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Abstract This study investigated the response of human
alveolar bone-derived cells to a novel poly(vinylidene
fluoride-trifluoroethylene)/barium titanate (P(VDF-TrFE)/
BT) membrane. Osteoblastic cells were cultured in osteo-
genic conditions either on P(VDF-TrFE)/BT or polytetra-
fluoroethylene (PTFE) for up to 14 days. At 7 and 14 days,
the mRNA expression of Runt-related transcription factor 2
(RUNX2), Type I collagen (COL I), Osteopontin (OPN),
Alkaline phosphatase (ALP), Bone sialoprotein (BSP), and
Osteocalcin (OC), key markers of the osteoblastic pheno-
type, and of Bcl2-associated X protein (Bax), B-cell CLL/
lymphoma 2 (Bcl-2), and Survivin (SUR), associated with
the control of the apoptotic cell death, was assayed by real-
time PCR. In situ ALP activity was qualitatively evaluated
by means of Fast red staining. Surface characterization was
also qualitatively and quantitatively assayed in terms of
topography, roughness, and wettability. Cells grown on
P(VDF-TrFE)/BT exhibited a significantly higher mRNA
expression for all markers compared to the ones on PTFE,
except for Bcl-2, which was not detected for both groups.
Additionally, Fast red staining was noticeably stronger in
cultures on P(VDF-TrFE)/BT at 7 and 14 days. At micron-
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and submicron scale, SEM images and roughness analysis
revealed that PTFE and P(VDF-TrFE)/BT exhibited a
smooth topography and a similar roughness, respectively.
PTFE membrane displayed higher contact angles compared
with P(VDF-TrFE)/BT, as indicated by wettability assay.
The novel P(VDF-TrFE)/BT membrane supports the
acquisition of the osteoblastic phenotype in vitro, while
up-regulating the expression of apoptotic markers. Further
in vivo experiments should be carried out to confirm the
capacity of P(VDF-TrFE)/BT membrane in promoting
bone formation in guided bone regeneration.

1 Introduction

Guided bone regeneration (GBR) has become one of the
most widely used techniques for bone regeneration due to
its simplicity and efficacy [1, 2]. Such therapy is based on
the use of membranes to avoid soft tissue downgrowth
into the bone defect, allowing cells with osteogenic
potential from medullary spaces and periosteum to popu-
late and regenerate the wounded area [3]. GBR has been
applied in maxillofacial surgery to treat alveolar bone
defects related to dental implants, to promote alveolar
ridge augmentation, and to heal pathological cavities in
the jaw bones [4-6].

For GBR applications, membranes should fulfill some
prerequisites, including biocompatibility, tissue integra-
tion, space maintenance, and clinical manageability [7, 8].
The most frequently used biomaterial in GBR is the
expanded polytetrafluoroethylene (e-PTFE), which exhibits
an excellent biocompatibility, with no foreign body reac-
tion [9, 10]. Despite that, e-PTFE presents some negative
characteristics, such as micromovements and inertness,
which may affect the outcomes of GBR [11-13].
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Therefore, the development of novel strategies and/or
biomaterials is of great interest in this field.

Novel biomaterials can be obtained by the association of
different materials [14—18]. In this context, a membrane
has recently been developed based on the association of
poly(vinylidene fluoride-trifluoroethylene) and barium
titanate (P(VDF-TrFE)/BT) [19], aiming to combine the
flexibility and easy processability of the polymer and the
piezoelectricity of the ceramic [20]. Beloti et al. [21] and
Teixeira et al. [22] previously demonstrated that P(VDF-
TrFE)/BT composite exhibited a better in vitro biocom-
patibility compared with PTFE. In the present in vitro
study, we hypothesized that such membrane regulates the
processes of osteoblastic differentiation and apoptotic cell
death at the transcriptional level. To test this hypothesis,
we quantitated the mRNA expression levels of key osteo-
blastic and apoptotic markers by real-time PCR in human
alveolar bone-derived cells cultured on P(VDF-TrFE)/BT.
Additionally, in situ alkaline phosphatase (ALP) activity
was also qualitatively evaluated.

