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Restoring the electrical microenvironment using
ferroelectric nanocomposite membranes to
enhance alveolar ridge regeneration in a mini-pig
preclinical modelf}

Yiping Li,£°°° Yanze Meng,#® Yunyang Bai, i€ Yijun Wang,#® Jiagi Wang,°
Boonchin Heng,® Jingi Wei,® Xi Jiang,” Min Gao,*? Xiaona Zheng, () *<9
Xuehui Zhang (2 *#9 and Xuliang Deng“®

The maintenance and incremental growth of the alveolar bone at the tooth extraction site, to achieve the
required height and width for implant restoration, remains a major clinical challenge. Here, the concept of
restoring the electrical microenvironment to improve the effects of alveolar ridge preservation (ARP) was
investigated in a mini-pig preclinical model. The endogeneous electrical microenvironment of the dental
alveolar socket was recapitulated by fabricating a biomimetic ferroelectric BaTiOs/poly(vinylidene
fluoridetrifluoroethylene) (BTO/P(VDF-TrFE)) non-resorbable nanocomposite membrane polarized by corona
poling. The polarized nanocomposite membrane exhibited excellent electrical stability. After implantation
with bone grafts and covering with the charged membrane in tooth extraction sites for three months, both
the vertical and horizontal dimension resorption of the alveolar ridge were significantly prevented, as
assessed by cone beam computed tomography (CBCT) analyses. Micro-CT analysis showed that the
charged membrane induced significant enhancement of newly regenerated bone at the tooth extraction
sites. Histological analysis further confirmed that the restoration of the electrical microenvironment
significantly promoted buccal alveolar bone regeneration and maturation. In addition, the charged
membranes can maintain their structural integrity during the entire implantation period and exhibit positive
long-term systemic safety, as assessed by preclinical sub-chronic systemic toxicity. These findings thus
provide an innovative strategy for restoring the electrical microenvironment to enhance ARP following
dentition defect and edentulism, which could further advance prosthodontics implant technology.
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In oral implantology, the maintenance and incremental growth
of the alveolar bone at the implantation site are essential
prerequisites for achieving long-term optimal functional and
aesthetic results. Various therapeutic modalities for alveolar
ridge preservation (ARP) have been investigated to reduce bone
resorption after tooth extraction and facilitate subsequent
implant-supported restoration.’™* Therefore, the optimization
of ARP will be a major breakthrough in implantology.

During ARP, bone-filling grafts and barrier membranes are
routinely used for the treatment of tooth extraction sites, and
have demonstrated partial efficacy in preserving the residual
alveolar ridge.” Resorbable membranes are usually preferred as
this would obviate the need for additional surgery to remove
the membrane after healing.® Nevertheless, non-resorbable
membranes are better able to maintain their protective barrier
function until their removal.”® To date, many studies have
demonstrated that non-resorbable membranes always yield
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better outcomes for large bone defect areas, as compared to
resorbable membranes.®'® Nevertheless, non-resorbable mem-
branes often compromise osteogenesis because of the lack of
adequate osteoinductivity, which greatly limits subsequent
implant restoration therapy. Therefore, based on the intrinsic
characteristics of the alveolar bone in the extraction socket,
designing an innovative non-resorbable membrane material
with improved osteoinductive properties might be an effective
strategy to improve the therapeutic efficacy of ARP.

It has been proposed that physiological endogenous electric
fields or electrical potential existing within injured tissues play a
critical role in the wound healing process™'> and bone
regeneration." Inspired by this naturally-occurring phenomenon,
numerous studies have attempted to recapitulate the physio-
logical electrical microenvironment through the fabrication of
various electroactive biomaterials. We had previously con-
ducted studies to prove the concept that ferroelectric nanocom-
posite membranes comprising BaTiO; (BTO) nanoparticle
fillers and a poly(vinylidene fluoridetrifluoroethylene) (P(VDF-
TrFE)) matrix with a biomimetic surface potential can promote
rapid bone regeneration by restoring the physiological electrical
microenvironment.'*"> The extraction socket formed after tooth
extraction is actually equivalent to an alveolar bone defect.
Therefore, the electrical microenvironment of the alveolar bone

O
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in the extraction socket may play an important role in alveolar
ridge preservation, but this aspect has largely been ignored.
We, therefore, hypothesize that biomimetic-charged BTO/P(VDF-
TrFE) membranes can accelerate alveolar ridge regeneration and
enhance ARP efficacy, via restoration of the electrical micro-
environment within the extraction socket, as illustrated in
Scheme 1.

