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Abstract

Although various new biomaterials have enriched the methods for periodontal regeneration, their efficacy is still
controversial, and the regeneration of damaged support tissue in the periodontium remains challenging. Laponite
(LAP) nanosilicate is a layered two-dimensional nanoscale, ultrathin nanomaterial with a unique structure and bril-
liant biocompatibility and bioactivity. This study aimed to investigate the effects of nanosilicate-incorporated PCL
(PCL/LAP) nanofibrous membranes on periodontal ligament cells (PDLCs) in vitro and periodontal regeneration

in vivo. A PCL/LAP nanofibrous membrane was fabricated by an electrospinning method. The characterization of PCL/
LAP nanofibrous membrane were determined by scanning electron microscopy (SEM), energy dispersive spectrum
of X-ray (EDS), inductively coupled plasma mass spectrometry (ICP-MS) and tensile test. The proliferation and osteo-
genic differentiation of PDLCs on the PCL/LAP nanofibrous membrane were evaluated. A PDLCs and macrophage
coculture system was used to explore the immunomodulatory effects of the PCL/LAP nanofibrous membrane. PCL/
LAP nanofibrous membrane was implanted into rat calvarial and periodontal defects, and the regenerative potential
was evaluated by microcomputed topography (micro-CT) and histological analysis. The PCL/LAP nanofibrous mem-
brane showed good biocompatibility and bioactivity. It enhanced the proliferation and osteogenic differentiation

of PDLCs. The PCL/LAP nanofibrous membrane also stimulated anti-inflammatory and pro-remodeling N2 neutrophil
formation, regulated inflammatory responses and induced M2 macrophage polarization by orchestrating the immu-
nomodulatory effects of PDLCs. The PCL/LAP nanofibrous membrane promoted rat calvarial defect repair and peri-
odontal regeneration in vivo. LAP nanosilicate-incorporated PCL membrane is capable of mediating osteogenesis
and immunomodulation of PDLCs in vitro and accelerating periodontal regeneration in vivo. It could be a promising
biomaterial for periodontal regeneration therapy.
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Introduction

Periodontitis affects the supporting tissues of the teeth,
including causing alveolar bone resorption and loss of
attachment, ultimately leads to teeth loss [1]. Periodon-
tal therapy aims to achieve regeneration of lost/dam-
aged periodontal tissue. Alveolar bone is recognized as
the basis of structural and functional regeneration of
periodontal tissue, which supports and stabilizes the
cementum-periodontal ligament-alveolar bone complex
[1]. Various grafts and barrier membranes have been
used in clinical practice to provide and maintain a stable
microenvironment for periodontal regeneration [2, 3].
However, periodontal regeneration is currently unpre-
dictable in severe periodontal defects, partly due to the
limited pro-regenerative effect of biomaterials for clinical
applications.

Polycaprolactone (PCL) was previously approved by
the U.S. Food and Drug Administration (FDA) for sev-
eral medical applications. PCL is an absorbable synthetic
polymer, and its degradation products would not lead
to a significant enough decrease in the pH of the local
microenvironment to compromise tissue regeneration
[4]. Recently, PCL was applied in periodontal regenera-
tion research [5, 6]. Farage et al. developed decellular-
ized tissue engineered constructs to facilitate periodontal
regeneration by constructing decellularized periodontal
ligament cell (PDLC) sheets on electrospun PCL mem-
branes [7, 8]. PCL nanofibrous membranes coated with
polydopamine could mimic the extracellular environ-
ment for periodontal and bone tissue repair [9]. Pilipchuk
et al. fabricated PCL scaffolds integrating a 3D-printed
bone region with a micropatterned PCL thin film and
found that the PCL scaffold had the ability to form per-
iodontium-like complexes in vivo [10]. These studies
indicated that PCL shows potential in periodontal regen-
eration, but it cannot directly regulate the regeneration
process due to the limited pro-regenerative effects of
pure PCL. Therefore, there is an urgent need to develop
functional modifications that enrich the regenerative
properties of PCL.

Laponite (LAP), a synthetic nanosilicate, is a layered
two-dimensional nanoscale ultrathin nanomaterial [11].
It has been extensively explored for regenerative biomed-
ical applications due to its unique structure and brilliant
biocompatibility and bioactivity [11, 12]. Due to the spe-
cial composition and disk-like shape, LAP exhibits a high
surface area and dual-charge distribution with a perma-
nent negative charge on the surface and a positive charge
along the edge, which facilitates physical interactions
with various biomolecules and biomaterials [12]. LAP
degrades into bioactive ionic products, including Mg,
Si(OH), and Li™ in vivo, which is advantageous for tissue
regeneration [13-15]. Our previous studies confirmed
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the brilliant pro-regeneration potential of LAP in the
biofunctional modification of biomaterials, especially
in the field of bone regeneration [16, 17]. Incorporation
of LAP into PCL increased the mechanical properties
and orchestrated osteoblasts and bone mesenchymal
stem cells to directly induce osteogenesis and indirectly
regulate angiogenesis and osteoclastogenesis, ultimately
accelerating bone regeneration [16, 17]. However, it is
unclear whether LAP-incorporated PCL promotes peri-
odontal regeneration.

