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Aim To overcome the disadvantages of auto-, allo-, and/or
xenografts (XG), porous synthetic bone graft substitutes are
considered as suitable alternatives. The aim of this animal
study was to determine the bone regeneration potential
of a synthetic bioactive porous phosphate glass (PPG) in
comparison with a commercially available XG.

Materials and methods Defects were created by
making 4 mm holes in each rabbit femur and in a cavity of
approximately 5X8 X40 (W X D X L) mm? made in Beagle dog
mandibles after removing the incisors. Empty cavities were
used as negative controls in both the evaluation models.
(avities thus made were grafted with the bone grafts (PPG
or XG) or kept empty. Histological and histomorphometrical
analyses were carried out post-ex-plantation at specific time
points.

Results Histologically, partial to almost-complete
degradation of the grafts was observed in the rabbit femur
and Beagle dog mandible models. Bone regeneration was
observed within the bulk of the PPG but not in XG particles.
Boneregeneration by PPG and XG was histomorphometrically
analyzed in Beagle dog mandible model. A higher standard
deviation was observed for XG compared to PPG in
histomorphometrical analyses at all the healing points.
Conclusion The results indicate that PPG is a bone graft that
promotes osteoconductivity and bone regeneration when
compared to a commercial XG but with better predictability.

Porous bioactive glass; Bone regeneration;
Biodegradable bone graft.

Use of bone graftsis a common practice for the treatment
of skeletal defects resulting from trauma, disease, surgery
and congenital conditions. Bone grafts are supposed to
be degraded completely and replaced by the host-like
bone through osteogenesis and remodeling. Autograft is
considered the gold standard due to its osteoconductive,
osteoinductive and osteogenic properties (1). However,
it is well known that autograft usage is associated with
major disadvantages such as donor site morbidity (2, 3)
and other possible issues such as hematoma formation,
nerve injury, blood loss, unaesthetic defects etc. with
an added expense incurred due to additional surgical
procedures. Also, there is always a limit to the volume
of bone that can be harvested from each donor site.
Therefore, for grafting procedures requiring larger
amounts of graft materials, allografts or xenografts are
preferred. Although both allo- and xeno-grafts have
reduced osteoinductive properties due to processing
required for biocompatibility, and sterilization (4), they
have a distinctive advantage of easy availability and
surgical protocol over autografts. However, they carry an
uncommon risk of an immune reaction, and their inability
to regenerate bone in large defects.

To avoid the disadvantages of biologically sourced bone
grafts (auto-, allo-, and xeno-grafts), synthetic bone
grafts (alloplasts) can be used for the treatment of bone
defects (5). They are readily available sterile products,
but they lack in osteoinductive properties if not used in
combination with biologically sourced additives (6). One
of the most important properties required of synthetic
bone graft substitutes is their porous nature and their
complete biodegradation (7). It is advantageous to have
the biodegradation products supporting the process
of bone regeneration at a rate similar to the new bone
formation. Bioactive glass-based bone graft substitutes
can have all these properties (8-10). Silica based Bioglass
products are commercially available since the last few
decades. Their degradation products support bone
regeneration by up-regulating the expression of genes
(8) especially IGF-1I along with IGF binding proteins and
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proteases that cleave IGF-II from their binding proteins
(11). But it is difficult to process these materials to form
porous structures that can provide the scaffolding effect
during the healing of host tissue after the grafting
procedure and at the same time retain the bioactivity of
the original bioactive glass material (12).

Phosphate bioactive glass materials are suitable candidates
for bone regeneration applications (9, 10). The advantages
of phosphate glass are their linear degradation in aqueous
environment (13) and no presence of silica, an element
which is not native to natural bone tissue. Also, it is possible
to change the ion release profiles by simply changing the
composition of the glasses (14, 15). Production of glasses
is generally achieved by melt quenching process as it is an
easy, reproducible and scalable process. Gel casting is a
suitable method for production of porous glass scaffolds
of glasses made by melt quench method (16). It is a
method by which porous foam is formed by stabilizing air
bubbles (created by surfactant) in a gel of polymer and the
glass particles (17). With this method, a porous bone graft
substitute material was made from a bioactive titanium
phosphate glass (hereinafter referred to as PPG for porous
phosphate glass). It has already been reported that the
titanium phosphate glass is suitable for bone regeneration
(18). The effect of imparting porosity to such glass on
bone regeneration needs to be evaluated. In this context,
the bone regeneration potential of PPG was evaluated
in two different animal models viz. rabbit femur and
Beagle dog mandible in a pilot study. Data was obtained
from histological and histomorphometrical analyses to
understand the bone regeneration performance of the
material.

