitatively. The analyses were performed on
the part of implant that was in contact with the compact
bone. The part of the implant that was in the bone marrow
was excluded, although in the case of samples with BAG,
the mineralized bone was found also in the porous region of
the implant extending in the bone marrow. The bone-to-
implant contact for the samples with and without BAG
was equal at around 52%. A much more beneficial effect
of BAG was observed in bone occupation of the pores. The
pores of the samples with BAG were 38% filled with bone,
while only 22% of pores without BAG were filled with
bone.

Histological examination

Histological examinations of the stained slices were, in
particular, focused in appearance of mineralized newly
formed bone in pores and in contact with metal. As under
transmitted light only bone that is occupying open pores is
visible, much less bone is seen in histological sections
(Fig. 5) compared to metallographic samples observed by
SEM (Figs. 3 and 4). Ten weeks after implantation, all
implants, with and without BAG, showed no sign of

inflammation at the interface with the implant (Fig. 5a and
b). More mineralized bone (red) was observed in the pores
of the samples prepared with BAG, where the bone grew
also downwards on the implant surface into the bone mar-
row region (see Fig. 5c). Newly formed bone in the samples
with BAG was found also in the porous regions of the
implant that was away from the original compact bone and
was actually lying in the medullary cavity of the tibia and
surrounded by the bone marrow (Fig. 5d). As the whole
porous titanium layer of the implant was initially filled with
BAG, bone formation was accelerated not just in the site of
the implant facing compact bone, but also on the site of the
implant facing bone marrow. In both kinds of implants, i.e.
with or without BAG, the contact between the implant and
the newly formed compact bone was similar, i.e. good
contact with only a few gaps filled with adipose tissue.

Discussion

The ability of bioactive glasses to enhance bone formation
has been presented in many previous scientific reports [13,
14]. In addition, stimulation effects on angiogenesis as well
as antibacterial and inflammatory effects were also reported
[4–7]. These effects have been ascribed to the availability of

Fig. 2 a Implant position in the bone tibia. b Macroscopic images of
the histological preparations of samples with bioactive glass (BAG)
and without BAG (c). The arrows show the area of interest (the part of

the implant in contact with compact bone). Mineralized bone is stained
red and the implant is black

Fig. 3 Scanning electron micrographs of polished cross-section of the sample (a) with bioactive glass (BAG) and without BAG (b). c Lower
magnification image of the BAG-containing sample with and without porous titanium layer
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ionic products released from the bioactive glass, especially
calcium and silicon ions, which were recently reported to be
playing a key role in bone regeneration. The ions released
during dissolution of the BAG in the porous metallic structure
stimulate several families of genes and activates some growth
factors that control osteogenesis [14–16]. Moreover, the sur-
rounding bone is in direct contact with the surface apatite
formed during BAG dissolution, without the intervention of
any fibrous tissue and consequently a tight chemical bond is
formed with the apatite [5, 17]. In spite of all that, due to its
poor mechanical properties the application of BAG in ortho-
paedic surgery has been still limited to non-loaded applications.

On the other hand, porous titanium has been confirmed in
clinical practice to significantly improve bone fixation. The
advantageous effect of the porous surface layer on implants
has also been confirmed in our study: while a gap between
the bone and parts of metal with a flat surface was observed
in almost all the samples after removal from rabbit tibia, the
new bone was well attached to the porous layers with or
without BAG.

The above described advantages of bioactive glass have
been reported on the basis of numerous in vitro and in vivo
studies of BAGs with different chemical compositions and
in different forms, such as granules or coatings on metals,

Fig. 4 a Energy-dispersive X-ray analyses (EDXS) mappings of bone
implant cross-sections for the sample with bioactive glass (BAG),
showing from left to right on top: SEM image, Ca, C; bottom: Ti, P,

Si. b EDXS mappings of the sample without BAG, showing from left
to right on top: SEM image, Ca, C; bottom: Ti, P, Si
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while the enhancement of osseointegration of porous metal-
lic structures by impregnation with bioactive glass has not
been reported before. This is partly due to technological
limitations due to the relatively coarse particles of melt-
derived bioactive glasses or their limited resorbability de-
fined by their composition and crystallinity. Also, the bio-
active glass used in this study is characterized by small
particles size that enables impregnation of the porous titani-
um. After the thermal treatment, a porous BAG structure
with high resorbability is formed within the pores of the
titanium layer on the implant. As it has been reported [18],
an intermediate layer of Ti-silicide is formed at the BAG-
titanium contact. We suppose that the Ti-silicide may, due to
silicon presence, contribute to an improved biological re-
sponse even after bioactive glass has dissolved. It has been
also reported that the titanium silicide intermediate layer
provides strong adhesion of the bioactive glass to the me-
tallic substrate; however, this is not relevant in our case
since the BAG within the pores is not mechanically loaded.

The above-mentioned high resorbability of the bioactive
glass is reflected in its absence in the porous titanium layer
of the implanted grafts after ten weeks of implantation in
rabbit tibia and, instead, there is the presence of newly
formed bone. This bone was observed throughout the thick-
ness of the porous layer, which confirms that the dissolution
product of the bioactive glass in the pores provided an
appropriate and stimulating environment for the bone
growth. Conversely, this was not the case for the implants
without BAG, where the bone formed only within the outer
part of the porous Ti-layer. In addition, the advantageous
effect of the porous surface layer on implants has been
confirmed: while the new bone was well attached to the
porous layers (without or with BAG), a gap between the
bone and parts of metal with a flat surface was observed in
almost all the samples.

In the case of implants with BAG, the new bone has also
formed in the smallest pores, in the deepest parts of the
porous titanium layer and also at the site of the implant

Fig. 5 Characteristic histological sections of the samples with bioac-
tive glass (BAG) (a) and without BAG (b). c Sample with BAG at
lower magnification and part of the implant in the bone marrow (d).

Mineralized bone is stained red. Osteoblasts and bone marrow cells in
b are stained blue. The blue region in the upper part of the image (a) is
an artifact caused during the staining with Stevenel’s blue
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facing the bone marrow, thus, everywhere where the implant
surroundings were saturated with calcium and silicon ions
released from the bioactive glass. The porous structure of
BAG obviously contributed to fast resorption; in ten weeks,
the entire BAG was replaced with a newly formed bone,
which indicates favourable dissolution kinetics under phys-
iological conditions.

In conclusion, an in-vivo animal study confirmed that the
novel nanoparticulate bioactive glass introduced into the
porous titanium surface layer on implants promotes osseoin-
tegration. Within ten weeks, the bioactive glass was com-
pletely resorbed and substituted with well attached newly
formed bone, which overgrew the entire thickness of the
porous structure. The observed percentage of pores occu-
pied by bone for the implants contacting BAG (38%) seems
not to be sufficiently high, but we believe that the increase
from 22% to almost a double value represents a meaningful
improvement as it implies faster bone ingrowth during the
first weeks after implantation.
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