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Electrospinning technique has attracted considerable attention in fabrication of cellulose nanofibrils or nanocellulose membranes, in which polycaprolactone (PCL) could be used as a promising precursor to prepare various cellulose nanofibril membranes for periodontal tissue regeneration. Conventional bio-membranes and cellulose films used in guided tissue regeneration (GTR) can prevent the downgrowth of epithelial cells, fibroblasts, and connective tissue in the area of tooth root but have limitations related to osteogenic and antimicrobial properties. Cellulose nanofibrils can be used as an ideal drug delivery material to encapsulate and carry some drugs. In this study, magnesium oxide (MgO) nanoparticles-incorporated PCL/gelatin core-shell nanocellulose periodontal membranes were fabricated using coaxial electrospinning technique, which was termed as Coaxial-MgO. The membranes using single-nozzle electrospinning technique, namely Blending-MgO and Blending-Blank, were used as control. The morphology and physicochemical property of these nanocellulose membranes were characterized by scanning electron microscopy (SEM), energy-dispersive spectrum of X-ray (EDS), transmission electron microscopy (TEM), contact angle, and thermogravimetric analysis (TGA). The results showed that the incorporation of MgO nanoparticles barely affected the morphology and mechanical property of nanocellulose membranes. Coaxial-MgO with core-shell fiber structure had better hydrophilic property and sustainable release of magnesium ion (Mg2+). CCK-8 cell proliferation and EdU staining demonstrated that Coaxial-MgO membranes showed better human periodontal ligament stem cells (hPDLSCs) proliferation rates compared with the other group due to its gelatin shell with great biocompatibility and hydrophilicity. SEM and immunofluorescence assay results illustrated that the Coaxial-MgO scaffold significantly enhanced hPDLSCs adhesion. In vitro osteogenic and antibacterial properties showed that Coaxial-MgO membrane enhanced alkaline phosphatase (ALP) activity, formation of mineralized nodules, osteogenic-related genes [ALP, collagen type 1 (COL1), runt-related transcription factor 2 (Runx2)], and high antibacterial properties toward Escherichia coli (E. coli) and Actinobacillus actinomycetemcomitans (A. a) when compared with controls. Our findings suggested that MgO nanoparticles-incorporated coaxial electrospinning PCL-derived nanocellulose periodontal membranes might have great prospects for periodontal tissue regeneration.
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INTRODUCTION

Periodontitis is one of the most ubiquitous chronic oral diseases caused by trauma or various kinds of oral pathogens infection. The major clinical manifestations of periodontitis include the formation of periodontal pockets and alveolar bone resorption, which eventually lead to progressive loss of alveolar bone and teeth (Dentino et al., 2013; Larsson et al., 2016; Liu J. et al., 2019). Consequently, multifunctional membranes with osteogenic and antibacterial properties for periodontal tissue regeneration are highly desirable but also a great challenge to manufacture (Graziani et al., 2017). Among various therapeutic options, the GTR technique (Oortgiesen et al., 2012; Needleman et al., 2019; Stavropoulos et al., 2020), in which membranes are employed as a barrier to prevent the downgrowth of epithelial cells, fibroblasts, and connective tissue in the area of the tooth root, has been widely used in periodontal diseases (Zwahlen et al., 2009; Dentino et al., 2013; Larsson et al., 2016; Liang et al., 2020). The most commonly used membranes in GTR, like Bio-Gide®, have excellent biocompatibility but have limitations in terms of osteogenic and antimicrobial properties. Infection caused by numbers of bacteria may result in unsuccessful treatment. Therefore, considerable attention has been focused on the development of multifunctional membranes for periodontal tissue regeneration (Li et al., 2016; Liang et al., 2020).