Periodontal ligament cells (PDLCs), which are derived
from periodontal tissues, have been recognized as the
main cells that participate in periodontal regenera-
tion, including periodontal ligament, alveolar bone and
cementum [18, 19]. Increasing evidences indicate that
PDLCs also act as an immunomodulatory role by secret-
ing cytokines to regulate regeneration process [20-22].
An ideal biomaterial for periodontal regeneration ther-
apy should orchestrate PDLCs to directly participate
in periodontal tissue formation and indirectly provide
a immune microenvironment in favor of regeneration.
In the present study, the LAP-incorporated PCL com-
posite was applied to fabricate electrospun nanofibrous
membranes and was cocultured with PDLCs in vitro
to explore the biocompatibility and immunomodula-
tory effects. Subsequently, the PCL/LAP nanofibrous
membranes were implanted into a rat calvarial and peri-
odontal defect model. Both microcomputed tomography
(micro-CT) and histological assessment were performed
to evaluate its effect on periodontal regeneration.

Experimental section

Materials

Polycaprolactone (PCL) with an average molecular
weight of 80000 g/mol, dexamethasone, ascorbic acid and
B-glycerophosphate were purchased from Sigma-Aldrich,
USA. Dulbecoo’s Modified Eagle Medium (DMEM) and
Fetal Bovine Serum (FBS) were obtained from Hyclone
Co. Ltd. Adipogenic differentiation medium and chon-
drogenic differentiation medium were obtained from
Cyagen Biosciences Co. Ltd. FITC-labeled CD34, FITC-
labeled CD45, FITC-labeled CD73, FITC-labeled CD90
were obtained from BD Biosciences Co. Ltd. Rhodamine
phalloidin was obtained from Cytoskeleton Co. Ltd.
4,6-diamidino-2-phenylindole (DAPI) solution, live/dead
cell staining kit, BCIP/NBT reagent, RIPA lysis buffer,
BCA protein assay kit and enhanced chemiluminescence
reagents were obtained from Beyotime Co. Ltd. CCK-8
assay kit was obtained from Dojindo Co. Ltd. ALPL assay
kit was obtained from Jiancheng Inc. TRIzol reagent was
obtained from Life Technologies. PrimeScript RT reagent
kit and SYBR green PCR mix were obtained from Takara
Co. Ltd. Polyvinylidene difluoride (PVDF) membranes
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was obtained from Millipore Co. Ltd. Vimentin, cytoker-
atin, RUNX2, ALPL, COL1A1l, GAPDH, iNOS, ARG1
antibodies, Alexa Flour-488 conjugated secondary anti-
body and IL-1f, IL-4, IL-6, IL-10, IFN-y, TNF-a and
VEGFA ELISA kit were obtained from Abcam Co. Ltd.
Secondary antibody was obtained from Boster Co. Ltd.
Hematoxylin and eosin (H&E) and Masson’s trichrome
staining were obtained from Maixin Biotechnology.

Preparation and characterization of PCL/LAP membranes
PCL and PCL/5Wt%LAP (referred to as PCL/LAP) com-
posites were fabricated by a solvent-exchange method as
described in our previous study [17]. PCL and PCL/LAP
nanofibrous membranes were fabricated by electrospin-
ning. The PCL or PCL/LAP composites were dissolved
in hexafluoroisopropanol (HFP) to obtain an 8 wt% solu-
tion. The electrospinning of PCL and PCL/LAP was
carried out at 10 kV and a flow rate of 1 mL/h at room
temperature under 30% humidity. The electrospun mem-
branes were dried overnight in a vacuum to remove the
residual solvent. The morphology of both electrospun
membranes was observed by scanning electron micros-
copy (SEM) (Hitachi S4800 FEG, Japan). The elemental
analyses was performed using energy-dispersive spec-
troscopy (EDS) (Hitachi S4800 FEG, Japan).

PCL/LAP nanofibrous membranes were immersed in
normal saline solution with 6 cm?/mL extraction ratio
(surface area/volume) at 37°C for 3 days. The concentra-
tions of bioactive ions (Si*", Mg?" and Li") were deter-
mined by inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7700ce, USA).

To evaluate the degradation characteristicc PCL
and PCL/LAP nanofibrous membranes were cut into
10 mmx40 mm rectangle shapes and recorded their ini-
tial weight. Then they were incubated in PBS at 37°C.
At each time point, the PBS was carefully removed, and
the nanofibrous membranes were washed with distilled
water. They were subsequently frozen and lyophilized.
The weight of the degraded nanofibrous membranes were
measured, and the percentage mass loss was calculated
based on their initial weight before incubation.

The mechanical properties of the both membranes
(10x50 mm?) were detected by the universal testing
machine (CMT-51, China). The stress-strain curves were
obtained, and the tensile strength, strain at fracture and
Young’s modulus were subsequently statistically ana-
lyzed. Both the PCL and PCL/LAP membranes were ster-
ilized by ethylene oxide for the following experiments.

PDLCs culture and identification

Ethical approval for the collection of PDLCs was
attained through the School and Hospital of Stomatol-
ogy, Fujian Medical University. Primary hPDLCs were
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harvested from healthy human PDL tissue as previously
described [23] and cultured in DMEM with 10% FBS.
PDLCs within passages 2 and 6 were used in the follow-
ing studies.

