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Objective. The aim of this study is to investigate bone healing ability of niobium-containing

bioactive glasses in rat femur model with quantitative and qualitative measurements

through x-ray computed microtomography.

Methods. Niobium-containing bioactive powders and scaffolds were produced by sol–gel

route (BAGNb). Glasses without niobium addition were produced as well  (BAG). Five groups

were used: BAGNb powders, BAG powders, BAGNb scaffolds, BAG scaffolds and, as a con-

trol  group, autogenous bone was used. Materials were implanted in the femur of male rats

(Wistar  Lineage n = 10) and the healing was observed after 15, 30 and 60 days. After the

post-operative times, samples were scanned by X-ray microcomputed tomography where

morphometric measurements and the mineral density were assessed in image  software.

Results. No postoperative complications were observed after surgery. BAGNb glasses pre-

sented higher mineral deposition, which was observed in the relative volume of bone and

the  mineral density when compared BAG groups. In these parameters, no statistical dif-

ference was found between BAGNb and autogenous bone. The BAGNb powders presented a

higher amount of mineralized tissue when compared to BAGNb scaffolds. The analysis of tra-

becular structure showed lower trabecular formation in synthetic materials when compared
to  autogenous bone.

Significance. Niobium-containing bioactive glasses promoted bone formation comparable to

that  of the autogenous bone without compromising the quality of the formed bone.

emy 

to stimulate the deposition of bone tissue [5]. Improvements
©  2019 The Acad

.  Introduction

ioactive glasses are a class of synthetic materials that may
Please cite this article in press as: Balbinot GdS, et al. Bone healing with ni
micro-CT study. Dent Mater (2019), https://doi.org/10.1016/j.dental.2019.07

e used in bone regeneration applications in dentistry [1,2].
he osteoinductive and osteoconductive abilities [3] of these
lasses are related to their ion release that promotes bone
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formation by way of two mechanisms, specifically 1) the for-
mation of a carbonated hydroxyapatite layer in the surfaces
of the particles [4] and 2) the upregulation of cell activity
obium-containing bioactive glass composition in rat femur model: A
.012

Grande do Sul, Brazil.

in glass composition and structure may contribute to an
improved release of bioactive ions and increased bone forma-
tion.
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The enhancement of bioactive glass composition and pro-
duction may improve bone regeneration capacity. Niobium
has been investigated as biomaterial to be used [6–9] due to its
ability to promote mineral deposition [6,7,10,11]. The develop-
ment of sol–gel-derived, niobium-containing bioactive glasses
powders and scaffolds was previously shown [7] and increased
mineralization ability was observed for niobium-containing
grafts in vitro.

Several approaches are used to promote the reestab-
lishment of bone tissue for prosthetic rehabilitation, while
autogenous bone remains the gold standard graft for max-
illae and mandible reconstructions [12–15]. Synthetic bone
substitutes have been used as alternatives that have ensured
reduced patient morbidity [13] and comparable bone forma-
tion [14]. The placement of dental implants in edentulous
patients is additionally related to improved health param-
eters and an increased quality of life, but may be limited
in terms of efficacy by the absence of adequate quality and
quantity of bone [15]. The aim of this study was to investi-
gate the bone healing ability of niobium-containing bioactive
glasses in a rat femur model according to quantitative and
qualitative measurements obtained through X-ray computed
microtomography. The working hypothesis is that the addition
of niobium increased the bone regeneration ability promoted
by sol-gel derived bioactive glasses.

2.  Materials  and  methods

2.1.  Bioactive  glass  preparation

Bioactive glass powders and scaffolds were prepared as
described previously [7]. Briefly, the sol–gel route was
used, incorporating tetraethylorthosilicate (TEOS), triethyl
phosphate (TEP), calcium nitrate (CaNO3), sodium nitrate
(NaNO3), and niobium chloride (NbCl5) for the preparation of
niobium-containing bioactive glasses (BAGNb). Glasses with-
out niobium (BAG) were produced as well. Glass powders were
obtained after heat treatment at 70 ◦C, 120 ◦C, and 700 ◦C for
24 h per each temperature point. The particle size used ranged
between 300 �m and 600 �m.  For scaffold synthesis, the sol
was produced as described for powders, while porous gels
were obtained via a foaming process with a surfactant (sodium
lauryl sulfate; Biodinamica, Parana, Brazil) and a catalyst (flu-
oridric gel 5%; Neon, São Paulo, Brazil). After heat treatment,
scaffold cylinders measuring 2 mm in diameter by 2 mm in
height were obtained. All materials were sterilized in an auto-
clave prior to the surgery.

