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Introduction: An antibacterial and pro-osteogenic coaxially electrospun nanofiber guided bone regeneration (GBR) membrane was
fabricated to satisfy the complicated and phased requirements of GBR process.

Methods: In this study, we synthesize dual-functional coaxially electrospun nanofiber GBR membranes by encapsulating parathyroid
hormone (PTH) in the core layer and magnesium oxide nanoparticles (MgONPs) in the shell layer (MgONPs-PCL/PTH-PCL). Herein,
the physicochemical characterization of MgONPs-PCL/PTH-PCL, the release rates of MgONPs and PTH, and antibacterial efficiency
of the new membrane were evaluated. Furthermore, the pro-osteogenicity of the membranes was assessed both in-vitro and in-vivo.
Results: We successfully fabricated a coaxially electrospun nanofiber MgONPs-PCL/PTH-PCL membrane with the majority of nanofibers
(>65%) ranged from 0.40~0.60pm in diameter. MgONPs-PCL/PTH-PCL showed outstanding antibacterial potential against Escherichia
coli (E. coli) and Staphylococcus aureus (S. aureus) through the release of MgONPs. We also discovered that the incorporation of MgONPs
significantly prolonged the release of PTH. Furthermore, both the in-vivo and in-vitro studies demonstrated that high dosage of PTH
promoted pro-osteogenicity of the membrane to improve bone regeneration efficacy with the presence of MgONPs.

Conclusion: The new composite membrane is a promising approach to enhance bone regeneration in periodontitis or peri-implantitis
patients with large-volume bone defects.

Keywords: antibacterial property, pro-osteogenicity, coaxially electrospun, barrier membrane, guided bone regeneration

Introduction

Guided bone regeneration (GBR) technique is the most widely used surgical procedure that adopts barrier membranes and
particulate bone-defect-filling materials to restore bone volume and dimensions surrounding natural teeth or artificial
implants.' In the classic GBR concept, barrier membranes mainly function to prevent the invasion of surrounding connective
tissues to provide a favorable microenvironment to facilitate osteoblast proliferation, migration, differentiation and finally
bone tissue regeneration.' However, the efficacy of GBR may be greatly challenged by many adverse conditions, such as

International Journal of Nanomedicine 2023:18 369-383 369
Received: 7 November 2022 © 2023 Dong et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
A and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati li /by-nc/3.0/). By accessing the work

Accepted: 24 December 2022
Published: 19 January 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-5848-1554
http://orcid.org/0000-0001-8941-2500
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Dong et al Dove

inflammation and large-volume bone defects that are resulted from severe periodontitis or peri-implantitis.>> On one hand,
large-volume bone defects may largely surpass the spontaneous healing ability of bone tissue and will be healed only by
connective tissues. One approach to this problem is the adoption of autologous bone chips, whose use is, whereas, associated
with limited availability, donor site pain and morbidity.* Furthermore, periodontitis or peri-implantitis-derived inflammation
may further compromise the healing capacity of bone tissue.® On the other hand, residual bacteria that escape from the
chemical and mechanical elimination procedures may rapidly proliferate and form biofilms, resulting in a series of complica-
tions, such as post-operative infection, bone graft exposure and impeded bone regeneration.” In clinic, systemic administration
of antibiotics is conventionally applied to combat these complications. However, its application is also associated with certain
concerns, such as dysbacteriosis, poor biodistribution, toxicity and bacterial resistance.®” In recent years, multi-functionalized
biomaterials used for GBR membranes with antibacterial and pro-osteogenic properties have shown promising application
potential to cope with these complicated adverse conditions.

One of the commonly used approaches to synthesize a multi-functionalized membrane is coaxial electrospinning
which involves the arrangement of multiple solution feed systems to simultaneously electrospun two or more polymer
solutions to form core-shell structured nanofibers. This technique allows for the encapsulation of two different bioactive
agents respectively into core and shell layers, enabling their sustained releases.'®

Due to the complexity of the oral flora, broad-spectrum antibiotics are frequently applied in membrane in previous
studies.'" However, compared with clinically available antibiotics, antibacterial metallic nanoparticles are a promising
alternative due to their significantly broader antimicrobial spectrum while lowering the risk of bacterial resistance.'®'?
Silver-based nanoparticles, a frequently used antibacterial metallic nanoparticle, are associated with several concerns,
such as local accumulation of heavy metal elements causing cytotoxicity.'* In contrast, magnesium oxide nanoparticles
(MgONPs) possess biodegradability and lower toxicity.'* Furthermore, the benefits of MgONPs, which includes pro-
osteogenic property'> and significant inhibition of biofilm formation and maturation, have attracted increasing interest in
membrane applications.'* As for the pro-osteogenic drug applied in GBR membrane, PTH is a suitable candidate. As
a commonly used drug for bone regeneration, PTH promotes osteogenesis by activating osteoblast cells and the secretion
of SOST through the receptor PTHr1.'®!” Additionally, the cost of PTH is much lower than that of bone morphogenetic
proteins, making it more readily available for clinical applications. At the same time, previous studies have proven that
locally delivered PTH significantly promotes bone regeneration.'®'® Moreover, Dang et al also demonstrated the
synergistic effects of Mg and PTH in promoting bone regeneration.'® Polycaprolactone (PCL) has been widely used