Experimental
Fabrication of BTO/P(VDF-TtFE) composite membranes

A solution casting method was used to fabricate BTO/P(VDF-
TrFE) composite membranes (Fig. 1a) based on our previous
study."* Briefly, BTO nanoparticles (99.9%, average particle size
of 100 nm, Alfa Aesar, USA) were first modified by dispersion in
0.01 mol L™' dopamine hydrochloride (99% w/v, Alfa Aesar).
Then the dopamine-modified BTO nanoparticles and P(VDF-TrFE)
co-polymer powders (65/35 mol% VDF/TTFE, Arkema, France)
were proportionally dispersed in the N,N-dimethylformamide
(DMF) solvent by ultrasonication and stirring to form a stable
suspension. The suspension was then cast into membranes and
dried at 55 °C for solvent volatilization. The nanocomposite
membranes were then treated with corona poling under a DC

Scheme 1 |llustration of the therapeutic benefits of the restoring electrical microenvironment of the dental alveolar socket via implantation of the

biomimetic charged BTO/P(VDF-TrFE) nanocomposite membrane at the alveolar ridge. The polarized charges are generated on the surfaces of BTO/
P(VDF-TrFE) nanocomposite membranes after corona poling treatment. When the membrane was implanted as a barrier membrane to cover tooth
extraction sites filled with bone grafts, the electrical microenvironment is stably maintained, resulting in enhanced neovascularization and rapid bone
regeneration, which consequently enhanced buccal alveolar bone regeneration and maturation.

986 | J Mater. Chem. B, 2023, 11, 985-997 This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Characterization of the physicochemical properties of the BTO/P(VD

F-TrFE) membrane. (a) Schematic diagram of the charged BTO/P(VDF-TrFE)

nanocomposite membrane fabrication process. (b) Representative SEM image of the surface morphology of charged nanocomposite membranes.
(c) The X-ray diffraction patterns of charged membranes. (d) The hysteresis loops of BTO/P(VDF-TrFE) nanocomposite membranes. (e) The piezoelectric
coefficient (dsz) values of the charged membranes after immersion in a serum-free cell culture medium for different time durations. (e) The surface
roughness of BTO/P(VDF-TrFE) membranes was examined by atomic force microscopy, before and after corona poling treatment. (f) The water contact

angles of BTO/P(VDF-TrFE) composite membranes before and after corona
no statistical significance).

field of 1 kv mm " at room temperature. The thickness of the
nanocomposite membranes was about 30-50 pm.

Characterization of the BTO/P(VDF-TtFE) composite
membranes

The morphological characteristics and internal structures of
the polarized membranes were examined by field emission
scanning electron microscopy (S-4800, HITACHI, Japan).
X-Ray diffraction spectroscopy (XRD, Rigaku D/max 2500 VB2t/
PC, Japan) was used to characterize the ferroelectric properties of
the membrane. The polarization—-electric field (P-E) loops were
measured using a commercially-available ferroelectric analyzer
test setup (TF1000, aixACCT Systems GmbH, Germany) at a
frequency of 10 Hz. The electrical properties of the nanocompo-
site membranes after corona poling were measured as the
piezoelectric coefficient (ds;) using a piezoelectric coefficient
meter (ZJ-3AN, IACAS, China). For electrical stability evaluation,
the polarized nanocomposite membranes were rinsed with
ddH20, after immersion in a serum-free cell culture medium

This journal is © The Royal Society of Chemistry 2023

poling treatment. (Yellow arrows denote the BTO nanoparticles. NS denotes

for 1, 3, 7, 14, and 21 days, to evaluate changes in piezoelectric
coefficients. The surface roughness of the membranes was
examined by atomic force microscopy (AFM; Dimension Icon,
Bruker, USA) in the contact mode, and the surface wettability of
the samples was assessed by measuring the water contact angle
with a video contact angle instrument (JC2000C1, Shanghai
Glory Numeral Technique & Device Co, Ltd, China).

Animal experimental procedures

Eight 2-year-old male mini-pigs (BA-MA, Guangxi) were main-
tained under specific pathogen-free conditions. The experi-
mental protocol was approved by the Animal Care and Use
Committee of the Beijing Strong Century Minipigs Breeding
Base. Clinical tooth extraction site models were created on each
side of the posterior regions of the maxilla and mandibular of
the 8 minipigs by removing the second premolars (P2) and the
fourth premolars (P4) of each mini-pig (Fig. 2a). Following the
principle of minimally invasive surgery (Fig. 2b), the animals
received dental prophylaxis and all surgical sites were swabbed

