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Abstract
Objective The aim of the study was to analyze bone matrix (BMX) organization after bone grafting and repair using a new
bioactive glass-ceramic (Biosilicate®) associated or not with particulate autogenous bone graft.
Material and methods Thirty rabbits underwent surgical bilateral parietal defects and divided into groups according to the
materials used: (C) control—blood clot, (BG) particulate autogenous bone, (BS) bioactive glass-ceramic, and BG + BS. After
7, 14, and 30 days post-surgery, a fragment of each specimen was fixed in − 80 °C liquid nitrogen for zymographic evaluation,
while the remaining was fixed in 10% formalin for histological birefringence analysis.
Results The results of this study demonstrated that matrix organization in experimental groups was significantly improved
compared to C considering collagenous organization. Zymographic analysis revealed pro-MMP-2, pro-MMP-9, and active
(a)-MMP-2 in all groups, showing gradual decrease of total gelatinolytic activity during the periods. At day 7, BG presented
more prominent gelatinolytic activity for pro-MMP-2 and 9 and a-MMP-2, when compared to the other groups. In addition, at
day 7, a 53% activation ratio (active form/[active form + latent form]) was evident in C group, 33% in BS group, and 31% in BG
group.
Conclusion In general, BS allowed the production of a BMX similar to BG, with organized collagen deposition and MMP-2 and
MMP-9 disponibility, permitting satisfactory bone remodeling at the late period.
Clinical relevance The evaluation of new bone substitute, with favorable biological properties, opens the possibility for its use as
a viable and efficient alternative to autologous bone graft.
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Introduction

Bone defect repair and regeneration are supposed to be one of
the more challenging issues in the field of oral and maxillofa-
cial surgery, especially to recover defects resulting from trauma
and pathology sequel [1, 2]. Indeed, the necessity of the devel-
opment of synthetic bone substitutes for recovering oral func-
tion has increasingly encouraged studies on tissue engineering
[3, 4]. In this way, a new third generation of fully crystalline
particulate glass-ceramic (Biosilicate®, Vitrovita, São Carlos,
Brazil; WO 2004/074199) [5–7] has demonstrated interesting
results in previous in vitro and in vivo studies [8–12].

Along with the satisfactory biological behavior of
Biosilicate®, it also presents mechanical properties that sur-
pass the available bioglasses [6], adding to this material a
characteristic that turns it into a promising bone substitute
when load bearing condition is required. Although it is known
that ceramics and glass-ceramics present better biomechanical
properties when compared to the bioactive glasses, the im-
proved mechanical capacity of Biosilicate® has been attribut-
ed to the fact that hydroxyapatite is formed only through su-
perficial chemical reactions between the biomaterial and liv-
ing tissues, in a way that no phase based on calcium phosphate
is crystalized during the glass-ceramic production. In addition,
it is highly bioactive (IB > 8) and its elasticity modulus is com-
parable to bone tissue [12]. Biomechanical investigation using
Biosilicate® to fill non-critical tibial defects of rats confirms
this property, since it improved maximum load of failure and
stiffness when compared with the control defects, exhibiting
similar bone mechanical behavior than the intact tibias [10].
These results permitted researchers to attempt other applica-
tions of this glass-ceramic biomaterial, such as for alveolar
ridge reconstruction for further rehabilitation with dental im-
plants. Roriz et al [11] comparing Biosilicate® with the
bioglass Biogran® in extracted dental sockets of dogs ob-
served that both materials preserved alveolar bone ridge
height and allowed titanium implant osseointegration that
could be confirmed by the percentages obtained from bone
morphometry after 8 weeks.

Along with the improved biomechanical properties, its bio-
activity and osteogenesis capacity has already been revealed
in previous in vitro and in vivo studies [12, 13]. Recent study
about this effect on calvarial defects of rabbits presented sig-
nificant capacity of the biomaterial to stimulate bone forma-
tion, revealing similar results when compared with particulate
autogenous bone grafts with intense immunolabeling for
Cbfa-1/Runx-2 and VEGF [14].

Despite these encouraging results, the characteristics of the
bone matrix in the presence of Biosilicate® have not been
studied so far. It is known that not only bone-forming capacity
is enough to qualify a biomaterial, but also its capacity of
inducing a good quality bone, especially when the site of its
application demands strength. Considering the highly

hierarchical structure of bone, microarchitecture of the newly
formed and remodeling bone depends on the structural orga-
nization of organic bone matrix, mainly formed by collagen
component [15, 16]. The highest modulus and monotonic
bone strength has been achieved when collagen fibers are
longitudinally disposed in tissue, which can be confirmed un-
der polarized light by the birefringence measurement [17–19].