as the scaffold in bone regeneration engineering,'®~°

therefore, we applied PCL in the nanofiber as the main scaffold.
In this study, we aimed to synthesize dual-functional coaxially electrospun nanofiber GBR membranes to achieve
a sustained release by encapsulating PTH in the core layer and MgONPs in the shell layer (MgONPs-PCL/PTH-PCL).
Herein, the physicochemical characterization of MgONPs-PCL/PTH-PCL, the release rates of MgONPs and PTH, and
antibacterial efficiency of the new membrane were evaluated. Furthermore, the pro-osteogenicity of the membranes was
assessed both in-vitro and in-vivo. The scheme of preparation and functional assessments of MgONPs-PCL/PTHn-PCL

coaxially electrospun barrier membrane is listed in Figure 1.

Materials and Methods
PCL and MgONPs-PCL/PTHn-PCL Coaxial Electrospinning Barrier Membrane

Preparation

In the coaxial electrospinning process, two needles of different gauge diameters were used. The diameter of the needle
for core layer was 0.33mm and for shell layer was 1.10mm. The two needles were arranged in a concentric manner to
dispense two separate solutions at the same time. The base solution was made up of polycaprolactone (PCL, Mn 70,000—
90,000) and 2,2,2-Trifluoroethanol (TFE, purity > 99.0) with a concentration of PCL at 150mg/mL. The core solution
was made by combining the base solution with different concentrations of PTH; the shell solution was made by mixing
the base solution with or without MgONPs (nano-powder, diameter <50nm, PCL: MgONPs = 1:0.3). The concentration
of MgONPs was altered by the pre-experiment results of SEM (Supplement Data Figure S1) and antibacterial assay

(Supplement Data Figure S2). All the drugs were purchased from Sigma Aldrich. The voltage was 17kV and the distance
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Figure | Scheme of preparation and functional assessments of MgONPs-PCL/PTHn-PCL coaxially-electrospun barrier membrane.

between the top of the needles and the receptor was 10cm. The feed rate for the core was 0.2mL/h and for the shell it was
ImL/h. The procedure was kept at room temperature for 7h. The results of a scanning electron microscope (SEM) (Nova
NanoSEM200, FEI Co., USA) and an antibacterial test were used to determine the optimum concentrations for base
solution and MgONPs. The PCL membrane was fabricated with only the base solution in the same electrospinning
parameter of MgONPs-PCL/PTHn-PCL (n represented the different concentrations of PTH). The MgONPs-PCL/PTHn-
PCL membrane was labeled as group B and the PCL membrane was labeled as group A.

Sample Characterization

The surface morphology and surface elemental composition of PCL and MgONPs-PCL/PTHn-PCL membrane were
assessed by Field-emission scanning electron microscopy (Nova NanoSEM200, FEI Co., Houston, TX, USA) coupled
with Energy dispersive X-ray (EDX) spectroscopy. The pore size and nanofiber diameter distribution of each membrane
were estimated by the software Image J (National Institutes of Health, Bethesda, MD, USA) from the SEM micrographs.
For calculating the pore size, the threshold function was applied to separate the pore area from the whole image.
Subsequently, the analyzed particle function was used to calculate individual pores. The quantitative analysis of EDX
was selected randomly from the SEM results and repeated three times. The chemical groups of the materials were
evaluated by FTIR (Equinox 55, Bruker Co., Germany). The XRD (D8 Focus, Bruker Co.) with operating settings of 35
kV and 30mA was used to assess the crystalline phase in PCL and MgONPs-PCL/PTHn-PCL membranes. The data were
collected at a scanning rate of 0.06°/s in the 20 range of 10°~80°.

In-vitro Evaluation of MgONP and PTH Release Kinetics

To test the release profiles of MgONPs in-vitro, group A and B (0.5 * 1.5 * 1.5cm) were immersed individually in 10mL
of phosphate buffered solution (PBS) at 37°C and agitated at 100rpm. At 1, 3,5, 7,9, 11, 13, 15, 17, 19, 21, 23, 25, 27,
and 29d, samples were removed from the solution and rinsed three times with fresh PBS before soaking in fresh buffer
solutions of the same volume. Afterwards the solutions were mixed with aqua regia solution in a 1:1 vol ratio to dissolve
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the MgONPs. The inductively coupled plasma-atomic emission spectroscopy (ICP-AES, OPTIMAS8000, PerkinElmer,
USA) was used to examine the magnesium ion concentration of solutions. The accumulative magnesium ion concentra-

tion was calculated using the formula:
¢ =(c1—cg)+(ca—co)+(c3—co)+ .. .(cn—co)

¢ refers to the accumulative magnesium ion concentration; ¢; refers to the magnesium ion concentration of the solution
at day 1; c, refers to the magnesium ion concentration of the solution at day 3 and so on; c, refers to the magnesium ion
concentration of the fresh PBS solution.