The surface markers of PDLCs were analyzed by flow
cytometry. PDLCs were digested with 0.25% trypsin
and collected suspension to incubate with FITC-labeled
CD34, FITC-labeled CD45, FITC-labeled CD73 and
FITC-labeled CD90, respectively, then analyzed by flow
cytometer (BD Biosciences, USA). For immunofluores-
cent staining, PDLCs were seeded on 12-well plates for
1 day and then fixed, permeabilized and blocked to be
stained with anti-vimentin (1:200) or anti-cytokeratin
(1:500) antibody, respectively. Then Alexa Flour-488 con-
jugated secondary antibody (1:400) was added and nuclei
were stained with DAPI. The stained cells were imaged
using fluorescence microscopy (Zeiss, Germany). Fur-
ther, PDLCs were seeded on 24-well plates to confirm
the capacity for multipotent differentiation. To evaluate
osteogenic differentiation potential, PDLCs were cul-
tured with osteogenic induction medium containing 10
nM dexamethasone, 50 uM ascorbic acid and 10 mM
B-glycerophosphate for 14 days. Then the PDLCs were
fixed and stained with Alizarin red S (ARS) (pH 4.2)
solution to observe the formed calcium nodules under
a microscope. To evaluate adipogenic differentiation
potential, PDLCs were cultured in adipogenic differentia-
tion medium for 14 days and fixed to be stained with Oil
red O solution to observe lipid droplets. To explore chon-
drogenic differentiation potential, PDLCs were cultured
in 15 mL sterile centrifuge tubes and incubated in chon-
drogenic differentiation medium for 21 days. The formed
pellets were fixed and embedded. Sections were obtained
to be stained with 0.05% alcian blue.

Cytoskeleton staining

PDLCs were seeded on PCL and PCL/LAP nanofibrous
membranes for 1 day and then fixed, permeabilized, and
blocked to be stained with rhodamine phalloidin (1:200)
and DAPI solution. The stained cells were imaged using
fluorescence microscopy (Zeiss, Germany).

Live/dead cell staining

PDLCs were seeded on PCL and PCL/LAP nanofibrous
membranes for 1 day and incubated with propidium
iodide (PI) for dead cells (red) and calcein AM for live
cells (green) for 15 min at 37 °C. Finally, the stained
PDLCs on both membranes were imaged using fluores-
cence microscopy. The cell viability percentage was ana-
lyzed by dividing the number of live cells by the total
number of cells.
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Cell adhesion and proliferation

A CCK-8 assay was used to evaluate PDLCs prolifera-
tion. PDLCs at each time point were determined after
incubation with 10% CCKS8 solution, and the optical
density (OD) value at 450 nm was measured by using
an iMark microplate reader (Bio-Rad, USA).

ALPL and mineral nodule formation assays

Alkaline Phosphatase (ALPL) staining was performed
using BCIP/NBT reagent following osteogenic induc-
tion for 7 days. For ALPL activity, PDLCs on both
nanofibrous membranes were lysed with RIPA lysis
buffer and assessed using an ALPL assay kit and a BCA
protein assay kit. ALPL activity was normalized to the
total protein amount in the cell lysate. For mineral nod-
ule formation analysis, PDLCs were cultured on both
membranes following osteogenic induction for 14 days,
stained with 40 mM ARS and quantified by eluting with
10% cetylpyridinium chloride in 10 mM sodium phos-
phate (pH 7.0).

Quantitative real-time polymerase chain reaction (PCR)
RNA was extracted from PDLCs using TRIzol reagent
and transcribed using a PrimeScript RT reagent Kkit.
Gene expression was evaluated using a LightCycler 480
real-time PCR system (Roche Diagnostics, Germany)
with SYBR green PCR mix. The primers (Table 1) were
synthesized by Sangon Biotech (Shanghai, China).

Western blot (WB)

After 7 days of osteogenic induction, proteins of PDLCs
on both membranes were extracted using RIPA lysis
buffer. Proteins were fractionated by gel electrophore-
sis and transferred onto PVDF membranes. The PVDF
membranes were blocked and incubated with the pri-
mary antibodies RUNX2 (1:1000), ALPL (1:1000),
COL1A1 (1:1000) and GAPDH (1:1000). Then, the
PVDF membranes were incubated with a secondary
antibody (1:2000). The protein expression levels were
detected using enhanced chemiluminescence reagents
and analyzed using Image] software.

Neutrophils treated with PDLCs-conditioned medium

PDLCs were cocultured with both nanofibrous mem-
branes with 1 mL culture medium in 24-well plates for 7
days. The supernatants were collected, centrifuged and
filtered through 0.22-um filters. The filtrate was mixed
with DMEM containing 10% FBS to obtain conditioned
medium (referred to as PDLCs-PCL-CM and PDLCs-
PCL/LAP-CM). The supernatants of PDLCs with-
out membranes were used as controls (PDLCs-CM).
The HL-60 cells were incubated with 1.25% DMSO to
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Table 1 Primer sequences used in quantitative real-time PCR

Gene Primers

GAPDH (homo) Forward: 5" -ACCCACTCCTCCACCTTTGAC-3"
Reverse: 5" -TCCACCACCCTGTTGCTGTAG-3"

RUNX2 (homo) Forward: 5" -ACCAGCAGCACTCCATATCTCTAC-3’
Reverse: 5"-CTTCCATCAGCGTCAACACCATC-3’

ALPL (homo) Forward: 5"-ACTGGTACTCAGACAACGAGAT-3”

Reverse: 5 -ACGTCAATGTCCCTGATGTTATG-3

Forward: 5" -TCGGAGGAGAGTCAGGAAGG-3’
Reverse: 5 -TCAGCAACACAGTTACACAAGG-3”

COL1AT (homo)

GAPDH (mus) Forward: 5-AGGTGGTGAAGCAGGCATC -3’
Reverse: 5-AAGGTGGAAGAGTGGGAGTTG —3'
IL-18 (mus) Forward: 5'-CCAAGCAATACCCAAAGAAGAAGATG-3'
Reverse: 5-TTATGTCCTGACCACTGTTGTTTCC-3'
IL-6 (mus) Forward: 5-GAAACCGCTATGAAGTTCCTCTCT-3'
Reverse: 5-GTATCCTCTGTGAAGTCTCCTCTCC-3'
IL-10 (mus) Forward: 5-CCCCAGCCGCTTCATCCC-3'
Reverse: 5-ACAAACAATACACCATTCCCAGAGG-3’
TNF-a (mus) Forward: 5-AAGGGAGAGTGGTCAGGTTGC-3"
Reverse: 5-TGGAAAGGTCTGAAGGTAGGAAGG-3'
iNOS (mus) Forward: 5-GCACCACCCTCCTCGTTCAG-3'
Reverse: 5'-CCACAACTCGCTCCAAGATTCC-3'
ARGT (mus) Forward: 5- GCCTTTGTTGATGTCCCTAATG-3’

