International Journal of Nanomedicine downloaded from https://www.dovepress.com/ by 218.249.94.210 on 26-Nov-2019

For personal use only.

International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Biomimetic piezoelectric nanocomposite
membranes synergistically enhance osteogenesis
of deproteinized bovine bone grafts

Yunyang Bai' ™
Xiaohan Dai*
Ying Yin*

Jiagi Wang*
Xiaowen Sun’
Weiwei Liang'
Yiping Li*
Xuliang Deng'®
Xuehui Zhang>>*

IDepartment of Geriatric Dentistry, Peking
University School and Hospital of Stomatology, Beijing
100081, People’s Republic of China; *Department of
Prosthodontics, Peking University School and
Hospital of Stomatology, Beijing 100081, People’s
Republic of China; *Department of Dental Materials &
Dental Medical Devices Testing Center, Peking
University School and Hospital of Stomatology, Beijing
100081, People’s Republic of China; “Xiangya
Stomatological Hospital, Central South University,
Changsha 410078, People’s Republic of China;
*National Engineering Laboratory for Digital and
Material Technology of Stomatology, Peking
University School and Hospital of Stomatology, Beijing
100081, People’s Republic of China; *Beijing
Laboratory of Biomedical Materials, Peking University
School and Hospital of Stomatology, Beijing 100081,
People’s Republic of China

Correspondence: Xuliang Deng
Department of Geriatric Dentistry, Peking
University School and Hospital of
Stomatology, Zhongguancun South Ave No.
22, Beijing 100081, People’s Republic of
China

Tel +86 108 219 5637

Fax +86 106 217 3403

Email kqdengxuliang@bjmu.edu.cn

Xuehui Zhang

Department of Dental Materials & Dental
Medical Devices Testing Center, Peking
University School and Hospital of
Stomatology, Zhongguancun South Ave No.
22, Beijing 100081, People’s Republic of
China

Tel +86 108 219 5748

Fax +86 106 216 4691

Email zhangxuehui@bjmu.edu.cn

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Purpose: The combination of a bone graft with a barrier membrane is the classic method for
guided bone regeneration (GBR) treatment. However, the insufficient osteoinductivity of
currently-available barrier membranes and the consequent limited bone regeneration often
inhibit the efficacy of bone repair. In this study, we utilized the piezoelectric properties of
biomaterials to enhance the osteoinductivity of barrier membranes.

Methods: A flexible nanocomposite membrane mimicking the piezoelectric properties of
natural bone was utilized as the barrier membrane. Its therapeutic efficacy in repairing
critical-sized rabbit mandible defects in combination with xenogenic grafts of deproteinized
bovine bone (DBB) was explored. The nanocomposite membranes were fabricated with
a homogeneous distribution of piezoelectric BaTiO; nanoparticles (BTO NPs) embedded
within a poly(vinylidene fluoridetrifluoroethylene) (P(VDF-TrFE)) matrix.

Results: The piezoelectric coefficient of the polarized nanocomposite membranes was close
to that of human bone. The piezoelectric coefficient of the polarized nanocomposite mem-
branes was highly stable, with more than 90% of the original piezoelectric coefficient (ds3)
remaining up to 28 days after immersion in culture medium. Compared with commercially-
available polytetrafluoroethylene (PTFE) membranes, the polarized BTO/P(VDF-TrFE)
nanocomposite membranes exhibited higher osteoinductivity (assessed by immunofluores-
cence staining for runt-related transcription factor 2 (RUNX-2) expression) and induced
significantly earlier neovascularization and complete mature bone-structure formation within
the rabbit mandible critical-sized defects after implantation with DBB Bio-Oss® granules.
Conclusion: Our findings thus demonstrated that the piezoelectric BTO/P(VDF-TrFE)
nanocomposite membranes might be suitable for enhancing the clinical efficacy of GBR.
Keywords: guided bone regeneration, nanocomposite membrane, piezoelectric effect,
osteoinduction