The MgONPs released from the MgONPs-PCL/PTHn-PCL coaxial electrospinning barrier membrane were exactly
proportional to the accumulative magnesium ion concentration. PTH was substituted by the model protein bovine serum
albumin, which had been conjugated with fluorescein isothiocyanate (BSA-FITC, sigma), marked as group C (PCL/
BSA-FITC-PCL) and group D (MgONPs-PCL/ BSA-FITC-PCL). To evaluate the release kinetics of PTH from the
membrane, 6pg of BSA-FITC was added to the core of the nanofibers of the membrane. The samples of group C and
group D were immersed in 10mL PBS solution, respectively. Subsequently, the process of group A and group B samples
was repeated for Group C and D. According to the methodology reported previously, the spectrophotometer was used to

examine the sampled solutions of groups C and D.*' In each group, three replicates were set.

Antibacterial Efficacy of PCL and MgONPs-PCL/PTH-PCL Coaxial Electrospinning

Barrier

All the samples used in antibacterial ability tests, cell experiments, and animal experiments were sterilized by submer-
ging them in a 75% ethyl alcohol solution for 1h and then drying before use. The entire procedure was carried out on
a clean bench with laminar flow.

S.aureus (gram-positive bacteria) and E.coli (gram-negative bacteria) were used to test the antibacterial efficacy of
PCL and MgONPs-PCL/PTH-PCL. The method was used in our earlier study with modification.”” Briefly, samples
(p=14mm) were separated into groups, co-cultured with 500uL S.aureus (ATCC 25923) or E.coli (ATCC 25922) (1 *
10°CFU/mL) buffer solution and 500uL Luria-Bertani culture and agitated at 100rpm at 37°C for 24h. After that, the
samples were removed and rinsed three times with fresh PBS.

About 200uL of each co-culture solution was put into a 1.5mL centrifuge tube, along with 20uL of MTT (0.5mg/mL,
Aladdin, Shanghai, China) stock solution, manually mixed for 10s, and incubated for 20min at 37°C. The mixture was
centrifuged, and the supernatant was removed. Using a pipette, added 150uL DMSO (AR, Aladdin, Shanghai, China)
into the pellets of the cell-formazan crystal complex. Afterwards, we transferred the mixtures to 96-well plates and used
a microplate reader (Bio-Rad Model 680, US) to detect absorbance at 540nm.** DMSO was applied as a control. In each
group, three replicates were set.

Effect of PCL and MgONPs-PCL/PTH-PCL Coaxial Electrospinning Barrier Membrane

on Osteoblast Proliferation, Differentiation and Mineralization

The pure PCL membrane and MgONPs-PCL/PTH-PCL membranes (p=14mm) with varied concentrations of PTH were
separated into distinct groups and indicated in cell tests. According to the results of the pre-experiment, we screened out
two concentrations (20pg/mL and 40pg/mL) of PTH with significant differences in cell experiments (Supplement Data
Figure S3); labeled them as MgONPs-PCL/PTH20-PCL and MgONPs-PCL/PTH40-PCL, respectively. It was divided
into four groups: A (MgONPs-PCL/PTH20-PCL), B (MgONPs-PCL/PTH40-PCL), C (MgONPs-PCL/PCL), and
D (PCL). The mouse embryonic precursor osteoblast cells (MC3T3-E1 cells, ATCC, Chinese Academy of science,
Shanghai, China) were cultured in alpha-minimum essential medium (a-MEM). Ten percent fetal bovine serum (FBS)
(Gibco, Invitrogen, Grand Island, NY, USA), 10pug/mL penicillin, 10pg/mL streptomycin, and 50pug/mL fungizone
(complete medium) were added into the medium and cultured under the condition of 5%CO,, at 37°C. Medium was
changed every 3d. Until the cell confluence reached about 80%—90%, cell passage was carried out. 0.25% trypsin and
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0.1% EDTA were used for harvesting osteoblasts. Cells were then seeded onto 4 groups of membranes at 2 * 10* cells/
well, respectively and cultured in a Petri dish with complete medium.

Cell Proliferation Assay

The proliferation of MC3T3-E1 seeded on the different membranes was detected using Cell Counting Kit-8 reagent (CCK-8,
Beyotime Biotechnology, Shanghai, China) by measuring absorbance after incubation for 4 and 7d. MC3T3-E1 cells were
seeded on different groups of membranes at a density of 2 * 10* cells/well in the 24-well culture plates. After culturing for 4 and
7d, the medium was removed, cells were rinsed with PBS and incubated with 10% CCK-8 for 2h at 37°C in the dark. Afterwards,
100uL solution of each well were taken out and added to the 96-well culture plates. The absorbance value was determined at an
optical density of 490nm using a Bio Rad microplate reader (Bio-Rad 680, USA). Four replicates were set in each group.