Reverse: 5'- GCACCACACTGACTCTTCC-3'

induce neutrophils and then cultured in the above con-
ditioned medium. The neutrophil shapes were imaged
using inverted microscopy. The expression levels of
inflammatory genes of the neutrophils were assessed by
using quantitative real-time PCR (as described in the
above) on Day 1. The levels of IL-4, IL-6, IL-10, IFN-y,
TNF-a and VEGFA in the supernatants were assessed
using ELISA on Day 1.

Macrophages treated with PDLCs-conditioned medium
The condition medium was obtained as described in the
above. The RAW 264.7 macrophages were cultured in
the above conditioned medium. The macrophage shapes
were imaged using inverted microscopy. The expres-
sion levels of inflammatory genes of the macrophages
were assessed by using quantitative real-time PCR (as
described in the above) on Day 3. The supernatants of
macrophages treated with conditioned medium were col-
lected after 3 days of culturing. The levels of IL-1p, IL-6,
IL-10 and TNF-a in the supernatants were assessed using
ELISA.

Immunofluorescent staining

Marcophages were fixed, permeabilized and blocked at
Day 3. The primary antibody against iNOS (1:1000) or
ARGI (1:1000) was incubated onto the cells for 2 h. Alexa
Flour-488 conjugated secondary antibody (1:400) was
added. Then, the actin cytoskeleton was stained with rho-
damine phalloidin (1:200), and nuclei were stained with



Xu et al. Journal of Nanobiotechnology (2023) 21:223

DAPI. The stained cells were imaged using fluorescence
microscopy.

Rat calvarial defect surgical procedure

The study protocol was approved by the Animal Care
and Use Committee of Fujian Medical University. All rats
were anesthetized via intraperitoneal injection of 40 mg/
kg ketamine. The calvarial defect model was prepared in
4-week-old rat calvarial. A round bur was used to prepare
a critical-sized calvarial defect with a 6 mm diameter.
15 rats were split into three groups: the PCL group with
PCL nanofibrous membrane placement, the PCL/LAP
group with PCL/LAP nanofibrous membrane placement
and the blank group without any implant as a negative
control. 5 rats were included in each group. Eight weeks
later, all rats were sacrificed to collect calvarias.

Rat periodontal defect surgical procedure

The study protocol was approved by the Animal Care
and Use Committee of Fujian Medical University. All rats
were anesthetized via intraperitoneal injection of 40 mg/
kg ketamine. The periodontal defect model was prepared
in 4-week-old rat mandibles as described in a previous
study [24]. A round bur was used to prepare periodontal
defects with 2 mm height X 3 mm width X 1 mm depth
around the first molar. The periodontium was removed
to expose the root surface. 15 rats were split into three
groups: the PCL group with PCL nanofibrous membrane
placement, the PCL/LAP group with PCL/LAP nanofi-
brous membrane placement and the blank group without
any implant as a negative control. 5 rats were included in
each group. Four weeks later, all rats were sacrificed to
collect mandibles.

Microcomputed tomography (micro-CT) analysis

The fixed calvarias or mandibles samples were scanned
by a micro-CT scanner (SCANCO puCT50, Switzerland).
Three-dimensional images were obtained and analyzed
using Mimics software (Mimics 17.0, Materialise, Leuven,
Belgium). For the periodontal defect model, cross-sec-
tions of micro-CT reconstructed images were near apical
third area. Bone volume per total volume ratio (BV/TV)
and bone mineral density (BMD) were evaluated.

Histologic staining and analysis

The calvarias and mandibles were decalcified in 10% eth-
ylenediaminetetraacetic acid (EDTA), dehydrated and
embedded. Consecutive sections were obtained from
the defect area and stained using H&E and Masson’s tri-
chrome staining. For the periodontal defect model, the
sections were near apical third area. The new bone areas
and new attachment formation rate were assessed using
Image] software.
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Statistical analysis

Data are presented as the mean+standard deviation.
The t test or one-factor analysis of variance followed by
Tukey’s HSD post hoc test was used to evaluate the dif-
ferences among groups. Significance was accepted at
P <0.05 for all tests.

Results

Characterization of PCL/LAP nanofibrous membranes

PCL and PCL/LAP nanofibrous membranes were fab-
ricated by using the electrospinning technique (Fig. 1a).
Figure 1b shows their morphological appearances in
SEM images, which featured randomly oriented fila-
mentous architecture. The elemental analyses was per-
formed using EDS. The presence of Mg and Si confirmed
successful fabrication of nanofibrous membranes with
LAP incorporation (Fig. 1c). Further, the ions released
from PCL/LAP nanofibrous membrane were evaluated,
and bioactive ions, including Mg®*, Si** and Li", could
be detected after 3 days of immersion. The result indi-
cated that the concentration of released Mg®" was about
181.47 +9.83 pg/mL, Si**was about 396.87 +14.45 pg/
mL and Li*was about 18.37 + 1.00 pg/mL.