Introduction

Guided bone regeneration (GBR) is the major treatment modality for critical-
sized bone defects.* A combination of bone graft with a barrier membrane is
the routine approach for GBR treatment.®> Currently, xenogenic grafts have wide
applications in GBR for bone augmentation because of their ready availability
and good osteoconductivity.*”’ Deproteinized bovine bone (DBB), i.e. Bio-Oss
®, is one of the most widely used xenogenic grafts in clinical dentistry.®'* The
physical structure and chemical properties of DBB are similar to that of natural
bone and it has demonstrated positive osteoconductive properties.*!' During
clinical GBR treatment, a membranous material is usually used as a barrier to
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maintain the state of the graft fillings and prevent the
ingrowth of fibrous tissue.'*™'> Unfortunately, most cur-
rently-utilized barrier membrane materials do not syner-
gistically match the osteoconductivity of the graft
implant materials due to a lack of osteoinductive func-
tion. Hence, it is imperative to design biomimetic
osteoinductive GBR membranes to promote bone
formation.

Physiological electrical properties, such as piezoelec-
tricity, play an important role during bone growth and
fracture healing.''® Recently, piezoelectric ceramics,
including barium titanate (BaTiO;, BTO),>* > potas-
sium sodium niobate (KNN),>* and lithium niobate
(LN),>27 have been widely used as bone implant mate-
rials because of their excellent biocompatibility and
osteoinductivity. In our previous study, BTO nanoparti-
cles (NPs) were incorporated into a polymer matrix such
as poly-(I-lactic acid) (PLLA)*®* or poly(vinylidene
fluoridetrifluoroethylene) (P(VDF-TrFE))* to form an
electroactive membrane to enhance calvarial defect
repair efficacy (without bone grafts), because of the
inherent electrical properties of BTO that mimic the
physiological electrical properties of natural bone.
Therefore, to improve clinical GBR treatment, we
hypothesize that the biomimetic piezoelectric BTO/P
(VDF-TrFE) nanocomposite membrane can enhance cri-
tical-sized bone defect repair efficacy in combination
with DBB grafts.

This study therefore aimed to explore the combined
therapeutic effectiveness of piezoelectric BTO/P(VDF-
TrFE) nanocomposite membranes and xenogenic DBB
grafts in repairing critical-sized bone defects in rabbit
The fabricated with
a homogeneous distribution of piezoelectric BTO NPs
embedded in P(VDF-TrFE) matrix. The physicochemical
properties of the nanocomposite membranes, including it’s

mandibles. membranes were

morphology, microstructure, and chemical composition
were rigorously analyzed, and it’s ferroelectric behavior
and piezoelectric properties were characterized at room
temperature. Additionally, rat bone marrow mesenchymal
stem cells (BM-MSCs) were used to evaluate the osteo-
genic performance of the nanocomposite membranes
in vitro, in comparison with commercially-available poly-
tetrafluoroethylene (PTFE) membranes. A rabbit mandible
critical-sized defect model was established to evaluate the
therapeutic efficacy of the biomimetic piezoelectric

nanocomposite membrane in conjunction with xenogenic
DBB grafts.

Materials and methods
Fabrication of BTO/P(VDF-TrFE)
nanocomposite membranes

The BTO/P(VDF-TrFE) nanocomposite membranes were
fabricated utilizing a protocol modified from our previous
work.? Briefly, BTO NPs (99.9%, average particle size of
100 nm, Alfa Aesar, Ward Hill, MA, USA) were ultrasoni-
cally dispersed in 0.01 mol/L of dopamine hydrochloride
(99%, Alfa Aesar) aqueous solution, and stirred for 12 h at
60 °C. Then, the dopamine-modified BTO NPs were added
to the P(VDF-TrFE) (65/35 mol% VDF/TrFE, Arkema,
Colombes, France) co-polymer powders dissolved in N,N -
dimethylformamide (DMF) at 5 vol% of the polymer
matrix. After ultrasonication and stirring, a stable suspen-
sion was formed, which was then cast into membranes with
a thickness of approximately 30 um. For polarization, the
membrane samples were treated using a corona discharge
under a DC field of 13 kV at room temperature for 30 min.