Alkaline Phosphatase (ALP) Activity Characterization

MC3T3-El cells were seeded on different groups in a-MEM at a concentration of 2 * 10* cells/well. After incubation for
24h in the 24-well culture plates, the ao-MEM was replaced by mineralized induction medium (supplemented with
10mmol/l B-glycerophosphat, 0.05mmol/I acetic acid, and 100mmol/l dexamethasone) and it was changed every 3d in the
following process. The membranes and cells were cultured in the mineralized induction medium for 7d. MC3T3-E1 cells
on different membranes were lysed by 1% Triton X-100 at 0°C for 30min. Then, the lysates were measured via
LabAssayTM ALP colorimetric assay kit (Wako Pure Chemicals, Japan), and the total intracellular protein content
was tested by BCA Protein Assay Kit (Beyotime, China). In each group, four replicates were set.

Mineralization Measurement

For the measurement of calcium deposits, MC3T3-E1 cells were seeded on different groups of membranes and cultured
with the mineralized induction medium (four replicates per group) for 14d. The medium culture was freshly changed
every 3d. After 14d of culture on four groups of membranes, MC3T3-E1 cells were rinsed with fresh cold PBS and fixed
using 4% paraformaldehyde solution for 30min. Subsequently, extracellular matrix mineralization was evaluated by
alizarin red staining (ARS, Solarbio, China). The dyed calcium nodules were finally dissolved in 10wt% cetylpyridinium
chloride solution and measured by a Bio Rad microplate reader at OD540nm.

The Assessment of Bone Reconstruction Promoting Effect of PCL, MgONPs-PCL/PCL
and MgONPs-PCL/PTH-PCL Coaxial Electrospinning Membrane in-vivo

Animals

In a pathogen-free environment, sixteen male Sprague-Dawley rats (Animal Centre, Wenzhou Medical University, 200—
300g) were housed in pairs. The rats were acclimated to a regular rat chow diet, tap water, and a controlled temperature
(25°C, relative humidity of 45-62%, and a 12h light-dark cycle). Animals were cared in accordance with the ethical
guidelines of the Wenzhou Medical University Animal Care and Use Committee. The Animal Experimental Ethical
Panel, Wenzhou Medical University, accepted the study protocol (Approval number: wydw2019-0658).

Implantation Procedure

After a week of acclimation, 16 rats were placed into four groups randomly. Briefly, the rats were anesthetized by intraperitoneal
injections of 10% chloral hydrate (3.3mL/kg). All the defects were 8 mm in diameter and were smooth punched with burs. As
previously described,** critical size defects were created in calvaria, membranes were cut to the same size (¢=10mm), and S.
aureus (1 * 10°CFU/mL, 10pL) was mixed with deproteinized bovine bone mineral (DBBM, Geistlich Trading (Beijing) Co.
Ltd, China, 0.2g) and divided into four groups: A.PCL + DBBM + S. aureus, B.MgONPs-PCL/PCL + DBBM + S. aureus, C.
MgONPs-PCL/PTH20-PCL + DBBM + S. aureus and D.MgONPs-PCL/PTH40-PCL+DBBM-+S. aureus. We implanted the
four different groups of grafts into the defects separately and closed the wound with tight suture. A month after implantation, the
rats were sacrificed and the calvaria bone was harvested. The calvarial specimens were fixed in 4% paraformaldehyde (Yili
FineChemical Co., Ltd, China) for 48h. Micro-CT and histological analysis were used to assess the samples.
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Micro-CT Analysis

A micro-CT scanner (WCT100, SCANCO Medical AG, Switzerland) was used to monitor the samples for new bone regeneration
in the defect areas. For qualitative and quantitative evaluation, about 300 binary images were rebuilt into three-dimensional
images. The bone volume/total bone ratio (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular
separation (Tb.Sp) were calculated to detect the quality and quantity of new bone in different groups.

Histology Sample Preparation

After micro-CT scanning, 10% EDTA solution was applied for the demineralization of calvarial specimens, and the solution
was replaced every day for 3 months. The samples were grade dehydration using an ethanol series, which further replaced by a
xylene, and routinely embedded in paraffin. A sliding microtome (EXAKT300CP, Germany) was used to cut the specimens.
The thickness of paraffin sections was set to Sum. Hematoxylin and Eosin (H&E) staining was used on the central sections of
each defect. The Leica DMI4000B microscope was used to examine them in sagittal perspectives. Quantity analysis of the
samples (new bone surface/graft materials surface) were analyzed by Image J.

Statistical Analysis
The results were reported as the mean =+ standard deviation. Statistical analysis was performed by Student’s #-test and
one-way analysis of variance (ANOVA). Difference at p < 0.05 was considered to be significant.

