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Bone regeneration is a crucial part in the treatment of periodontal tissue regeneration, in which new attempts
come out along with the development of nanomaterials. Herein, the effect of cerium oxide nanoparticles (CeOy
NPs) on the cell behavior and function of human periodontal ligament stem cells (hPDLSCs) was investigated.
Results of CCK-8 and cell cycle tests demonstrated that CeOy NPs not only had good biocompatibility, but also
promoted cell proliferation. Furthermore, the levels of alkaline phosphatase activity, mineralized nodule for-
mation and expressions of osteogenic genes and proteins demonstrated CeOy NPs could promote osteogenesis
differentiation of hPDLSCs. Then we chose electrospinning to fabricate fibrous membranes containing CeO3 NPs.
We showed that the composite membranes improved mechanical properties as well as realized release of CeOy
NPs. We then applied the composite membranes to in vivo study in rat cranial defect models. Micro-CT and
histopathological evaluations revealed that nanofibrous membranes with CeO NPs further accelerated new bone
formation. Those exciting results demonstrated that CeO2 NPs and porous membrane contributed to osteogenic
ability, and CeO, NPs contained electrospun membrane may be a promising candidate material for periodontal
bone regeneration.

1. Introduction regeneration (GTR) and guided bone regeneration (GBR) are two

important regeneration approaches to restore functional bone tissues,

Periodontitis, a chronic inflammatory disease, results in not only
tissue defects including alveolar bone, gingiva, periodontal ligament
and cementum, but also system diseases such as adverse pregnancy
outcomes, rheumatoid arthritis, Alzheimer’s disease and cancer [1-3].
The ultimate goal of periodontal regenerative treatment is to reconstruct
the periodontal complex with both hard and soft tissues, in which the
alveolar bone is an indispensable part. In clinical practice, guided tissue
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which can be used alone or in combination with artificial/autogenous
bone graft. Most commonly, the GTR/GBR membranes were used to
prevent the infiltration of fibrous tissue during periodontal and alveolar
bone regeneration [4]. While commercial resorbable barrier membranes
have been used for single-step surgical regeneration procedures in
clinical, they still have limitations such as high cost, poor mechanical
property, improper biodegradation, and unpredictable clinical
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outcomes especially in horizontal periodontal bone defects [5]. There-
fore, the development of artificial biodegradable membranes with low
cost, unique structures, proper physicochemical properties and biolog-
ical ability to achieve more satisfactory tissue regeneration attract
increasing attention recently [6-8].

Electrospinning is an effective way to fabricate biodegradable
fibrous membranes with porous microstructures. Such fibrous mem-
branes mimic the natural extracellular matrix structure for stem cells to
migrate, adhere, proliferate, differentiate. In addition, flexible electro-
spun fibrous materials made by synthetic high-molecular-weight poly-
mers or natural polymers or the blends of them can endow fiber
materials with proper properties including mechanical property and
regulatable biodegradation by changing the compositions and adjusting
the blending ratios [9]. These membranes can also be easily cut into
desired shapes to match tissue defects. Moreover, it is easy to incorpo-
rate bioactive agents into [10] fibers during electrospinning or onto the
surface [11] of fibers to achieve sustained drug delivery. These features
impart the electrospun fibrous membranes with translational promise.

Due to their low cost, high safety, biodegradability, and convenient
availability, poly (e-caprolactone) (PCL) and gelatin have been used as
biomaterials for decades [12]. As their complementary characteristics in
degradation speed and hydrophobicity, PCL and gelatin are frequently
combined in blend electrospinning for biomedical applications [10,
13-15]. Nevertheless, osteogenic properties of PCL/gelatin membranes
are often limited. To impart the electrospun membranes with tissue
regeneration ability, bioactive growth factors (GFs), such as bone
morphogenetic protein 2 (BMP-2) [16] and platelet-derived growth
factor (PDGF) [17], were incorporated. However, the short protein
half-life, possible denaturation as well as high cost have limited the use
of bioactive GFs. Compared with bioactive GFs, nanomaterials with
tissue regeneration ability possessed some unique advantages, such as
high stability and relatively low cost. Therefore, numerous nano-
materials, such as bioactive glass nanoparticles [18], nano-
hydroxyapatite (nHA) [19], gold nanoparticle (Au NP) [20], graphene
oxide (GO) [21] and cerium oxide nanoparticles (CeO2 NPs) [22], have
been explored as bioactive agent substitutes for tissue engineering in
bone defect healing [23]. Among them, CeO5 NPs have a potential in
improving healing process of different tissues which is attributed to their
excellent biological properties including anti-oxidation, anti-in-
flammation, antibacterial activities and angiogenic potential [24].
Therefore, they have been applied in the therapy of drug-induced liver
injury [25] and inflammatory bowel disease [26]. CeO2 NPs have also
been applied in bone tissue engineering because they can control the
growth and differentiation of mesenchymal stem cells (MSCs) [27,28],
promote bone regeneration on titanium surface [29] and enhance
vascularization [30,31]. Interestingly, Ce exists in healthy bone and
accumulates with ages [32]. However, the effects of CeO NPs on peri-
odontal ligament stem cells (PDLSCs, cells isolated and expanded from
periodontal ligament tissue with “stemness™) [33] have not been
explored yet.