The degradation characteristics of both nanofibrous
membranes were investigated in PBS at 37 °C (Fig. 1d).
The mass of both nanofibrous membranes increased after
1 week, which might be attributed to their absorption
capacities. The mass of PCL/LAP nanofibrous membrane
significantly decreased after 6 weeks, but PCL nanofi-
brous membrane did not obviously change. This result
indicated both PCL and PCL/LAP nanofibrous mem-
branes could maintain integrity of membrane before 6
weeks, and addition of LAP would slightly promote deg-
radation of PCL nanofibrous membrane.

Tensile tests were conducted to evaluate mechani-
cal property of PCL/LAP nanofibrous membrane. The
representative stress-strain curves were presented in
Fig. le. Further, the characteristic parameters such as
tensile strength, young’s modulus and strain at break
calculated from these curves (Fig. 1f-h). These results
showed higher levels of tensile strength, young’s modulus
and strain at break of PCL/LAP nanofibrous membrane,
which indicated that LAP incorporation would signifi-
cantly increase mechanical property of PCL/LAP nanofi-
brous membrane.

Biocompatibility of the PCL/LAP nanofibrous membrane
on PDLCs

PDLCs were cultured from human PDL and displayed
long spindle shapes (Fig. 2a). Flow cytometry analysis
indicated that PDLCs were positive for mesenchymal
stem cell markers (CD73 and CD90) (Fig. 2d, e), and
were negative for hematopoietic cell marker CD34 and
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Fig. 1 Characterization of PCL/LAP nanofibrous membranes. a Schematic diagram of the fabrication of PCL/LAP nanofibrous membrane. b

SEM of PCL and PCL/LAP nanofibrous membranes. Scale bar =20 pum. ¢ EDS mapping analysis of PCL/LAP. Scale bar =20 um. d Degradation
characteristics of PCL and PCL/LAP nanofibrous membranes. e The representative stress-strain curves of PCL and PCL/LAP nanofibrous membranes.
fTensile strength. g Strain at break. h Young's modulus. Scale bar =100 um. *P<0.05, **P<0.01, ***P<0.001

leukocyte maker CD45 (Fig. 2b, c¢). The immunoflu-
orecent staining demonstrated the PDLCs expressed
fibroblast marker vimentin and no cytokeratin-pos-
itive cell could be observed (Fig. 2f, g). PDLCs were
successfully induced osteogenic, adipogenic or chon-
drogenic differentiation, which confirmed the capacity
of multipotent differentiation (Fig. 2h, j).

The adhesion of PDLCs on both nanofibrous mem-
branes was similar and showed no significant differ-
ence (Fig. 2k). PDLCs cultured on the surface of both
membranes showed spreading shapes (Fig. 2l). Live/
dead staining results demonstrated that the PCL/LAP
nanofibrous membranes did not affect the viability of
PDLCs (Fig. 2n, o). Moreover, PCL/LAP nanofibrous
membranes promoted the proliferation of PDLCs after
3 days of culturing (Fig. 2m). This result indicated that
the PCL/LAP nanofibrous membrane in the present
study possessed good biocompatibility.

PCL/LAP nanofibrous membrane enhances osteogenic
differentiation of PDLCs

As shown in Fig. 3a, b, PDLCs cultured on the PCL/
LAP nanofibrous membrane expressed higher levels
of ALPL than PDLCs cultured on the PCL nanofibrous
membrane. More mineral nodule formation could be
found on the PCL/LAP nanofibrous membrane after
ARS staining (Fig. 3a and c). Furthermore, the expres-
sion levels of osteogenic differentiation genes and
proteins (RUNX2, ALPL and COL1A1l) were evalu-
ated using quantitative real-time PCR and WB analy-
sis (Fig. 3d-h). The PCL/LAP nanofibrous membrane
significantly upregulated the expression of RUNX2,
ALPL and COL1A1 in PDLCs at the mRNA and protein
levels. These results suggest that the PCL/LAP nanofi-
brous membrane enhances the osteogenic differentia-
tion of PDLCs.
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Fig. 2 Biocompatibility of PCL/LAP nanofibrous membranes. a PDLCs cultured from human PDL tissue. b-e Flow cytometry analysis of CD34, CD45,
CD73 and CD90 in PDLCs. f-g Immunofluorecent staining of vimentin and cytokeratin in PDLCs. h ARS staining. i Oil red O staining. j Alcian blue
staining. k Adhesion of PDLCs on PCL and PCL/LAP nanofibrous membranes. I Cytoskeleton staining of PDLCs on PCL and PCL/LAP nanofibrous
membrane. m Proliferation of PDLCs on PCL and PCL/LAP nanofibrous membranes. n Live/dead staining and analysis of PDLCs on PCL and PCL/LAP
nanofibrous membranes. Scale bar =100 pm. *P<0.05, **P<0.01, ***P<0.001

Conditioned medium from PDLCs cultured on PCL/

LAP nanofibrous membranes potential induces
anti-inflammatory and pro-remodeling N2 neutrophils
polarization

Neutrophils were treated with conditioned medium
from PDLCs cultured on PCL/LAP nanofibrous mem-
branes (Fig. 4a). As shown in Fig. 4b, neutrophils pre-
sented round shapes after different conditioned medium
stimulation. Inflammatory mRNA expression of distinct
neutrophil subpopulations were evaluated (Fig. 4c).