Results and Discussion

Physicochemical Characterization

SEM and EDX Observation

The representative SEM morphology of pure PCL and MgONPs-PCL/PTH-PCL composite membranes are depicted in
Figure 2A1 and A2, respectively. The surface morphology of both membranes was composed of randomly oriented fibers
without bead-like structure, indicating the successful fabrication of the electrospun nanofibers. The fibers in pure PCL
(Figure 2A1) were smooth, while those in the composite membrane (Figure 2A2) exhibited some lumps, which may be due
to the occasional aggregation of MgONPs.>>*® The diameter size distribution of nanofibers in each membrane was measured
from the micrographs and listed in Figure 2B1 and B2, respectively. The fiber diameter of pure PCL was at a range of
0.22~2.06um and that of MgONPs-incorporated membrane was 0.33~1.51um. The majority of nanofibers (>65%) that ranged
from 0.40~0.60pm in diameter, has been proved by Chen et al to be more optimal in promoting cell adhesion and proliferation.?’”
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The pore sizes of pure PCL and the composite membrane were 0.99 + 0.12um and 1.30 + 0.18um, respectively, which could
provide a sufficient barrier function since the pore sizes <10pm had been shown to efficiently prevent the invasion of surrounding
connective tissue-derived fibroblasts and bacteria through the membrane.>* Simultaneously, this also allowed the passage of
essential chemicals and nutrients for bone regeneration.”” The representative EDX spectra of the membranes are listed in
Figure 2C1 and C2. Compared with pure PCL membrane, the composite membrane exhibited the presence of peak corresponded
to Mg element and increased intensity of peak corresponded to O element (Figure 2C1), which indicated the incorporation of
MgONPs in PCL (Figure C2). In addition, the quantitative EDX analysis of three randomly selected areas from the composite
membranes are listed in Table 1. The data showed that the weight percentages of Mg in three different areas were 14.92%,
15.27% and 15.35%, respectively. In the meantime, the atomic percentages were 8.50%, 8.72% and 8.78%, respectively. The
similar intensities of Mg peaks in the composite membrane revealed the homogeneous distribution of MgONPs.

XRD and FTIR Test

The FTIR spectra of the membranes are exhibited in Figure 3A. The FTIR spectrum of pure PCL fiber (black curve)
exhibited the stretching vibration at 2949, 2864, 1727, 1297 and 1241cm " which corresponded to asymmetric CH,
stretching, symmetric CH, stretching, carbonyl stretching, C-O and C-C stretching in the crystalline phase, and
asymmetric COC stretching, respectively.””° These characteristic bands of PCL accordingly occurred at 2941, 2873,
1724, 1299 and 1243cm™' in the composite membrane. The spectrum of MgONPs exhibited the stretching vibration at
870cm', which corresponded to Mg-O bands.*' The characteristic bands of PTH exhibited the stretching vibration at
1548 and 1646cm ™', which corresponded to amide bands.>® The absorption peak of MgONPs (red curve) was not very
prominent due to its much lower intensity than those of PCL. The XRD patterns of the pure PCL and MgONPs-PCL
/PTH-PCL composite membranes are shown in Figure 3B. The pure PCL displayed two intense and sharp diffraction
peaks at 21.6° and 23.9° 20, which were attributed to the orthorhombic crystal structure of semi-crystalline PCL.** In
addition to the characteristic peaks of PCL, the presence of MgONPs in the composite membrane resulted in the
occurrence of two sharp diffraction peaks at 43.0° and 62.1°, which corresponded to its crystallographic planes.”* The
intensity of both the PCL peaks at 21.6° and 23.9° in the composite membrane decreased, which may be due to the
incorporation of hydrophilic MgONPs and PTH lead to a decrease in degree of crystallinity of PCL.*** All these results
indicated that MgONPs and PTH were successfully incorporated into PCL fibers.

Biological Evaluation

PTH and MgONPs Release Profiles in-vitro

Figure 4A depicts the 29d accumulative release profiles of MgONPs from different membranes. The observed release
profile of MgONPs from the MgONPs-PCL/PTH-PCL membrane comprised two distinct phases: the initial burst release
on the first day (stage I) and a sustained release (stage II). At the initial stage, a concentration of approximately 29.57 +
1.53pg/mL (14%) of MgONPs was released. This phenomenon may be attributed to the quick detachment of superficially
distributed MgONPs on the nanofiber, resulting in a burst release.** Joyshree et al claim that MgONPs at a concentration
of 7.50pg/mL is sufficient to eliminate both gram-negative and gram-positive bacteria.*® Furthermore, a previous study
has also proposed that MgONPs at a concentration lower than 500pug/mL are not cytotoxic.>” This indicated that the
abrupt release of MgONPs at stage 1 (within 24h) would contribute to eliminate the residual bacteria in periodontal

Table | Quantitative EDX Analysis of Different Areas in MgONPs-PCL/PTH-PCL Composite
Membrane (Wt%: Weight Percent, at%: Atom Percent)