Another component of bone matrix that directly influences
the biomechanical properties of bone is the matrix metallopro-
teinases (MMPs), which compound a family of zinc-
dependent proteolytic enzymes [18, 19] that process both he-
lical and denature type I collagen, especially MMP-2 and 9
[20]. Although presenting similar functions, MMP-2 is pri-
marily expressed by the osteoblasts, limited to the initial phase
of bone formation; on the other hand, MMP-9 has been con-
sidered a marker for osteoclastic activity [21]. Studying
Mmp2−/− andMmp9−/−mice, Nyman et al. [20] observed that
the loss of both MMPs severely affected some architectural
characteristics, revealing a weaker bone related to the lack of
MMP-2 leading to a decreased mineralization tissue, and de-
creased bone toughness in the absence of MMP-9, since it
may influence bone extracellular matrix protein organization.
Additionally, MMPs also play an important role in cell signal-
ing [22], modulating local availability of growth factors such
as VEGF [23, 24] and significantly contributing with angio-
genesis in a number of tissues [22, 25, 26].

The aim of the present study was to verify the quality of
organic bone matrix formed in calvaria bone defects of rabbits
treated with Biosilicate® associated or not with particulate
autogenous bone graft, analyzing pro and active forms of
MMP-2 and 9 levels by zymography and collagen organiza-
tion using birefringence method.

Materials and methods

The Ethical Committee for Animal Research of Sagrado
Coração University approved all experimental protocols used
in the present study (protocol no. 110/09), and the Brazilian
College of Animal Experimentation (COBEA) guidelines for
the care and use of laboratory animals have been observed.

Study design

Thirty male New Zealand rabbits, age ranging from 4 to
6 months and average weight of 3.5 Kg, underwent surgical
bone defect procedures, one in each parietal bones, filled with
different materials resulting in four groups, as follows: blood
clot (control group—C), particulate autogenous bone graft
from calvarial bone (BG), bioactive glass-ceramic
(Biosilicate®, São Carlos, Brazil) (BS), and bioactive glass-
ceramic associate to the particulate autogenous bone graft (BS
+ BG). The animals were euthanized with anesthetic overdose
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after three experimental periods: 7, 14, and 30 days, for spec-
imens’ removal. Five specimens contained were analyzed in
each group and period.

Surgical procedure

At the beginning of the experimental design, all animals
underwent surgical procedures for the performance of two
bone defects, one in each parietal bone to be immediately
filled with different materials. For general anesthesia, intra-
muscular administration of 1% ketamine and 2% xylazine in
the recommended dose was used. After trichotomy of the
animal’s head and antisepsis with 1% polyvinylpyrrolidone
of the area, local anesthesia was also performed with 2%
mepivacaine with adrenaline (1:100.000) in order to minimize
bleeding in the surgical site. After a 4-cm incision along with
the sagittal suture and dermoperiosteum reflection was per-
formed, the defects were made using a 10-mm internal diam-
eter trephine bur, under copious irrigation with 0.9% saline
solution in both parietal bones. Total removal of the calvaria
diploe was performed, but the dura-mater membrane was left
intact. Each animal received two different treatments. In 15
rabbits, the right-side defects were filled with blood clot and
the left-side defects were filled with the bioactive glass-
ceramic (granules of 180–210 μm), until the total filling of
the defects. In the same way, in the other 15 animals, the right-
side defects were filled with fresh particulate bone grafts, pre-
pared with the bone retrieved during the confectioning of the
defects, and in the left side, the defects were filled with a 1:1
mixture of the particulate bone graft and the glass-ceramic,
compounding the four groups mentioned above. The incisions
were sutured with 4–0 nylon. All the animals received 0.2 ml/
Kg of 2.5% enrofloxacin antibiotic for 3 days, and intramus-
cular injection of 5 mg/Kg of tramadol immediately after the
surgical procedure.