PPG was produced according to the procedure described
by Chauhan et al. (17). The glass required for PPG
production was made with a composition (in mol %)
of 50% P,0,, 40% Ca0, 5% Na,0 and 5% of TiO,. Pre-
calculated amounts of CaCO, (99%, Finar, Ahmedabad,
India), Na,CO, (99%, Merck, Darmstadt, Germany), TiO,
(99%, Sigma, Saint Louis, MO, USA) and P,0, (98%, Loba,
Mumbai, India) were mixed and then melted at 1300°C for
1 h in a Platinum/10% Rhodium crucible using a raising
hearth furnace (Ants Ceramics, Mumbai, India). After
the melting, the glasses were quenched by pouring on
to a steel plate at room temperature. The glass obtained
using the above procedure was excessively ground
using a planetary mini ball mill (Insmart, Hyderabad,
India). Appropriate quantities of glass particles, distilled
water, methacrylamide (TCl, Tokyo, Japan), N N’
methylene bisacrylamide (Loba, Pune, India), ammonium
polyacrylate (Commercial name: Dispex, Kindly gifted by
BASF, Mumbai, India), and Triton X100 (Loba, Mumbai,
India) were mixed using the overhead mechanical stirrer

(Ika, Staufen, Germany). A foamy liquid was formed to
which ammonium persulfate (Loba, Mumbai, India), and
tetramethylene diamine (Loba, Mumbai, India) were
added and stirred thoroughly before gelling. The sintering
of the foam was carried out at 625°C for 1 h. The blocks
were then crushed and sieved to achieve particle fraction
between 420 pm (BSS 36) and 850 um (BSS 18) mesh.

PPG granules were mounted onto carbon adhesive discs
attached to aluminum SEM specimen stubs. The assembly
was then sputter-coated with gold by Polaron E5100
(Polaron, Milton Keynes, UK). The coated samples were
observed with a scanning electron microscope (model
JSM 5410LV, JEOL, Japan) using various magnifications
at an operating voltage of 20 kV. Images were taken at
magnifications of 100X, 500X, 2000X and 3000X.

Participants and interventions: All animal experiments
were carried out according to the ARRIVE guidelines at
Palamur Biosciences Pvt. Ltd. The study was conducted
in New Zealand white rabbits (11 animals; randomly
chosen gender; mean weight = 2.09 kg) and Beagle dogs
(8 animals; randomly chosen gender; mean weight = 9-14
kg) which were in-house bred at Palamur Biosciences.
The animals were maintained in environmental conditions
as prescribed by the ARRIVE guidelines. Institutional
and national guidelines were followed for the care and
use of the animals in this study. All protocols related
to experiments on rabbits were approved by the
Institutional Animal Ethics Committee of Palamur
Biosciences (PAL/IAEC/2017/12/02/84). Furthermore, all
protocols related to experiments on Beagle dogs were
approved by the Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA),
which were earlier recommended by the institutional
animal ethics committee of Palamur Biosciences (PAL/
IAEC/2018/04/01/06).