2.2.  Study  design

This study was developed in accordance with the ARRIVE
guidelines. Male rats (Rattus Novegicus Albinus, Rodentia
Mammalia—Wistar lineage) with an average weight of 500 g
were used. All animals (n = 10) were maintained in appro-
priate cages in a controlled temperature range (20 ◦C–24 ◦C)
Please cite this article in press as: Balbinot GdS, et al. Bone healing with ni
micro-CT study. Dent Mater (2019), https://doi.org/10.1016/j.dental.2019.07

and light/dark cycle with food and water provided ad libi-
tum. All procedures were performed according to the Guide
for the Care and Use of Laboratory Animals and with approval
from the ethical committee of Porto Alegre University Hos-
 x ( 2 0 1 9 ) xxx–xxx

pital (Porto Alegre, Brazil). All procedures were performed at
the Center of Animal Experimentation of Animals Porto Ale-
gre University Hospital (Porto Alegre, Brazil). Animals were
divided, by a blinded veterinary, according to body weight
into five groups, as follows: a control group (autogenous bone
removed from the femur when the defect was made and
replaced in the cavity); a BAGNb powder group (glass powders
with niobium addition); a BAG powder group (glass powders
without niobium addition) a BAGNb scaffold group (glass scaf-
folds with niobium addition); and a BAG scaffold group (glass
scaffolds with niobium addition).

2.3.  Surgical  procedure

The surgical procedure was performed after anesthesia with
an intraperitoneal administration of ketamine (50 mg/kg),
xylazine (5 mg/kg), and 1%–2% vaporized isofluorane for main-
tenance. After anesthesia, shaving and antisepsis were carried
out on the leg to be operated on and local anesthesia
was established close to the surgical site with bupivacaine
5%/adrenaline 1:200,000. A 3-cm-long incision was made on
the anterolateral surface of the leg. The muscles were dis-
sected and the proximal diaphysis of the femur was reached.
One defect measuring 2 mm in diameter by 2 mm in height
was produced in each rat using a trephine bur. The mate-
rials were inserted in the produced defect according to the
aforementioned groups. In the control group, the autogenous
bone removed upon drilling was inserted back into the defect.
The fascia–periosteal flaps were sutured with 4.0 glycolide/l-
lactide copolymer (Vicryl®; Ethicon, Somerville, NJ, USA) and
the skin was sutured with 4.0 nylon. Postoperative analgesia
was performed immediately after the surgery with a single
dose of morphine (5 mg/kg) administered via intraperitoneal
injection and tramadol (20 mg/kg) during five days in a 12/12-h
on/off cycle. The removed samples were stored in 10% forma-
lin.

2.4.  X-ray  computed  microtomography

Samples were evaluated via X-ray computed microtomogra-
phy (MicroCT.SMX-90 CT; Shimadzu Corp., Kyoto, Japan). The
standardization of the samples was performed by sectioning
the femurs in their long axes at points 2 mm away from the
defect in the epiphysis and diaphysis directions. Samples were
gently washed with distilled water for 30 s and mounted in a
rotary stage, where images were taken in a 360◦ rotation with
a 60 kV intensity. The images were then reconstructed in the
inspeXio SMX-90CT software program (Shimadzu Corp., Kyoto,
Japan) with a 10 �m voxel size in images with a 512 × 512-
pixel resolution and a 10 �m thickness, which resulted in
268 images per sample. Measurements were performed in
an image  software program (ImageJ; National Institutes of
Health, Bethesda, MD, USA), where images were used for the
assessment of new bone formation. The measurements were
performed by two trained examiners that were submitted to
with submission to an interclass correlation coefficient (ICC)
obium-containing bioactive glass composition in rat femur model: A
.012

test prior to the analysis. A standard area in the cortical por-
tion of the bone was selected and a color threshold was applied
to the segmentation of different grey values in the images
(Fig. 1). To select the threshold, an extra femur sample was

https://doi.org/10.1016/j.dental.2019.07.012
https://doi.org/10.1016/j.dental.2019.07.012
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Fig. 1 – Representative images of the parameters used in the analysis. Fig. 1A represents the model used to determine the
threshold value between grey intensities to exclude the materials from the analysis. Fig. 1B shows the standardized area of
t rme