At the end of the experimental periods, five specimens for
each group were removed, and a small fragment of the defect
area was immediately fixed in − 80 °C liquid nitrogen for
zymography analysis and the remaining fragment was fixed
in buffered 10% formalin (Merck, Darmstadt, Germany) for
48 h and washed in tap water for 24 h before being immersed
in 4% ethylenediaminetetraacetic acid (EDTA) for demineral-
ization. Transversal semi-serial histologic slices from the
wider diameter of the defect were obtained, so the central area
of the defect could be observed.

Picrosirius red polarization method

Histological slices were stained with Picrosirius red, which
revealed the natural birefringence of collagen fiber bundles
making possible the analysis of their organization and
amount, considering that the greater birefringence intensity
of the collagenous matrix, the better its organization. Four

central fields of the defects were analyzed under polarized
light microscope with × 10 magnification (Fig. 1).
Specifically, when Picrosirius red stained tissue is under
polarized light (Fig. 1b), only collagen fibers appear in the
birefringence field, while other tissue components stay in
the black background and are excluded of this analysis.
According to organization of collagen fiber orientation,
spectrum color of birefringence can vary from greenish
(thinner fibers) to red (thicker fibers), thus reflecting fiber
thickness and packing [27] (Fig. 1b). To quantify only
greenish and red fibers corresponding to the newly formed
collagenous matrix, bone graft particles (BG and BG + BS
groups) were removed in Adobe Photoshop CS6 Software
to delimit the region of interest (Fig. 1b, c). Subsequently,
the processed images were evaluated in the ImageJ (version
1.36) software, to define corresponding area (pixel2) of spe-
cific greenish and red fibers, as well as total birefringent
fibers (a sum of greenish and red fibers) [28–30]. Briefly,
after binarization of the target fiber (i.e., thick collagen fi-
bers, with red color birefringence), the software converted
all area containing the red color in white and this area (pix-
el2) was measured, while the area in black was automatical-
ly excluded, as demonstrated in Fig. 1d.

Zymographic analysis

Densitometry analysis of gelatine zymography was used for
the detection of active (a) and latent forms (pro) of MMP. A
sample pool of each experimental group containing 50 μg of
proteins was loaded in a 12% polyacrylamide gel containing
20% w/v sodium dodecyl sulfate (SDS) and 1% gelatine.
Electrophoresis was performed in reducing non-denaturing
conditions at 110 V for 1 h. Later, the gels were washed three
times with 2% Triton X-100 in order to remove SDS and then
incubated in Tris-HCl mM pH 7.4 and 10 mM CaCl2 during
18 h at 37 °C. The gels were then stained for 1 h at room
temperature with Coomassie brilliant blue 0.125 w/v solution
R-250 (Sigma-Aldrich) and subsequently destained in
ethanol/acetic acid (2.5:1) solution until the clear bands
against a blue background could be clearly visualized.

Images obtained in 300dpis with AlphaImager EC-
MultiImage Light Cabinet (Alpha Innotech Corporation, San
Leandro, CA, USA) containing clear bands were analyzed
using ImageJ software for semi-quantitative determination
of gelatinolytic activity, from the calculation of the total
gelatinolytic activity and activation ratio of MMP-2 (a-
MMP-2/pro-MMP-2+a-MMP-2), according to previous stud-
ies [31, 32].

Statistical analysis

Picrosirius red data were assessed using non-parametric
Kruskal–Wallis test followed by Dunn’s post-test from all
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periods analyzed. Statistical comparison between only two
groups at the same period was performed by Mann–Whitney
test. The significance level was always set at p < 0.05, and all
statistical tests were performed using the GraphPad Prism 5.0
software (GraphPad Software Inc., San Diego, CA, USA).

Results

Picrosirius red polarization analysis

Morphogical analysis of Picrosirius-hematoxylin revealed that
C group presented predominance of fibrous connective tissue
during repair periods, while experimental groups (BG, BS,
and BS + BG) demonstrated evident new bone formation
around the grafted biomaterials from day 14 (Fig. 2). Under
polarized light, all groups demonstrated formation of thick
collagen fibers (red) predominantly (Fig. 3).

Quantitatively, all experimental groups (BG, BS, and BS +
BG) presented newly formed BMX in birefringence level sta-
tistically higher than C group from 7 to 30 days. However,
collagenous BMX organization did not present statistically
significant differences in birefringence level among the exper-
imental groups along all periods (Fig. 4).