In this work, to develop new membranous substitutes with a favor-
able ability on promoting bone regeneration for GTR and GBR applica-
tion, we utilized electrospinning to prepare CeO; NPs loaded
membranes. By taking advantage of the osteogenesis potential of CeOy
NPs (as a bio-activator), the CeO2 NPs loaded PCL/gelation composite
(PG-Ce0O3) nanofibrous membranes were prepared. The effects of CeO,
NPs on the osteogenic differentiation of hPDLSCs were first investigated.
Furthermore, the PG-CeO, membranes were implanted into rat skull
critical-sized bone defect models to evaluate their in vivo bone regen-
eration activity. It showed that CeOy NPs promoted proliferation and
osteogenesis differentiation of hPDLSCs. When combined with electro-
spinning, PG-CeO2 membranes exhibited promoted ability on bone
regeneration, which implied they have potential application in alveolar
bone regeneration for periodontal tissue engineering.
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2. Experimental section
2.1. Materials

Poly (e-caprolactone) (PCL, 80000 kD) and Gelatin (Gel, 300 g
Bloom) were bought from Sigma-Aldrich. Hexafluoroisopropanol (HFP)
were bought from Aladdin Reagent Company, acetic acid (HAc) were
bought from Sinopharm. Cell Counting Kit-8 (CCK-8) were bought from
Donjindo Molecular Technologies.

2.2. Synthesis of CeO, nanoparticles and fabrication of fibrous
membranes

The CeOy NPs were synthesized according to a previous report [34]
as the following process: cerium nitrate (6 mmol) was dissolved in 100
mL of HyO and ethylene glycol solution (1:1) at room temperature. The
cerium nitrate solution was heated up to 60 °C, and then 20 mL NH,OH
was introduced. CeO, NPs were obtained after vigorous stirring for 3 h.
Then CeO;, NPs were functionalized with carboxyl groups by citric acid
treatment for better hydrophilicity. The fibrous membranes were
fabricated by an electrospinning technique. PCL and Gelatin were dis-
solved in HFP, then HAc was added. The composition was listed in
Table 1. After adding CeOy NPs, the solution was stirred and ultrason-
ically processed for 30 min. The electrospinning parameters were:
voltage 16 kV, height 15 cm, flow rate 1 mL/h. The air humidity was
40%-60%. All the samples were collected on aluminum foil, and then
lyophilized. After removal of the aluminum foil, the membranes were
stored in clean polythene bags for the following experiments.

2.3. Characterization of the CeOz NPs and CeOy loaded fibrous
membranes

X-ray powder diffraction (XRD) measurements of CeOy NPs were
carried out in a D8-ADVANCE (Bruker AXS Inc, Madison, WI, USA). The
size and distribution were studied by transmission electron microscopy
(TEM, Tecnai G2 Spirit Biotwin, FEI Company, USA) and dynamic light
scattering (DLS, Nano-ZS, Malvern Instrument). X-ray photoelectron
spectroscopy (XPS) was performed using a PHI 5000 VersaProbe (Ulvac-
Phi, Japan). Fibers with or without CeO, were observed by TEM as well.
The fibers with or without CeOy NPs were coated by platinum and then
the micromorphology was observed by scanning electron microscopy
(SEM, S-3400 N II , Hitachi, Tokyo, Japan), equipped with a detector
for energy dispersive spectroscopy (EDS). Those SEM images were used
for fiber diameters measurement by the ImageJ software. Elemental
analysis of cerium ions in fibrous membranes was conducted on an
inductive coupled plasma optical emission spectrometer (ICP-OES,
OPTIMA530DV, PerkinElmer). Mechanical properties detection was
carried out at room temperature by using a universal testing machine
(Instron 3365, USA). Samples were cut into rectangles (4 x 1 cm) and
their thickness was measured by a micrometer caliper. The constant
cross-head speed was set as 10 mm/min and stress-strain curves were
recorded. Thermo-gravity analysis (TGA) was used to evaluate the
variation of thermal stability of membranes in the presence or absence of
CeO2 NPs (TGA Simultaneous Thermal Analyzer, Mettler-Toledo,
Switzerland). The in vitro degradation of fibers was detected by SEM
for surface morphology change and degradation rates were calculated
by weight loss in physiological solution on days 0, 1, 3, 7 and 14.
Membrane samples were first weighted (Wy) and subsequently incu-
bated in 5 mL PBS in EP tubes at 37 °C. Weights of every sample were

