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TISSUE ENGINEERING CONSTRUCTS AND CELL SUBSTRATES
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Abstract Osteoporosis is a chronic disease that impairs
proper bone remodeling. Guided bone regeneration is a
surgical technique that improves bone defect in a particular
region through new bone formation, using barrier materials
(e.g. membranes) to protect the space adjacent to the bone
defect. The polytetraﬂuorethylene membrane is widely used
in guided bone regeneration, however, new membranes are
being investigated. The purpose of this study was to evaluate the effect of P(VDFTrFE)/BT [poly(vinylidene ﬂuoride-triﬂuoroethylene)/barium titanate] membrane on in vivo
bone formation. Twenty-three Wistar rats were submitted to
bilateral ovariectomy. Five animals were subjected to sham
surgery. After 150 days, bone defects were created and
ﬁlled with P(VDF-TrFE)/BT membrane or PTFE membrane
(except for the sham and OVX groups). After 4 weeks, the
animals were euthanized and calvaria samples were subjected to histomorphometric and computed microtomography analysis (microCT), besides real time
polymerase chain reaction (real time PCR) to evaluate gene
expression. The histomorphometric analysis showed that
the animals that received the P(VDF-TrFE)/BT membrane
presented morphometric parameters similar or even better
compared to the animals that received the PTFE membrane.
The comparison between groups showed that gene expression of RUNX2, BSP, OPN, OSX and RANKL were lower
on P(VDF-TrFE)/BT membrane; the gene expression of
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ALP, OC, RANK and CTSK were similar and the gene
expression of OPG, CALCR and MMP9 were higher when
compared to PTFE. The results showed that the P(VDFTrFE)/BT membrane favors bone formation, and therefore,
may be considered a promising biomaterial to support bone
repair in a situation of osteoporosis.

1 Introduction
Osteoporosis is a disease in which density and quality of
bone are reduced, increasing porosity and fragility as well
as the risk of fractures. Bone loss occurs in a silent and
progressive way, and commonly there are no symptoms
until the ﬁrst fracture occurs. Worldwide, 1 in 3 women
over age 50 will experience osteoporotic fractures, with a
fracture occurring every 3 s [1].
In dentistry, osteoporosis has brought great concern to
health professionals since this disease is associated with
periodontal disease, tooth loss [2–5], and interference with
the repair of critical size bone defects. One technique used
for bone repair is guided bone regeneration (GBR). This
technique is a surgical procedure that utilizes barrier
membranes creating a protected space around the bone
defect. The graft material/barrier created space is ﬁlled with
the blood clot, allowing the osteogenic cells to colonize the
augmentation area without the competition of the overlying
soft tissue cells [6].
The polytetraﬂuoroethylene (PTFE) membrane is considered the gold standard in guided bone regeneration
technique [6]. However, it is essential the investigation and
development of new biomaterials for bone repair.
Although absorbable and non-absorbable membranes
have been developed and widely investigated, ongoing

180 Page 2 of 10

research is evaluating these novel membranes, aiming to
establish an ideal membrane for clinical application [7, 8].
Thus, a membrane of the composite poly (vinylidene
ﬂuoride-triﬂuoroethylene)/barium titanate (P(VDF-TrFE)/
BT) was created. This composite combines the mechanical
characteristics of the polymers with the biocompatibility of
ceramics [9].
Previous in vitro studies [10–12] showed that the phenotypic expression of osteoblasts, periodontal ligament
ﬁbroblasts, and keratinocytes are higher in cultures grown
on P(VDF-TrFE)/BT membrane when compared to PTFE
membrane, and its utilization may be a beneﬁcial alternative
in procedures that require bone regeneration.
In addition, in vivo studies that used PTFE and P(VDFTrFE)/BT membrane in healthy animals also showed better
results with the latter membrane [13].
Considering the previous results obtained in in vitro and
in vivo studies, our hypothesis is that the P(VDF-TrFE)/BT
membrane can also favor the formation of bone tissue in
rats subjected to an experimental model of osteoporosis and
bone loss may interfere with the repair of critical defects.
Thus, this study aimed to evaluate the effect of P(VDFTrFE)/BTmembrane on in vivo bone formation in the calvaria of ovariectomized rats using histological, microtomographic and molecular parameters.