fi
u
c
B
i
o
B
t
B
t
s

2

A
y
o
w
c
m
e
d
u
f
t
p
p
K
y
p

3

T
w
t
d
e

he cortical portion of bone where measurements were  perfo

lled with material and scanned with the same parameters
sed for the samples. This sample was used as a model to cal-
ulate the grey intensity of materials in the analysis (Fig. 1A).
ased on these, the threshold was set in at 150 to 255 as shown

n Fig. 1. A standardized area was used to select a region
f interest (ROI) in the cortical portion of the bone (Fig. 1B).
one density, trabecular thickness (Tb.Th), trabecular separa-
ion (Tb.Sp), and bone fraction (BV/BT) were measured with
oneJ plugin [16]. The area of bone, the volume of bone, and
he percentage of bone in the defects were measured in the
tack of images obtained in the analysis.

.5.  Statistical  analysis

n ICC test was performed to assess the reliability of the anal-
ses. The ICC analysis was performed in either an intrarater
r interrater manner depending on the test. Random effects
ere used to calculate the ICC. The sample size was cal-

ulated based on previous studies [17,18] considering the
inimum detectable difference in means of the observed

ffect size. The mineral density along the bone defect was
escriptively analysed. Normality of the data was assessed
sing the Komolgorov–Smirnov test. Comparisons among dif-
erent groups and postoperative times in terms of the area,
he percentage of area, the volume, and mineral density were
erformed with two-way analysis of variance and the Tukey
ost-hoc test. For morphometric data, the nonparametric
ruskal–Wallis and Dunn tests were used to perform the anal-
sis between groups and postoperative times. All tests were
erformed at a 5% significance.

.  Results

he intraoperative and postoperative periods during the study
Please cite this article in press as: Balbinot GdS, et al. Bone healing with ni
micro-CT study. Dent Mater (2019), https://doi.org/10.1016/j.dental.2019.07

ere followed by a veterinarian and no complications related
o the procedure were observed. No bone fracture was noted
uring the postoperative period. The involved animals recov-
red well from the surgery without any loss of mobility. One
d.

animal was excluded due to low body weight; furthermore,
one animal was lost during the study due to wound compli-
cations, two animals were lost due to fracture of the femur
during an autopsy after 15 days of surgery, and one ani-
mal  presented malformation of the femoral condyle detected
during the autopsy. These samples were excluded from the
final evaluation. One hundred seventy-five samples were then
analyzed in the present study. The ICC values were consid-
ered in intraexaminer and interexaminer manners. Interrater
analysis showed good correlation (0.6–0.74. p < 0.05) between
examiners. The intrarater analysis showed good (0.6–0.74.
p < 0.05) and excellent (0.75–1.00. p < 0.05) correlation.

The morphometric measurements were shown in
Figs. 2 and 3. The relative volume of calcified tissue in
the selected volume of interest (BV/TV) is shown in Fig. 2A.
the longer the postoperative time, the higher the percentage
of volume occupied by bone. After 15 days, only the BAGNb
powder presented values similar to the autogenous bone.
After 30 days, BAGNb powders and scaffolds reached the
BV/TV of bone volume of the autogenous group. After 60
days, the autogenous bone group presented median values
of 87.43% (87.05%–87.90%) of the volume covered by newly
formed bone, which was significantly higher than the values
found in other groups. The ConnD values for BAGNb and BAG
powders were similar to those of the autogenous group after
15 days. After 30 days, no statistical difference was found
between the materials and autogenous bone. After 60 days,
BAG scaffolds presented reduced connectivity values when
compared to at 30 days and to the other groups.

The analysis of trabecular structure is presented via the
Tb.Sp, Tb.Th and Tb.N measurements in Fig. 3. No statistical
difference was found between groups and postoperative times
regarding the Tb.Sp values (p > 0.05). For Tb.Th at 15 days,
BAGNb powders and BAGNb scaffolds presented increased
Tb.Th in comparison with the BAG groups (Fig. 3B; p < 0.05),
obium-containing bioactive glass composition in rat femur model: A
.012

with no statistically significant difference between BAGNb
materials and the autogenous bone. After 30 days after
surgery, the obtained values were similar to the ones found

https://doi.org/10.1016/j.dental.2019.07.012
https://doi.org/10.1016/j.dental.2019.07.012
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Fig. 2 – The relative volume of calcified tissue in the selected volume of interest (BV/TV) and the degree to which parts of the
ter 1
object are multiply connected (ConnD) of the formed bone af

at 60 days for all tested groups. The average number of trabec-
ulae per unit length (Tb.N) at 15 days was similar for all groups
(Fig. 3C; p > 0.05). After both 30 and 60 days, autogenous bone
presented a higher number of trabecula (p < 0.05).