Table 1
The composition of electrospinning solution for membrane fabrication.
HFP (mL) PCL (g) Gel (g) HAc (pL) CeO2 NPs (g)
PCL/Gel 15 1.05 1.05 20 0
PCL/Gel/CeO 15 1.05 1.05 20 0.105
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recorded at predetermined time points (Wy) after drying. The remained
mass rates were calculated as Wt/WO0 x 100%.

2.4. Invitro antioxidant study of CeOz NPs in membranes

The SOD-like activities of CeOy NPs in fibrous membranes were
assessed by monitoring the change of *O3 by using nitro blue tetrazo-
lium (NBT) as a probe [35]. Briefly, NBT (2 mM), EDTA (0.1 M) and
riboflavin (1.2 mM) were mixed into Tris-HCl buffer (0.1 M, pH 7.4).
After mixing for 5 min at 37 °C, PG-CeO, membranes (1 mg/mL) were
added and irradiated with a LED lamp for 110 s. The absorption spectra
of the mixed solution were then obtained by using a microplate reader.
The CAT-like activities of CeOy NPs were assessed by measuring the
amount of generated oxygen with a dissolved oxygen meter (Seve-
nExcellence Multiparameter, Mettler Toledo Co., Ltd). After adding 3 mg
PG-CeOy membrane into 3 mL Hy05 (0.5 M) solution, the amount of
generated oxygen (mg/L) was detected and recorded every 30 s.

2.5. hPDLSCs culture and viability assay

Human PDL stem cells were obtained and identified as our previous
work [36]. In short, premolars from young patients (aged < 16 y) were
obtain from volunteers for orthodontic reasons with consent forms, and
PDL tissue blocks were isolated from the middle third of the root surface
and cultured in complete medium. Then, PO cell suspension was seeded
at the concentration of 500 cells/mL in 96-well plates for single
cell-derived colonies selection. Those individual colonies were passaged
and expanded for identification and following experiments. Cells of
passage 3-5 were used. The cell viability and proliferation were detected
by CCK-8. Briefly, the cells were cultured with CeO NPs at different
concentrations for 48 h. 10 pL of CCK-8 reagent was added into 100 pL
medium each well for incubation, then the optical density (OD) was
measured by a SpectraMax M3 microplate reader (Molecular Devices,
CA, USA) at a wavelength of 450 nm every 30 min until the OD was
1.0-2.0. OD values of cell proliferation on days 1, 3, 5, and 7 were
measured in the same way. For cell cycle detection, cells were stained by
propidium iodide (PI, 50 pg/mL) which contained RNase (100 pg/mL),
and then incubated for 30 min at 37 °C for flow cytometry (BD Bio-
sciences, Mountain View, CA). The populations of the G1, G2 and S were
quantified by the FlowJo software. Cells’ debris and clumps were
excluded.

2.6. TEM imaging of cells

To investigate intracellular CeO, localization, hPDLSCs were
cultured with CeOy NPs for 24 h. Then the samples were washed by PBS
for three times and fixed overnight in 2.5% glutaraldehyde. After that,
the cells were post-fixed with 1% osmium tetroxide (Merck, Germany)
for 2 h and dehydrated using graded ethanol series: 50, 75, 95 and 100%
twice for 10 min and finally embedded in an epoxy resin for ultrathin
sectioning. The sectioned samples were used for TEM imaging at an
accelerating voltage of 120 kV.

2.7. Osteogenic differentiation

For cell osteogenic induction, the culture medium was changed by
osteogenic differentiation medium (OS, growth medium supplemented
with 0.1 pM dexamethasone, 10 mM f-glycerophosphate, and 50 pM
ascorbic acid). Alkaline phosphatase (ALP) activity and Alizarin Red
Staining (ARS) were performed to evaluate the osteogenic potential. ALP
activity assay and NBT/BCIP ALP staining kits (Beyotime Biotechnology,
China) were used to analyze the ALP activity according to the manu-
facturer’s instructions on day 7. For ARS staining, 10% ARS solution
(Sigma-Aldrich) was used to staining cells on day 21 for 5 min and
washed by water. Then red mineral deposition that stained by ARS
quantitation was applied by measuring the absorbance at 562 nm after
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mineral nodes were desorbed by 10% (w/v) cetylpyridinium chloride
(CPC, Sigma-Aldrich).