2 Materials and methods
2.1 Membranes
P(VDF-TrFE) copolymer was supplied by Piezotec S.A.
(Saint Louis, France). Commercial BaTiO3 powder
(Aldrich) was sintered at 1380 °C for 5 h and milled at a
planetary ball mill at 400 RPM during 2 h in agate jars and
isopropanol medium. The powders were dried under
vacuum at room temperature and sieved using a mesh size
of 25 μm.
2.2 Fabrication of P(VDF-TrFE)/BaTiO3 membranes
Composites were obtained by dissolving the PVDF-TrFE
pellets, as received, in dimethyl formamide (DMF) at 50 °C
using a polymer/solvent ratio of 15 g/100 mL. BaTiO3
powder was added in the polymer solution and homogenized using an ultrasonic vibration (VCX750, Sonics and
Materials, Newtown, USA). The viscous precursor dispersion obtained was precipitated in demineralized water. The
precipitate was dried under vacuum at 90 °C for 24 h, and
uniaxially pressed at 170 °C for 5 min. After the cooling at
room temperature, the membranes were cut into disks of
10 mm diameter and 100 μm of thickness. The commercially available PTFE membranes were used as control
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(Bionnovation, Bauru, SP, Brazil). Membranes were cut
into 5-mm-diameter discs and sterilized using autoclave.
Both membranes presented a thickness of 0.25 mm and
surface roughness ranging from 0.15 to 0.20 [12].
2.3 Animals
Twenty-eight female Wistar rats that weighed approximately 300 g provided by the Central Animal Facility of the
USP campus at Ribeirão Preto were used in this study.
Three animals were housed in each Polystyrene box, day
and night cycles of 12 h and a controlled average temperature of 23 °C. Food and water were given ad libitum to
all the animals. All procedures were approved by the Ethics
Committee on Animal Experiments of the Ribeirão Preto
School of Dentistry (Protocol N. 2014.1.157.58.4).
2.4 Animal treatment
After a week, 23 animals were bilaterally ovariectomized.
The animals were weighted and anesthetized by an intraperitoneal injection of ketamine (75 mg/Kg) (União
Química Farmacêutica Nacional S/A—Embu-Guaçu, SP,
Brazil) and xylazine (10 mg/Kg) (Hertape Calier—Juatuba,
MG, Brazil). Afterwards the animals were submitted to
trichotomy, antisepsis and bilateral incisions, exposure and
excision of the ovaries. The incisions were sutured with
4.0 silk thread (Ethicon, Johnson & Johnson, São José dos
Campos, SP, Brazil). After surgery, the animals were given
intramuscular injection with a single dose of Banamine
painkiller-1.1 mg/Kg (MSD Saúde Animal, São Paulo,
SP, Brazil) and Pentabiotico Veterinário Pequeno Porte—
0.1 mL/ 100 g (Fort Dodge®, Campinas, SP, Brazil). To
evaluate the success of ovariectomy, an analysis of the
estrous cycle was made 2 weeks after surgery. During the
euthanasia, the animals were inspected by looking for
the characteristic atrophy normally found within the uterine
horns.
In the sham group (n = 5), the same procedures were
carried out, however, the ovaries were exposed and repositioned. These animals also received the same medications
given to the ovariectomized group.
2.5 Bone graft surgery
After 150 days, bone defects were created in both ovariectomized and sham animals. They were weighted and
anesthetized by an intraperitoneal injection of ketamine
(75 mg/Kg) (União Química Farmacêutica Nacional
S/A—Embu-Guaçu, SP, Brazil) and xylazine (10 mg/Kg)
(Hertape Calier—Juatuba, MG, Brazil). Afterwards, the
animals were submitted to trichotomy, antisepsis and a
sagittal incision (1 cm long) to expose the intended bone
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Table 1 Distribution of animals according to treatment and types of
analyses

2.7 Histology

Groups

Types of analysis

1 Control (Sham)

Histology and morphometry by microCT (n = 5)

2 OVX

Histology and morphometry by microCT (n = 5)

3 PTFE

Histology and morphometry by microCT (n = 5)