Zymographic evaluation of gelatinolytic activity

Zymographic analysis detected pro-MMP-2 and pro-MMP-9
and a-MMP-2, identified according to their characteristic

molecular weights (kDa), being 92 kDa for pro-MMP-9,
72 kDa for pro-MMP-2, and 67 kDa for a-MMP-2, as shown
in Fig. 5. In general, pro-MMP-2 was the most evident
gelatinolytic band. Total gelatinolytic activity of all groups
showed a gradual decrease during the periods. At day 7, BG
presentedmore prominent gelatinolytic activity for pro-MMP-
2 and 9 and a-MMP-2, when compared to the other groups. In
addition, at day 7, a 53% activation ratio (active form/[active
form + latent form]) was evident in C group, 33% in BS
group, and 31% in BG group.

Discussion

The use of synthetic bone substitutes to replace or supplement
the autogenous bone graft is highly recommended when the
reconstruction of bone defects is aimed [4], especially before
the osseointegrated implant placement in atrophic areas. In
this context, synthetic biomaterials can be used to avoid or
minimize the quantity of autogenous bone retrieved from pa-
tient, as well as to reduce the resorption rate of bone grafts
when synthetic and autogenous bone is combined [33]. The
present study aimed to analyze a novel fully crystallized
vitroceramic (associated or not with autogenous bone graft)
during BMX formation, taking in advantage its high level of
bioactivity [10–14], adequate mechanical properties [6, 7], and
also antimicrobial activity [34].

Importantly, most of the studies about bone substitutes fo-
cus on their capacity of bone formation and mineralization.
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Fig. 1 Birefringence analysis of
collagen matrix upon polarized
microscopy exemplified by BS +
BG group at day 14. Image
captured under conventional light
microscopy (a) to identify new
bone formation (asterisk)
featuring red birefringence on
polarized light (b). Bone graft is
identified by greenish fibers (a),
while the glass ceramic (bs)
remains in a dark background
field (b). After image processing
to exclude bone graft areas (c), the
image was binarized (d) to
quantify greenish (black) and red
fibers (white) (Picrosirius red
staining, original magnification ×
10)



However, bone tissue quality directly depends on the organiza-
tion of organic matrix components, especially collagen type I,
which acts as a scaffold for matrix mineralization [15]. At the
beginning of bone repair, newly differentiated osteoblasts secrete
bone organic component with a high content of type I collagen
(90%) that acts as a scaffold for inorganic ion deposition [35].
Therefore, quantity and spatial organization of the collagen fibers
from BMX directly influence bone trabecula microarchitecture
[15]. Interestingly, collagen fibers are birefringent, and when
polarized light passes through its long axis, polarized waves
orthogonally disposed travels in different velocities, causing a
delay that must be proportional to the quantity and thickness of
the aligned filaments [27, 29, 36]. Throughout bone repair,
greenish birefringence color indicates thin fibers while red colors

in the birefringence analysis indicate thick collagen fibers [37].
In this study, all analyzed groups in the present study demon-
strated thick and thin fiber formation, with differences in the
amount of collagen content between control and all experimental
groups (BG, BS, BS + BG). Indeed, all grafted biomaterials
demonstrated improvement in defect repair compared to the C
group. Uniform increase of all fibers (greenish, red, and total)
was observed in the BS, as well as in BG group. The significant
small amount of all birefringent fibers in C group suggests a
delay in BMX deposition, since it depended solely of the blood
clot. In fact, the birefringent collagenous matrix observed in the
C group from Picrosirius-polarized corresponded to fibrous con-
nective tissue revealed by Picrosirius-hematoxylin under con-
ventional lightmicroscopy analysis in all periods, even at day 30.
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Fig. 2 Morphological analysis of Picrosirius-hematoxylin under
conventional light microscopy. C group presents predominance of
fibrous connective tissue (arrows) in the central region of the defect
during all periods. Experimental groups (BG, BS, BS + BG)

demonstrated evident new bone formation (number sign) around the
biomaterial particles (asterisk), and bone grafts (double plus sign),
specially from day 14 (Picrosirius red staining, original magnification ×
10. Scale bar = 50 μm)