2.8. Real-time quantitative PCR

To evaluate the effect of CeO5 NP on hPDLSCs’ differentiation at
different concentrations, in vitro co-culture of the cell and CeO, NP for 7
days was performed. Then, the expression of osteogenic-related genes
was examined, including Runt-related transcription factor 2 (RUNX2),
bone morphogenetic protein (BMP-2), osteocalcin (OCN), and osteo-
pontin (OPN). All primer sequences were summarized in Table 2. Total
cellular RNA was isolated by TRIzol (Invitrogen, Karlsruhe, Germany),
then further reverse transcribed to ¢cDNA using PrimeScript™ II 1st
Strand cDNA Synthesis Kit for real-time polymerase chain reaction (RT-
PCR, Takara, Japan). qRT-PCR was carried out using Universal SYBR
Green Supermix (Bio-Rad, USA). Each reaction was performed in a final
volume of 10 pL containing 1 pL ¢cDNA, and 0.5 mM of each primer, 5 pL
SYBR Green PCR Master Mix, and ddH»0. The relative level of target
gene expression was calculated using the comparative 2AAC Al the
samples were run in triplicate and normalized to GAPDH.

2.9. Western blot

Total cellular protein was extracted from cultured cell populations
using the RIPA buffer (Thermo Scientific, Rockford, IL, USA) supple-
mented with protease inhibitor cocktail, following the manufacturer’s
specifications. Protein concentration was measured by the Bradford
method (Bio-Red Laboratories, Benicia, CA, USA) with bovine serum
albumin (BSA) as a standard. Protein samples were loaded at 10 pg
protein per well on 4%-20% sodium, dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to poly-
acrylamide fluoride (PVDF) membranes. The membranes were blocked
with 3% BSA in PBST (PBS with 0.1% Tween). Primary antibodies of
ALP, BMP-2, OPN, and OCN (Abcam, Cambridge, MA, USA) were
applied in 1:500 dilution. Immune complexes were detected with anti-
rabbit secondary antibody (Abcam, Cambridge, MA, USA) and chem-
iluminescence reagents. The amount of protein expression was
compared after normalization with p-actin.

2.10. Cell morphology on fibrous membranes

Fibrous membranes with CeO5 NPs were immersed in 75% ethanol
for 20 min in sterile culture dishes, then washed in ddH5O for three
times, rinsed from PBS with 10% penicillin/streptomycin 3 times, and
soaked in DMEM overnight before cell seeding. Cells cultured on the
membranes for 1, 3, 5, and 7 days. The samples were washed thrice with
PBS and fixed with 2.5% glutaraldehyde overnight at 4 °C. Next, those
samples were progressively dehydrated with 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90% and absolute ethanol for 10 min, respec-
tively. Then the samples were air-dried for SEM observation of cell
morphology.

2.11. In vivo experimental design

The membranes were cut into discs with a diameter of 5 mm. The
sterilization of samples was performed with UV-light irradiation and

Table 2
Primer sequences.

Gene Forward primer sequence (5'-3') Reverse primer sequence (5'-3')
RUNX2 GGAGTGGACGAGGCAAGAGTTT AGCTTCTGTCTGTGCCTTCTGG
BMP-2 TAGTGACTTTTGGCCACGACG GCTTCCGCTGTTTGTGTTTG
OCN GGCAGCGAGGTAGTGAAGAG GATGTGGTCAGCCAACTCGT
OPN GATGGCCTTGTATGCACCATTC GCAGACCTGACATCCAGTACC
GAPDH CGCTCTCTGCTCCTCCTGTT CCATGGTGTCTGAGCGATGT
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75% ethanol treatment, then washed and immersed by DMEM with 10%
penicillin/streptomycin for 24-48 h. The rat cranial defect model was
used to evaluate bone regeneration in this study. Thirty Sprague-Dawley
rats (male, 7-8 weeks old) were divided into three groups: control group
(defects without repair), PG membrane group, and PG-CeOy membrane
group. After anesthetized by pentobarbital sodium, the rats were posi-
tioned in a stereotaxic frame and immobilized during surgery. The hairs
over the skull were shaved, then a surgical incision along the midline
from the nasofrontal to the occipital region was made for dorsal
calvarium exposure. A saline-cooled stainless-steel trephine (5 mm outer
diameter) was used to remove full-thickness bones to create defects on
both left and right sides of the dorsal calvarium for membrane implan-
tation. After the implantation for 4 weeks and 8 weeks, 5 rats in each
group were sacrificed, and their calvarias were collected and fixed in
10% neutral buffered formalin for Micro-CT (VivaCT 80, Scanco Medi-
cal, Switzerland) analysis. The parameters for scanning were set as
source voltage at 70 kV, source current at 114 pA and the scanning slice
thickness was 18 pm. Then decalcified for histological evaluation.
Three-dimensional (3D) pictures and bone volume (BV)/tissue volume
(TV) ratios were reconstructed and analyzed. After that, those samples
were decalcified in EDTA-Nay, then embedded in paraffin for sectioning.
Haematoxylin-eosin (HE) and Masson’s trichrome staining were
performed.