After the microtomographic analysis, the specimens were
prepared to obtain non-decalciﬁed histological sections. The
samples were dehydrated in a graded series of ethanol
solutions and then embedded in acrylic resin (LR White
Hard Grade, London Resin Company Ltd, United Kingdom) and sectioned using Exakt Cutting System (Exakt,
Norderstedt, Germany). The sections obtained were
polished and mounted on acrylic slides using Exakt
Grinding System (Exakt, Norderstedt, Germany). For
visualization of the different tissue structures, the serial
sections were stained with Stevenel’s blue and Alizarin red
S, according to Maniatopoulos et al. [15]. The analysis was
carried out using a Leica DM4000B light microscope
(Leica, Bensheim, Germany) outﬁtted with a Leica
DFC310FX digital camera (Leica, Bensheim, Germany).

Gene expression (n = 4)
4 P(VDF-TrFE)/BT Histology and morphometry by microCT (n = 5)
Gene expression (n = 4)

area. A critical bone defect was made in the central region
of the left parietal bone using a trephine drill (Neodent,
Curitiba, PR, Brazil) and an electric implant motor
(Dentscler, Ribeirão Preto, SP, Brazil) at 3000 rpm. The
bone defect was made under constant irrigation with sterile
saline solution (0.9 %).
Subsequently, the animals were divided to create the
following groups: bone defects in ﬁve sham and ﬁve
ovariectomized animals without membrane, bone defects
ﬁlled with P (VDF-TrFE)/BT membrane in nine animals
and bone defects with PTFE membrane in more nine animals. The incisions were then sutured with 4.0 silk thread
(Ethicon, Johnson & Johnson, São José dos Campos, SP,
Brazil). All animals received intramuscular injection with a
single dose of Banamine painkiller-1.1 mg/Kg (MSD Saúde
Animal, São Paulo, SP, Brazil) and Pentabiotico Veterinário
Pequeno Porte—0.1 mL/ 100 g (Fort Dodge®, Campinas,
SP, Brazil).
The animals were sacriﬁced after 4 weeks and the
calvaria were collected and processed for histological,
morphometry by microCT and gene expression analysis
(Table 1).
2.6 MicroCT morphometric analysis
The calvaria were ﬁxed in 4 % buffered formalin solution
(pH = 7) for 2 days and transferred to a 70 % ethanol
solution for 3 days.
The microtomographic analysis was performed using a
Skyscan 1172 microCT scanner (Skyscan, Kontich,
Belgium) operating with 100 kV x-rays detected by a
11-megapixel camera with a resolution of up to 1 µm. Data
were acquired through the reconstruction of the twodimensional (2D) projection images into a 3D volumetric
image stack performed using the software NRecon (Bruker
microCT, Kontich, Belgium). After the reconstruction, the
bone defect area was analyzed according to the following
parameters: tissue volume (mm3), bone surface (mm2),
speciﬁc bone surface (mm2/mm3), trabecular number
(1/mm), trabecular thickness (mm), trabecular separation
(mm) and connectivity density (1/mm3) [14].

2.8 Osteoblastic and osteoclastic marker gene
expressions
The real time PCR technique was used to evaluate gene
expression of RUNX2, ALP, BSP, OC, OPN, OSX, OPG
and RANKL (osteoblastic markers) and RANK, CTSK,
MMP-9 and CALCR (osteoclastic markers).
After 4 weeks, the bone fragments of the calvaria were
removed with a trephine drill of equal size to the membranes previously inserted in the bone defect. The removal
of calvaria was performed with constant and cooled irrigation of phosphate buffered of PBS (phosphate buffered
saline) (Life Technologies, Carlsbad, CA, USA) to minimize a possible total RNA degradation due to heat caused
by the drill instrument. After the removal, the fragments
were immediately frozen in liquid nitrogen and stored in a
freezer at −80 °C until the time of total RNA extraction.
For the total RNA extraction, the calvaria were macerated utilizing TRIzol® reagent (Life Technologies-Invitrogen, Carlsbad, CA) followed by SV Total RNA Isolation
System (Promega, Madison, WI, USA), both used according
to manufacturer’s instructions.
The concentration and purity of total RNA were determined using NanoVue Plus spectrophotometer (GE
Healthcare, Uppsala, Uppsala County, Sweden). The measures were achieved through wavelengths of 260 nm to
obtain the concentration of RNA/µ L, as well as any trace of
contamination by proteins and phenol (280 and 230 nm
respectively).
The complementary DNA (cDNA) was synthesized to
obtain sufﬁcient cDNA from 1 µg total RNA by reverse
transcription reaction using a High Capacity cDNA Reverse
Transcription Kit (Life Technologies), according to the
manufacturer’s instructions.

