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a  b  s  t  r  a  c  t

Bioactive  Glasses  (BG)  is a group  of  synthetic  silica-based  materials  with  the  unique  ability  to bond  to
living  bone  and  can be  used  in  bone  repair.  Although  the osteogenic  potential  of  BG,  this  material  may
have  not  present  sufficient  osteoconductive  and  osteoinductive  properties  to  allow  bone  regeneration,
especially  in  compromised  situations.  In  order  to overcome  this  limitation,  it was  proposed  the combina-
tion  the BG  in  two  forms  (powder  and  fiber)  combined  with  collagen  type  I  (COL-1).  The  aim  of  this  study
was  to  evaluate  the  BG/COL-based  materials  in terms  of morphological  characteristics,  physicochemi-
cal  features  and  mineralization.  Additionally,  the  second  objective  was to  investigate  and  compare  the
osteoconductive  properties  of two  different  bioactive  glass  forms  (powder  and fiber)  enriched  or  not with
collagen  using  a tibial  bone  defect model  in rats. For  this,  four different  formulations  (BG  powder  –  BGp,
BG  powder  enriched  with  collagen  – BGp/Col,  BG  fibers  –  BGf  and  BGp  fibers  enriched  with  collagen  –
BGf/Col)  were developed.  The  physicochemical  and  morphological  modifications  were  analyzed  by  SEM,
FTIR, calcium  assay  and  pH  measurement.  For  in  vivo  evaluations,  histopathology,  morphometrical  and
immunohistochemistry  were performed  in  a tibial  defect  in  rats.  The  FTIR  analysis  indicated  that  BGp  and
BGf maintained  the  characteristic  peaks  for  this  class  of material.  Furthermore,  the  calcium  assay  showed
an increased  Ca uptake  in the  BG  fibers.  The  pH  measurements  revealed  that  BGp  (with  or  without  col-

lagen)  presented  higher  pH values  compared  to BGf.  In addition,  the  histological  analysis  demonstrated
no  inflammation  for all groups  at the  site of the injury,  besides  a faster  material  degradation  and  higher
bone  ingrowth  for groups  with  collagen.  The  immunohistochemistry  analysis  demonstrated  Runx-2  and
Rank-L  expression  for  all the  groups.  Those  findings  support  that  BGp  with  collagen  can  be  a  promising
alternative  for treating  fracture  of  difficult  consolidation.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

A series of different artificial materials have been developed
o be used as bone graft substitutes [1]. Among those, Bioactive
lasses (BG) comprise a group of synthetic silica-based materials
ith the unique ability to bond to living bone by forming a bio-

ogically active bone-like apatite layer on their surface [2–5]. The

riginal BG, named Bioglass

®
45S5, is a melt-derived glass with four

omponents (46.1% SiO2, 24.4% Na2O, 26.9% CaO and 2.6% P2O5, in
ol) and it is known as one of the most bioactive bone-bonding

∗ Corresponding author.
E-mail address: acmr ft@yahoo.com.br (A.C.M. Rennó).

1 Equally contributed.

ttp://dx.doi.org/10.1016/j.apsusc.2017.06.152
169-4332/© 2017 Elsevier B.V. All rights reserved.
glasses. It has been used in many clinical procedures, including
the repair of periodontal bone defects, maxillofacial defects recon-
struction, spinal surgery and bone replacement [6,7]. Although the
osteogenic potential of BG, this material may  have not present suffi-
cient osteoconductive and osteoinductive properties to allow bone
regeneration, especially in compromised situations such as osteo-
porosis or fractures of great extension [8].

In order to overcome these limitations, many composite grafts
have been developed trying to associate different characteristics
from distinguished materials toward approximating the bone-
forming components, providing a better environment for bone

formation [9,10]. In this context, some researchers have been
combining collagen to bioceramics and bioactive glasses with the
intention of mimicking the organic and inorganic part of the bone
tissue [11,12]. It is well known that collagen, mainly type I (COL-1),

dx.doi.org/10.1016/j.apsusc.2017.06.152
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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s the major organic component in the extracellular matrix (ECM)
nd this protein level is critical for mechanical and biological roles
13].