Characterization of the nanocomposite

membranes

The morphologies and internal structures of the nanocom-
posite membranes were examined by field emission-
scanning  electron microscopy (FE-SEM,  S-4800,
HITACHI, Tokyo, Japan) and X-ray diffraction spectro-
scopy (XRD, Rigaku D/max 2500 VB2t/PC, Tokyo,
Japan) respectively. For the ferroelectric property measure-
ments before corona poling, top copper electrodes with
a 4-mm diameter were prepared on the nanocomposite
membrane by thermal evaporation. The polarization—elec-
tric field (P—E) loop was measured using a commercial
ferroelectric analyzer (TF1000, aixACCT Systems GmbH,
Aachen, Germany) according to our previous study.®’ The
piezoelectric property of the nanocomposite membranes
after corona poling was measured as the piezoelectric coef-
ficient (d33), using a piezoelectric coefficient meter (ZJ-
3AN, TACAS, Beijing, China). For in vitro electrical stabi-
lity evaluation, the polarized nanocomposite membranes
were immersed in serum-free cell culture medium
(Cyagen Bioscience Inc., Guangzhou, China) for 28 days,

and then rinsed with ddH,O, prior to measurement of ds;.
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Cell culture

Rat BM-MSCs (Cyagen Bioscience Inc.) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum (FBS) and 100 IU/ml
penicillin—streptomycin. The medium was changed every
2-3 days. Upon reaching 80-90% confluence, the BM-
MSCs were detached using 0.25% (w/v) trypsin/EDTA
(Gibco BRL Life Technologies, Carlsbad, CA, USA). The
cells from passages 3 to 5 were used in subsequent
experiments.

Immunofluorescence staining

To evaluate the effects of the nanocomposite membranes on
the osteogenic differentiation of BM-MSCs, expression of
the specific osteogenic marker runt-related transcription fac-
tor 2 (RUNX-2) was detected by immunofluorescence stain-
ing. Briefly, BM-MSCs (5x10" cells/well) were seeded onto
polarized nanocomposite membranes in 12-well plates and
incubated at 37 °C in a humidified atmosphere with 5% CO,.
The commercially-available PTFE membrane (Cytoplast®
TXT-200, Osteogenics Biomedical, Inc., USA) was used as
the control sample. After 3 days of non-osteogenic induction
culture, the samples were rinsed with phosphate-buffered
saline (PBS) solution and fixed in 4% (w/v) paraformalde-
hyde in PBS solution (pH 7.4) for 30 min at room tempera-
ture. The cells were then washed with PBS three times before
being permeabilized with 0.1% (w/v) Triton X-100 for
10 min and blocked with 3% (w/v) bovine serum albumin
(BSA) for 1 h. Subsequently, the cells were incubated over-
night at 4 °C with primary antibodies against RUNX-2
primary antibody (ab23981, Abcam Inc. Cambridge, MA,
USA, diluted 1:200). After thorough rinsing to remove
excess primary antibody, cells were incubated with goat anti-
rabbit IgG (ab150077, Abcam Inc., diluted 1:1000) second-
ary antibody for 1 h at ambient temperature. After rinsing
with PBS, the cells were labeled using Phalloidin-Atto 565
(TRITC, Sigma, St. Louis, MO, USA) to stain actin filaments
and visualize the cytoskeleton network. Finally, cell nuclei
were counterstained with 2-(4-amidinophenyl)-1H-indole
-6-carboxamidine (DAPI; Roche) for 10 min and images of
the stained samples were observed under a laser scanning
confocal microscopy (Zeiss, LSCM 780, Jena, Germany).
The mean fluorescence intensities of positive RUNX-2
expression were analyzed using the Image Pro Plus
Software (Media Cybernetics, Rockville, MD, USA). The
measurement was performed using a minimum sample size
of 20 cells in each group.

Animals and surgical procedures

A total of twelve male rabbits (New Zealand White, weigh-
ing about 3.0 kg) were used in this study. Rabbits were
divided randomly into two groups: (1) The DBB granules
and polarized nanocomposite membrane group; and the (2)
the DBB granules and PTFE membrane group. Both sides of
the mandible were utilized to create bone defects. Circular
critical-sized defects, 8-mm in diameter, were made in the
mandible body, as described in our previous study.’® DBB
granules (0.25 g) were implanted into the defects and then
either the polarized nanocomposite membrane or PTFE
membrane was used to cover the defect. Rabbits from each
group were sacrificed by lethal intravenous administration of
sodium pentobarbital at 4 and 12 weeks post-implantation.
All animals were obtained from the Animal Center of Peking
University School and Hospital of Stomatology. All experi-
mental protocols pertaining to the use of animals in this study
were approved by the Animal Care and Use Committee of
Peking University and followed the procedures for Animal
Experimental Ethical Inspection of Peking University.