J. Mater. Chem. B, 2023, 11, 985-997 | 987
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Fig. 2 Schematic illustration of extraction site positions in mini-pigs and surgery record photographs. (a) Schematic illustration of the positions of tooth
extraction sites, all being either the second premolars (P2) or the forth premolars (P4) of each mini-pig. (b) Surgery record photographs. I. full thickness
mucoperiosteal flaps were raised for extraction with two vertical releasing incisions; Il. the tooth being extracted with clinical trauma; IlI. the
measurement of each extraction site; IV. intact socket filled with Bio-Oss®; V. Extraction site was covered with the BTO/P(VDF-TrFE) membrane; VI.

primary flap closure was achieved.

with 0.12% (w/v) chlorhexidine gluconate solution before surgery.
Following intravenous administration of tiletamine hydrochloride
and zolazepam hydrochloride (Zoletil” 50, 5 mg kg™ ') and xyla-
zine hydrochloride (2.2 mg kg '), with the maintenance dose
being 1/3 to 1/2 of the initial dose, administered every two hours,
local anesthesia was achieved using Primacaine. Full thickness
mucoperiosteal flaps were raised for extraction with two vertical
releasing incisions and the tooth was separated and extracted
with minimal trauma. The granulated tissue was removed and
the socket was irrigated with sterile saline. Bio-Oss™ (Geistlich
Pharma, Switzerland) was then placed into the sockets after
measurements were made on each extraction site, followed by
covering with the corresponding membranes. Then the sites were
sutured. To prevent infection, the mini-pigs were injected with 1 g
of cefazolin before the operation and 0.5 g of cefazolin twice a day
for three days. The 8 mini-pigs were randomly allocated into two
groups, based on the culling time points (3 months and 6 months
after surgery). The 32 extraction sites of the 4 mini-pigs within
each corresponding timepoint of culling were randomly assigned
to four treatment groups as follows: (1) untreated group: intact
socket unfilled and uncovered (Blank Control, n = 8), (2) polarized
group: intact socket filled with Bio-Oss® and covered with a
charged BTO/P(VDF-TrFE) membrane (test group, n = 8), (3)
unpolarized group: intact socket filled with Bio-Oss® and covered
with non-charged BTO/P(VDF-TrFE) membranes (negative Con-
trol, n = 8) and (4) PTFE group: intact socket filled with Bio-Oss®
and covered with the PTFE membrane (Cytoplast®™ TXT-200,
Osteogenics Biomedical, Inc, USA) (Positive Control, 7 = 8).

Cone beam computed tomography (CBCT) analysis

CBCT scanning was first performed one week after surgery,
and then at 3 months and 6 months post-surgery with

988 | J Mater. Chem. B, 2023, 11, 985-997

corresponding mini-pigs, according to the culling timepoint
(Fig. 3a). To standardize radiographic measurements,'®™® two sets
of DICOM (Digital Imaging and Communications in Medicine)
data sets were generated and transferred to a volumetric imaging
software (Mimics 17.0, Belgium), in which three-dimensional
reconstruction and image analyses were performed (Fig. 4a). After
superimposition, the two data sets were aligned and manually
checked for alignment. We established a reproducible and precise
protocol to measure the changes of horizontal and vertical bone
loss between one week after surgery, 3 months and 6 months
post-surgery, according to the culling timepoint at the same
extraction site. Measurements were made at the following
three coronal sections, (1) the central-buccal height (CBH)
resorption, (2) the central-lingual height (CLH) resorption, (3)
horizontal width resorption was calculated at 1 mm (HWB,
—1 mm), 3 mm (HWB, —3 mm), and 5 mm (HWB, —5 mm)
below the middle buccal crest (Fig. 4b). All measurement data
were averaged from 3 replicate readings by the same tester.

Micro-CT analysis

After 3 months or 6 months post-surgery, the samples were
harvested and fixed in 4% (w/v) paraformaldehyde for 24 h at
4 °C, and the specimens were then examined using micro-CT
scanning as previously described."®° Files were reconstructed
using a modified Feldkamp algorithm, which was created using
a microtomographic analysis software (Tomo NT, Skyscan,
Belgium). Bone morphometric analyses, including the calcula-
tion of bone volume (BV/TV) and bone mineral density (BMD),
were carried out manually on the same volume of interest (VOI),
with dimensions of 3 x 3 x 5 mm?, below the canal orifice of
each extraction socket root. 3D and 2D images were constructed
from the micro-CT scanning data.