Element Area | Area 2 Area 3
Wt% At% Wt% At% Wt% At%
C 62.11 71.62 61.56 71.17 61.02 70.67
(@) 22.97 19.88 23.17 20.11 23.63 20.55
Mg 14.92 8.50 15.27 8.72 15.35 8.78
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tissues, thus preventing post-operative infections. Conversely, it was apparent that there was a sustained release of
MgONPs for the remaining period at stage II with an average rate of 2.35% per day. This would aid in the inhibition of
new bacterial invasion. According to the consensuses of the 15th European Workshop on Periodontology on Bone
Regeneration, exposure tolerance of GBR membrane is one of the basic requirements.’® The early exposure of GBR
membrane significantly compromises the regenerative outcomes of GBR.*® The exposure tolerance is defined as

In case of exposure, the exposed membrane should be kept in situ and continue to function during the regenerative process,

although in case of overt infections.*®

In contrast to the limited exposure tolerance of commercially available GBR membranes,’® the slow and sustained
release of MgONPs and the low degradation rate of PCL (at pH=7, the PCL membrane just lose 11% of the initial weight
after 50d degradation in PBS)*° made MgONPs-PCL/PTH-PCL membrane possible to achieve exposure tolerance in the
first month after implantation. Systemic administration of antibiotics and antiseptic mouthwash applied for a month post-
operation were commonly used to prevent subsequent bacterial contamination for bone grafts through exposed wound.*!
The exposure tolerance of the membranes exhibited the potential to replace conventional methods, thereby avoiding the
side effects such as drug resistance or disorders of normal oral flora.

To analyze the release profile of PTH, we utilized the BSA-FITC conjugate as a model protein.** The accumulative
release profiles of BSA-FITC from different membranes in-vitro for 29d are listed in Figure 4B. BSA-FITC released
from the membranes within 24h at rates of 8.58 + 1.40% (MgONPs-PCL/BSA-FITC-PCL) and 21.95 + 5.02% (PCL/
BSA-FITC-PCL) per day of total amount of encapsulated BSA-FITC, respectively. The BSA-FITC in the core layer can
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easily diffuse through the shells of nanofibers, resulting in the initial burst release.*’ Interestingly, the release profiles of
BSA-FITC in different membranes showed a significant difference. The cumulative release percentage of BSA-FITC
from the PCL/BSA-FITC-PCL membrane at day 29 was 70.83 + 2.26%, whereas only 27.16 + 4.38% of BSA-FITC was
released from the MgONPs-PCL/BSA-FITC-PCL membrane. Ajay et al indicate that the degradation of PCL membrane
will slowly release chain oligomers with acidic carboxyl groups, causing a slight acidification®® in the surrounding
milieu, which may reversely accelerate PCL degradation. It has been shown that the release and degradation of MgONPs
will first cause a steep rise of pH to 8.1 and subsequent decrease at a slow rate, finally settling near 7.6.** Therefore,
MgONPs-incorporation may regulate the release of PCL and thus BSA-FITC through neutralizing the pH of the
surrounding milieu.*® Thereby regenerated slow release of incorporated PTH was good to prevent bone resorption.*’
Additionally, the neutralized pH of the surrounding milieu prevented the negative effect on bone formation resulted from
acid environment.*® The release periods of PTH applied in local delivery system in previous studies were limited in
2w,>**” which was unable to cover the whole osteogenesis process (4w),*® thereby may compromise the efficacy of
GBR. Conversely, according to the result of BSA-FITC release profile of MgONPs-PCL/BSA-FITC-PCL membrane,
there was approximately 70% BSA-FITC in storage at the end of the release study (29d), which satisfied the long-term
osteogenesis process.

In-vitro Antibacterial Efficacy

G. Rutger et al demonstrate that T. forsythia and S. aureus are associated with peri-implantitis.** Ter Boo et al declaim
that gram-positive (such as S.aureus and S. epidermidis) and gram-negative (such as Pseudomonas aeruginosa and
E. coli) bacteria are present in infected bone defects.’® Hence, the antibacterial agent applied in the membrane should
have a broad spectrum. For this purpose, we adopted two most widely used bacteria — S.aureus and E. colito evaluate
the antibacterial effect on gram-positive and gram-negative bacteria, respectively. Additionally, Gabrijela et al indicate
that the bacteria adhesion on the membrane, which is considered a crucial initial stage for the formation of a biofilm,
occurs in 4h.>" Therefore, the elimination of residual bacteria in initial 24h was crucial for high efficacy of GBR. Based
on this, we further evaluated the antibacterial efficacy of the membranes with or without MgONPs, which were co-
cultured with bacteria for 24h using an MTT assay and listed it in Figure 5. Our data showed that MgONPs-PCL/PTH-
PCL killed 95.04% S.aureus and 88.76% E.coli after an incubation for one day. In contrast, the non-MgONPs-containing
membrane exhibited no significant antibacterial effect, instead, both types of bacteria proliferated in the presence of PCL/
PTH-PCL membranes and culture medium. The dramatical reversal of antibacterial efficacy between the two membranes
may attribute to the reactive oxygen species (ROS) of MgONPs. The free Mg®" ions produced from the nanoparticle
induced the uncontrolled ROS generation in bacteria, resulted in excessive oxidative stress, distorted cellular membrane,
leakage of proteins, carbohydrates and lipids and eventually bacteria damage.’> Hence, MgONPs-PCL/PTH-PCL was
suggested a promising candidate for preventing post-operative infection.
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Figure 5 Antibacterial effects of MgONPs-PCI/PTH-PCL and PCL/PTH-PCL against S.aureus and E. coli. Values are mean * SD from 3 independent experiments.
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The Effect of MgONPs-PCL/PTH-PCL Membrane on in-vitro Osteoblastic Activity