Mineral density is presented in Fig. 4 and Table 1. It is
observed that mineral density in the center of the defect pre-
sented lower bone density values in all post-operative times.
The difference between the bone density in the surrounding
area and the density along the defect was higher after 15 days
of surgery and the mean values were statistically lower for all
groups (Table 1; p > 0.05). Autogenous bone presented a higher
density after 15 days of surgery. No statistical difference was
found regarding density at 30 days versus 60 days for BAGNb
powders and BAGNb scaffolds. Additionally, after 30 and 60
days, no statistical difference was observed between groups
(p > 0.05).

The area of bone, the volume of bone, and the percent-
age of bone in the defect are shown in Fig. 5. No statistical
difference was found among the different groups in each post-
operative time when the area (Fig. 5A), the percentage of the
area (Fig. 5B), and volume (Fig. 5C) were considered. The val-
ues were high for 60 days as compared with at 15 days in all
experimental groups (p < 0.05). After 60 days of follow-up, the
Please cite this article in press as: Balbinot GdS, et al. Bone healing with ni
micro-CT study. Dent Mater (2019), https://doi.org/10.1016/j.dental.2019.07

mean area of bone for the BAGNb powder, BAGNb scaffold, and
BAG scaffold groups showed no statistical difference in com-
parison with the values found at 30 days. This was observed
5, 30 and 60 days of surgery.

for the BAGNb powder and BAGNb scaffolds considering the
results of the percentage of area and volume (Fig. 5B and C,
respectively).

4.  Discussion

The quality and the quantity of bone is a determining fac-
tor for rehabilitation success when dental implants [19,20]
are used. These are key parameters to provide adequate
interaction between the newly formed bone and the implant
surface, providing implant stability over time [21,22]. In this
study, niobium-containing grafts were tested in vivo in a rat
femur model and a higher mineral content was found during
the healing process for niobium-containing materials. Con-
sidering the microstructure of bone formed, the trabecular
structure in BAGNb grafts were adequately formed and com-
parable to the autogenous bone at 60 days with a slower
maturation of bone.

The development of synthetic materials may reduce the
need for the harvesting of autogenous bone and improv-
ing material’s properties may increase the effectiveness
obium-containing bioactive glass composition in rat femur model: A
.012

of bone formation. In this way, the developed synthetic
niobium-containing grafts showed no complications after
the animal surgeries. A rat femur model was chosen as
a load-bearing model for an initial screening of bone for-

https://doi.org/10.1016/j.dental.2019.07.012
https://doi.org/10.1016/j.dental.2019.07.012
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Fig. 3 – Trabecular parameters of formed bone after 15, 30 and 60 days of surgery.

Fig. 4 – Distribution of mineral density (HU units) along with the defects after 15, 30 and 60 days.

https://doi.org/10.1016/j.dental.2019.07.012
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Table 1 – Mean and standard deviation of bone density values (HU units) after 15, 30 and 60 days.

Bone density (HU units)

Powder Scaffold Control

BAGNb BAG BAGNb BAG Autogenous

15 days 194.64 (±11.05)Bab 188.27 (±10.56)Cc 193.36 (±10.51)Bb 190.40 (±9.83)Cb 195.73 (±7.22)Aa

30 days 197.11 (±4.17)Aa 196.60 (±4.88)Ba 196.72 (±5.88)Aa 195.93 (±5.94)Ba 195.64 (±5.71)Ba

60 days 197.85 (±2.33)Aa 201.83 (±2.75)Aa 196.96 (±3.98)Aa 201.68 (±3.24)Aa 199.45 (±2.75)Aa

Different uppercase letters indicate statistical difference between the same material in different postoperative times; different lowercase letters
indicate statistical difference between different materials within the same post-operative time.

Fig. 5 – The mean and standard deviation of the area, % of area and volume of bone measure after 15, 30 and 60 days after
surgery.
mation [23]. The addition of different concentrations of
niobium to bioactive glasses was tested in a previous study
with no adverse effects [7,24]. Further, niobium has been
used in biomaterial applications for the past few years with
no hepatic toxicity and no severe inflammation reported
[25,26].