180 Page 4 of 10

J Mater Sci: Mater Med (2016)27:180

Fig. 1 Photomicrographs (light microscopy) of rat calvaria bone
defects without treatment (control a, b), OVX (c, d), with PTFE (e, f)
or P(VDF-TrFE)BT (g, h) membranes. It was observed the presence of
connective tissue in control (a, b) and OVX groups (c, d) and newly

formed bone tissue in PTFE (e, f) and P(VDF-TrFE)BT (g, h) groups.
Alizarin red S and Stevenel’s blue stain. OVX: ovariectomized; PTFE:
polytetraﬂuoroethylene; P(VDF-TrFE)BT: poly(vinylidene ﬂuoridetriﬂuoroethylene)/barium titanate

The real time polymerase chain reactions were carried
out using the TaqMan reverse transcription kit (Life Technologies) on a StepOnePlus™ Real-Time PCR System (Life
Technologies). Real time PCR reactions were performed
four times with a ﬁnal volume of 10 µL correspondent to
11.25 ng of total RNA. Thermal cycling parameters for the
RT reactions were as follows: 2 min at 50 °C, 10 min at 95 °
C, and 40 cycles in 15 s at 95 °C, and 1 min at 60 °C
(denaturation and extension). The relative expression was
normalized using GAPDH constitutive gene.

created in OVX animals was thinner when compared to that
in sham group (Fig. 1c-d).
In animals that received the PTFE and the P(VDF-TrFE)/
BT membranes, a new bone formation was observed in
surgically-created defects, with no inﬂammatory process
nearby or in the adjacent tissues (Fig. 1e-h).
The PTFE membrane showed direct contact with the newly
formed bone tissue (Fig. 1e). A great number of structures,
such as blood vessels in the medullary connective tissue could
be seen interwoven with the bone trabeculae (Fig. 1f).
The P(VDF-TrFE)/BT membrane promoted the growth
of new bone trabeculae above and below its structure.
However, there was intimate direct contact with the newly
formed bone as observed with the PTFE membrane
(Fig. 1g). A higher augmentation shows the presence of
connective tissue with blood vessels between the newly
formed bone trabeculae interwoven with medullary connective tissue (Fig. 1h).
After image reconstruction by microCT, it was possible
to observe that bone formation in the defects of the ovariectomized and control groups was minimal. The images
also showed bone formation on the PTFE membrane as well
as on the PVDF membrane (Fig. 2a-h).
Both the P(VDF-TrFE)/BT and the PTFE membranes
exhibited signiﬁcantly higher bone volume when compared
to control and OVX groups (PTFE × Control: p < 0.001;
PTFE × OVX: p < 0.001; P(VDF-TrFE)BT × Control: p <
0.001; P(VDF-TrFE)BT × OVX: p = 0.002). There was no
statistical difference between the groups that used both the P
(VDF-TrFE)/BT and PTFE membranes. The groups that
received the PTFE membrane and P(VDF-TrFE)/BT
membrane showed signiﬁcantly higher bone surface when

2.9 Statistical analysis
The microtomographic and gene expression data were
tabulated and submitted to statistical analysis using Sigma
Plot 11.0. Statistical signiﬁcance was set at p < 0.05. The
Kolmogorov-Smirnov test showed that data followed a
normal distribution. Anova test was applied, followed by
the Holm-Sidak test used in histomorphometric data, when
appropriate. The t-test was used in gene expression data.