Besides the composition, another essential point for the graft
uccess is the material structure [13]. In bone tissue engineer-
ng, BG have been used mainly in powder, blocks and scaffolds
14,15]. Although, in most cases these biomaterials serve as sup-
ort of tissue formation, being able of stimulating cell adhesion
nd angiogenesis, they do not have the ability of acting as fillers
or bone defects with irregular shapes [16]. In this context, the

oldability found in fibrous materials is a desired characteristic
ecessary for grafts, allowing to fit irregularly shaped bone defects
17,18]. Additionally, fibrous materials are capable of supporting
ell attachment, mineralization and new bone formation in the site
f the defect [19,20].

Therefore, the obtainment of malleable fibers from bioactive
lasses enriched with collagen seems to be a promising therapeutic
pproach targeting bone repair. Toward this goal, a fibrous glassy
aterial, with four components (46.1% SiO2, 24.4% Na2O, 26.9% CaO

nd 2.6% P2O5, in mol) [7], have been recently developed [21]. In
ddition, the bioactive material was enriched with type-1 collagen
n order to introduce an organic part to the ceramic.

Since there is a growing interest in the development of bioma-
erials with improved osteogenic properties, it was  hypothesized
hat the introduction of collagen to BG would improve the in vivo
ioactive properties of the material, providing a bone graft with
dditional advantages for clinical use. Furthermore, the hypothesis
hat the fibrous glassy material would present a more adequate

orphology, facilitating cell migration and vascularization, was
aised. Consequently, the aims of the present study were system-
tized into 2 points: first, to evaluate the BG/COL-based materials
n terms of morphological characteristics, physicochemical fea-
ures and mineralization. Second, to investigate and compare the
steoconductive properties of two different bioactive glass forms
powder and fiber) enriched or not with collagen using a tibial
one defect model in rats. To this end, samples in 4 different com-
ositions (BG powder: BGp; BG powder enriched with collagen:
Gp/COL; BG fibers: BGf; and BG fibers enriched with collagen:
Gf/COL) were analyzed by scanning electron microscopy (SEM),
-ray diffraction (XRD), calcium deposition and pH. Also, the bio-
aterials were implanted into non-critical tibial defects in rats.
istopathological, histomorphometry and immunohistochemistry
nalyzes were evaluated after 15 days of implantation.

. Materials and methods

.1. Materials

.1.1. BG powder
For the obtainment of BG powder, mineral silica 98.0 wt%

owder was purified by attack with hot hydrochloric acid
Merck, P.A.) followed by filtration (fast paper filtration What-

man  40) and held 30 washings with boiling distilled water
or elimination of impurities (R2O3) and analyzed by XRF to
nsure 99.5 wt%  purity. Additionally, the following reagent
nalytical-grade as sodium hydroxide (NaOH 97.0 wt%, heavy
etals ≤ 0.003 wt%, Cl- ≤ 0.005 wt%, Fe ≤ 0.001 wt%, Hg ≤ 0.1 ppm,

 ≤ 0.02%, Na2CO3 ≤ 1.0 wt%, NH4OH ≤ 0.02 wt%, Ni ≤ 0.001 wt%,
O43- ≤ 0.001 wt%, SO42- ≤ 0.003 wt%, absorbed water ≤ 2.0 wt%;
uclear, São Paulo, Brazil), Calcium oxide (CaO 97.0 wt%,
eavy metals ≤ 0.005 wt%, Cl- ≤ 0.05 wt%, SO42- ≤ 0.5 wt%,

e ≤ 0.5 wt%, insolubles ≤ 0.01 wt%, absorbed water ≤ 2.0 wt%;
uímica Moderna, São Paulo, Brazil), Sodium Phosphate (Na3PO4
9.0 wt%, heavy metals ≤ 5 ppm, insolubles ≤ 0.01 wt%, SiO4
.005 wt%, PO4

3− ≤ 0.001 wt%, Fe ≤ 5 ppm, Na2CO3 ≤ 0.02 wt%,
 Science 423 (2017) 557–565

NH4OH ≤ 0.01 wt%, Ca and Mg  ≤ 0.01 wt%, SO4
2− ≤ 0.004 wt%,

Cl- ≤ 0.1 ppm; Química Moderna, São Paulo, Brazil) were also used.
The chemicals were weighed and mixed for 30 min  in a polyethy-
lene bottle. Premixed batches were melted in an alumina crucible
at a temperature of 1500 ◦C (Lindberg Blue vertical super kanthal
furnace – USA). The melting time was fixed as 2 h. Samples were
quenched in deionized water and milled to powder grain (with
sizes ranging from 260 to 600 �m).  No annealing was performated.