2 Materials and methods
2.1 Membranes and surface characterization

P(VDF-TrFE)/BT membranes were prepared as previously
described [19]. A commercially available polytetrafluoro-
ethylene (PTFE) membrane was used as control. All
membranes were cut as discs, 12 mm in diameter, and
sterilized before using in the cell culture experiments.

Scanning electron microscopy (SEM; LEO-440, LEO
Electron Microscopy Ltd, Cambridge, England) was used
to assess the surface topography of the membranes. The
SEM imaging was carried out using an accelerating voltage
of 20 kV. Surface roughness was measured with a profi-
lometer (Mitutoyo SJ201-P, 300 mm accuracy, 0.5 mm/s
speed, and five 0.8 mm cut-offs). Three readings (on the
center of the membrane, 1 mm to the right and 1 mm to the
left) were made in each membrane (n = 3). Surface wet-
tability was evaluated using a video-based contact angle
meter (CAM 200, KVS Instruments, Helsinki, Finland) by
sessile drop method [23]. The contact angle was measured
at 0, 5 and 10 min after a drop of the cell culture medium
(see composition described below) was placed on the
membranes (n = 3) at 23.4°C.

2.2 Cell culture
Human alveolar bone fragments (explants) were obtained
from healthy donors, using the research protocols approved

by the Committee of Ethics in Research of the School of
Dentistry of Ribeirao Preto of the University of Sao Paulo.
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Osteoblastic cells were obtained from these explants by
enzymatic digestion using collagenase type II (Gibco-Life
Technologies, Grand Island, NY), as described previously
[24, 25]. Cells were cultured in o-minimum essential
medium (Gibco), supplemented with 10% fetal bovine
serum (Gibco), 50 pg/ml gentamicin (Gibco), 0.3 pg/ml
fungizone (Gibco), 1077 M dexamethasone (Sigma, St.
Louis, MO), 5 pg/ml ascorbic acid (Gibco), and 7 mM
p-glycerophosphate (Sigma). Subconfluent cells in primary
culture were harvested after treatment with 1 mM ethy-
lenediamine tetraacetic acid (EDTA) (Gibco) and 0.25%
trypsin solution (Gibco); then cells were seeded on P(VDF-
TrFE)/BT and PTFE membranes placed in 24-well poly-
styrene plates (Falcon, Franklin Lakes, NJ) at a cell density
of either 2 x 10* for Fast red staining [26] or 8 x 10* for
real-time PCR [22] cells per well, and subcultured for
periods of up to 14 days. During the culture period, cells
were incubated at 37°C in a humidified atmosphere of 5%
CO; and 95% air; the medium was changed every 3 or
4 days.

2.3 Gene expression analysis using real-time PCR

Gene expression of osteoblastic cells cultured on P(VDF-
TrFE)/BT and PTFE membranes was assayed by real-time
PCR. The genes encoding Runt-related transcription factor
2 (RUNX2), Type I collagen (COL I), Osteopontin (OPN),
Alkaline phosphatase (ALP), Bone sialoprotein (BSP), and
Osteocalcin (OC), typical markers of the osteoblastic
phenotype, as well as the genes encoding BCL2-associated
X protein (Bax), B-cell CLL/lymphoma 2 (Bcl-2) and
Survivin (SUR), related to the apoptotic process, were
evaluated. The primer sequence, melting temperature and
predicted amplicon size, were designed using the Primer-
Express software (Applied Biosystems, Foster City, CA)
and are shown in Table 1.

2.3.1 RNA extraction

At days 7 and 14, total RNA from cells cultured on both
membranes was extracted using TRIZOL reagent (Gibco
BRL), according to the manufacturer’s instructions. The
concentration of RNA was determined by optical density at
a wavelength of 260 nm, using the GeneQuant (Amersham
Biosciences, Piscataway, NJ). The RNA purity was deter-
mined from the A260/A280.