Histological assessment of bone

formation and neovascularization

Tissue processing and sectioning were carried out as pre-
viously described.*® Briefly, tissue samples were fixed in
10% (v/v) neutral buffered formalin for 7 days; decalcified
and dehydrated according to standard protocols; embedded
in paraffin; and sectioned at 5-um thickness. Hematoxylin
and eosin (H&E) staining and Masson’s trichrome staining
were performed separately on tissue sections, according to
the manufacturer’s protocols.

Immunohistochemistry for detecting expression of
osteocalcin (OCN) and alpha smooth muscle actin (a-
SMA) was performed to evaluate the osteogenic and
angiogenic differentiation respectively. Briefly, tissue
slides were deparaffinized and rehydrated, and then sub-
merged in hydrogen peroxide to quench peroxidase activ-
ity. Before exposure to the primary antibodies against
OCN (ab13420, CA 1:100, Abcam) or a-SMA (ab7817,
CA 1:100, Abcam), slides were incubated with 1% (w/v)
BSA to block non-specific binding. After incubation with
primary antibodies overnight at 4 °C, horseradish perox-
(HRP)-conjugated
applied to the slides for 1 h at room temperature. Finally,

idase secondary antibodies were
a diaminobenzidine (DAB; Beyotime, Jiangsu, China) kit
was used to develop the color, followed by counterstaining

with hematoxylin. Slides were then observed under a light
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microscope (CX21, Olympus, Tokyo, Japan). For quanti-
tative analysis of newly-formed blood vessels, five ran-
domly selected high power fields (HPFs; 400x) from each
group were analyzed and the mean number of blood ves-
sels per HPF for each group was then determined.

Statistical analysis

All quantitative data were expressed as mean + standard
error of the mean (SEM). Statistical analyses were per-
formed using the SPSS 19.0 software (IBM Corp.,
Armonk, NY, USA). Statistical differences were analyzed
using Student’s t-test for independent samples. Values of

*p<0.05 was considered statistically significant and
**p<0.01 was considered highly significant.

Results and discussion
Characterization of BTO/P(VDF-TrFE)

nanocomposite membranes

The physicochemical properties of the BTO nanocompo-
site membranes are shown in Figure 1. The membrane
surface was smooth and flat (Figure 1A), and the BTO
NPs were evenly distributed throughout the polymer
matrix (indicated by the yellow arrows). The cross-
sectional SEM micrograph further confirmed the uniform

C
g P(VDF-TIFE)
5 | arommraen | 2
>
i e c §
c
2
c aJI™B ay a
\
15 20 25 30 35 40 45
2 Theta (Deg.)
E 15
~ 101
N
E 5|
< 0
@) /
2 5]
Q -10]
-15

E(kV/mm)

2300-200-100 0 100 200 300

T 120
Z
(o))
S 801
& 60
c
8 40
8 20
(]
= o
Unpolarized Polarized
14
129
—~ [ )
FALRE IO Oy
Cg_ 87 ee® 8%e o o
> 61 e
S 44
2_
0 T T T T
0 4 7 28

Incubation time (day)

Figure | Characterizations of BTO/P(VDF-TrFE) nanocomposite membranes. (A) Representative SEM image of the surface morphology of polarized nanocomposite
membranes. (B) Cross-sectional SEM images of polarized composite membranes. Insets are the low magnification images. Yellow arrows denote the BTO nanoparticles. (C)
X-Ray diffraction patterns of BTO/P(VDF-TrFE) nanocomposite membranes and neat P(VDF-TrFE) membranes. (D) Water contact angles of nanocomposite membrane
before and after corona poling treatment. (E) The hysteresis loops of nanocomposite membranes. (F) The piezoelectric coefficient (d3;) values of the polarized
nanocomposite membranes after immersion in serum-free cell culture medium for different time durations.