Test and control groups: PPG was the test group and a
commercially available XG (Bio-Oss, Geistlich Pharma,
Switzerland) was used as a positive control group. Both
materials were supplied to Palamur Biosciences in sterile
condition (PPG sterilized by ethylene oxide and XG as
received) for evaluation for efficacy in rabbit femur and
Beagle dog mandible models. In both models, empty
cavities without bone grafts were the negative controls.
Rabbit femur model: Medial side of both femora of
New Zealand white rabbits (Palamur Biosciences,
Mahabubnagar, India) was clipped free of fur.
Intramuscular injections of 4 mg/kg of xylazine followed
by 3 mg/kg of ketamine were administered to each animal.
Each rabbit was then injected subcutaneously with 0.02
mg/kg buprenorphine. The surgical site was scrubbed with
a germicidal soap, wiped with 70% isopropyl alcohol, and
painted with povidone iodine. One single incision was
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made to open the site for the surgery. Skin incision was
followed by the removal of fasciae and muscles. The bone
surface was exposed. A hole of 4 mm diameter was drilled
using a trephine burr. The drilling was carried out at low
speed and under continuous irrigation with physiological
saline solution. Only one defect was made on each femur.
The positions of all the defects were such that the cavity
always had direct access to the bone marrow. The bone
grafts (PPG and XG) were mixed with saline solution to
make a paste for easier handling. Each cavity wasrandomly
filled with the pastes of the bone grafts (4 animals for
each time point). In one animal at each time point, two
holes were made, one in each femur and kept as negative
controls without any graft to understand the effect of the
surgical procedure. Each wound was then closed by using
suitable sutures. After the surgery, all animals received
subcutaneous analgesia (Carprofen 10 mg/kg) for 3 days
starting from the day of the surgery and povidone iodine
was applied over the wound. During the healing period,
all the animals were allowed unrestricted mobility. A
rabbit from the 6 week healing period group fractured
its leg after 4 days of surgery. Therefore, this animal was
not considered for further investigation and the surgery
was repeated on another animal. Half of the animals
(4 animals with bone graft implantations and 1 animal
with 2 negative controls in each femur) were sacrificed
after 2 weeks and the remaining animals (4 nos.) after 6
weeks. The femora of both legs of the sacrificed animals
were removed and all the soft tissue on the bone was
removed without damaging the implantation site. These
samples were blind-labeled and stored in 10% buffered
formalin solution for cell and tissue fixation until further
processing for tissue analyses. One animal (apart from
the 10 animals) was implanted with PPG (in one femur)
for analysis using micro-computed tomography (micro-
CT). This animal was sacrificed after 2 weeks and the
sample was recovered and stored in formalin solution
until analysis.

Beagle dog mandible model: All surgical interventions on
the Beagle dogs were performed under general anesthesia
in aseptic conditions. All animals were subjected to
sedation using intramuscular injection of xylazine at
a dose rate of 1 mg/kg, after administration of pre-
anesthetics, induction of anesthesia was performed by
intravenous administration of propofol at a dose rate of 3
mg/kg and later anesthesia was maintained with propofol
at the infusion rate of 0.6 mg/kg/min. In addition, regional
anesthesia was provided by injecting the anesthetic
solution of lidocaine 2% (1 mg/kg). Pre-emptive analgesia
was given using meloxicam subcutaneously (0.2 mg/kg)
and later it was followed by post-operative analgesia
using meloxicam at the rate of 0.1 mg/kg. During the
operation, animals were observed for the pain and other
complications. At the baseline, all lower anterior teeth
(excluding the canines) were carefully removed. After
ensuring that the roots were removed, bone defects
were created to approximate dimensions of 5 X 8 X 40

mm?® (Width X Depth X Length). The cavity was virtually
divided in to 2 quadrants for the ease of surgeons to place
2 bone grafts or one bone graft and an empty cavity. The
defects (total 16) were either filled with the bone grafts
(PPG or XG) or kept empty as negative controls. Before
filling into the defect, the bone grafts were mixed with
saline and carefully placed to fill the bone defect. In both
quadrants, the flaps were adjusted to allow full coverage
of the edentulous ridge and sutured. A 6-month period
of plaque control, consisting of daily cleaning of the
operated area was initiated. At the end of this period, a
clinical examination including assessment of plaque and
soft tissue inflammation was performed. All the 8 animals
were euthanized at this point (6 months). The mandibles
were removed and placed in a fixative solution (CaCO3
buffered formalin solution).