2.12. Data analysis

Data were expressed as the mean =+ standard deviation (SD). At least
three duplicate samples were tested in all experiments.

2.13. Ethics approval and consent to participate

The animal experiments were carried out with the approval of the
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Ethics Committee and guidelines of the Animal Care Committee of
Nanjing Medical University (IACUC-1912027). Teeth were taken after
informed consent of the patients. The manuscript does not contain
clinical studies or patient data.

3. Results
3.1. Characterization of CeO2 NPs and cell biocompatibility evaluation

As prepared CeOy NPs aqueous solution (Fig. 1a) appeared as an
orange colloidal solution with evenly dispersible CeO3 NPs, XRD pattern
of CeOy NP sample (Fig. 1b) showed diffraction peaks matched the
standard diffraction pattern of CeOy, NPs without impure peaks, con-
firming the single cubic phase of crystalline CeOy NPs. As shown in TEM
(Fig. 1c) and DLS (Fig. 1d) images, CeO5 NPs were well dispersed, and
their average particle size was 8.1 + 4.6 nm. The long-term stability of
CeO; NPs was investigated by DLS. After storing for more than 6 months,
CeO3 NPs are still well dispersed in water, demonstrating that the long-
term stability of CeO2 NPs was quite good (Fig. S1). Since the ratio of
Ce>* to Ce** on their surfaces is an important property of CeO, NPs, XPS
spectrum was collected to quantify the ratio of the Ce species. As shown
in Fig. S2, both the Ce®* and Ce** existed on CeO, NPg’ surface, and the
Ce®" fraction was 29.87%. As shown in Fig. le-f, concentrations of CeO2
NPs up to 100 pg/mL had no significant effect on cell viability. CeO NPs
seemed to promote cell proliferation when co-cultured for more than 3
days. And also, after incubating CeO2 NPs with hPDLSCs for 48 h, cells
had little morphological change (Fig. 1g), and negligible cell cycle
change (Fig. 1h-i), more than 90% of cells were at the G1 phase. These
results indicated that the CeO5 NPs had good biocompatibility. Based on
the above results, we chose four concentrations of CeO5 NPs (0, 10, 50,
and 100 pg/mL) to investigate the effects of CeO2 NPs on the osteogenic
differentiation of hPDLSCs.
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Fig. 1. Characterization and biocompatibility of CeO5 NPs. (a) Digital photo, (b) XRD pattern, (¢) TEM image and (d) size distribution histogram of CeO, NPs. (e)
Viability and (f) proliferation of hPDLSCs when treated with CeO, NPs at different concentrations. (g) Light microscope images of hPDLSCs when culture with or
without CeO, NPs under normal (0S-) and osteogenic induction medium (OS+). (h, i) Cell cycle analysis of hPDLSCs treated with CeO, NPs for 3 days.
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3.2. Internalization and localization of CeOz NPs in hPDLSCs

Ultrastructural analysis was performed to detect the localization of
CeO2 NPs within the cells. Typical TEM images (Fig. 2) of cells after
incubation with 10 pg/mL CeOy NPs for 24 h showed that the cells
incubated with CeO2 NPs contain black dots corresponding to clusters of
aggregated particles, whereas these dots were not observed in the cells
incubated without NPs. CeOy NPs were uptake by hPDLSCs, and endo-
somal compartments containing nanoparticles were seen inside the cells.

3.3. Invitro effects of CeO NPs on osteogenic differentiation

The impact of CeOy NPs on osteogenic differentiation of hPDLSCs
was evaluated by ALP activity and staining, RT-PCR, and Western Blot.
hPDLSCs were cultured with CeOy NPs in OS medium. ALP activity was
tested by ALP activity assay and ALP staining. On day 7, ALP activity
levels of hPDLSCs were increased when incubating with CeOy NPs at
different concentrations (Fig. 3a). The effects of CeO2 NPs on the for-
mation of the mineralized nodules were tested by ARS on day 21, by
which calcium nodule can be stained red, and histogram image of CPC
quantification on the left (Fig. 3b). The gene expressions of bone-related
mRNA (RUNX2, BMP-2, OCN and OPN) (Fig. 3¢), and protein expression
levels (ALP, BMP-2, OCN and OPN) (Fig. 3d) were also detected. Those
results had a consistent trend in our study, in which the osteogenic
markers of hPDLSCs were all up-regulated at all concentrations of CeO2
NPs, while with no statistical significance. Taken together, these results
showed that CeOy NPs significantly promoted hPDLSCs osteogenic dif-
ferentiation even at the lowest concentration of 10 pg/mL.