Neutrophils treated with condition medium from
PDLCs cultured on PCL/LAP nanofibrous membranes
expressed lower canonical pro-inflammatory genes (IL-
6, IFN-y, TNF-a and NF-xB) (Fig. 4d—g), and higher
anti-inflammatory genes (IL-4 and IL-10) (Fig. 4h, i) and
pro-remodeling gene (VEGFA) (Fig. 4j). The decreased
pro-inflammatory mRNA levels and increased anti-
inflammatory and pro-remodeling mRNA levels of neu-
trophils are consistent with an alternative N2 polarization
state. Further, the cytokines in the supernatants were
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the osteogenic differentiation of PDLCs. a ALPL and ARS staining of PDLCs on PCL and PCL/LAP nanofibrous membranes. b ALPL activity of PDLCs
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Expression levels of osteogenic differentiation genes (RUNX2, ALPL and COL1AT) of PDLCs on PCL and PCL/LAP nanofibrous membranes. g-h
Western blot analysis of osteogenic differentiation proteins (RUNX2, ALPL and COL1A1) of PDLCs on PCL and PCL/LAP nanofibrous membranes.
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N2 neutrophils polarization. a Schematic illustration of neutrophils treated by conditioned medium from PDLCs. b Representative appearances
of neutrophils treated with different condition medium. ¢ Heat maps of gene expression levels in neutrophils treated with condition medium
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detected by ELISA. The results demonstrated neutrophils
treated with conditioned medium from PDLCs cultured
on PCL/LAP nanofibrous membranes secreted lower
pro-inflammatory cytokines (IL-6, IFN-y and TNF-a),
and higher anti-inflammatory cytokines (IL-4 and IL-10)
and pro-remodeling cytokine (VEGFA) (Fig. 4k—p). This
result implied PCL/LAP nanofibrous membrane might
potential induce anti-inflammatory and pro-remodeling
N2 neutrophils polarization.

Conditioned medium from PDLCs cultured on PCL/

LAP nanofibrous membranes suppresses macrophage
inflammation

To evaluate whether PDLCs in response to PCL/
LAP nanofibrous membranes exert immunomodula-
tory effects, the supernatants of PDLCs cultured on
PCL (PDLCs-PCL-CM) and PCL/LAP (PDLCs-PCL/
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LAP-CM) nanofibrous membranes were collected and
treated with macrophages (Fig. 5a). The supernatant of
cultured PDLCs (PDLCs-CM) was also added to mac-
rophages as a control. Figure 5b demonstrates that mac-
rophages treated with PDLCs-PCL/LAP-CM showed
fewer pseudopodia than those treated with PDLCs-
PCL-CM, which indicated that PDLCs-PCL/LAP-CM
could alleviate the morphological activation of mac-
rophages. Both quantitative real-time PCR and ELISA
were used to assess the inflammatory cytokine expres-
sion of macrophages treated with conditioned medium.
PDLCs-PCL/LAP-CM significantly downregulated pro-
inflammatory cytokines (IL-1p, IL-6 and TNF-a) at the
mRNA (Fig. 5c-e) and protein (Fig. 5g-i) levels. Addi-
tionally, the anti-inflammatory cytokine (IL-10) levels
of macrophages in response to PDLCs-PCL/LAP-CM
increased accordingly (Fig. 5f and j).
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The polarization of macrophages in response to each
conditioned medium was evaluated. Figure 6a-b indi-
cates that PDLC-PCL/LAP-CM inhibited the expres-
sion of the M1 macrophage marker (iNOS) gene and
promoted the M2 macrophage marker (ARG1) level.
Both polarization markers were assessed by using
immunofluorescent staining. Lower iNOS levels and
higher ARG1 levels were found in macrophages treated
with PDLCs-PCL/LAP-CM in comparison to PDLCs-
PCL-CM (Fig. 6¢).

The results suggested that PDLCs cultured on the PCL/
LAP membrane might manipulate immunomodulation
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by indirectly regulating the inflammatory responses of
macrophages.

PCL/LAP nanofibrous membrane accelerates rat calvarial
bone formation

A rat calvarial bone defect was prepared and treated
with PCL or PCL/LAP nanofibrous membrane (Fig. 7a).
Representative three-dimensional images of rat calva-
rial bone after nanofibrous membranes implantation for
8 weeks (Fig. 7b). The micro-CT data analysis indicated
that BMD and BV/TV ratio of new bone in the defects
significantly increased in the PCL/LAP group (Fig. 7c-d).
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Fig. 6 Conditioned medium from PDLCs cultured on PCL/LAP nanofibrous membranes regulates macrophage polarization. a-b Decreased
M1 polarization marker (iNOS) gene and increased M2 polarization marker (ARG1) gene levels of macrophages treated with condition medium
from PDLCs cultured on PCL/LAP nanofibrous membrane. ¢ Representative images of immunofluorescent staining iNOS levels and ARG1 levels
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Fig. 7 PCL/LAP nanofibrous membrane accelerates rat calvarial bone formation. a Schematic illustration of rat calvarial bone defect treated
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nanofibrous membranes. c-d BMD and BV/TV ratio of micro-CT data analysis. e Histological quantitative analysis of new bone formation rate. f
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Figure 7f show histological sections of rat calvarial
defects after PCL/LAP nanofibrous membrane treat-
ment. Only few new bone formed around the calvarial
defect in the blank group. In the PCL group, limited new
bone formation could be observed in the edge and center
of defect. Abundant layer new bone formed and regen-
erated in the rat calvarial defects after PCL/LAP nanofi-
brous membrane implantation. Quantitative analysis
of each group indicated that new bone formation areas
were significantly higher in the PCL/LAP group than
in the blank group and PCL group (Fig. 7e). The results
indicated that both the PCL and PCL/LAP membranes
promoted new bone formation compared with the blank
group, and the highest new bone formation rate was
found in the PCL/LAP group.

PCL/LAP nanofibrous membrane promotes rat periodontal
regeneration

A rat periodontal defect was prepared and treated with
PCL or PCL/LAP membrane (Fig. 8a). Representative
three-dimensional images of each group showed that the
PCL/LAP nanofibrous membrane could improve bone
filling after four weeks (Fig. 8b). The micro-CT data were
analyzed, and the results indicated that the BV/TV ratio
and BMD of new bone in periodontal defects signifi-
cantly increased in the PCL/LAP group (Fig. 8¢, d).