The tissue sample recovered for micro-CT analysis
was evaluated using Scanner type 10 desktop Micro-
CT equipment (uCT-40, Scanco Medical, Basseldorf,
Switzerland). The tissue sample was scanned at 12 um
voxel resolution with an integration time of 300 ms, at
45 keV with 177 pA current. Two dimensional images were
taken in cross-sectional and transverse directions.

Preparation of slides for microscopy: The tissue samples
of rabbit femora and Beagle dog mandibles stored in
formalin were de-calcified in acetic acid and nitric acid
respectively and cut into smallest possible size without
damaging the bone graft implantation site. The de-
calcified bone tissue samples of the rabbit femora and
Beagle dog mandibles were dehydrated in increasing
concentration of alcohol. The sections were then
embedded in paraffin wax. The embedded tissue samples
in paraffin wax were sectioned at right position using
a microtome so that the cross-sectional view of bone-
graft-implantation site is clearly visible. These sections
were then transferred to glass slides and stained with
Hematoxylin and Eosin (HE). The sections were observed
under light microscope and images were taken using
10X objective. As one image was not enough to visualize
the complete section, many images of the same section
were taken so that complete section could be mapped
in a serpentine panorama fashion and then stitched
together to get a single image of the complete section
by Image Composite Editor (Microsoft Corporation;
Version 2.0.3.0). The images shown in Figures 1a and 2a
are typical examples of HE stained histological sections of
Rabbit femora and Beagle dog mandibles.

Histomorphometrical analyses: Histomorphometrical
analyses were carried out using FIJI (19) with an installed
plugin called BoneJ (20). The bone regeneration area
(BRA) (Fig. 2b) is the area where the bone graft was
implanted. For histomorphometrical analysis of Beagle
dog mandible model, the BRA (Fig. 2¢) was analysed by
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separating it from rest of the image. This image was
then converted to a binary image by first converting it
in to 8-bit image and then the threshold of the image is
adjusted by comparing it with the original image of the
section for bone recognition. After running the BoneJ
plugin (“Area/Volume Fraction" script), the area ratio
of bone area (BA) in BRA and total area (TA) of BRA
(BA,,.,/TA,,,) was obtained. Similarly, area ratio of BA in
control area (CA) and TA of CA in the host bone tissue
region (BA_,/TA.,) was determined. This BA ratio of the
CA was used to normalize the effect of the original host
bone tissue. Bone area fraction (BAF) was calculated
using the following formula.

"o

BA,,, = Bone area (BA) in the Bone Regeneration Area (BRA)

TA,,, = Total Area (TA) of Bone Regeneration Area (BRA)

BA.,= Bone Area (BA) of control Area (CA)

TA., = Total Area (TA) of Control Area (CA)

BAF=Bone Area Fraction (a fraction of BRA occupied by regenerated bone)

l x 100 = BAF [%]

B o P g, e A ros
Bone Regeneration Area

FIG. T HE stained tissue section
(representative) for evaluation of effect
of bone graft on bone regeneration

in New Zealand white rabbit femur: A
typical section taken perpendicular to
the longitudinal axis of bone (a); The
regions used for histological evaluation
of regenerated bone in BRA (marked by
yellow line) (b).

Statistical analyses

For comparison between test and controls, the BAF
determined after histomorphometrical analysis is
represented as Mean + Standard Deviation (SD).
Statistical analyses were performed using Microsoft Excel
(Microsoft Corporation; Microsoft Office Standard 2010)
via the ANOVA: Single factor. A 95% confidence level
was considered significant. The differences are indicated
in the graphical representations, if any.

RESULTS

Surface characterization of PPG by SEM

SEM images are shown in Figure 3 (Magnifications:
100 X, a; 500 X, b; 2000 X, c¢; 3000 X, d). The surface
of PPG granules is characterized by open holes with size
in the range of 100-300 um (Fig. 3a). The surface also
has smaller holes in the range of 10 to 50 um (Fig. 3b-
3d). The surface is very porous in nature and suitable for
cell proliferation. The smaller pores indicate an open and
interconnected internal structure.