2.1.2. BG fibers
BG fibers were obtained using the same process described above.

However, in spite of quenching in water, the melt was quenched
in a Hager-Rosengarth apparatus [21,22]. The Hager-Rosengarth
process leads the melt to a centrifugal acceleration, leaving the cen-
trifuging disc and cooled in air which is flowing together with the
fiber due to this angle speed [23].

2.1.3. Collagen
Collagen type I used in this study was provided by Consulmat

(São Carlos, Brazil). Type I collagen from bovine bone was obtained
in three main steps: (i) demineralization of bovine cortical bone in
chloridric acid (HCl); (ii) dissolution of the cortical bone collagen
in 0.5 M acetic acid (C2H4O2) at 40 ◦C and (iii) pH adjustment with
ammonium hydroxide (NH4OH). Granules <270 �m were obtained.

2.2. Composite preparation

2.2.1. Enrichment of BG powder with COL
Layers of COL and BG powder were alternately deposited on a

substrate (Petri dish) insomuch that the resulting particles were
completely coated by COL. Samples were dried during 48 h in an
oven at 40 ◦C and the composite was milled to obtain powder.

2.2.2. Enrichment of BG fibers with COL
For the fibrous composition enriched with COL, the collagen

solution was homogeneously sprayed on the fibers tappet until it
had acquired the wet appearance. Subsequently, the material was
dried for 48 h at 40 ◦C.

2.2.3. Material sterilization
Before use, the materials were sterilized using a 25 kGy dose of

gamma  irradiation (IPEN, São Paulo, Brazil).

2.3. Characterization of the materials

2.3.1. Morphological characteristics
The morphology of the different materials was first examined

by SEM observation (PhenomTM, FEI Co.). The composites were
mounted on aluminum stubs using carbon tape and sputter-coated
with gold/palladium prior to examination.

2.3.2. Fourier transform infrared spectroscopy (FTIR)
FTIR (Thermo Nicolet Nexus 4000, USA) was  performed to eval-

uate the chemical bonds present in the materials. The examinations
were done in the range of 400–1800 cm−1 with a resolution of
2 cm−1. The samples were scanned 128 times for each measure-
ment and the spectrum acquired was the average of all these scans.

2.3.3. Calcium assay
The Ca release/uptake capacity of the bioactive materials, BGp

and BGf, was  evaluated according to Kokubo and Takadama [24].
Samples (0.05 g) were placed in glass vials containing 3 mL  of Sim-

ulated Body Fluid (SBF) at 37 ◦C on a shaker table (70 Hz) for up
to 5 days, with refreshment on days 1, 3 and 5. Subsequently to
each refreshment, the solution of the previous period was saved for
analysis of the calcium content in SBF by the orthocresolphtalein
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omplexone (OCPC) assay [25]. These solutions were incubated
vernight in 1 mL  of 0.5 N acetic acid on a shaker table. For analysis,
00 �L working reagent was added to 10 �L sample or standard in a
6-well plate. Thereafter, the well plate was incubated for 10 min  at
oom temperature. The absorbance was measured on a microplate
pectrophotometer at 570 nm (Molecular Device, SpectraMax M5,
unnyvale, CA, USA). The standards (between 0 and 100 �g mL−1)
ere prepared using a CaCl2 stock solution. Data were acquired

rom triplicate samples and measured in duplo. The Ca depletion
as plotted cumulatively, measuring the difference between the
a concentration in the sample-free SBF control solutions and the
BF solution in the presence of the different bioactive glass forms.

.3.4. pH measurements
After each experimental period, the pH of the SBF solutions in

ontact with the materials was measured (n = 3) utilizing a pH elec-
rode (Tecnal T.E.C-51, Piracicaba, Brazil).

.4. In vivo studies

.4.1. Experimental design and surgical procedure
Forty young adult male Wistar rats (12 weeks old; weight

95 ± 29 g) were used as experimental animals and randomly dis-
ributed into the following groups (n = 10): BGp (BG powder);
Gp/COL (BG powder enriched with collagen); BGf (BG fibers) and
Gf/COL (BG fibers enriched with collagen).