3.4. Characterization of fibrous membranes incorporated with CeO2 NPs

For utilizing CeOy NPs in periodontal regeneration in a proper way,
electrospinning was selected for the NPs encapsulation and local de-
livery. Fig. 4a showed the process of electrospinning to fabricate
membranes. When the original fiber jet was stable, it was swapped to the
fiber formation mode and the samples were collected as non-woven
membranes. TEM and SEM images of fibers without or with CeOy NPs
were presented in Fig. 4b and d, 4c and 4e, respectively. The fiber with
CeO2 NPs had black particles inside, indicating the successful encapsu-
lation of CeO2 NPs (Fig. 4c). SEM images showed both kinds of fibers
were macroscopically smooth without any gross defects. The average
diameter of blank fibers and fibers with CeO5 was 378 + 204 nm and
355 + 181 nm, respectively. There was no statistical significance be-
tween the two types of fibers. To confirm CeOy NPs were incorporated in
fibrous membranes, EDS mapping was presented in Fig. 4f-h, which
showed Ce, O, and C elements were in the fiber, and the atomic percent
of Ce was 3.8%. And also, the result of inductive coupled plasma optical
emission spectrometer (ICP) showed weight ratio of Ce in the composite
was 3.84%, which means the proportion of CeO5 was 4.72%. Those
results demonstrated CeOy NPs have been successfully incorporated
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inside the fibers.

Fig. 5a—c showed the mechanical properties of membranes, the ul-
timate tensile strength data of PG and PG-CeO, were 2.15 + 0.32 MPa
and 5.46 + 0.40 MPa. The stress at failure data were 25.6 + 6.02 and
77.09 £ 9.71, and the data of Young’s modulus were 44.00 + 3.00 MPa
and 60.64 + 8.67 MPa, respectively. All three parameters showed the
mechanical properties of membrane with CeO; NPs were remarkably
enhanced. In addition, the representative tensile stress-strain curves of
membranes were showed in Fig. 5d, indicating that both of the mem-
branes were elastic. TGA technique was used to evaluate the thermal
stability of membranes. As shown in Fig. 5e, the initial degradation
temperature of PG-CeO2 membrane was slightly lower than PG mem-
brane, but the mass loss had a consistent trend because the main com-
posite of both membranes was PCL and gelatin. Membranes degraded
gradually in physiological solution, which was recorded by weight
measurements and SEM. As shown in Fig. 5f, there was a sharp drop of
weight in the first week of both groups. Compared with PG membrane,
the weight loss was more prominent in PG-CeO2 membrane group,
which may be attributed to the incorporation of CeO, NPs. While at the
second week, weight loss slowed down. The reason may be attributed to
the release of CeOy NPs that speed up the degradation of fibers by
providing an increase in surface area of fibers at the first week. The same
trend was observed in SEM images. Fibers had significant morphological
changes during the immersion, and fibers became rough and fused.
Compared with the PG membrane, micropore appeared in fibers of PG-
CeO, membranes on day 7 and became more obvious on day 14, which
might be attributed to the CeO release from fibers. To further verify it,
EDS mappings of PG-CeO, membranes on days 3, 7 and 14 in the
degradation test were collected as well. As shown in Fig. S3, the atomic
ratio of Ce was decreasing along with the extension of soak time in PBS,
from 3.8% before immersion, to 0.6%, 0.5% and 0.3% on days 3, 7 and
14, respectively. Those results verified incorporation of CeO» can affect
degradable speed and fiber morphology to a certain extent, and also
proved the release of CeO, from membrane along with degradation.

To investigate whether the process of electrospinning affects the
ROS-scavenging activity of CeOq NPs, in vitro antioxidant capacity of
CeO2 NPs that incorporated in membranes had been examined. As
shown in Fig. S4, ROS can be eliminated by adding PG-CeO; mem-
branes, which proved CeO, NPs in electrospun membranes still have
SOD-like (Fig. S4a) and catalase-like (Fig. S4b) activities.