FIG. 2 HE stained tissue section (representative) for evaluation of effect of bone graft on bone regeneration in Beagle dog mandible. (This particular section
is of PPG implanted in Beagle dog mandible.) A typical mesio-distal section (a); The regions used for histomorphometrical evaluation of regenerated bone
in BRA (marked by yellow line) normalized by evaluation of bone present in the host tissue CA (marked by a blue line) (b); The actual BRA and CA used for the

evaluation of histomorphometrical parameters (c).

© ARIESDUE  June 2022;14(2)
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Micro-CT evaluation of PPG implanted in rabbit
femur

Figure 4a and 4b are 3D images of the bone taken at
the graft site by micro-CT. Yellow arrows indicate the
hole made in the bone during the surgery to study
bone regeneration as an effect of the graft. During
the surgery, PPG was grafted in this hole which is open
to the bone marrow cavity as well as the muscle and
skin. The red arrows indicate the tissue reaction to the
bone graft material inside the bone marrow cavity. No
adverse reaction by the host tissue to the bone graft
was observed. To visualize the presence of PPG, images
were also taken in 2D to show implantation site in the
cross-sectional and transverse direction (Fig. 4c and 4d
respectively). The blue arrows indicate PPG particles. It
is observed that PPG particles are present in the hole
after 2 weeks of implantation. From the 2D images,
commencement of the bone regeneration process from
the edges of the host bone tissue is clearly observed.

Histology

In the rabbit femur model, the control samples (empty
cavities) could not be identified possibly due to filling
with soft tissue and blood clot. In general for both the
evaluation models (Fig. 1, 2), no inflammatory reaction
was observed for the evaluation periods. In the BRA,
lamellar bone, bone marrow and traces of woven bone
could be observed. In the Beagle dog mandible model,
the appearance of woven bone is more than that for
the rabbit femur model. But this information needs a
caution due to differences in the healing periods and
animal models. In all the sections for both the models,
bone remodeling was observed where host bone was
in contact with the bone grafts typically in the BRA

FIG. 3 Scanning Electron
Micrographs of PPG surface: The
images were taken at increasing
magnifications of (a) 100X (Scale
bar=100 pm); (b) 500X (Scale
bar=50 pm); (c) 2000X (Scale
bar=10 pm); and (d) 3000X (Scale
bar=5 pm).

(represented by yellow boundary). For rabbit femur
model, more bone regeneration in the BRA was observed
histologically after 6-week healing period as compared
to the healing period of 2 weeks.

The resorption of the bone graft particles during the
healing period was observed in both the evaluation
models. In the rabbit femora sections where PPG was
grafted, porous PPG granules were seen degrading when
the healing periods of 2 weeks and 6 weeks (Fig, 5a, 5¢
indicated by yellow arrows) were compared. Similarly,
the degradation of XG was not complete after 6 weeks
of healing (Fig. 5b, 5d indicated by purple arrows). After
the healing period of 2 weeks, the XG particles are
mostly intact. On the contrary, the XG particles seem
to be degraded but still present after the healing period
of 6 weeks. The degradation could be observed due to
the gap observed between the XG particles and the
surrounding tissue. It could be observed that at both
healing periods, the bone regeneration and remodeling
process has started within the bulk of the PPG particles.
In the Beagle dog mandible model, the degradation of
bone graft particles was compared after 6 months of
healing period. The representative images for PPG and
XG are respectively shown in Figure 6a and 6b. The
graft particles or their locations are indicated by the
yellow and the purple arrows for PPG and XG sections
respectively. In general, the PPG particles are very rarely
observed. In the 2-D images of the sections, the bone
regeneration in the porous structure of PPG particles
could be observed. The regenerated mature bone could
be observed in the pores of the particles. On the other
hand the XG particles were not observed at all. Only
their cavities after their complete degradation could be
observed.