Figure 8 g shows histological sections of rat periodon-
tal defects after PCL/LAP nanofibrous membrane treat-
ment. No obvious negative effect could be found in the
defect, which confirmed the biocompatibility of the PCL/
LAP nanofibrous membrane. Only disordered and unor-
ganized fibers infiltrated the periodontal defect in the
blank group without any implants at four weeks post-
surgery. Limited bone regeneration occurred, and some
collagen fibers connected to newly formed bone and
root surfaces after PCL nanofibrous membrane implan-
tation. Notably, dense and mature bone formed around
the exposed root below the PCL/LAP nanofibrous mem-
brane. Uniform collagen fibers adjacent to the surface of
the root and mature bone to form new attachments in
periodontal defects could be observed in the PCL/LAP
group.

Quantitative analysis of each group indicated that new
bone formation areas were significantly higher in the
PCL/LAP group than in the blank group and PCL group
(Fig. 8e). To further assess new attachment formation,
the areas of collagen fibers inserted into new bone and
the root surface were calculated. The results indicated
that both the PCL and PCL/LAP membranes promoted
new attachment formation compared with the blank
group, and the highest new attachment formation rate
was found in the PCL/LAP group (Fig. 8f).
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Discussion

An ideal biomaterial for periodontal regeneration should
maintain a stable area and provide a pro-regenerative
microenvironment ‘[3]. Accumulating studies have
focused on biomaterial modification to enhance its pro-
regenerative properties, including coating and incorpo-
ration of ions or growth factors [2, 25]. We previously
developed LAP nanoparticle-incorporated PCL nano-
composites providing cumulative effects on osteogenesis,
angiogenesis and osteoclastogenesis during bone regen-
eration [16, 17]. The PCL/LAP nanofibrous membrane in
the present study was created to aid in periodontal regen-
eration by mobilizing remodeling constructively PDLCs
to mobilize regeneration processes. Our results demon-
strated, for the first time, that the PCL/LAP nanofibrous
membrane improved proliferation, enhanced osteogen-
esis, attenuated the inflammatory response of neutro-
phils and macrophages, and induced regenerative N2
neutrophil and M2 macrophage polarization by exerting
the immunomodulatory effects of PDLCs. Moreover, the
PCL/LAP nanofibrous membrane facilitated rat calva-
rial bone formation and periodontal defect repairing
in vivo. These results suggest that the PCL/LAP nanofi-
brous membrane is dynamically involved in a series of
processes during periodontal regeneration and has the
potential to orchestrate recruited PDLCs in periodontal
defects to exert osteogenensis and immunomodulation
for periodontal regeneration. This confirms its potential
for application in periodontal regeneration therapy.

PCL is a widely used polymer with superior biocom-
patibility, and LAP is biocompatible and noncytotoxic
within a suitable concentration range [11, 14, 15, 26]. A
series of nanosilicate-incorporated PCLs with different
amounts of LAP particles were developed in our previous
study [16, 17], and we found that PCL with 5 wt% LAP
had excellent biological properties. Therefore, the nanofi-
brous membrane with 5 wt% LAP incorporation in the
present study was customized by electrospinning. Our
results demonstrated PCL/LAP nanofibrous membrane
possessed higher mechanical properties, which might
contribute to the incorporation of LAP with a exfoliation
status [17]. The PCL/LAP nanofibrous membrane had
no adverse effects on PDLCs. Moreover, PDLCs cultured
on the PCL/LAP nanofibrous membrane proliferated
more rapidly, which confirmed the biocompatibility of
the PCL/LAP nanofibrous membrane. These results were
similar to studies of other LAP-containing biomaterials
on bone marrow mesenchymal stem cells [27-30].

Osteogenesis plays a vital role in the entire periodontal
regeneration process. Various periodontal regeneration
strategies have been employed to improve the osteogen-
esis of PDLCs [31-33]. The current study demonstrated
that the PCL/LAP nanofibrous membrane activated the
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Fig. 8 PCL/LAP nanofibrous membrane promotes rat mandibular periodontal defect regeneration. a Schematic illustration of rat periodontal
defect treated with PCL/LAP nanofibrous membrane. b Representative micro-CT reconstructed images of periodontal defects treated with PCL/
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expression of RUNX2, a key transcription factor during
the osteogenic differentiation process. Its downstream
targets (ALPL and COL1A1l) increased accordingly,
which ultimately improved mineral nodule formation in
the late phase of osteogenesis. Our previous study indi-
cated that LAP was released from the PCL/LAP nano-
composite and was internalized by cells to stimulate
osteogenic differentiation [17]. Some studies also con-
firmed that LAP exerted extensive osteogenic effects in
osteoblasts and bone mesenchymal cells [14, 15, 34—38].
Therefore, we speculated that LAP released from the
membrane accounts for the increased osteogenesis of
PDLCs.