The animal experimental plan was reviewed and approved by
he Experimental Animal Committee of the Federal University
f Sao Paulo (CEUA N◦ 4891060616) and national guidelines for
he care and use of laboratory animals were observed. Anesthe-
ia was induced and maintained by Isoflurane inhalation (Rhodia
rganique Fine Limited). In order to minimize post-operative
iscomfort, buprenorfine (Temgesic; Reckitt Benckiser Health
are Limited, Schering-Plough, Hoddesdon, UK) was administered

ntraperitoneally (0.02 mg/kg) directly after the operation and sub-
utaneously for 2 days after surgery.

For inserting implants into the tibial defects, the animals were
mmobilized on their back and both hind limbs were shaved,

ashed and disinfected with povidone-iodine. After exposure of
he medial compartment of the tibia, a 1.0 mm pilot hole was
rilled. The hole was gradually widened until a final defect size
f 3 mm in width was reached. Low rotational drill speeds (max.
50 rpm) and constant physiologic saline irrigation was used. After
reparation, the defects were thoroughly irrigated and packed with
terile cotton gaze to stop bleeding. Surgery was performed in both
egs of the rats and one defect was created in each tibia. The ster-
lized compositions were placed in the created defect up to its
omplete filling (n = 10 per experimental group). Thereafter, the
ound was closed with resorbable Vicryl

®
5-0 (Johnson & John-

on, St.Stevens-Woluwe, Belgium) after which the skin was closed
y staples (Agraven

®
; InstruVet BV, Cuijk, The Netherlands). After

 weeks of implantation, rats were sacrificed by CO2 asphyxia. The
ibias were collected for analysis.

.4.2. Histological procedures
For the histopathological, morphometrical and imunohisto-

hemical analysis, the tibiae were harvested and fixed in 10%
uffer formalin (Merck, Darmstadt, Germany) for 24 h. They were
ecalcified in 10% EDTA (Merck) and embedded in paraffin blocks.
ive-micrometer cortical bone slices were obtained with a micro-
ome (Leica Microsystems SP 1600, Nussloch, Germany). The slices

ere cut perpendicularly to the medial-lateral drilling axis of the

mplant. At least three non-consecutive sections of each specimen
ere stained with hematoxylin and eosin (H.E stain, Merck) and
sed for analysis.
 Science 423 (2017) 557–565 559

2.4.3. Histopathological analysis
Histopathological evaluation was performed under an optical

microscope (Olympus, Optical Co. Ltd, Tokyo, Japan). The area of the
bone defect was qualitatively evaluated considering the inflamma-
tory process, granulation tissue and newly formed bone. At least
three sections of each specimen were examined for each specimen.

2.4.4. Histomorphometric analysis
For histomorphometric analysis was  used a Zeiss microscope

(Carl Zeiss Vision GmbH, Germany) and the semiautomatic image-
analyzing computer program Osteomeasure (Osteometrics, Inc.,
Atlanta, Georgia). The percent bone volume (BV/TV) was performed
according percentage of area within region of interest (ROI) occu-
pied by bone (magnification of 40×).

2.4.5. Immunohistochemistry analysis
For the immunohistochemical analysis, xylene was used to

remove the paraffin from the serial sections. After this procedure,
the sections were rehydrated in graded ethanol and pretreated
in a microwave (Electrolux, São Paulo, Brazil) with 0.01 M citric
acid buffer (pH 6) for three cycles of 5 min  each at 850 W for
antigen retrieval. The resulting material was pre-incubated with
0.3% hydrogen peroxide in phosphate-buffered saline (PBS) solu-
tion for 5 min  in order to inactivate the endogenous peroxidase.
Then, the samples were blocked with 5% normal goat serum in PBS
for 10 min. The specimens were incubated with anti-RUNX-2 poly-
clonal primary antibody (code: sc-8566, Santa Cruz Biotechnology,
USA) at a concentration of 1:200, and anti-RANK-L polyclonal pri-
mary antibody (code: sc-7627, Santa Cruz Biotechnology, USA) also
at a concentration of 1:200. Incubation was carried out overnight
at 4 ◦C in a refrigerator. This step was followed by two  washes in
PBS for 10 min. The sections were then incubated with biotin con-
jugated secondary antibody anti-rabbit IgG (Vector Laboratories,
Burlingame, CA, USA) at a concentration of 1:200 in PBS for 1 h. The
sections were washed twice with PBS followed by the application of
preformed avidin biotin complex conjugated to peroxidase (Vector
Laboratories) for 45 min. The bound complexes were visualized by
the application of a 0.05% solution of 3-3′-diaminobenzidine solu-
tion and counterstained with Harris hematoxylin (Sigma-Aldrich).
For control studies of the antibodies, the serial sections were
treated with rabbit IgG (Vector Laboratories) at a concentration of
1:200 in place of the primary antibody. Additionally, internal posi-
tive controls were performed with each staining bath. RUNX-2 and
RANK-L immunoexpression were evaluated qualitatively in order
to assess the presence (or absence) and region of occurrence of
the immunomarkers. Three sections of each specimen were exam-
ined with a light microscopy (Leica Microsystems AG, Wetzlar,
Germany).