One desired property of the MgONPs-PCL/PTH-PCL membrane for GBR technique is to promote the proliferation and
osteogenic differentiation of osteogenic cells. One potential contributor to this property may be the MgONPs-derived
Mg, which has been shown to stimulate proliferation of osteoblasts.”® On the other hand, overdosed MgONPs may be
detrimental to cell viability through blocking DNA synthesis and cell cycle processes.”* Therefore, a proper incorpora-
tion amount of MgONPs is highly important. In fact, the amount of incorporated MgONPs is mainly determined by the
fabrication process and the antibacterial efficacy of MgONPs-PCL/PTH-PCL membrane. A relatively higher amount will
result in high inhomogeneity with extensive bead-like structure on the nanofibers (Supplement Data Figure S1), while

a relatively lower amount may not be sufficient to yield an adequate antibacterial efficacy (Supplement Data Figure S2).

In our preliminary study, we screened the optimal dosage of MgONPs by assessing the morphology and antibacterial
property, from which we determined the ratio of PCL: MgONPs at 1:0.3. With this dosage, the OD value of MC3T3-E1
pre-osteoblasts seeded on MgONPs-PCL/PCL was slightly higher than that seeded on pure PCL membrane (Figure 6A),
which suggested no significant cytotoxicity of MgONPs at the current dosage. Albeit so, we did find that the presence of
MgONPs was associated with significantly enhanced ALP activity — the early osteogenic differentiation markers
(Figure 6B). One potential mechanism accounting for this promoting effect may be due to the MgONPs-derived Mg*"
triggered upregulation of Akt phosphorylation and enhanced expression of osteogenic related genes.””> Additionally,
MgONPs-derived OH ™ stimulated the release of bone morphogenetic protein 2 and alkaline phosphatase.’® However,
MgONPs at the current dosage failed to significantly enhance extracellular matrix mineralization — the early osteogenic
differentiation markers. To approach this problem, we adopted PTH to further enhance the pro-osteogenic property of the
membrane. We showed that MgONPs-PCL/PTH20-PCL did significantly enhance cell proliferation (Figure 6A), ALP
activity (Figure 6B) and extracellular matrix mineralization (Figure 6C) in comparison with both the pure PCL
membrane and the MgONPs-PCL/PCL membrane. The potential mechanism accounting for this enhancing effect may

be attributed to PTH that can stimulate the expression of osteoblast-specific transcription factors, thus promoting the
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Figure 6 The effects of PCL and MgONPs-PCL/PTHn-PCL membranes on (A) Proliferation of MC3T3-El cells, (B) Relative ALP activities of MC3T3-El cells and (C)
Quantitatively detect of mineralization of MC3T3-E|l cells. Significant effect of treatment, **p < 0.01, *p < 0.05.

378 hetps: International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=395026.docx
https://www.dovepress.com/get_supplementary_file.php?f=395026.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Dong et al

proliferation and differentiation of osteoblasts.’’>® Mediated by PTHIR in early differentiated osteoblasts, PTH
inactivates the proapoptotic factor Bad and the apoptosis-inducing factor CARP-1, while increases the expression of
Bcl-2 and enhances DNA repair, thus reducing osteoblast apoptosis.”
Micro-CT Observation
Calvarial bone defect in SD rats is one of the most widely used model to assess the osteogenic efficacy of biomaterials.®
In previous literatures, 8-mm-in-diameter calvarial bone defects are regarded as critical-size bone defects with
a maximum 10% healing within 13m.**°! In this study, we adopted the 8-mm-in-diameter calvarial bone defects to
assess the osteogenic potential of MgONPs-PCL/PTH-PCL membranes in bacteria-contaminated defects.