Abbreviations: BTO, BaTiOj3; P(VDF-TrFE), poly(vinylidene fluoridetrifluoroethylene); SEM, scanning electron microscopy.
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distribution of the BTO NPs within the polymer matrix
(Figure 1B). The uniform distribution of the BTO NPs
within the polymer matrix is mainly due to surface mod-
ification of the BTO NPs with polydopamine. This princi-
ple is explained in our previous study,?® in which a better
interface compatibility between the BTO NPs fillers and
the P(VDF-TrFE) matrix was achieved by introducing
polydopamine surface layers on the BTO NPs, resulting
in homogeneous dispersion of BTO particles on the mem-
branes. In the present study, the thickness of the nanocom-
posite membrane was reduced from ~60 pm in our
previous study®’ to approximately 30 wm, making it sig-
nificantly more flexible, easier to handle clinically, and
more conformable to bone defect sites. The XRD patterns
exhibited typical BTO crystallization characteristics and
the ferroelectric B-phase of the P(VDF-TrFE) was detected
(Figure 1C), which indicated that the crystalline character-
istics of the piezoelectric ceramic BTO and the ferroelec-
tric phase of the polymer P(VDF-TrFE) remained
undisturbed during the fabrication process of the nano-
composite membrane. The B-phase in P(VDF-TrFE) has
an important role in the piezoelectric and ferroelectric
properties of the material®’ and exert a positive effect on
its biological functions.*?

The water contact angle of the piezoelectric BTO/P(VDEF-
TrFE) nanocomposite membrane was below 100° but above
80° and this was not significantly altered by the corona poling
treatment (Figure 1D), which is similar to that reported in our
previous study.*® The relatively low surface wettability would
be advantageous in ensuring the non-stickiness of the
implanted membrane to the newly-regenerated bone tissue.
This will facilitate easier removal of the membrane after bone
defect healing, and also enable sustainable maintenance of the
local electric microenvironment, thereby avoiding inflamma-
tion and other side effects of residual materials, as demon-
strated by our previous research.*’

The electrical properties of the nanocomposite mem-
branes were then investigated. Typical hysteresis loops
were observed in the P-E curves (Figure 1E), which indi-
cated the ferroelectric behavior of the nanocomposite
membranes. Interestingly, the maximal polarization (P,,)
and residual polarization (P,) values were 12.06 pC/cm?
and 9.43 pC/cm?, respectively, which were higher than
that detected in our previous report’® (6.72 pC/cm?® and
5.17 uC/em?, respectively). This was probably because
making the nanocomposite membrane thinner decreased
the internal defects within the membrane under the same

preparation process conditions, resulting in a high break-
down strength during P-E loop examination.**** The high
breakdown strength is beneficial to enhanced electrical
polarization, which in turn improved the electrical stability
of the composite membrane. Given the importance of the
piezoelectric effect on bone regeneration, we further ana-
lyzed the piezoelectric properties of the nanocomposite
membrane, using the piezoelectric coefficient (ds3) as
a measure. The results showed that the piezoelectric coef-
ficient of the polarized nanocomposite membranes was
about 9.21 pC/N (Figure 1F), which is similar to that of
human bone.> This thus indicated that the polarized nano-
composite membranes might have the capacity to provide
a piezoelectric-mimetic microenvironment that is condu-
cive for cell function and tissue repair.

The electrical stability of the piezoelectric nanocom-
posite membrane was further evaluated by measuring the
ds; coefficients for different incubation periods under cell
culture conditions. Figure 1F shows that the ds; coeff-
of the
remained stable at more than 90% of its original value

cient polarized nanocomposite membranes
for up to 28 days. The remarkable stability of the piezo-
electric property of the nanocomposite membrane could
be attributed to the high residual polarization, as shown
in Figure 1E. The high remnant polarization allows the
nanocomposite membrane to stably retain its piezoelectric
coefficient, as have been reported previously by other
studies®®>” and our previous work.” This outstanding
physiological and electrical stability of the BTO/P(VDF-
TrFE) membranes could enable them to maintain the
local electric microenvironment in situ after implantation,
and may exert a positive synergistic effect in guiding

bone regeneration during bone filling repair.