2.4.6. Statistical analysis
Data were expressed as mean and standard error (SE) of the

mean values for each sample. Statistical analyses of the data were
executed using SPSS, version 16.0 (SPSS Inc., Chicago, IL, USA). The
statistical comparisons were performed using one-way analysis of
variance (ANOVA) with Tukey multiple comparison post-test. Dif-
ferences were considered significant at p < 0.05.

3. Results

3.1. Characterization of the materials
3.1.1. Morphological characteristics
SEM evaluations of the different materials are depicted in Fig. 1.

As expected, BG particles with diverse sizes could be observed
(Fig. 1A and B). The bioactive glass particles within BGp/COL
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Fig. 1. SEM micrographs of the different materials. (A) BGp; (B) BGp/COL; (C) BGf;

omposition showed a rougher surface due to the collagen coat-
ng (BGp/COL; Fig. 1B). Additionally, SEM micrographs showed
hat BG fibers were successfully obtained from the BG precursor
Fig. 1C). These fibers were randomly positioned, presenting dif-
erent diameters (ranging from 500 nm to 1 mm)  (Fig. 1C and D).
he fiber surface became more irregular after coating with collagen
BGf/COL; Fig. 1D).
.1.2. FTIR
Fig. 2A and B present the spectra evaluated by FTIR technique for

G both in powder and fibers form, respectively. The peaks and/or
ands have been interpreted in accordance with the data available

Fig. 2. (A) BGp as obtained FTIR spectra
f/COL. P, BG particles; F, BG fibers; arrows indicate collagen. 500× magnification.

in the literature. In both spectrograms, the glasses show the charac-
teristic peaks of BG structure (essentially a soda-lime glass modified
with P2O5) indicated by 1, 6, 7, 8, 10 and 11 in Figs. 2 and 3, where
a wide distribution QX silica species can be seen observed from
Q0 to Q4. This distribution is due alkali metals (Na+ and R++) and
phosphate ions accommodation in glass network. The lowest rela-
tive intensity of the peaks (indicated by 7 and 8) (Si O Q0 and Q1

respectively), where the oxygens are non-bridging type may  indi-

cate that the bioglass in powder form has more cohesive structure
that bioglass in the form of fibers. Moreover, the indicative peak of
links Na O (compensator charges in the most disorganized regions
in the amorphous structure/number 12) is less apparent in form of

. (B) BGf as obtained FTIR spectra.
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Fig. 4. pH measurements of SBF solution in contact with all compositions for up to 5
days. (*) BGp and BGp/COL compared to the other groups (p < 0.0005); (#) BGp/COL
compared to all other groups (p < 0.0008); (a) BGp compared to BGf and BGf/COL
(p < 0.0002); (b) BGf compared to BGf/COL (p < 0.0008).

F
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fi

ig. 3. Calcium assay for BGp and BGf immersed in SBF for up to 5 days. (*) BGf
ompared to BGp (p < 0.0063).

ber BG. Moreover, in both BGs (powder or fibers), a wide distri-
ution of phosphorus cations in the structure is observed (3, 4 and
).