To date, a great number of preparation methods have been developed to constitute GTR membranes, among which the electrospinning technique has attracted considerable attention due to its advantage in fabricating nanocellulose membranes simply and versatilely (Szentivanyi et al., 2011; Doostmohammadi et al., 2020). The electrospun membranes possess high specific surface area and porosity, which can mimic the structure and function of the native extracellular matrix (ECM) (Szentivanyi et al., 2011; Kennedy et al., 2017; Meireles et al., 2018). Besides, the diameter and direction of electrospun nanocellulose can also be regulated to enhance attachment, proliferation, migration, and differentiation of biological cells (Lim and Mao, 2009; Lee et al., 2019; Parham et al., 2020). One advantage of electrospinning is its versatility in directly incorporating bioactive agents, including anti-cancer drugs, nanoparticles, growth factors, into the nanocellulose matrix without complicated processes (Xue et al., 2014; Ren et al., 2017). However, a specific disadvantage that should be considered while dealing with the drug delivery system is its high initial release that may cause irreversible damage to the surrounding cells or tissues (Khalf and Madihally, 2017; De-Paula et al., 2019; Pant et al., 2019). To address this issue, the coaxial electrospun fiber composed of the shell layer and the core layer was introduced to fabricate the bioactive agents-incorporated cellulose membranes (Dayem et al., 2016; Si et al., 2016; Hickey et al., 2017; Ke et al., 2019). The core-shell nanocellulose matrix exhibits a specific advantage whereby the bioactive agents can be restricted to the core layer, alleviating their initial burst release (Lin et al., 2018). In addition, the release rate of bioactive agents can also be controlled by tuning the composition and thickness of the shell, thus avoiding irreversible damage or undesired side effects to surrounding tissues (Li et al., 2013; Khalf and Madihally, 2017). Among the various materials used for coaxial electrospinning, PCL is considered to be a very promising precursor for electrospun cellulose nanofiber due to its good biocompatibility, mechanical properties, and ease of fabrication into fibers. Yet, the synthetic PCL also has some drawbacks, such as limited cell affinity and poor hydrophilicity (Hiep and Lee, 2010; Qian et al., 2019). Gelatin with cell-binding sites and biomolecular signatures is the most widely used natural polymer in tissue engineering, including simulating ECM and promoting cell adhesion due to its low antigenicity, desirable biocompatibility, and biodegradability (Sridhar et al., 2014; Pant et al., 2019). Therefore, hybrid nanofibers with core-shell structure combining PCL and gelatin can be obtained by using coaxial electrospinning and subsequently used as a nanocellulose scaffold in tissue engineering (Ren et al., 2017).

Recently, nanomaterials, such as nanocellulose, nano-gel, and nano-membranes, have brought innovation in biomedical application due to their excellent biocompatibility, physicochemical properties and ease of functionalization (Nie et al., 2018a,b; Lu et al., 2020; Wang P. et al., 2020; Zhang et al., 2021). Generally, various extracts and inorganic substances that have ability to scavenge free radicals can inhibit inflammation casing by bacterias (Huang et al., 2018; Dong et al., 2020; Pei et al., 2020; Gu et al., 2021; Zheng et al., 2021), among which MgO nanoparticles have attracted considerable attention in tissue engineering due to their multifold effects on accelerating osteogenic differentiation of biological cells and inhibiting bacterial activity (Khandaker et al., 2013; Ke et al., 2019). Liu et al. (2020) reported that PLA/gelatin periodontal membrane fabricated by electrospinning biodegradable polymers with MgO nanoparticles demonstrated a dose-dependent magnesium ion-induced osteogenic activity of rabbit bone marrow stem cells (rBMSCs). Besides, numerous studies have also demonstrated that MgO nanoparticles have attracted considerable attention in biomedical applications due to their great antibacterial activities toward various kinds of bacteria (Karthik et al., 2019). Abbas’s work demonstrated that MgO nanoparticle solutions had good antimicrobial activity both in vitro and in vivo with minimal toxicity (Monzavi et al., 2014). Hence, MgO-incorporated coaxial electrospun nanocellulose membrane could be very promising platforms for periodontal tissue regeneration.

In this work, MgO nanoparticles-incorporated PCL/gelatin nanocellulose membranes were fabricated using coaxial electrospinning method, and their morphological and physicochemical features were characterized by TEM, SEM, contact angle, and TGA. Then, comprehensive assessments were carried out to investigate their effect on proliferation, attachment, and osteogenic differentiation of hPDLSCs. Antibacterial properties of as-prepared nanocellulose membranes were evaluated by prohibiting the growth of Escherichia coli (E. coli) and Actinobacillus actinomycetemcomitans (A. a). Thus, we speculated that the MgO nanoparticles-incorporated PCL/gelatin nanocellulose membranes fabricated by coaxial electrospinning with excellent osteogenic and antibacterial properties could provide valuable insights into the development of bio-membranes for periodontal regeneration.