In vitro osteogenic differentiation of
BM-MSCs on the polarized BTO/P

(VDF-TrFE) nanocomposite membranes

Before evaluating the GBR efficacy of the polarized nano-
composite membrane versus the commercially-available
PTFE membrane in vivo with the critical-sized rabbit man-
dibular defect model, we first compared the effects of these
two types of barrier membranes on the osteogenic differen-
tiation of BM-MSCs in vitro. RUNX-2 was selected as
a marker of osteogenic differentiation because it is an
upstream osteogenic differentiation-specific transcription
factor that has been widely used in previous studies to
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evaluate the osteonductive capacities of biomaterials. The
immunofluorescence analysis showed that both types of
membranes promoted the adhesion and spreading of BM-
MSCs. However, RUNX-2 was weakly expressed by BM-
MSCs on the PTFE membrane, but was markedly enhanced
on the polarized nanocomposite membrane, being mainly
concentrated in the cell nucleus (Figure 2A). This significant
difference was also confirmed by the quantitative analysis
(Figure 2B), which indicated that the surface of the polarized
nanocomposite membrane had a positive osteoinductive
effect on BM-MSCs. Our results were consistent with that
of previous studies, in which polarized BTO/P(VDF-TrFE)
nanocomposite membranes enhanced the expression of bone
markers in human alveolar bone-derived cells, as compared
to PTFE membranes.*®>° This osteoinductive effect may be
mainly attributed to the polarization charge derived from the
composite membrane surface. The persistent polarization
charge generated by the residual polarization of ferroelectric
biomaterials could positively promote osteoblast activity, as
reported by our previous study®® and other reports.?6-27-3240
These results implied that the polarized BTO/P(VDF-TrFE)
nanocomposite membranes had higher osteoinductivity than

the PTFE membrane, which might represent a better material
for enhancing bone regeneration.

The effects of barrier membranes on
critical-sized mandible bone defect repair

The effects of the polarized BTO/P(VDF-TrFE) nanocompo-
site membrane on bone graft implantation repair was further
investigated by establishing a critical-sized rabbit mandibular
bone defect model (Figure 3). The defect area was filled with
DBB granules and then covered with either a BTO/P(VDF-
TrFE) nanocomposite membrane or a PTFE membrane. As
shown in Figure 4, at 4 weeks post-surgery, in both the BTO/
P(VDF-TrFE) nanocomposite membrane group and the
PTFE membrane group, DBB granules were in close physi-
cal contact with the new fibrous connective tissue and there
was no obvious inflammatory reaction. Moreover, in the
polarized composite membrane group, the nascent tissue
grew into the holes of the DBB granule. This thus indicated
the good tissue biocompatibility of the DBB. Under high
magnification, new bone formation was observed around
the DBB granules and a bone marrow-like structure could
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Figure 2 Osteogenic differentiation of BM-MSCs on polarized nanocomposite membranes and commerecially-available PTFE membranes. (A) Representative immunostaining
images for detection of RUNX-2 (green), actin network (red), and cell nuclei (DAPI, blue) in BM-MSCs cultured for 3 days. (B) Quantification of the immunostaining intensity

of RUNX-2. Error bars represent one standard error. (*p<0.01).

Abbreviations: BM-MSCs, bone marrow mesenchymal stem cells; PTFE, polytetrafluoroethylene; RUNX-2, runt-related transcription factor 2; DAPI, 2-(4-amidinophenyl)-

IH-indole-6-carboxamidine.
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Figure 3 lllustration of the surgical procedure. (A) Bone defects with a diameter of 8-mm were created on rabbit mandibles, and then filled with DBB granules. (B) Bone
defects were covered with polarized BTO/P(VDF-TrFE) nanocomposite membranes or commercially-available PTFE membranes.
Abbreviations: DBB, deproteinized bovine bone; BTO, BaTiOs; P(VDF-TrFE), poly(vinylidene fluoridetrifluoroethylene); PTFE, polytetrafluoroethylene.

For personal use only.