3 Results
The histological analysis of the calvaria of sham animals
without the the membranes showed a small bone formation
in the peripheral region of the defect while the remaining
part was ﬁlled by connective tissue (Fig. 1a-b). In the
ovarietomized animals, it was possible to observe greater
spaces between the neoformed bone trabeculae, culminating
with a large amount of connective tissue in this region. The
connective tissue occupying the area of the bone defect
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Fig. 2 Three-dimensional reconstructed micro-computed tomography
(micro-CT) images of rat calvaria bone defects without treatment
(control a, b), OVX (c, d), with PTFE (e, f) or P(VDF-TrFE)BT (g, h)
membranes. It was observed new bone formation with both

membranes (e, h). Scale bar: 1 mm. OVX: ovariectomized; PTFE:
polytetraﬂuoroethylene; P(VDF-TrFE)BT: poly(vinylidene ﬂuoridetriﬂuoroethylene)/barium titanate

compared to control and OVX groups (PTFE × Control: p
< 0.001; PTFE × OVX: p < 0.001; P(VDF-TrFE)BT ×
Control: p < 0.001; P(VDF-TrFE)BT × OVX: p < 0.001).
The group that received the P(VDF-TrFE)/BT membrane
exhibited signiﬁcantly higher speciﬁc bone surface when
compared to PTFE, OVX and control groups (P(VDFTrFE)BT × Control: p < 0.001; P(VDF-TrFE)BT × OVX:
p = 0.001; P(VDF-TrFE)BT × PTFE: p < 0.001). For the
number of trabeculae, there was no statistical difference
between the groups that used both the P(VDF-TrFE)/BT
and PTFE membranes. There was statistically signiﬁcant
difference between the groups that received the membranes
and those that did not (PTFE × Control: p < 0.001;
PTFE×OVX: p < 0.001; P(VDF-TrFE)BT × Control: p <
0.001; P(VDF-TrFE)BT × OVX: p < 0.001). The trabecular
thickness was not affected by the use of membranes. Thus,
there was no statistical difference between the groups that
received different types of membrane and those that did not
(p = 0.084). For the trabecular separation, the values were
signiﬁcantly lower for the PTFE and P(VDF-TrFE)/BT
groups compared to the control and OVX groups (PTFE ×
Control: p < 0.001; PTFE × OVX: p < 0.001; P(VDF-TrFE)
BT × Control: p < 0.001; P(VDF-TrFE)BT × OVX: p < 0.001).
For connectivity density, the P(VDF-TrFE)/BT group presented signiﬁcantly higher value when compared to the
PTFE, control and OVX groups. The PTFE group also had
signiﬁcantly higher value when compared to control and
OVX groups (PTFE × Control: p = 0.001; PTFE × OVX:
p = 0.003; P(VDF-TrFE)BT × Control: p = 0.001; P(VDF-

TrFE)BT × OVX: p = 0.001; P(VDF-TrFE)BT × PTFE:
p = 0.001) (Fig. 3).
Gene expression was affected regarded to the use of
different types of membrane (Fig. 4). The results indicated
lower mRNA levels of RUNX2 (p < 0.001), BSP (p <
0.001), OPN (p < 0.001) and OSX (p < 0.001) in the cells
of animals treated with the P(VDF-TrFE)/BT membrane.
The expressions of ALP and OC genes in the P (VDFTrFE)/BT group was similar (p = 0.600 and p = 0.174,
respectively), when compared to the PTFE group. The
OPG modulation was signiﬁcantly higher (p < 0.001) in
the P(VDF-TrFE)/BT group compared to the PTFE group.
The expression of RANKL gene was signiﬁcantly lower
(p = 0.001) in the P(VDF-TrFE)/BT group compared to
the PTFE group. The expression of RANK and CTSK
genes in the P(VDF-TrFE)/BT group was similar (p =
0.262 and p = 0.291, respectively), when compared to the
PTFE group. The expression of MMP-9 and CALCR
genes were signiﬁcantly higher (p = 0.009 and p = 0.003,
respectively), in the P(VDF-TrFE)/BT group compared to
the PTFE group. The RANK/OPG ratio was signiﬁcantly
lower (p < 0.001) in the P(VDF-TrFE)/BT group compared to PTFE group.