An immune inflammatory response occurs during the
early phase of periodontal regeneration [39, 40]. Increas-
ing evidence demonstrated both neutrophils and mac-
rophages in the circulating leukocytes are firstly recruited
to infiltrate into defect sites to involve tissue regeneration
[41-43]. Neutrophil has been recently proved to polar-
ize into distinct phenotypes, including pro-inflammatory
phenotype (referred to as N1 neutrophil) and anti-inflam-
matory and pro-remodeling phenotype (referred to as N2
neutrophil) [44, 45]. N2 neutrophils in regenerative site
secrete distinct sets of cytokines, such as anti-inflam-
matory cytokines (IL-4 and IL-10) and pro-remodeling
cytokine (VEGFA), which benefit tissue regeneration
[45, 46]. Previous study indicated that PCL would induce
slight foreign body reaction and mildly increase pro-
inflammatory responses within physiological range [47—
49]. The present study also demonstrated conditioned
medium derived from PDLCs cultured on PCL increased
inflammatory responses compared with conditioned
medium derived from PDLCs cultured on well plates
with special coatings for cells and closer to physiologi-
cal condition. The distinct culture surface for PDLCs and
slight foreign body reaction of PCL might be attributed
to this effects. Multi-cellular interactions occur in peri-
odontal defect after regeneration therapy. Therefore, a
PDLCs and neutrophils coculture system was fabricated
in the present study via a conditioned medium method
to originally explored whether PDLCs cultured on PCL/
LAP nanofibrous membrane would mediate neutrophil
polarization. Under different conditioned media from
PDLCs, neutrophils treated with conditioned media from
PDLCs cultured on PCL/LAP nanofibrous membrane
expressed higher N2 neutrophil-specific cytokine, which
favor tissue regeneration.

The M1-to-M2 transition of macrophages is effective
in mediating tissue regeneration [39, 50]. It has been
reported that macrophage deficiency in the local niche
seriously compromises tissue healing [51]. Moreover,
PDLCs were capable of switching macrophages from M1
to M2 polarization in vitro [39]. PDLCs implanted into
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periodontal defects were able to manipulate inflamma-
tory responses and induce M2 macrophage polarization
to stimulate periodontal regeneration [20]. Therefore,
PDLC and macrophage were co-cultured in the current
study via a conditioned medium method. PDLCs cul-
tured on the PCL/LAP membrane reduced proinflamma-
tory responses and induced M2 macrophage polarization
to endow favorable immunomodulation. Very few stud-
ies have focused on the effect of LAP on macrophages.
Li et al. reported that RAW 264.7 macrophages treated
with LAP secrete higher proinflammatory cytokines and
polarize into M1 macrophages [26]. Hence, the anti-
inflammatory effects might contribute to immunomod-
ulation of PDLCs cultured on PCL/LAP nanofibrous
membranes. To the best of our knowledge, this is the first
study to reveal the immunomodulatory effect of PDLCs
orchestrated by LAP.

Alveolar bone is the dominant components of peri-
odontal tissue. Alveolar bone regeneration is the prereq-
uisite and basis for achieving structural and functional
regeneration of periodontal tissue [1]. The current
study implanted PCL/LAP nanofibrous membrane into
rat calvarial defect and found more bone formation. It
confirmed the pro-regenerative property of PCL/LAP
nanofibrous membrane in new bone regeneration. Ideal
periodontal regeneration not only requires bone, pe rio-
dontal ligament fibers and cementum formation, but also
demands the periodontal ligament fibers inserting into
newly formed bone and cementum of root surface to
reconstrued functional periodontal tissue [52]. To evalu-
ate the effect of PCL/LAP nanofibrous membrane on per-
iodontal regeneration, a rat mandible fenestration model
is recognized as a common periodontal defect model and
has been widely used in various studies [53]. We previ-
ously investigated the potential of leptin gene therapy
on periodontal regeneration in such a periodontal defect
model [24]. In the current study, the PCL/LAP nanofi-
brous membrane was placed in the periodontal defect
model to explore the effect of the PCL/LAP fibrous mem-
brane on periodontal regeneration. Our study indicated
that the PCL/LAP nanofibrous membrane remains more
effective in improving the regeneration of new bone to
form attachments in periodontal defects. We speculated
that the LAP released from the PCL/LAP membrane in
periodontal defects might mobilize self-regeneration by
directly promoting the osteogenesis of local PDLCs and
indirectly mediating inflammatory responses and M2
macrophage polarization by tuning the immunomodu-
lation of PDLCs, which eventually leads to periodontal
regeneration.

Although the effects of the PCL/LAP nanofibrous
membrane on periodontal regeneration have been evalu-
ated, only PDLCs used in the present study are limited
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Fig. 9 Graphical model of nanosilicate-functionalized PCL membrane improved periodontal regeneration by regulating PDLCs-mediated
osteogenesis and immunomodulation in microenvironments after periodontal regeneration therapy

enough to elucidate the complex periodontal regenera-
tion process involving a series of cellular events. Impor-
tantly, the inflammatory responses and polarization of
neutrophils and macrophages have been demonstrated
to be time-dependent during tissue regeneration [50,
54], but they were not included in the current study. The
evidence of the immunomodulatory effect of the PCL/
LAP nanofibrous membrane in vivo is absent due to
neutrophil and macrophage-involved regeneration pro-
cesses, mainly occurring in the early stage. In addition,
the particular mechanisms of the effects of PCL/LAP
nanofibrous membranes on PDLC-mediated periodon-
tal regeneration remain unknown. These unknowns will
offer new insights into the influences of PCL/LAP nanofi-
brous membrane-induced periodontal regeneration in
our forthcoming studies.

Conclusions

A nanosilicate-functionalized PCL membrane was suc-
cessfully generated and evaluated to determine its poten-
tial utility in periodontal regeneration in the present
study. It was biocompatible and stimulated the prolifera-
tion and osteogenesis of PDLCs. It also regulated inflam-
matory responses and induced N2 neutrophil and M2
macrophage polarization by orchestrating the immu-
nomodulation of PDLCs. PCL/LAP implanted in vivo
had a synergistic effect on rat periodontal tissue regen-
eration (Fig. 9). Our findings suggest that PCL/LAP is
a promising biomaterial for periodontal regeneration
therapy.
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