This journal is © The Royal Society of Chemistry 2023
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_— _— _

CBCT scanning CBCT scanning CBCT scanning

Before M After — 5mm Before M After

Untreated Polarized Unpolarized PTFE

Before ===:After — 2mm Before ===:After — 2mm

Fig. 3 Qualitative analyses of the therapeutic effects of restoring the electrical microenvironment on alveolar bone preservation and three-dimensional
shape maintenance by CBCT. (a) Schematic illustration of the CBCT detection time-points. (b) Representative three-dimensional (3D) CBCT imaging (the
occlusal view) of the tooth extraction sockets after implantation for 3 months. (c) Representative three-dimensional (3D) CBCT imaging (the occlusal
view) of the tooth extraction sockets after implantation for 6 months. (d) Representative two-dimensional (2D) CBCT imaging (cross-sectional view) of
tooth extraction sockets after implantation for 3 months. (e) Representative two-dimensional (2D) CBCT imaging (cross-sectional view) of tooth
extraction sockets after implantation for 6 months. The yellow model was used as the reference and was created at 1 week after surgery (before), while
the red model was created after 3 months or 6 months of healing (after). Black arrows denote the tooth extraction sockets. The dotted black lines
represent the position of the 2D cross section at the center of the extraction sites.

Histological analysis software (Bioquant Osteo Bone Biology Research System, USA).
Bone area analysis was carried out on the same region of interest
(ROI), measuring the area of the buccal side (10 x 10 mm?)
below the middle alveolar crest.

After immersion fixation in 4% (w/v) paraformaldehyde supple-
mented with 1% (w/v) calcium chloride, the hemi-mandibles
were processed for the production of undecalcified ground
sections. Decalcification and dehydration procedures were
performed according to standard protocols; followed by embed-
ment in paraffin; and sectioning in 5 pm thickness. Hematoxylin ~ All quantitative data were expressed as mean + standard error
and eosin (H&E) staining and Masson’s trichrome staining®"**  of the mean (SEM). Statistical analyses were performed using
were performed separately following the manufacturer’s proto- the SPSS 19.0 software (IBM Corp, USA). Statistical differences
cols. All slides were then imaged and analyzed using supporting  were analyzed using Student’s ¢-test for independent samples.

Statistical analysis

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. B, 2023, 11, 985-997 | 989
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Fig. 4 Quantitative analyses of the therapeutic effects of restoring electrical microenvironment on alveolar bone preservation and three dimensional
shape maintenance by CBCT. (a) The three-dimensional digital images of CBCT before and after healing. (b) A coronal section of the CBCT image at the
center of a representative extraction site immediately after surgery. The central-buccal height (CBH). The central-lingual height (CLH). Horizontal width
changes were calculated as the distance between two points at three levels, 1 mm (HWB, —1 mm), 3 mm (HWB, —3 mm), and 5 mm (HWB, —5 mm)
apically to the central-buccal height (CBH). (c) The quantitative results of vertical resorption for CBH after implantation for 3 months and 6 months.
(d) The quantitative results of vertical resorption for CLH after implantation for 3 months and 6 months. (e—g) The quantitative results of horizontal

resorption after 3 months and 6 months healing. The yellow model was used as reference and was created at 1 week after surgery (Before), while the red

model was created after 3 months or 6 months of healing (After). *p < 0.05 compared to untreated. *p < 0.05 compared to PTFE.

*P < 0.05 denotes a statistically significant difference
compared with the untreated control, while #P < 0.05 denotes a
statistically significant difference compared with the PTFE group.

Results

Physicochemical characterization of BTO/P(VDF-TtFE)
composite membranes

The SEM images showed that the membrane surface was
smooth and flat (Fig. 1b), with the BTO NPs being evenly
distributed throughout the polymer matrix (indicated by the
yellow arrows). XRD patterns exhibiting typical BTO crystallization
characteristics and polar p-phase were observed (Fig. 1c), which
confirmed the characteristics of the ferroelectric ceramic BTO and
ferroelectric polymer P(VDF-TFE). Typical hysteresis loops were
observed in the P-E curves (Fig. 1d), which showed the ferro-
electric behavior of electrical polarization of the nanocomposite
membrane. The ds;; measurement results showed that the piezo-
electric coefficient of the polarized nanocomposite membranes
(~9.1 pC N™") was similar to the endogenous potential of human
bone®® and remained stable at about 97.8% of its original value,
even after 21 days in a simulated physiological conditions

990 | J Mater. Chem. B, 2023, 11, 985-997

(Fig. 1e). The quantitative characterization data suggested that
there were no significant differences in surface roughness (Fig. 1f)
and water contact angles (Fig. 1g) between the unpolarized and
polarized membranes.

Therapeutic efficacy of restoration of the electrical
microenvironment on vertical and horizontal alveolar ridge
preservation

CBCT scanning of the tooth extraction sites was first performed
one week after surgery, and then after 3 months or 6 months of
healing. As shown in Fig. 3, the tooth extraction sites of the
polarized group healed with the most optimal bone shape and
most complete closure of the socket entrance after 3 and 6 months
of healing, as compared with the other groups (Fig. 3b-e). This will
not only be beneficial for the sustainable maintenance of the local
electric environment, but will also be convenient for subsequent
removal after the completion of bone healing.