The composition and production approach for synthetic
grafts play an important role in bioactivity and degradation
[27,28]. In the present study, a rich SiO2 glass was used and
niobium was added in a 1 mol% concentration. Despite the
low concentration used, the structure of the glass was mod-
ified. The chemical characterization of developed materials
showed that niobium was found scattered throughout the
matrix without the formation of Si–O–Nb bonding [7]. The
main crystalline phase was a hexagonal niobium pentoxide,
which is related to the upregulation of cell activity and the
increased differentiation of osteoblastic cells [29]. These mod-
ifications influenced the ability of these materials to promote
bone deposition. In addition, increased BV/TV was observed
for BAGNb grafts after 30 days of healing, which may be
related to a faster deposition of mineral content in the femur
defect. Niobium contributed to the osteogenic activity of mate-
rials when a melt-quenching production method was used
[24]. This behaviour was observed despite the lower solubility
Please cite this article in press as: Balbinot GdS, et al. Bone healing with ni
micro-CT study. Dent Mater (2019), https://doi.org/10.1016/j.dental.2019.07

of niobium ions found for melt-derived niobium-containing
glasses [30]. The sol–gel route used in this study to synthe-
size the glasses enables a higher solubility and consequently
higher ion release, especially considering the role of niobium
in the glasses’ structure, which may contribute to the forma-
tion of a high volume of bone [3].

The developed powders and scaffolds present the same
chemical and crystalline structures, but differences in total
surface area were reported [7]. An increased surface area was
observed for scaffolds in the in vitro analysis, which was
associated with a higher mineralization potential due to the
interaction between the material and tissues [7]. The devel-
oped scaffolds presented an adequate structure and showed
in vitro higher mineralization as compared with the powders;
however, this behaviour was not found in the present study
when scaffolds were compared to powders with the same
composition. The BAGNb powders presented higher BV/TV
and higher ConnD values after 15 days when compared with
the scaffolds of the same composition (Fig. 2A and B; p < 0.05).
The main advantage of tridimensional scaffolds is the porous
structure that promotes easily flow of cells, nutrients, and vas-
cular tissue through the defect [27]. This result shows that the
composition, rather than structure, may influence the bone
formation. The exact mechanism by which niobium enhances
cell activity is still not clarified and further analysis must
therefore be conducted in this regard.

The higher mineral content is an important parameter to
obium-containing bioactive glass composition in rat femur model: A
.012

assess in bone formation, but must not be considered as indi-
cator alone, as the quality of bone is related to the clinical
success of bone regenerative treatments [19,31]. Morphome-

https://doi.org/10.1016/j.dental.2019.07.012
https://doi.org/10.1016/j.dental.2019.07.012
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ric measurements in tridimensional images were used, as a
ood correlation with histological analysis was found, lead-
ng to an understanding about the maturation of formed bone
ver the time [32–34]. The higher mineral content observed
or BAGNb glasses did not result in enhanced bone quality
uring the postoperative period. In the early stages of healing

i.e., first 15 days), all materials presented a similar trabecu-
ar formation (Tb.N) when compared with that of autogenous
one, but, after 30 and 60 days, autogenous bone presented

 higher formation of trabecular structure, which may indi-
ate that maturation was slower for the synthetic materials.
ore specifically, Tb.Th was higher for BAGNb grafts and for

utogenous bone, but only BAGNb powders behaved like auto-
enous bone after 30 and 60 days of healing. This behavior
as been found for other bone substitutes with synthetic [35]
nd xenogenic [36] grafts. These parameters may influence the
echanical stability. The formation of mature bone is related

o the implant stability [21,22] and to increased mechani-
al properties in bone [37] as no capsule formation may be
ormed when the implants are in contact with well-formed
one [22]. Although the analysis of new bone formation did
ot include the evaluation of mechanical properties, the graft-

ng procedures were performed in a load bearing model
nd no impact on animal mobility or bone fracture was
bserved.

Synthetic bone substitutes are well-established for use in
one regeneration procedures [14], but few commercial prod-
cts with this glass composition are available at this time.

mprovements in material properties through the modifica-
ion of composition and production method may enhance the
bility of bioactive glasses to promote more  effective bone
egeneration. The application of niobium-containing bioactive
lasses in a rat femur model promoted bone formation com-
arable to that of the autogenous bone without compromising
he quality of the formed bone.
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