4 Discussion
The results obtained in the present study showed bone
neoformation in defects ﬁlled with the PTFE and the
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Fig. 3 Morphometric parameters obtained from three-dimensional
reconstructed micro-computed tomography images on rat calvaria
bone defects without treatment (control), OVX, with PTFE or P(VDFTrFE)BT membranes. *Indicates statistically signiﬁcant difference

(p < 0.05). OVX: ovariectomized; PTFE: polytetraﬂuoroethylene; P
(VDF-TrFE)BT: poly(vinylidene ﬂuoride-triﬂuoroethylene)/barium
titanate

P(VDF-TrFE)/BT membranes in calvaria of ovariectomized
rats. Our study used the most adequate experimental model
for the research of osteoporosis [16] because the characteristics of the bone loss in the ovariectomized rats
resemble those found in postmenopausal women [17].
The results of histological and microCT morphometrical
evaluation obtained in this study made it possible to observe
new bone formation using both types of membranes [13, 18, 19].
It is worth mentioning that P(VDF-TrFE)/BT membrane
favored the growth of new bone trabeculae above and below
its structure, which was not observed in defects ﬁlled with
PTFE membrane [13]. Differently from the results found by

Lopes et al. [13], there was no connective tissue between the
P(VDF-TrFE)/BT membrane and bone tissue, which suggests
a good integration between this biomaterial and the bone
tissue [20]. No inﬂammatory response was detected in the
presence of the P(VDF-TrFE)/BT membrane, allowing proper
de novo bone formation observed in MicroCT and histological analysis. This was not observed in other in vivo studies
that used, for example, Bio-Gide(®)-ALP membranes [21].
The quantiﬁcation of regenerated bone was performed
through tridimensional images from micro-computed
tomography (microCT), which is a traditional gold standard technique of evaluation [14]. The in vivo experiments
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Fig. 4 Gene expression of
RUNX2, BSP, OPN, OSX,
ALP, OC, OPG, RANKL,
RANK, CTSK, MMP9,
CALCR and ratio RANKL:
OPG of cells from new
bone tissue formed on rat
calvaria bone defect with
PTFE or P(VDF-TrFE)BT
membranes. Gene expression
was normalized by GAPDH.
*Indicates statistically
signiﬁcant difference
(p < 0.05). PTFE:
polytetraﬂuoroethylene;
P(VDF-TrFE)BT: poly
(vinylidene ﬂuoridetriﬂuoroethylene)/barium
titanate
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comparing the PTFE and P(VDF-TrFE)/BT membranes
revealed similar results with respect to bone volume, bone
surface, trabecular number, trabecular thickness and trabecular separation, which indicates that the P(VDF-TrFE)/BT
membrane was effective in bone formation [13].
Other research groups that investigate the biocompatibility of materials also observed signiﬁcant bone formation
in ovariectomized rats after the use of PTFE membranes
combined with zolendronic acid (ZA) [22] and bone substitutes such as the Biosilicate® and Bio-Oss® [23]. In
contrast, the use of bovine collagen membranes in OVX
animals presented signiﬁcantly lower bone volume [24].
In our study, for the bone surface and number of trabeculae,
the groups that received the membranes showed signiﬁcantly higher values when compared to those that did not
receive the biomaterial. Weber et al. [25] reported that the
PVDF-TrFE membrane is cytocompatible and in a threedimensional format could be a promising material able to
inﬂuence cell proliferation. Even though these authors have
performed only in vitro experiments, they suggest that
PVDF-TrFE is a potential biomaterial to be used in tissue
engineering also for in vivo investigations. In a previous
study on cell culture, Teixeira et al. [11] showed that the
P(VDF-TrFE)/BT membrane favored cell adhesion, proliferation and differentiation of ﬁbroblasts and keratinocytes
compared to the PTFE membrane. Despite the fact that our
results are from in vivo experiments, future in vitro studies
could elucidate if P(VDF-TrFE)/BT would also favor the
same cellular events in osteoporotic animals.
Speciﬁc bone surface, which is an important parameter
from microCT analysis, is the ratio between bone surface
and bone volume [14]. Higher values of this parameter were
found in the group that used the P(VDF-TrFE)/BT membrane, suggesting that its presence favors bone formation in
a situation of osteoporosis. In this study, the connectivity
density showed signiﬁcantly higher values for the P(VDFTrFE)/BT group compared to all the other groups. Odgard
and Gundersen [26] stated that the connectivity is a topologic measure counting the number of objects like marrow
cavities fully surrounded by bone as well as the number of
connections that must be broken to split the structure in two