After 3 months of healing, the changes in the buccal alveolar
ridge height at the tooth extraction sites were observed and
measured. Compared with the untreated (2.48 £+ 0.14 mm)
and unpolarized (3.01 £ 0.11 mm) groups, the absorption of
buccal alveolar bone in the polarized (0.34 + 0.21 mm) and

This journal is © The Royal Society of Chemistry 2023
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PTFE (1.85 £ 0.15 mm) groups were significantly reduced (p <
0.05), with the effect of the polarized group being better than
that of the PTFE group (p < 0.05) (Fig. 4c). With regards to
lingual alveolar ridge resorption, Fig. 4d showed that the
resorption of lingual alveolar bone in the polarized group
(0.37 £ 0.25 mm) was significantly less than that in the other
three groups (p < 0.05). As shown in Fig. 4e-g, the horizontal
width resorption was calculated at 1 mm (HWB, —1 mm) below
the middle buccal crest, of which the polarized group (0.84 +
0.24 mm) was significantly less than that in the other 3 groups
(p < 0.05). With regards to horizontal width resorption at 3 mm
(HWB, —3 mm), and 5 mm (HWB, —5 mm) below the middle
buccal crest, there were no statistically significant differences
between all the groups (p > 0.05), with resorption being lowest
in the polarized group.

After 6 months of healing, a comparison with the untreated
(2.76 =+ 0.20 mm) and unpolarized (2.72 £ 0.11 mm) groups

@ Trabecular bone () Bone marrow — 1mm

The volume of
interest (VOI)

Bone marrow

View Article Online
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showed that the vertical resorption of buccal alveolar bone in
the polarized (1.28 £+ 0.22 mm) and PTFE (2.11 £ 0.15 mm)
groups were significantly reduced (p < 0.05), with the effects
observed in the PTFE (2.11 £+ 0.15 mm) group being second
only to the polarized group (p < 0.05) (Fig. 4c). As seen in
Fig. 4d, the vertical resorption of lingual alveolar bone in the
polarized (0.84 £ 0.13 mm) and PTFE (0.85 £ 0.20 mm) groups
were also significantly reduced, as compared to the untreated
(1.70+ 0.14 mm) and unpolarized (1.14 + 0.14 mm) groups,
with the resorption of the polarized group being less than that
of the PTFE group, even though differences were not signifi-
cantly different. Horizontal width resorption was calculated at
1 mm (HWB, —1 mm), 3 mm (HWB, —3 mm), and 5 mm (HWB,
—5 mm) below the middle buccal crest after 6 months of
healing. There were no significant differences among the four
groups, but the resorption in the polarized group was less than
the other groups (Fig. 4e-g).
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Fig. 5 Bone morphometric analyses (Micro-CT) of tooth extraction sockets after alveolar ridge preservation with restoration of electrical microenvir-
onment. (a) Representative three-dimensional (3D) Micro-CT imaging of tooth extraction sockets after 3 months of healing. (b) Representative three-
dimensional (3D) Micro-CT imaging of tooth extraction sockets after 6 months of healing. (c) Representative two-dimensional (2D) Micro-CT imaging of
tooth extraction sockets after 3 months of healing. (d) Representative two-dimensional (2D) Micro-CT imaging of tooth extraction sockets after 6 months
of healing. (e) The representative samples of Micro-CT analysis. The same volume of interest (VOI) was measured manually (3 x 3 x 5 mm?) for each
tooth extraction socket in the root. The red portion denotes trabecular bone, while the yellow portion denotes bone marrow-like tissue. The red dotted
boxes denote the volume of interest (VOI) below the canal orifice of each tooth extraction socket root. (f) Quantitative analysis results of bone volume/
tissue volume (BV/TV) after implantation for 3 months and 6 months. (g) Quantitative analysis results of bone mineral density (BMD) after implantation for
3 months and 6 months. *p < 0.05 compared to untreated. *o < 0.05 compared to PTFE.
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The bone regeneration efficacy upon restoration of the
electrical microenvironment in tooth extraction sockets

Micro-CT analysis showed that the restoration of the electrical
microenvironment yielded a substantial increase in regener-
ated bone volume/tissue volume (BV/TV) and bone mineral
density (BMD) (Fig. 5) within the tooth extraction socket roots.