In the presence of bone graft (BG), greenish and red fiber
birefringence increased indicating better organization of colla-
gen I bundles, probably due to the stimulation of autogenous
graft. Although bone birefringent collagenous matrix was de-
tected in the BG group since day 14 until day 30, the trabecular
configuration of the bundles could not be clearly seen. On the
other hand, parallel fibers were observed in BS group since day
7 and maintained until day 30, where bone trabeculae in a
lamellar arrangement were noted. The association of BG and
BS (BS + BG) presented a decrease in greenish birefringence at
day 30 and an increase of the red one, suggesting that this
condition induces a higher organization of BMX deposition
from the early stages of bone repair. In this context, a previous
study using a sinus lift augmentationmodel in rabbits compared

the healing process using BS, BS+BG, bovine hydroxyapatite
or bovine hydroxyapatite+BG. Interestingly, when BSwas used
isolated as a graft material, the BMX organization was delayed
in comparison to the other groups, followed by an intense for-
eign body reaction and interfering in new bone formation and
maturation [30]. Despite particularities of the different models
(calvarial andmaxillary sinus), these contrasting results indicate
the necessity of testing new biomaterials in distinct anatomical
sites, reproducing comparable methods [14, 30].

The gradual decline of gelatinolytic activity with time in all
groups could reflect the natural process of bone graft integration
and tissue maturation during the healing phase. Comparison
among the groups showed higher gelatinolytic activity for pro-
MMP-2, pro-MMP-9, and a-MMP-2 in BG group, which can
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Fig. 3 Morphological analysis of Picrosirius-polarized slices. C group
presented greenish and red collagen fibers in the central region of the
defects during all periods. Experimental groups (BG, BS, BS + BG)
demonstrated evident organization of bone collagenous matrix by the

red fibers around the grafted biomaterial (asterisk), especially at day 14.
Autogenous bone (BG) presented greenish birefringence, while BS
remained on dark background (Picrosirius red staining, original
magnification × 10. Scale bar = 50 μm)



be related with the properties of the biomaterial, since autoge-
nous grafts are known to activate MMP expression in tissue
[38], as well as to bring a number of biological molecules,
including MMPs, associated to the BMX [4, 22]. However, this
higher activity did not interfere in qualitative/quantitative differ-
ences in newly formed collagenous from BMX organization
when compared to BS group or BS + BG group, as revealed
by polarized images. Taking these results into consideration,
morphological analysis of polarized fibers in BS showed satis-
factory integration between the glass-ceramic particles to the
newly formed bone. Although the biomaterial is different from
autogenous bone in terms of its intrinsic constituents, it allowed
for a similar biological activity of MMP-2, since the percentage
of MMP-2 activation in BS was of 33% against 31% in BG at
day 7. Interestingly, when both biomaterials were associated, the
activation of MMP-2 was completely abrogated. Since MMP-2

and MMP-9 are also related with neoangiogenesis [22, 24] and
MMP-2 is mainly expressed by osteoblasts at the beginning of
bone formation [21], its initial activation detected in BS and BG
groups could contribute with the initial local revascularization.
Indeed,MMP-2 is an important modulator of local VEGF avail-
ability [22, 32]. A previous study from our group showed in-
tense VEGF immunolabeling in rabbits’ calvaria defects filled
with BS, similar to particulate autogenous bone grafts [14].

Although MMPs are directly related to the architectural
characteristics of bone tissue [20], from our current results, it
is not possible to infer that improved biomechanical properties
were achieved in BS group, or in BS+BG group, since bone
mineral density was not assessed. Finally, the lowest levels of
MMP-9 at day 30 in all groups are indicative that bone remod-
eling process was controlled, since its levels and activity are
related to bone resorption and bone graft remodeling [38].
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Fig. 4 Quantification of collagen fiber bundles by Picrosirius-
polarization method along graft integration. Intensity of birefringence
measured from red collagen fibers (a), greenish collagen fibers (b), and

total area of collagen fibers (c). Results are presented as mean and SD of
pixels2. *p < 0.05 in comparison to C group

Fig. 5 Gels of densitometric analysis of gelatine zymography containing clear bands of 92 kDa (MMP-9 latent form), 72 kDa (MMP-2 latent form), and
67 kDa (active form of MMP-2), from a pool of samples from each group and period



Conclusions

Biosilicate® allowed the production of a BMX similar to BG,
with organized collagen deposition and MMP-2 and MMP-9
disponibility, permitting satisfactory bone remodeling at the
late period. Biosilicate® demonstrated a similar capacity to
autogenous bone graft in inducing BMX deposition, organi-
zation, and remodeling during bone defect healing and repair.
However, further studies are necessary focusing on different
anatomical sites and animal models in order to open the pos-
sibility for its use as a viable and efficient alternative to autol-
ogous bone graft.
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