MATERIALS AND METHODS


Materials

Polycaprolactone (Mw = 160000) was purchased from Jinan Daigang Biomaterial Co., Ltd, Jinan, China. Gelatin powder (type A) (Mw = 80000) was obtained from Sigma-Aldrich Co., Ltd, China. MgO nanoparticles were purchased from Shanghai Bike New Material Technology Co., Ltd, China. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased from Aladdin Co., Ltd, China. Cell-LightTM EdU DNA Cell Proliferation Kit was obtained from RiboBio Co., Ltd, China. Cell Counting Kit-8 (CCK-8) was obtained from Dojindo Co., Ltd, Japan.



Characterization

The morphology of MgO nanoparticles was characterized by transmission electron microscopy (JEOL 1200EX). Surface morphology, topography and energy dispersive spectrometer (EDS) analysis of PCL/gelatin nanocellulose membranes were characterized by field-emission SEM (FEI Nova NanoSEM450). The contact angle of PCL/gelatin nanocellulose membranes was carried out by static water contact angle measurement (Automatic Contact Angle Meter Model SL200B, China). The mechanical property of PCL/gelatin nanocellulose membranes was measured by an electronic universal testing machine (WSM).



Fabrication of PCL/Gelatin Nanocellulose Membranes

Polycaprolactone/gelatin nanocellulose membranes were prepared by the electrospinning method. As for coaxial electrospinning, PCL and gelatin were dissolved in HFIP according to the proportion in Table 1 to form core solution and shell solution, respectively. The outer and inner tube had a diameter of 1.11 and 0.34 mm, respectively. A constant-volume flow rate of 0.5 ml/h for core solution and 2.5 ml/h for shell solution were accomplished via two syringe pumps. An electrostatic field force was created by applying a current of 20–22 kV voltages, which introduced the formation of nanofibers from the solution. In addition, the distance between the nozzle tip and collector plate was set up to 18 cm. MgO nanoparticles 3% (w/v) were added to the core solution under magnetic stirring at room temperature for 72 h. As a control, the traditional single fiber membrane loaded with the same amount of MgO nanoparticles was also performed (the parameters were shown in Table 1).


TABLE 1. Parameters for electrospun fibers.
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Mg2+ Release Study

Magnesium oxide nanoparticles-incorporated PCL/gelatin nanocellulose membranes were punched into uniform disks with a diameter of 6 mm, which were incubated at 37°C with 5% CO2 in 48-well plates supplemented with 250 μl PBS buffer (No Calcium, No Magnesium, pH = 7.4). Then, 20 μl PBS buffer was added every 3 days to maintain the total volume, and subsequently, the amount of Mg2+ at a predetermined time was quantificationally measured by a Magnesium Assay Kit (Jiancheng, Nanjing).



Cell Experiments

hPDLSCs were individually isolated from healthy premolars extracted for orthodontic treatment from teenagers aged 11–16 years without periodontitis, caries, and cracks and subsequently purified using a limited dilution method (Seo et al., 2004). The cells were identified by detecting the surface markers such as CD73, CD90, CD45, and CD34 (BD, United States) by flow cytometry (BD FACSCalibur, United States). Osteogenic differentiation and adipogenic differentiation were respectively introduced to prove the differentiation potential of the cells (Lin et al., 2008; Ng et al., 2016). Cells were cultured at 37°C with 5% CO2 in the growth medium, α-MEM medium (Gibco, United States) supplemented with 10% fetal bovine serum (Gibco, United States) and 1% penicillin-streptomycin solution (Gibco, United States). The medium was replaced every 3 days.


Cell Proliferation Assay

These sterilized PCL/gelatin nanocellulose membranes with a diameter of 6 mm were cultured with hPDLSCs at a density of 2 × 104 cells at 37°C with 5% CO2 in 48-well plates. After incubation for 1 day, 3 days, 5 days, and 7 days, the cells were washed with PBS buffer, followed by the addition of 100 μl α-MEM medium supplemented with 10% Cell Counting Kit-8 and incubated at 37°C for 2 h. The optical density (OD) values at 450 nm was measured by a microplate reader (Spectramax190, MD, United States).



EdU Staining Assay

Electrospun membranes 6 mm in diameter were incubated with hPDLSCs at a density of 2 × 104 cells at 37°C with 5% CO2 in 48-well plates for 24 h. After that, the cells were washed with PBS three times and fixed with 4% paraformaldehyde for 30 min, stained by Cell-LightTM EdU DNA Cell Proliferation Kit (RiboBio, Guangzhou, China) according to the manufacturer’s instructions, and observed under a fluorescence microscope (DMI6000B, Leica, Germany).