4w post implantation, the implanted materials and surrounding tissues were retrieved, fixed and subjected to micro-CT
analysis. In comparison with histological evaluation, Micro-CT is superior in both qualitatively and quantitatively evaluating
the microstructure and mineral density of mineralized tissues.®** As shown in the representative 3D reconstructed Micro-CT
images of pure PCL group, the defects remained partially unfilled and largely unhealed with part of transplanted DBBM
particles dislocated out of defects (Figure 7). In comparison, the addition of MgONPs resulted in significantly increased BV/
TV and BV, as well as significant decreased Tb.Sp and DBBM dislocation, which might be due to the inhibition of bacterial
activities of MgONPs. Interestingly, further significant improvement in BV/TV, Tb.N and Tb.Sp. was detected not in the group
of MgONPs-PCL/PTH20-PCL but in the group of MgONPs-PCL/PTH40-PCL. This was inconsistent with our in-vitro cell
result where MgONPs-PCL/PTH20-PCL but not MgONPs-PCL/PTH40-PCL resulted in significantly enhanced osteogenic
differentiation of MC3T3-E1 cells. This was not unreasonable since the optimal dosage of bioactive agents in in-vivo model is
often higher than that in in-vitro model.’*®* Furthermore, the presence of bacteria in this in-vivo model might also partially
deactivate PTH, which necessitate a higher concentration to exhibit a significant efficacy.

Histological Assessment

We further adopted histological observations and histomorphometric analysis (Figure 8) to assess the newly formed bone
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tissue.”” DBBM are deproteinized, decellularized and sintered bovine cancellous bone chips and its major component is

hydroxyapatite.®® Due to its excellent biocompatibility and osteconductivity, DBBM is one of the most frequently used
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Figure 7 Representative 3D micro-CT images of infective cranial bone defect rats with GBR process covering with different membranes from overall at week 4 post-
operatively (The surgical regions are marked by black circle). Data of the selected regions are evaluated by micro-CT. Quantity analysis: Bone volume/Total volume (BV/TV),
Bone volume (BV), Trabecular number (Tb. N) and Trabecular separation (Tb. Sp). Significant effect of treatment, *p < 0.05, **p < 0.01.
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entire graft materials surface; NB/GM). Significant effect of treatment, *p < 0.05.

materials in GBR technique.®” After demineralization in the histological process, most of DBBM was dissolved, showing
a morphology of vacuole. In some of the vacuoles, the undissolved DBBM formed an isolated island. In the group of
PCL membrane, most of the vacuoles were surrounded by dense fibrous connective tissues. In the group of MgONPs-
PCL/PCL, the fibrous newly formed tissue surrounding the vacuoles appeared to be less dense and there were some
islands of new bone distributed within the connective tissues. There seemed no direct contact between new bone and
vacuoles. In the two PTH-containing groups, more newly bone tissues were detected and formed direct contact with
vacuoles. It seemed to be that the PTH-containing groups achieved a better bone-formation activity, thereby the presence
of the osseous tissue suppressed the fibrous encapsulation of the DBBM. The quantity analysis of the new bone as a ratio
of the graft material (new bone surface/entire graft materials surface; NB/GM) was calculated by imagel] software
according to Young’s study,®® which was used to assess the osteogenesis efficacy. Consistent with the micro-CT finding,
the histomorphometric analysis showed a slight promotion of NB/GM in MgONPs-PCL/ PCL while significantly
promotion of that in the two PTH-containing groups compared with PCL. Furthermore, although there was no significant
difference in two PTH-containing groups, the MgONPs-PCL/PTH40-PCL group showed a significantly promotion
compared with MgONPs-PCL/ PCL group. It suggested that the osteogenesity of the MgONPs-PCL/PTH40-PCL
membrane was mainly attributed to the incorporation of PTH. The existence of MgONPs was mainly acted as an
antibacterial agent thus assisting the osteogenesity. Similar osteogenesis effects have also been observed by incorporating
PTH in local drug delivery system, for instance, PTH-bound PEG hydrogel, PTH-fibrin matrix and PTH-incorporated

32,47,69

CaP coating, which indicated the local delivery system with an appropriate PTH dosage was a promising strategy

for achieving osteogenesis.
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Conclusion

In this study, we have successfully synthesized a dual-functional nanofiber GBR membrane with antimicrobial and pro-
osteogenic properties. The coaxial electrospinning procedure was used and successfully encapsulate a broad-spectrum
antibacterial (MgONPs) agent in the shell layer and a pro-osteogenic drug (PTH) in the core layer of the nanofibers. The
sustained release of MgONPs and PTH significantly promoted antibacterial property, which was shown in-vitro. This
indicated that the membrane could effectively eliminate the residual bacteria in periodontal tissues. Furthermore, the
results of release profiles and antibacterial assessments of the GBR membrane indicated its exposure tolerance for the
first month after implantation. This would contribute to prevent GBR failure caused by early exposure. The significant
improvement of osteogenesis in bacterial-contaminated models in-vivo, especially with the presence of high dosage PTH,
proved to be a promising approach to satisfy the complicated and phased requirements of the GBR process in period-
ontitis or peri-implantitis patients with large-volume bone defects. In-depth mechanism research for the MgONPs and
PTH interaction in micro-environment for the infection-defect bone area still needs further work.
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