2.3.2 Real-time PCR

RNA complementary DNA (cDNA) was synthesized
using 1 pg of RNA through a reverse transcription reac-
tion (M-MLV reverse transcriptase, Promega, Madison,
WI). Real-time PCR analyses were performed in an ABI
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Table 1 Primer sequences and reaction properties

Gene Primer sense sequence Twm bp
Primer anti-sense sequence (°C)

RUNX2 TATGGCACTTCGTCAGGATCC 83 110
AATAGCGTGCTGCCATTCG

COLI CCACAAAGAGTCTACATGTCTAGGGTC 84 114
GTCATCGCACAACACCTTGC

OPN AGACACATATGATGGCCGAGG 79 154
GGCCTTGTATGCACCATTCAA

ALP ACGTGGCTAAGAATGTCATC 86 475
CTGGTAGGCGATGTCCTTA

BSP AATCTGTGCCACTCACTGCCTT 79 201
CCTCTATTTTGACTCTTCGATGCAA

oC CAAAGGTGCAGCCTTTGTGTC 85 150
TCACAGTCCGGATTGAGCTCA

Bax GCAAACTGGTGCTCAAGGCC 85 156
CTCCCGCCACAAAGATGGTC

Bcl-2  CGCCCTGTGGATGACTGAGTAC 83 201
CACTTGTGGCCCAGATAGGC

SUR GTTAATAAAGCCGTAGGCCCTTGT 79 151
TTGGAACCTCACCCATAGCC

p-gus  GAAAATATGTGGTTGGAGAGCTCATT 80 101

CCGAGTGAAGATCCCCTTTTTA

The annealing temperature used for all reactions was 60°C

Ty melting temperature, bp product size

Prism 7000 Sequence Detection System using the Sybr-
Green system (Applied Biosystems). SybrGreen PCR
MasterMix (Applied Biosystems), specific primers and
2.5 ng of cDNA were used in each reaction. The standard
PCR conditions were 95°C (10 min) and 40 cycles of
94°C (1 min), 56°C (1 min) and 72°C (2 min), followed
by the standard denaturation curve. For mRNA analysis,
the relative level of gene expression was calculated in
reference to both f-gus expression in the sample and its
respective control (PTFE membrane) using the cycle
threshold (Ct) method [27].

2.4 Detection of in situ ALP activity

At 7 and 14 days, in situ ALP activity was qualitatively
evaluated by Fast red staining [28]. Briefly, the medium
was removed and the cultures were washed twice with
Hanks’ balanced salt solution (Sigma) and then incubated
with 120 mM Tris buffer (Sigma), pH 8.4, containing
0.9 mM naphthol AS-MX phosphate (Sigma) and 1.8 mM
Fast red TR (Sigma). The naphthol AS-MX phosphate was
solubilized with N,N dimethyl formamide (Merck KGaA,
Darmstadt, Germany) prior to dilution with the Tris buffer.
After 30 min at 37°C, the cultures were washed with
sodium phosphate buffer (PB), pH 7.2. Before mounting

for microscope observation, the cultures were permeabili-
zed with 0.5% Triton X-100 in PB for 10 min and cell
nuclei stained with 300 nM 40,6-diamidino-2-pheny-
lindole, dihydrochloride (DAPI, Molecular Probes) for
5 min. Membranes were placed face up on glass slides,
covered with 12-mm-round glass coverslips (Fisher Sci-
entific) and mounted with an antifade kit (Vectashield,
Vector Laboratories, Burlingame, CA). The samples were
then examined under epifluorescence using a Leica DMLB
light microscope (Leica, Bensheim, Germany), with N Plan
(X10/0.25, X20/0.40) and HCX PL Fluotar (X40/0.75,
X100/1.3) objectives, outfitted with a Leica DC 300F
digital camera. Acquired digital images were processed
with Adobe Photoshop software (Adobe Systems).

2.5 Statistical analysis

Roughness and wettability were carried out in triplicate
(n = 3) and data were analyzed using either Student’s
t test or analysis of variance (two-way ANOVA), fol-
lowed by Tukey’s post-hoc test when appropriate. Real-
time PCR results described below are representative of 2
sets of cultures and was carried out in quintuplicate
(n = 5). Data were statistically analyzed using Mann—
Whitney U test for non-paired examination followed by
Bonferroni’s correction. The significant level was estab-
lished at P < 0.05.