.1.3. Calcium assay
The Ca concentration in the SBF was measured quantitatively

s a function of soaking time (Fig. 3). Both bioactive materials, BGp
nd BGf, presented at day 1 an initial Ca uptake with no statistical
ifference between groups (p > 0.05). Three days after incubation,
 statistically higher Ca up take for BGf compared to BGp (∼55 �g;
 = 0.006) was observed. Similar behavior was observed five days
f immersion, with a higher Ca uptake in BGf (∼390 �g) compared
o BGp (∼80.22 �g; p = 0.004).

ig. 5. Histological sections of all groups after 15 days of implantation. (A) BGp, (B) BGp/C
ashed box indicates the selected region for analysis at a higher magnification of 20×.  (E
bers  and collagen FC, granulation tissue G. Bar represents 500 �m.  Hematoxylin–Eosin s
3.1.4. pH measurements
The evaluation of the pH measurements are indicated in Fig. 4.

After 1 day of incubation, the pH values for BGp  and BGp/COL
were statistically higher compared to BGf and BGf/COL (p values
<0.0005). At day 3 of immersion, statistical differences (p < 0.05)
were observed among all groups (values in descending order: 8.19,
7.87, 7.40 and 7.07 for BGp/COL, BGp, BGf and BGf/COL in that
order). At the last experimental period, the pH values were sta-
tistically higher for BGp and BGp/COL (∼8.2) compared to BGf and

BGf/COL (∼7.4; p < 0.0002).

OL, (C) BGf, (D) BGf/COL. Newly formed bone B, defect line L. Magnification of 2.5×.
) BGp, (F) BGp/COL, (G) BGf, (H) BGf/COL. Newly formed bone B, powder P, fibers F,
taining.
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Fig. 6. Percent bone volume – BV/TV (%). Percentage of area within ROI occupied by
bone. All data are expressed as Mean (SD). p < 0.05.
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3.2.3. Histomorphometry analysis
The histomorphometry indicated, after 2 weeks of implantation,

that BGf presented a significant decrease in the amount of newly
formed bone (approximately 17%) compared to all other groups

F
c

.2. In vivo studies

.2.1. General observation of the experimental animals
From the 40 animals used in this study, 3 animals were lost

ue to an anesthesia-induced respiratory depression. The remain-
ng animals recovered uneventfully from the surgical procedure
nd remained in good health during the entire implantation period.
o clinical sign of inflammation or adverse tissue response were
bserved during the implantation period.
ig. 7. Immunohistochemistry of RUNX-2. (A) BGp, (B) BGp/COL, (C) BGf, (D) BGf/COL. Ne
ollagen PC, fibers and collagen FC. Bar represents 50 �m.  Magnification of 40×.
 Science 423 (2017) 557–565

3.2.2. Histopathological analysis
The representative histological sections of all experimental

groups 2 weeks post-surgery are presented in Fig. 5. The defect
line was  still observed for all groups and a minor amount of newly
formed bone was  found in BGf (Fig. 5C) compared to the other
groups. Histological findings at a higher magnification (20×) are
depicted in Figs. 5E–H for BGp, BGp/COL, BGf and BGf/COL in that
order. The histological analysis demonstrated that no inflammatory
process was noticed in any specimens of all groups.

For BGp and BGp/COL, similar histological patterns were
observed, since for both groups, the bone defect area was filled
by newly formed bone, with discrete presence of granulation tis-
sue. Interestingly, the particles of the material were still present
for BGp while for BGp/COL, in most cases, the material was almost
completely degraded and the defect area was  filled by woven bone
(Fig. 5E and F).

In regards to BGf, histology assessment revealed that fibers still
could be observed in the area of the defect. Moreover, an intense
presence of granulation tissue was  observed, especially around the
biomaterial particles (Fig. 5G). On the other hand, BGf/COL implants
presented a more intense degradation accompanied by the forma-
tion of immature bone at the periphery of the defect. Additionally,
granulation tissue was still observed in the central region of the
defect, also filling the spaces previously occupied by the degraded
material. Some fibers still could be noticed (Fig. 5H).
wly formed bone B, granulation tissue G, medullar tissue M,  powder P, powder and
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ig. 8. Immunohistochemistry of RANK-L. (A) BGp, (B) BGp/COL, (C) BGf, (D) BGf/CO
ollagen PC, fibers and collagen FC. Bar represents 50 �m.  Magnification of 40×.

approximately 38, 54, and 36% for BGp, BGp/COL and BGf/COL
espectively; p < 0.05). No other difference was observed among
roups (p > 0.05, Fig. 6).