After 3 months of healing, conspicuous regeneration of new
bone with a stout trabecular bone structure ingrowth within the
extraction socket was observed in the polarized group, whereas
more bone marrow-like tissues filled the extraction sockets in
the other three groups (Fig. 5a). Interestingly, dense regener-
ated alveolar ridge structures appeared in the polarized group,
as can be observed from the 2-D images (Fig. 5c), while the
other three groups displayed a certain degree of collapse of the
alveolar ridge. This difference might be attributed to the fact
that the charged membrane surface can induce osteogenic
differentiation and rapid accumulation of stem cells in vivo.
Quantitatively, the BV/TV value in the polarized (0.63 £ 0.02)
groups was higher than those in the untreated (0.44 + 0.02),
unpolarized (0.50 £ 0.02) and PTFE groups (0.55 + 0.01) (p <
0.05), with that of the polarized group being higher than the
PTFE group (p < 0.05) (Fig. 5f). The BMD in the polarized
(2757.76 + 93.81 mg cm™?) group was higher than that in the
untreated (2263.24 + 62.26 mg cm™°) and unpolarized (2342.31 +
55.31 mg em ™) groups (p < 0.05), while being just slightly higher
than the PTFE group (2549.23 + 66.66 mg cm ) (Fig. 5g).

After 6 months of healing, it can be observed that almost
completely newly-regenerated bone tissue occupied the extrac-
tion socket in the polarized group, and that the trabecular
structure of the newly regenerated bone becomes denser and
more calcified, while the other three groups still had some bone
marrow-like tissue filling the extraction socket (Fig. 5b). From
the 2-D images (Fig. 5d), it can be observed that the alveolar
ridge regeneration structure has become denser in the polar-
ized group, while the other three groups still appeared to have
looser structures. Quantitatively, the BV/TV values of the polar-
ized (0.69 + 0.01) and PTFE (0.67 £ 0.02) groups were signifi-
cantly higher than the untreated (0.53 £ 0.02) and unpolarized
(0.58 £ 0.01) groups (p < 0.05), with that of the polarized group
being just slightly higher than the PTFE group (Fig. 5f). The
BMD in the polarized (3398.81 & 31.98 mg cm*) and PTFE
(3304.31 £ 70.23 mg cm °) groups were also significantly
higher than the untreated (3073.96 4 38.60 mg cm >) and
unpolarized (3192.06 + 56.26 mg cm>) groups (p < 0.05), with
that of the polarized group being just slightly higher than the
PTFE group (Fig. 5g).

The augmentation effects of restoration of the electrical micro-
environment on the buccal plate of the tooth extraction socket

The histological analysis further revealed that the restoration of
the electrical microenviroment was conducive to alveolar ridge
preservation and alveolar bone augmentation. No adverse
reaction was observed during the entire bone healing process.

After 3 months of healing, the H-E staining results showed
that the alveolar ridge dimensions in the polarized group were
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significantly better compared to that of the other three
groups, although the PTFE group also had improved alveolar
ridge dimensions (Fig. 6a). Furthermore, contiguous newly-
regenerated bone filled the extraction socket of the polarized
group, as can be seen from the local enlarged images, with the
lamellar bone in the crestal and buccal portions of the extrac-
tion socket being relatively well formed (Fig. 6b). In addition,
the alveolar bone center exhibited a homogeneous woven bone
structure, while the other three groups did not form any
obvious lamellar bones within the buccal alveolar ridge, with
just a woven bone structure being observed (Fig. 6b). Masson
staining displayed similar phenomena and trends (Fig. 6¢ and d).
Quantitatively, there were higher percentages of bone areas within
the regenerated buccal alveolar bone of the polarized group (62%)
versus PTFE (51.67%) groups (p < 0.05) (Fig. Sla, ESIY).

After 6 months of healing, better 3D shapes of the buccal
plate of the alveolar bone were observed in the polarized group
versus PTFE group, with the therapeutic effects of the polarized
group being obviously the best (Fig. 7a). Furthermore, the
extraction socket was filled with newly-regenerated bone that
became partially mature in the polarized group, as can be seen
from the local enlarged images (Fig. 7b). Also, the lamellar bone
in the crestal and buccal portions of the extraction socket
became thicker and more mature, as seen from the Masson
staining images (Fig. 7c and d). However, it was observed that
partially immature new bone continued to grow into the
extraction socket in the other groups (Fig. 7c and d). This was
confirmed by quantitative analyses (Fig. Sib, ESIt), which
showed that the polarized group (62.33%) displayed a much
higher percentage of the bone area of the buccal plate of
alveolar bone than in the untreated (41.33%) and unpolarized
(42.33%) groups (p < 0.05), but was just slightly higher than
the PTFE group (53.33%). These results thus indicated that
restoring the electrical microenvironment enhanced the pre-
servation and augmentation of the buccal plate, and signifi-
cantly promoted the remodeling and maturation of the tooth
extraction sites, thus maintaining the three-dimensional shape.