3 Results

P(VDF-TrFE)/BT and PTFE membranes showed similar
features in terms of surface topography, exhibiting an
apparent smooth surface, as observed by SEM analysis
(Fig. 1). The surface roughness was statistically similar for
both membranes at micron- and submicron scale (Student’s
t test, P = 0.574; Fig. 2a). Static contact angles were aff-
ected by membrane composition and time (two-way
ANOVA, P = 0.001; Fig. 2b). PTFE exhibited higher val-
ues of static contact angles compared with the ones observed
in P(VDF-TrFE)/BT. The decrease of contact angles was
affected by time (0 min > 5 min = 10 min).

Real-time PCR analysis revealed a significantly higher
expression of RUNX2, COL I, OPN, ALP, BSP, and OC in
osteoblastic cultures grown on P(VDF-TrFE)/BT compared
with PTFE at 7 and 14 days (P = 0.032, for all genes and
both time points; Fig. 3). The apoptotic-related genes Bax
and SUR were also up-regulated in cells cultured on
P(VDF-TrFE)/BT at days 7 and 14 (P = 0.032, for all
genes and both time points; Fig. 4). Although Bcl-2 was
expressed in cells cultured on polystyrene, Bcl-2 mRNA
was detected in very low levels as revealed by its high Ct
value (>33) on both membranes and the calculation of gene
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Fig. 1 High resolution SEM imaging of PTFE (a) and P(VDF-TrFE)/
BT (b). At micron-scale both membranes exhibited a smooth surface.
Scale bar for a-b = 6 um

expression may not represent the biological event. Because
of this, results of Bcl-2 were not shown.

Epifluorescence revealed a higher cell population den-
sity with a stronger Fast red staining for cultures on
P(VDF-TrFE)/BT compared with the ones on PTFE at 7
and 14 days (Fig. 5, compare b with a and d with c).

4 Discussion
The results of this study showed that the expression of

mRNA levels of key osteoblastic and apoptotic markers
was significantly enhanced in human alveolar bone-derived

cell cultures grown on P(VDF-TrFE)/BT membrane com-
pared with PTFE. In addition, in situ ALP activity was
noticeably higher on P(VDF-TrFE)/BT, as judged by
stronger Fast red staining. These findings indicate that
P(VDF-TrFE)/BT membrane supports the acquisition of
the osteoblastic phenotype both at the transcriptional and
protein levels in vitro, while up-regulating genes associated
with the apoptotic cell death program.

Among several transcription factors involved in the
early stages of bone formation, RUNX2 has been recog-
nized as the main factor controlling osteoblast commitment
and differentiation [29, 30]. During the process of osteo-
blastic differentiation, matrix proteins including COL 1,
OPN, BSP, and OC are synthesized and secreted in tem-
porally and spatially characteristic patterns, and therefore
represent important parameters to be assayed [31]. In the
context of GBR, bone and intrabony defects covered with
PTFE membranes display a greater expression of RUNX2,
COL I, OPN, BSP, and OC compared with non-covered
sites [32, 33]. Our in vitro results showed that osteoblastic
cells cultured on P(VDF-TrFE)/BT exhibited a markedly
higher expression of RUNX2, COL I, OPN, BSP, and OC
compared with those on PTFE. These findings suggest that
P(VDF-TrFE)/BT may represent an additional stimulus for
bone regeneration when the use of membranes is indicated.

During the course of collagen matrix mineralization, the
presence of inorganic phosphate in the extracellular milieu
is essential to ensure the occurrence of hydroxyapatite
nucleation and growth [31, 34]. The supplying of inorganic
phosphate is provided by ALP enzyme [35]. Cells cultured
on P(VDF-TrFE)/BT membrane exhibited a higher
expression of ALP gene associated with an intense in situ
ALP activity, indicating that the interaction of osteoblastic
cells with this novel composite creates favorable bio-
chemical conditions that ultimately support matrix miner-
alization. Indeed, bone-like mineralized nodules have only
been observed in osteoblastic cultures grown on P(VDF-
TrFE)/BT [21].