parts. It should be divided by the total volume, being more
appropriate called connectivity density. Therefore, it can be
inferred that the bone tissue formed by the P(VDF-TrFE)/
BT membrane is more resistant than the one formed by the
PTFE membrane.
Osteoporosis promotes changes in the metabolism of
bone cells due to the action of a diverse set of proteins
modulated by the differential expression of their
respective genes. The goal of genomic research is to
understand the functional roles that different genes play and
in which biological processes they participate regarded to
different physiological, pathological or environmental
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conditions [27]. The present study evaluated gene expression of cells present in the bone defects. The main osteoblastic bone markers investigated were RUNX2, ALP, BSP,
OC, OPN, OSX, OPG and RANKL and the osteoclastic
bone markers were RANK, CTSK, MMP-9 and CALCR.
Our results were not consistent with those of other studies that have observed a greater expression of RUNX2,
OPN, ALP, BSP and OC in alveolar bone derived cells
cultivated on the P(VDF-TrFE)/BT membrane [12]. This
occurred because when the two membranes were compared,
there was a lower expression of RUNX2, BSP, OPN, OSX
and RANKL in the group that received the P(VDF-TrFE)/
BT membrane. Our results also did not corroborate with
those obtained from healthy animals that used the same type
of membranes in calvaria bone defects, where similar gene
expression was observed and/or was signiﬁcantly higher in
the same group [13]. Lower gene expression of osteoblastic
markers may have occurred not because of the membrane
itself, but due to systemic changes induced by osteoporosis
that were observed not only in the initial period of bone
repair but also in more advanced stages [28, 29], interfering
with the proliferation rate of undifferentiated mesenchymal
stem cells and osteoblasts [30].
Along with other authors that have used bone substitutes
[23], however, a higher quantitative expression of OPG
was observed, combined with the repression of RANKL,
suggesting that the PVDF membrane prevents bone
resorption due to a lower activation of osteoclasts, and
consequently, lower rate of bone remodeling. Probably, the
resorption activity of osteoclasts was suppressed by high
concentrations of OPG, at the molecular level, and OPG
decreased the expression of osteoclastic bone resorptionrelated genes [31]. In our study, the RANKL: OPG ratio
conﬁrmed the inﬂuence of membrane in gene modulation,
as seen in the study of Lima et al. [32]. It is noteworthy that
the expression of ALP and OC genes was similar in both
groups, suggesting that the bone mineralization below the P
(VDF-TrFE)/BT membrane was similar to the one in the
PTFE membrane.
In our study, although there was a similar and positive
bone formation with the use of both membranes evaluated,
different behaviors were observed in gene modulation, with
increased repression of genes associated to bone formation
on PVDF membrane when compared with PTFE membrane. Other studies have emphasized that the relative gene
expression was increased with Biosilicate®, without signiﬁcant bone formation [23]. The exact mechanism of this
effect has yet to be clariﬁed. However, it is believed that
this discrepancy may be related to the inherent properties of
the materials used. The results of the microtomographic
analysis showed that bone formation parameters were
similar, possibly due to the presence of barium titanate on
the PVDF membrane, which has piezoelectric properties.
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According to Baxter et al. [33], the piezoelectric properties
have no single mode of action, although the preferential
adsorption of proteins, ions, and other molecules onto surfaces of differing electrical states is probable and may have
effects on the osteogenesis process.
Our results showed signiﬁcantly higher expressions of
genes associated to bone resorption, such as MMP9 and
CALCR in the presence of the P(VDF-TrFE)/BT membrane
compared to PTFE membrane and similar values in the
expression of RANK and CTSK genes. The higher
expression of CALCR may have contributed to the greater
amount of bone tissue detected through microCT analysis in
animals that received the P(VDF-TrFE)/BT membrane.
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5 Conclusion
10.

Based on the results obtained, it can be concluded that P
(VDF-TrFE)/BT membrane can be explored as a promising
alternative in guided tissue regeneration treatment that
involves the use of biomaterials and with beneﬁcial effects
on systemic bone disorders such as osteoporosis.
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