2 0.5 7 oasepTrE

3 BN DBB+BTO/P(VDF-TrFE)
g 0.4+ *%
> _Ex
£ 0.3

2

S 02_

E

o 0.1

C

[e)

@ 0.0-

& XV

@00 $®®\l~

Figure 4 Histological evaluation of bone defects after implantation for 4 weeks and 12 weeks. (A, B, E, F) H&E staining images after 4 weeks of implantation. (A, E) PTFE
membrane group. (B, F) BTO/P(VDF-TrFE) membrane group. (C, D, G, H) H&E staining images after 12 weeks of implantation. (C, G) PTFE membrane group. (D, H) BTO/
P(VDF-TrFE) membrane group. The lower images are enlargements of specific regions of the upper images. (DBB: deproteinized bovine bone; NB: nascent bone; BM: bone
marrow-like tissue). Scale bars =200 pm for (A-D); Scale bars =100 pm for (E-H). (I) Quantitative histomorphometry analysis of bone volume/total volume (BV/TV). Error
bars represent one standard error. (**p<0.01).

Abbreviations: H&E, hematoxylin and eosin; PTFE, polytetrafluoroethylene; BTO, BaTiOs; P(VDF-TrFE), poly(vinylidene fluoridetrifluoroethylene); DBB, deproteinized
bovine bone; NB, nascent bone; BM, bone marrow-like tissue.

be seen in the polarized composite membrane group. The  slightly higher than that in the PTFE group. At 12 weeks
quantitative analysis showed that the regenerated bone  post-surgery, the H&E staining results showed significant
volume in the polarized composite membrane group was nascent bone formation, with a dense bone structure and
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a bone marrow-like structure surrounding the residual DBB
granules, in the polarized composite membrane group,
whereas less nascent bone tissue formation with a loose
bone structure was observed in the PTFE group. This was
confirmed by the quantitative analysis, which showed that
the BTO/P(VDF-TrFE) nanocomposite membranes yielded
a higher bone volume/tissue volume (BV/TV) ratio com-
pared with that of the PTFE membranes (p<0.01) (Figure 4I).

To further assess the degree of nascent bone remodeling,
new bone formation at 12 weeks post-implantation was
characterized using Masson’s trichrome staining. In the
polarized BTO/P(VDF-TrFE) nanocomposite membrane
group, red-stained, dense osteoid bone tissues with active
osteocytes (yellow arrows) was observed around the DBB
granules (Figure 5A). By contrast, in the PTFE membrane
group, new bone tissue with blue-stained mineralized bone
was observed (Figure 5B). These results indicated that the
polarized nanocomposite membrane markedly enhanced the
implantation repair efficacy of DBB grafts and significantly
promoted the remodeling and maturity of bone regeneration.

We hypothesized that polarized nanocomposite mem-
branes would exert a positive effect on early neovascular-
ization. As expected, copious nascent blood vessel
formation surrounding the DBB granules was observed in
the polarized nanocomposite membrane group (Figure 6B),
while only a small number of nascent blood vessels were
observed in the PTFE membrane group at 4 weeks post-
implantation (Figure 6A). The immunohistochemistry
results showed a similar trend. Blood vessels were easily
identified in the tissue samples (black arrowheads in Figure
6C and D) via positive immunoreactivity with antibodies
against a-SMA, a marker of vascular smooth muscle cells.

Quantitative analysis suggested that the number of blood
vessels in the polarized nanocomposite membrane group
was higher than that in the PTFE membrane group

(Figure 6E). These results confirmed the key role of the
polarized nanocomposite membranes in promoting early
neovascularization. This may be attributed to the surface
charge of the polarized nanocomposite membranes, which
could stimulate vascular endothelial cell differentiation and
promote neovascularization in vivo, as reported
previously.*' Our results were also consistent with other
studies, which that

stimulation,*’** an external electric field,**** or even

showed exogenous electrical
charged scaffold material,** could induce vascular endothe-
lial cell luminal formation in vitro and neovascularization
in vivo. Early neovascularization had a profound effect on
subsequent bone remodeling and bone maturation. Figure 7
shows that the expression of osteocalcin in the newly-
regenerated bone of the polarized nanocomposite membrane
group was significantly enhanced. Because Human bone is
a highly-vascularized tissue, therefore the development of
blood vessel networks within the implanted bone graft
materials is of utmost importance. These results thus indi-
cated that polarized nanocomposite membranes and DBB
granules had a synergistic effect in promoting bone defect
repair by means of active early neovascularization, as
shown in Figure 8.