3.5. Cell behavior of hPDLSCs co-culture with membranes

The morphology and distribution of hPDLSCs onto PG-CeO3 mem-
branes after culturing for 1, 3, 5, and 7 days (Fig. 6a), and partial
enlarged SEM images were presented in Fig. 6b. The results demon-
strated that cells were captured by fibers after co-cultured for 1 day.
Then with the extending of culture time, cells spread out on the surface
and infiltrated inside gradually. A week later, the surface of the mem-
brane was almost covered by hPDLSCs. We also detected cell

Fig. 2.
legend, the reader is referred to the Web version of this article.)
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(a) TEM image of hPDLSCs. (b) hPDLSCs treated with CeO, NPs for 24 h (red arrows: CeO» NPs). (For interpretation of the references to colour in this figure
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proliferation on membranes. Cells seeded on PG-CeO, membranes
obviously promoted cell growth in comparison with blank PG mem-
branes on day 7 (Fig. 6¢), while without significant statistical signifi-
cance on the previous days (day 1, 3, and 5). And the ALP activity of
hPDLSCs was increased when cultured with blank PG membranes, and
further improved by the addition of CeOy NPs (Fig. 6d).

3.6. Micro-CT analysis

The surgical procedures of materials implantation were presented in
Fig. 7a. After 4 weeks and 8 weeks’ implantation, the samples of animal
calvaria were extracted and assessed by Micro-CT. At the time point of 4
weeks, limited new bone regeneration was observed in the control group
(Fig. 7b). In contrast, PG membranes can provide mechanical and space
support for cell growth, proliferation and differentiation, and CeO3 NPs
can promote the regenerative process. As time went to 8 weeks, each
group had more new bone regenerated, the defect area was almost
reconstructed in the group of PG-CeO, membrane. These results were
further quantitatively analyzed by calculating the BV/TV (Fig. 7c),
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which were consistent with the Micro-CT results. The PG-CeO, mem-
brane group had the highest BV/TV ratio and had significantly statistical
differences at week 8.

3.7. Histological section results

HE and Masson staining of histological sections were shown in Fig. 8.
When implanted in vivo for 4 weeks, in the control group (Fig. 8a, d, g, j),
there was only connective tissue regenerated with little bone formation,
while in implant groups (PG M and PG-CeO; M), new bone restored the
defect along the fibrous membranes. The maximum amount of bone
regenerated was the PG-CeO, membrane group (Fig. 8¢, f, i, 1), better
than the PG membrane group (Fig. 8b, e, h, k), reflected in much more
mature and thicker new-formed bone in both 4 weeks and 8 weeks.
Because the Masson staining images can clearly distinguish bone and
fibrous tissues clearly, microphotographs of Masson staining were
locally enlarged (Fig. 9) to further analyze the structure of defect parts.
In the control group of both 4 weeks and 8 weeks, defects were filled
with fibrous tissue and very limited nascent bone was observed. In the
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PG membrane group, new bone was formed on the surface of membrane
at week 4 (Fig. 9b), and the bone mass became thicker at week 8
(Fig. 9e). In the PG-CeOy membrane group, consistent with PG mem-
brane group, nascent bone was formed along the membrane at week 4
(Fig. 9c¢), and accumulated to almost fully fill the defect at week 8
(Fig. 9f).

4. Discussion

As is well known, in the therapy of oral diseases, bone regeneration is
quite essential for the reconstruction of teeth supporting tissue and
providing space for dental implants. Many strategies [37,38] about
promoting the osteogenic differentiation of stem cells toward enhanced
bone regeneration have been carried out in recent years, such as the
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usage of NPs [20,39] and the modification of bone tissue engineering
scaffolds [40-42]. Here, we introduced CeOy NPs that are promising
materials in various biological applications [43] as a bioactive factor to
promote bone regeneration, a crucial part of periodontal tissue regen-
eration. We further combined CeOy NPs with electrospun membranes
for repairing rat cranial defects in vivo.