Some characteristics of the substrate could account for
the observed differences in the gene expression profiling
and ALP activity between osteoblastic cell cultures
grown on P(VDF-TrFE)/BT and PTFE. Indeed, it has been

Fig. 2 Surface roughness a Surface Roughness b Surface Wettability
(a) and wettability (b) of PTFE 0.25 4 150 = PTFE
and P(VDE-TrFE)/BT ey o ® P(VDF-TrFE)BT
0.2 o 120 I I
membranes. Data are reported 5_ ] = ; L
as mean & SD % 0.15 "L 90
=

= =

.@ 0.1 E 60

S =

I~ 0.05 6 30

0 0
PTFE P(VDF-TrFE)/BT 0 5 10
Experimental groups Time (min)
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Fig. 3 RUNX2, COL I, OPN,
ALP, BSP, and OC mRNA
expression in human alveolar
bone-derived cells cultured on
PTFE and P(VDE-TrFE)/BT at
days 7 and 14 by means of real-
time PCR. Data were calculated
as the relative expression of the
target mRNA normalized to
f-gus and to PTFE (calibrator)
and are reported as mean + SD
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Fig. 4 Bax and SUR mRNA
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Fig. 5 Epifluorescence of in
situ ALP activity of human
alveolar bone-derived cells
cultured on PTFE (a, ¢) and
P(VDF-TrFE)/BT (b, d) at days
7 (a, b) and 14 (¢, d). Fast red
(red fluorescence) and DAPI
DNA staining (blue
fluorescence) revealed,
respectively, larger areas of
ALP activity and a higher cell
density for cultures grown on
P(VDF-TrFE)/BT compared
with PTFE. Differences
between both groups in terms of
ALP activity were also clearly
noticed at the macroscopic level
(insets). Scale bar for

a—d = 100 pum; for

insets = 4.2 mm. (Color figure
online)

demonstrated that surface topography, chemistry, energy/
wettability may affect protein adsorption and the progres-
sion of the osteogenic phenotype in vitro [36-40].
Although the surface roughness was similar for both
membranes at micron- and submicron scale, P(VDE-TrFE)/
BT exhibited a more wettable surface than PTFE, as
indicated by the contact angle measurement. Wettability
has been reported as an essential physicochemical property

@ Springer

of biomaterials that might control protein adsorption and
cell behavior [41, 42]. Actually, an increase in surface
wettability leads to a higher cell attachment, proliferation
and protein synthesis [43]. Therefore, the lower mRNA
expression levels and in situ ALP activity observed in
cultures grown on PTFE could thus be due to a low protein
binding capacity and decreased wettability, as demon-
strated elsewhere [44, 45].
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During bone formation and regeneration, osteoblasts
undergo an orderly developmental progression that ulti-
mately ends in apoptosis [46]. Several genes are involved
in the apoptotic cell death, including Bcl-2, Bax, and SUR.
The balance between Bcl-2 and Bax genes determines the
cell fate. If Bax is overexpressed, the cell undergoes
apoptosis. Conversely, if Bcl-2 expression prevails, the cell
is protected against apoptosis [47, 48]. Survivin is a reg-
ulatory protein that controls apoptosis by inhibiting caspase
activity [49, 50]. In the present study, a higher expression
of the apoptotic genes Bax and SUR was observed in
cultures grown on P(VDF-TrFE)/BT compared with PTFE
at days 7 and 14. One possible explanation for such finding
could rely on the more advanced stages in the osteoblastic
differentiation sequence for cells grown on P(VDF-TrFE)/
BT substrate, as judged by the up-regulation of the bone
markers used.

In conclusion, we demonstrated that a novel membrane
of the P(VDF-TrFE)/BT composite supports the up-regu-
lation of bone and apoptotic markers and ALP activity in
human alveolar bone-derived cell cultures. Therefore, the
use of P(VDF-TrFE)/BT in GBR could likely promote
bone matrix formation along and adjacently to the mem-
brane, a concept that should be taken into consideration
especially for larger bone defects (critical-sized defects).
Further in vivo studies using animal models for GBR
should be carried out to test whether the process of bone
repair would be benefit from the use of P(VDF-TrFE)/BT.
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