Conclusion

In this study, flexible BTO/P(VDF-TrFE) piezoelectric
nanocomposite membranes were fabricated and used as
a barrier membrane in guided bone regeneration ther-
apy. The piezoelectric coefficient of the polarized
nanocomposite membranes was about 9.21 pC/N,
which was close to that of human bone. Compared
with
(PTFE) membranes, the polarized nanocomposite mem-

commercially-available polytetrafluoroethylene

branes exhibited higher osteoinductivity in vitro and
induced more copious neovascularization in rabbit

Figure 5 Histological observation of bone restoration after 12 weeks post-implantation. Representative Masson’s trichrome staining images of DBB granules within defects
covered with PTFE membranes (A) or BTO/P(VDF-TrFE) nanocomposite membranes (B). Yellow arrows denote viable osteocytes in their lacunae. Scale bar =50 pm.
Abbreviations: DBB, deproteinized bovine bone; OT, osteoid tissue (red); MT, mineralized tissue (blue); PTFE, polytetrafluoroethylene; BTO, BaTiOj3; P(VDF-TrFE), poly

(vinylidene fluoridetrifluoroethylene).
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Figure 6 Evaluation of neovascularization at 4 weeks post-implantation. (A-B) Representative Masson’s trichrome staining images after implantation with DBB granules and
covering with PTFE membranes (A) or BTO/P(VDF-TrFE) nanocomposite membranes (B). (C—D) Immunohistological staining images for detection of a-SMA expression
after implantation with DBB granules and covering with PTFE membranes (C) or BTO/P(VDF-TrFE) nanocomposite membranes (D). (E) Quantitative analysis of the number
of nascent blood vessels after 4 weeks post-implantation (**p<0.01). Black arrowheads denote the nascent blood vessels. Scale bar =50 pm.

Abbreviations: DBB, deproteinized bovine bone; NB, nascent bone; PTFE, polytetrafluoroethylene; BTO, BaTiO3; P(VDF-TrFE), poly(vinylidene fluoridetrifluoroethylene);

a-SMA, alpha smooth muscle actin; HPF, high power fields.

mandible critical-sized defects after implantation with
Bio-Oss® granules, giving rise to markedly enhanced
bone regeneration and complete mature bone-structure
These thus indicated that the

formation. results

designed osteoinductive barrier membranes could
improve the outcome of guided bone regeneration.
This might provide an innovative and effective strategy

for guided bone regeneration therapies.
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Figure 7 Immunohistochemical evaluation of bone regeneration at |12 weeks post-implantation. Representative immunohistochemical staining images for detection of OCN
expression in DBB granules around nascent bone tissues covered with PTFE membranes (A) or BTO/P(VDF-TrFE) nanocomposite membranes (B). (C) and (D) are enlargements
of specific regions of (A) and (B) respectively. Black arrowheads denote the positive expression of OCN. Scale bars =100 pm for (A-B); Scale bars =50 pm for (C-D).
Abbreviations: OCN, osteocalcin; DBB, deproteinized bovine bone; NB, nascent bone; PTFE, polytetrafluoroethylene; BTO, BaTiOs; P(VDF-TrFE), poly(vinylidene
fluoridetrifluoroethylene).

Figure 8 lllustration of the synergistic effects of combining piezoelectric BTO/P(VDF-TrFE) nanocomposite membranes with xenogenic DBB grafts on the repair of critical-
sized bone defects. Electric dipoles of BTO NPs are reoriented in the direction of the poling electric field after corona poling treatment, and consequently polarized charges
are generated on the surface of BTO/P(VDF-TrFE) nanocomposite membranes. When the membranes are implanted as a barrier membrane covering the bone defect filled
with DBB grafts, the electric microenvironment is sustainably maintained, resulting in enhanced neovascularization and rapid bone regeneration, which consequently led to
complete mature bone-structure formation integrated with the implanted DBB grafts.

Abbreviations: DBB, deproteinized bovine bone; BTO, BaTiOj3; P(VDF-TrFE), poly(vinylidene fluoridetrifluoroethylene).
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