.2.4. Immunohistochemistry analysis
The immunostaining for RUNX-2 was noticed mainly in the

ranulation tissue and in the newly formed bone (Fig. 7). For BGp
nd BGp/COL, RUNX-2 immunoexpression was also noticed in the
edullar tissue (Fig. 7A and B). In BGf/COL, RUNX-2 expresssion
as detected predominantly in the borders of the defect through-

ut the neoformed bone (Fig. 7D).
RANK-L immunoexpression was found predominantly in the

ewly formed bone and granulation tissue (Fig. 8). The medullar
issue was also marked for BGp and BGp/COL (Fig. 8A and B). The
ranulation tissue and newly formed bone were evidently marked
n BGf and BGf/COL respectively (Fig. 8C and D).

. Discussion

The present study aimed to evaluate and to compare the effect of
ollagen incorporation into BG powder and fibers, via material char-
cterization (morphology, pH evaluation and calcium release of the
ifferent materials) and biological evaluation by tibial bone implan-
ation. The hypotheses were that the fibrous material would have
 more adequate morphology and the incorporation of collagen
nto this material would present a more appropriate composition
oward to attract bone cell growth, facilitating bone formation.
lthough presenting different forms, the FTIR analysis indicated
wly formed bone B, granulation tissue G, medullar tissue M,  powder P, powder and

that BGp and BGf maintained the characteristic peaks for this class
of material. Furthermore the calcium assay showed an increased
Ca uptake in the BG fibers. The pH measurements revealed that
BGp (with or without collagen) presented higher pH values com-
pared to BGf. In addition, the histological analysis demonstrated
no inflammation for all groups at the site of the injury, besides a
faster material degradation and higher bone ingrowth for groups
with collagen. The immunohistochemistry analysis demonstrated
Runx-2 and Rank-L expression for all the groups.

Bone grafts chemically, structurally and mechanically match-
ing natural bone are a promising therapeutic approach being used
as bone substitutes [1]. Once bone tissue is composed by organic
material (mainly Type 1 collagen) and inorganic substances (most
of which hydroxyapatite), synthetic bone grafts should present
similar composition [1]. Based on these statements, the compos-
ites used in the present study were manufactured in order to mimic
bone tissue components, combining a bioactive glass ceramic and
collagen [5]. Several studies already demonstrated that BGs have
osteoconductive properties and are able of inducing osteogenesis
in experimental bone defect models and clinical studies [5,26]. Also,
collagen being a natural structural protein and the main component
of the extra cellular matrix, is important to attract cells, and support
their growth and proliferation [27].

For the FTIR, the peaks and/or bands were interpreted according
to the data available in the literature [28–30]. It is important to note

that each glass structure is unique, i.e.,  the amorphous structural
arrangement is a result of the thermal history of each glass, even if
they have identical chemical composition [7,31]. As each glass was
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rocessed differently (water quenching to glass powder and Hager-
osengarth [23] process for glass fiber) is natural that between
hem are observed small differences in the structural arrangement.
uch differences may  eventually lead to different behaviors in the
ioactivity [7,32] of these materials.

The calcium assay showed an increased Ca uptake for BGf com-
aring to BGp. This event may  be explained by the increased
ohesion [33] presented by BGf (preserving the surface microstruc-
ure), leading to a greater Ca deposition on the material surface [34].
n contrast to that, at day 3, BGp presented a substantially higher Ca
elease into the medium compared to BGf. It is suggested that the
ncreased surface area presented by BGp generates a higher contact
etween the material and solution, which may  lead to a faster mate-
ial dissolution and, consequently, faster ion release [35]. Previous
tudies also indicated that, depending on the material cohesion, dis-
inct formulations containing Biosilicate

®
(a kind of vitroceramic)

ave showed different pace of reaction, interfering on the amount
f calcium released into the SBF [35].

The pH evaluation for all groups demonstrated that the values
eached a maximum of 8.2 and a minimum of 7.1, which are values
onsidered close to the physiological pH. Interestingly, BG samples
n powder (with or without collagen) demonstrated a higher pH at
ll time points analyzed compared to the samples in fibers. It is well
nown that the release of cations (Si, Na, Ca and P) occurs immedi-
tely after the contact of BG with fluids, resulting in an increased pH
36]. Probably, the higher contact surface area of the powder mate-
ial was responsible by a faster degradation and, consequently, a
reater ion release, resulting in an increased pH. Interestingly, the
ddition of collagen had no effect in the pH measurements for the
G-based materials in both forms.