© ARIESDUE  June 2022;14(2)
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FIG. 4 Micro-CT images of the
bone with grafted PPG: (a) 3-D
view focusing on the outer surface
of bone. The yellow arrows
indicate the hole made in the
bone; (b) 3-D view focusing on
the inner side of the bone (or
bone marrow) and the red arrows
indicate the tissue reaction to the
grafting procedure after 2 weeks
of healing; (c) 2-D image in cross-
sectional direction (parallel to drill
axis); (d) 2-D image in transverse
direction (perpendicular to drill
axis) and the blue arrows indicate
PPG particles (Scale bar=1 mm).

FIG. 5 Histology evaluation of
rabbit femora as an effect of

bone grafting: Typical examples
of histological sections of (a) PPG
after 2 week healing; (b) XG after 2
week healing; (c) PPG after 6 week
healing; and (d) XG after 6 week
healing period.

Histomorphometry histomorphometry was not conducted for this model.
As mentioned above, the control samples for rabbit  The histomorphometry results for the Beagle dog
femur model could not be identified and therefore  mandible model are shown in Figure 7. After 6 months

© ARIESDUE  June 2022;14(2)
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of healing, the difference between the BRA measured
for the controls (67.96+14.24), XG (74.14+9.71), and PPG
(70.76+4.90) was statistically insignificant (p>0.05). This
indicates that the amount of bone regenerated as an
effect of bone graft implantation is similar. Moreover, it
can be observed that the standard deviation in case of
PPG is smaller than XG.

Implantable biomaterials interact with the surrounding
tissue via the material surface. This phenomenon is more
important in the case of bone graft substitutes because
of the requirement of porous tissue regeneration. The
graft substitute needs to be porous in such a way that its
porous structure is similar to that of the host bone tissue
(21). Such structure of the graft is required because it is
expected of the graft to get resorbed while simultaneously
regenerating a porous bone tissue. The components of
resorption should support bone regeneration which
ideally should be at the same rate as graft resorption
(22). Thus, from a materials point of view, a bone graft
substitute should have the porous structure similar to the
bone; the resorption components should support bone
regeneration; and the graft's resorption rate should be
the same as the rate of new bone tissue formation.

In this pilot study, the bone regeneration potential of PPG
was evaluated in vivo in rabbit femur and Beagle dog
mandible models. PPG is a porous bone graft substitute
with a possibility of varying the composition and porous
structure as per the surgical requirements (17). The open
and interconnected porous structure of PPG as observed
in the SEM images (Fig. 3) shows that the internal surface
is accessible to the biological environment after grafting.
The internal pore structure is formed due to overlapping
of the air bubbles during the process of gel formation
(17). Such interconnected pore structure is useful during
the bone regeneration and the healing process in general

XG Histology evaluation of
i Beagle dog mandible as an
' &= B effect of bone grafting: Typical
. 3 : examples of histological sections
" of (a) PPG; and (b) XG after 6
o month healing period.
&&= A
| —
w200 pm

by providing mass transport required for the process.
Also, due to the presence of internal volume and surface
for cell proliferation, the eventual vascularization of the
bone can be easily realized (23, 24).

The rabbit femur model study was designed to evaluate
the effect of biomaterials in the vicinity of host bone on
bone regeneration in a smaller animal. There are many
studies which have used the rabbit tibiae or femora
for such evaluations (25-28). A major advantage is the
continuous supply of blood and other nutrients required
for healing and bone regeneration which is usually the
case for treatment involving bone graft materials. On
the other hand, the disadvantage is the difficulty of
ensuring that a particulate bone graft remains in place
throughout the healing period. Indeed, the graft is
unlikely to remain in place as observed from the results
of micro-CT (Fig. 4c).

It is clear from these results that the bone graft can
move only into the bone marrow cavity and does not
move towards the outer bone surface. Although the graft

100 Mean £ STDEV
80 -
— W | T
SICRE |
=
g 40
20
0
Control XG PPG

Histomorphometrical evaluation of bone grafts in Beagle dog
mandible model: Bone Area Fraction (BAF) comparison of PPG (N=6) with
XG (N=>5) and Control (N=5) for 6 month healing period. The results are
Mean + STDEV. No significant differences were observed (p>0.05).
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does not remain in place entirely during the course of the
healing period, the histological analysis of rabbit model
samples (Fig. 1, 4, 5a, 5¢) show bone regeneration in the
cavity made in the cortical bone. Also, as mentioned in
the results, the negative controls could not be identified.
To avoid the above mentioned disadvantages of the
rabbit femur model, a bone graft study was carried out in
Beagle dog mandible model. In this study, the bone grafts
were confined to a cavity. The surgical procedure ensured
that the bone grafts remain in place during the period of
the experiment.