Cell biocompatibility of nanomaterials was a requirement in their
potential biological application [44]. Our results shown in Fig. 1 indi-
cated that CeO NPs had good biocompatibility, and even up-regulated
cell proliferation at low concentrations, which was consistent with the
effects on the BMSCs viability [29] and primary mouse embryonic fi-
broblasts proliferation [45]. Stem cells are usually sensitive to the
cellular uptake of NPs, because the NPs inside the cytoplasm might
disturb cell fate and their ability in tissue regeneration [46]. In our
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study, CeO NPs were up-taken by hPDLSCs and located inside vesicular
membrane (Fig. 2b). Compared with blank hPDLSCs shown in Fig. 2a,
CeO2 NPs did not provoke apparent cell structural damage. However,
this result was inconsistent with a previous study showing that CeO, NPs
aggregated and retained inside the cytoplasm of cardiac progenitor cells
[47]. The difference could be due to the particle size and incubation time
of NPs with cells. As we know, the senescence of in vitro culture over
passaging and inflammation stimuli of stem cells lead to the ascent of
ROS levels and oxidative injury [48]. Interestingly, intracellular CeO,
NPs might protect stem cells’ physiological function from such oxidative
injury by scavenging excessive ROS and thus reducing the ROS-related
damage of intracellular components including DNA fragmentation,
lipid rupture and protein degradation [49]. This could be a well expla-
nation of the observed good cellular biocompatibility of CeO NPs.
Moreover, interactions between nanomaterials and stem cells affect
the self-renewal and differentiation behaviors of stem cells [50,51]. To
our delight, the CeOo NPs enhanced osteogenic
differentiation-associated markers of hPDLSCs, such as ALP activity at
the early stage and mineralized nodules at the later stage (Fig. 3). This is
consistent with the previous studies that CeOy NPs could promote pro-
liferation of stem cells, and played a positive role in new bone regen-
eration when combined with mesoporous bio-glass scaffolds [52] and
gelatin-alginate scaffolds [53]. Ceria nanoparticles have been reported
to promote hypertrophic differentiation of BMSCs via DHX15 activation
on bone regeneration enhancement [54]. Nevertheless, it should be
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noted that more work is needed to explore how the CeO; NPs promote
osteogenic differentiation of hPDLSCs in the future.

Electrospinning was used as a fibrous membrane preparation tech-
nology to load CeOy NPs for evaluation of in vivo osteogenic effect.
Biodegradable PCL and gelatin were utilized as a matrix to fabricate PG-
CeO; electrospun membranes (Fig. 4c). PCL has suitable ensile property
and biocompatibility, and it has been approved for biomedical appli-
cations by the U.S. Food and Drug Administration (FDA). However, PCL
is hydrophobic and lacks bioactive sites for cell adhesion. Gelatin was
therefore used to blend to enhance cell capture on scaffolds by
increasing hydrophilicity [10,55]. The characterization of fibrous
membranes incorporated with CeOy NPs (Figs. 4 and 5), which is
important for further regenerative studies. As CeO2 NPs used in our work
were small, there was no obvious morphological change of fibers loaded
with NPs, while the mechanical properties had been improved in
PG-CeOy, as well as in PLLA/gelatin composite membrane doped with
CeNP [56] and MgO [57]. The anti-oxidative activities of CeOy are
essential in its biomedical application. In this work, CeO5 NPs that were
loaded in the electrospun membrane have ROS-scavenging activity
(Fig. S4), which also had been proved in a previous study [58].

Fig. 6a and b showed that hPDLSCs were captured, adhered and
proliferated on the PG-CeO3 membranes. Compared with cells seeded on
blank PG membranes, cells on PG-CeO; membranes had a faster prolif-
eration rate (Fig. 6¢) on day 7. The enhanced proliferation was probably
because of the degradation of gelatin induced release of CeOg NPs,
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which promoted cell proliferation as the same trend in Fig. 1f. ALP ac-
tivity shown in Fig. 6d, in agreement with Fig. 3a about the effect of
CeO2 NPs and a previous study [13] about non-woven PG membranes,
demonstrates that PG-CeO2 membranes could be used as a potential
bone tissue engineering scaffold on promoting osteogenic differentiation
of stem cells.
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In our in vivo study of animal models of critical-sized cranial defect,
the rate and quality of new bone formation agreed with the above in vitro
results (Fig. 7b and c). The implantation of membranes could provide
mechanical support for stem cells facilitating cell migration to the cen-
tral part of the defect (Figs. 8 and 9). On the other hand, biophysical
signals of biomaterials and force application had proved important in
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Scale bars: 500 pm.

Fig. 9. Masson’s trichrome staining of rat cranial defects at higher magnification. M: membrane, B: bone. Scale bars: 100 pm.

stem cell fate regulation [59], stem cell fate can be influenced by cell
geometry through plasma membrane order modulation [60], disordered
structure of fibers with an arbitrary angle direction might stimulate
osteo-differentiation of hPDLSCs [36]. CeOy NPs further increased the
osteogenic differentiation ability of stem cells that homing to the
membrane that implanted in defect parts.

5. Conclusions

In summary, we explored the effects of CeO3 NPs on the behavior and
function of hPDLSCs. The in vitro data proved that CeO, NPs promoted
hPDLSCs osteogenesis differentiation. The in vivo study demonstrated
PG-CeO, membranes accelerated bone regeneration comparing with
blank PG membranes, which further certified the possible roles of CeOy
NPs in new bone formation. We believe CeO, NPs have great potential in
the treatment of periodontal disease and electrospinning could be a
suitable way to integrate CeO, NPs and other nanomaterials in GTR/
GBR for convenient clinical practices.
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