Furthermore, the histological findings demonstrated that the
G in powder constituted the material with superior biological
esponse compared to the fibers. Interestingly, similar histolog-
cal results were found between BGp and BGp/COL, although a
endency of higher bone volume for BGp/COL was noted. It may
e suggested that the possible accelerated ion release from the
owder could be responsible by an enhancement of the biologi-
al response [31,37]. This event would provide a more biologically
ctive bone-like apatite layer on the material surface, directing new
one ingrowth into BG-based granular material [7,31].

Additionally, the material in fibers enriched with collagen pre-
ented higher bone volume compared to BGf. Collagen is the most
bundant protein in the extra celular matrix (ECM), being the major
rganic component of natural bone. It plays an important role in cell
ttachment, mechanical support and apatite nucleation [38]. In this
ontext, collagen is also related to the process of bone regeneration
nd remodeling, promoting cell adhesion and proliferation, and
steogenic differentiation [39,40]. In view of this considerations,
t is suggested that the addition of collagen constituted a stimulus
or enhancing the biological performance of the fibers. Accordingly,
ong et al. [41] demonstrated good biological properties of a scaf-
olds manufactured with BG and collagen, such as biocompatibility,

echanical stability and adequate porosity, allowing the spreading
nd proliferation of human bone marrow stromal cells [41].

Concerning the immunohistochemistry, it is noteworthy that
UNX-2 expression was higher in BG when compared to CG
n 15 days after implantation. RUNX-2 immunofactor is mainly
xpressed to central control of the osteoblast phenotype and it
s required for the differentiation of mesenchymal progenitors
oward osteoblast cell lineage. It is well known that RUNX-2 is
undamental for upregulation of other osteoblastic markers, like
steocalcin, osteopontin and alkaline phosphatase [42], which may

ave influenced osteoblast cell differentiation and consequently,
one formation and deposition. The in vivo findings observed in
his study are in agreement with previous studies which have
 Science 423 (2017) 557–565

detected higher RUNX-2 immunoexpression in tibial and calvaria
defect models filled with Biosilicate

®
[43,44].

Additionally, the resorption and remodeling of bone tissue by
osteoclasts are also necessary for a successful bone healing pro-
cess. Furthermore, the RANK-L is a key factor for differentiation
and activation of osteoclasts [45–47]. Furthermore, the increase of
the RANK-L concentration can be related to number of osteogenic
cells, once this factor is expressed by osteoblasts [48]. In this con-
text, a higher immunoexpression of RANK-L could be combined
with the increase of the osteoblasts and an attempt of degradation
the material. Investigations conducted by Pinto et al. [49] verified
a more evident immunoexpression of RANK-L around the particles
of Biosilicate

®
glass-ceramic in tibial defects. Similar findings were

observed by Kondo et al. [50] who tested b- tricalcium phosphate
(b-TCP) using implantation in femoral condyle of rats.

There is a continuous investigation trying to find the more
appropriate way for material presentation to be used as bone
grafts, which would facilitate vascularization and bone ingrowth.
In this context, two different forms of BG, in powder and in fibers,
enriched with collagen were tested. Indeed, both forms could stim-
ulate bone repair and, interestingly, the incorporation of collagen
improved bone formation only for BG in fibers. The next steps of this
work would rely on the obtainment of scaffolds of both BG forms
combined with collagen, based on the mineral and organic consti-
tution of the original bone (∼70% mineral matrix and ∼30% organic
matrix) [1], mimicking natural bone. Additionally, it would be of
great value to test these materials using critical-size bone defect
(CSD) [51], in which bone consolidation does not happen sponta-
neously. Following this line, further investigations are necessary
to validate these combinations as safe and efficient materials for
biomedical applications.

5. Conclusions

Treatment of BGp/COL showed better results mainly by its shape
and composition. This combination seems to be a promising alter-
native for bone tissue engineering cause an enhanced release of
Ca and accelerated bone process repair by advanced osteoconduc-
tive properties. More efforts are needed to further present other
mechanism that this biomaterial is capable of interact/activate.
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