Preclinical evaluation of the sub-chronic systemic toxicity of the
electroactive membranes

Additionally, we also carried out long-term evaluation of the
preclinical sub-chronic systemic toxicity of the electroactive
membranes according to the protocol outlined by international
standard ISO 10993-11. After three months of subcutaneous
implantation of electroactive nanocomposite membranes in
rats, no apparent toxicity was observed throughout the study
period. All rats were weighed once every week. The body weight
in each group increased over time. There was no statistically
significant change in body weight between the electroactive
BTO/P(VDF-TrFE) membrane group versus normal control
group (Fig. S3, ESIT). The histopathological analyses of the
liver, brain, thyroid, heart, lungs, thymus, intestine, kidneys,
pancreas, adrenal gland, spleen and salivary gland revealed
normal tissue architecture (Fig. S2, ESIt). After weighing each
organ and calculating the ratio of the organ to body weight,
there was observed to be no significant changes in the organ
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Fig. 6 Histological analyses of the preservation and regeneration of the alveolar ridge after restoring the electrical microenvironment for 3 months.
(a) Representative H&E staining images of the alveolar ridge after 3 months of healing. (b) High magnification view of the boxed area in (a).
(c) Representative Masson's trichrome staining images of the alveolar ridge after 3 months of healing. (d) High-magnification view of the boxed area

in (c). LB, lamellar bone; WB, woven bone; M, bone grafts materials.

weight ratio between the BTO/P(VDF-TrFE) group versus the
blank control group (Table S1, ESIt). Additionally, the rats were
sacrificed and their blood was collected from the abdominal
aorta for biochemical analyses. There were no significant
changes in the total protein (TP), albumin (ALB), alkaline
phosphatase (ALP), aspartate aminotransferase (AST), creati-
nine (CRE), blood glucose (GLU), alanine aminotransferase
(ALT), total bilirubin (TBIL), triglyceride (TG), calcium (Ca),
inorganic phosphorus (IP), urea (UREA) and cholesterol (CHO)
levels between the electroactive BTO/P(VDF-TrFE) membrane

This journal is © The Royal Society of Chemistry 2023

group versus the normal control group (Table S2, ESI}).
The blood was also collected from the abdominal aorta for
cytological examination. There were no significant changes in
the White blood cells (WBC), albumin (ALB), hemoglobin
(HGB), hematocrit (HCT), platelet (PLT), activated partial
thromboplastin time (APTT), prothrombin time (PT), Interna-
tional normalized ratio (INR) and prothrombin activity (PTA)
between the BTO/P(VDF-TrFE) group versus blank control
group (Table S3, ESIf). This rigorous preclinical long-term
evaluation thus provides validation and support for safety
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Fig. 7 Histological analyses of the preservation and regeneration of the alveolar ridge after restoring the electrical microenvironment for 6 months.
(a) Representative H&E staining images of the alveolar ridge after 6 months of healing. (b) High magnification view of the boxed area in (a).
(c) Representative Masson's trichrome staining images of the alveolar ridge after 6 months of healing. (d) High-magnification view of the boxed area

in (c). LB, lamellar bone; WB, woven bone.

consideration of this electroactive membrane material in future
clinical applications.

Discussion

The major drawbacks of commonly-used non-resorbable
membranes for alveolar ridge preservation are the lack of
osteoinductivity and adherence to newly regenerated bone.***
The impact of the electrical microenvironment of the alveolar

994 | U Mater. Chem. B, 2023, 11, 985-997

bone within the extraction socket on alveolar ridge preservation
has largely been ignored. Hence, this study focused on the
therapeutic efficacy of restoring the electrical microenviron-
ment in the dental alveolar socket by implantation of a charged
barrier membrane material for alveolar ridge preservation in a
translational large animal model. Polarized ferroelectric BTO/
P(VDF-TrFE) composite membranes had been demonstrated in
our previous studies'®'® to possess osteoinductive properties
by restoring the electrical microenvironment of bone defects, as
well as exhibiting much less adherence, possibly due to its
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relatively low surface wettability (Fig. 2g). This could in turn
facilitate easier removal of the implanted membrane after
healing, thereby avoiding inflammation and other side effects
of residual materials.