Bone regeneration due to bioactive phosphate glass
is due to the effect of its degradation products. It is
known that the dissolution products of bioactive glasses
signal the cells (29) and thereby stimulate osteogenesis
(8). XG was evaluated as a positive control because it is
commercially available, similar in porosity as compared to
PPG (approximately 60%) (30), and bioresorbable (31).
Histologically the porosity could not be observed in the
sections of XG particles (Fig. 5b, 5d) in the rabbit femur
model.

On the contrary, the bone regeneration could be observed
around and inside the pores of PPG (Fig. 5a, 5¢) indicating
its porous nature as well as its bioresorption leading to
bone regeneration at the early stage of healing. This is
a very clear indicator of osteoconductivity of PPG. In
the Beagle dog mandible model, PPG particles could be
observed in only one histological section (Fig. 6a). In this
image, the newly generated bone can be seen in the pores
of this PPG particle. This observation supports the SEM
(Fig. 3) and micro-CT (Fig. 4) results that the pores of PPG
are interconnected and are suitable for mass transport
required for bone regeneration. On the contrary, XG
particles were completely degraded and a void could be
observed at the position of the particles (Fig. 6b). The
rounding of these void shapes indicate that the bone
regeneration and XG degradation is not a simultaneous
phenomenon for XG (32).

Many of the existing studies in literature have compared
xenografts with non-porous bioactive glasses (33, 34).
As observed from the histomorphometry results in the
Beagle dog mandibles (Fig. 7), the bone regeneration
potential of PPG and XG is similar. But the SD for PPG is
much smaller than the SD observed for XG. The SD is the
indicator of predictability of the treatment. Therefore, it
can be concluded that PPG has similar bone regeneration
potential to XG but better predictability in terms of bone
regeneration. In a study by Stavropoulos et al. which
compared a bovine bone (a xenograft) and bioactive glass,
mean volume of newly formed bone was only 23% and
12.6% respectively (33). Another study reported a similar
result: 35.5% vs 25.1% for a XG and a bioactive glass
respectively (34). On the contrary, we saw comparable
bone fills (bone area %) for XG and PPG (70.76 + 4.90 vs
7414 + 9.71 respectively). Attention must be drawn to
the fact that PPG is a bioactive glass which is porous, as
opposed to the bioactive glass materials (33, 34), and may

have resulted in a positive impact on bone regeneration
and the overall healing process.

Composites of synthetic bone graft substitutes and
biomolecules as well as other cellular mixtures improve
their osteoinductive properties (35). Bone graft substitutes
with tunable internal porous structure and resorption
properties as PPG can be an added advantage if used in
aforementioned composite grafts. Work is underway for
making stable foam like structures with various internal
structures. With realization of such tunability of PPG in
terms of its internal structure, the composites can be
used for all type of bone structures. Also, further animal
studies are required to determine the bone regeneration
at the earlier stages of healing to understand the better
bone regeneration predictability of PPG in the Beagle
dog model after 6 months of healing.

The bone regeneration evaluation model of rabbit femur
can be used for histological evaluation of particulate
bone graft substitutes, though ensuring the presence
of the graft at required location during the period of
experiment is difficult. Previous studies comparing both
materials have reported superior results with xenografts
rather than dense and non-porous bioactive glasses.
However, as evidenced by results from this study, the
porous structure of PPG and a biocompatible composition
substantially increases the bone regeneration potential of
PPG. The results from the present study demonstrate that
PPG promotes osteoconductivity and predictable bone
regeneration as compared to commercially available and
commonly used xenografts.
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