Adequate bone height and width could facilitate an ideal
three-dimensional location of implant placement, subse-
quently resulting in optimal long-term functional and esthetic
outcomes.” The key parameters for evaluating the efficacy of
implanted barrier membranes in ARP applications are the
vertical and horizontal alveolar bone volume. In this study,
the results of CBCT analysis showed that both vertical and
horizontal alveolar bone volume changes at the tooth extraction
sites of the polarized BTO/P(VDF-TrFE) membrane group were
significantly reduced, particularly at 3 months post-surgery
(Fig. 3 and 4). This maintenance of alveolar bone volume may
be beneficial for maintaining the three-dimensional shape of
alveolar bone at the tooth extraction sites, which could in turn
provide adequate implant space to better accommodate dental
implant prostheses. Different therapeutic interventions (ridge
preservation techniques) utilizing either bone replacement
grafts or barrier membranes have been evaluated for their
efficacy in mitigating against resorption, and have demon-
strated partial efficacy in preserving the vertical and horizontal
dimensions of the residual alveolar buccal bone crest.”>*® Our
results thus demonstrated that restoration of the electrical
microenvironment in dental alveolar socket recapitulated by
the polarized BTO/P(VDF-TrFE) membrane may exert a pro-
found effect on preventing vertical and horizontal alveolar bone
resorption for ARP therapy.

The results of the micro-CT analysis (Fig. 6) showed that the
polarized BTO/P(VDF-TrFE) membrane promoted greater BV/
TV and higher BMD at not only 3 months, but also at 6 months
of healing, thus indicating that the polarized group yielded the
best quality of regenerated bone. Bone quality profoundly
affects the healing and long-term stability of the implant.
Significantly higher rates of implant failure have been reported
upon placement of implants in the bone of poor quality,>”*®
due to lower primary stability during operation®® The smaller
bone to implant contact area of implants placed in poor quality
bone, often results in a higher loosening rate of implants
during long-term use after rehabilitation.’* Our results thus
indicated that improved quality of the regenerated bone within
the tooth socket of the polarized group could benefit the
osseointegration quality of subsequent implants.

Aesthetic outcome and absorption of the implant labial
bone plate, which is the most important cause of implant
failure, are highly dependent on the thickness and quality of
the buccal bone plate in the alveolar crest.>'”** Previous studies
demonstrated that aesthetic outcomes of dental implants
depend to a large extent on the thickness of the buccal bone,
as the most important parameter.®** It must be noted that the
dimensional reductions are greater in the buccal bone than
that in the lingual bone after tooth extraction.*>° Hence better
protection of the buccal plate becomes a key priority during
ARP. The histological results showed that the restoration of
the electrical microenvironment could maintain buccal plate

This journal is © The Royal Society of Chemistry 2023
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thickness, at both 3 months and 6 months post-surgery (Fig. 6
and 7). This thus indicates that ARP with the biomimetic
polarized BTO/P(VDF-TrFE) membrane is conducive to achieving
better aesthetics and longer implant lifespan.

The implantable membrane was utilized as a barrier to
provide a conducive microenvironment for promoting high
osteogenic activity and encouraging recruitment of osteopro-
genitors within the defect,’” as well as for enhancing mechanical
and anti-degradation properties.*®** In this study, the observed
positive alveolar ridge preservation effects of the polarized versus
PTFE group might be attributed to the membrane surface charge
restoring the electrical microenvironment in the dental alveolar
socket, thereby enhancing osteoblast activity and bone regenera-
tion, as demonstrated in our previous studies.'*'® Our results
are also consistent with other studies which reported that
polarized BTO/P(VDF-TrFE) membrane enhanced osteoblast
differentiation and promoted bone defect healing in animals
with osteoporosis-like symptoms.***! Furthermore, the ability to
consistently maintain high quality bone regeneration throughout
the healing period in the polarized group may also be attributed
to the structural integrity of the polarized nanocomposite
membrane, which enables sustainable maintenance of the local
electrical microenvironment. Our results thus imply that the
restoration of the electrical microenvironment could significantly
accelerate alveolar ridge preservation, which might exert a positive
effect on promoting implant osseointegration.

Conclusions

In this study, the concept of restoring the electrical microenvir-
onment to improve the effects of alveolar ridge preservation
(ARP) was investigated in a mini-pig preclinical model. The
restoration of the electrical microenvironment in dental alveolar
socket recapitulated by the polarized BTO/P(VDF-TrFE) membrane
could effectively mitigate against alveolar ridge resorption and
enhance alveolar bone regeneration, when utilized synergistically
with bone grafts, thus making it an innovative strategy for enhan-
cing the clinical efficacy of ARP treatment for subsequent implant
placement. Therefore, the clinical application value of the biomi-
metic polarized BTO/P(VDF-TrFE) composite membrane should
not be underestimated, which could be expected to open up a
new avenue for implant dentistry.
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