Cell Attachment Assay

The sterilized PCL/gelatin nanocellulose membranes were co-cultured with hPDLSCs at a density of 4 × 105 cells at 37°C with 5% CO2 in 6-well plates for 24 h, followed by washing with PBS buffer for three times to remove the unattached cells and fixing with 4% paraformaldehyde overnight. The cells were stained with rhodamine phalloidin for cytoskeleton and 4’, 6-Diamidino-2-phenylindole, dihydrochloride (DAPI) for the nucleus, followed by observation under inverted fluorescence microscope (DMI6000B, Leica, Germany).



ALP Activity and Staining

These four sterilized PCL/gelatin nanocellulose membranes with a diameter of 6 mm were incubated with hPDLSCs at 37°C with 5% CO2 in 48- and 24-well plates overnight respectively, after which the culture medium was replaced by osteogenic differentiation medium containing growth medium supplemented with 0.1 μM dexamethasone, 300 μM ascorbic acid and 10 mM β-glycerophosphate (Sigma, United States). After incubation for 7 days, the cells were harvested, and the ALP activity was measured by Alkaline Phosphatase Assay Kit (Beyotime Biotechnology, China) and stained by BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime Biotechnology, China) according to the manufacturer’s instructions. The OD values at 520 nm were measured, and the wells were examined under optical microscopy (SMZ1000, Nikon, Japan) and photographed with digital camera (EOS 6D, Japan).



Alizarin Red Staining

These four kinds of sterilized PCL/gelatin nanocellulose membranes with a diameter of 15 mm were incubated with hPDLSCs at a density of 2 × 105 cells at 37°C with 5% CO2 in 24-well plates overnight. After that, the cells were cultured in osteogenic differentiation medium for 14 days, stained by 2% alizarin red S (ARS, Leagene, China) staining solution for 5 min. After being washed with PBS buffer three times, the plates were observed by optical microscope (SMZ1000, Nikon, Japan). After that, mineralized nodules stained by ARS were desorbed with 10% (w/v) cetylpyridinium chloride (Sigma-Aldrich, China). We measured the absorbance at 562 nm for quantification.



Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

The osteogenic-related genes, including ALP, COL1, and Runx2, were further investigated by RT-qPCR. The hPDLSCs were cultured with different kinds of sterilized PCL/gelatin nanocellulose membranes for 3 days, followed by the isolation of total RNA by the RNAsimple Total Kit (TianGen, China). After that, the cDNA was generated and analyzed by PrimeScriptTM RT Master Mix (Perfect Real Time) and TB Green Premix EX Taq II respectively (TaKaRa, Japan), followed by the amplification and detection by LightCycler® 96 (Roche, Mannheim, Germany). The primers are listed in Table 2.


TABLE 2. Primer sequences.
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Antibacterial Activity

These sterilized PCL/gelatin nanocellulose membranes with a diameter of 20 mm were incubated with E. coli (ATCC-25922) and A. a (ATCC-29523) at a density of 1 × 107 CFU for 24 h. After that, the bacterial suspension followed by a series of dilution were swabbed to the surface of LB agar plate and Columbia blood agar respectively and were incubated at 37°C for 24 h. The number of the bacteria colonies were calculated to evaluate the antibacterial activity using a colonometer (Interscience Scan1200, France).



Statistical Analysis

The differences between groups were determined by using one-way ANOVA followed by Tukey’s post hoc analysis. A p-value of < 0.05 was considered as statistical significance. Statistical analysis was performed with GraphPad Prism 8.



RESULTS


Surface Topography of PCL/Gelatin Nanocellulose Membranes

PCL/gelatin nanocellulose membranes were prepared by coaxial or single-nozzle electrospinning technique alone or incorporated with MgO nanoparticles, after which their morphology was characterized. As shown in Figures 1A,B, the densely compacted and core-shell structure single fiber for single-nozzle and coaxial electrospinning were observed by TEM images, respectively. The darker (core) and lighter (shell) areas represented the PCL and gelatin region, respectively. After incorporated with MgO nanoparticles, obvious lumps of MgO nanoparticles marked higher in nanocellulose membranes could be observed in both Blending-MgO and Coaxial-MgO (Figures 1C,D). The SEM micrographs for four types of PCL/gelatin nanocellulose membranes were shown in Figures 1E–H, where it could be seen that the blank nanocellulose membranes without MgO nanoparticles exhibited some web-like fine fibers with a smooth surface and high interconnected porosity. As expected, the nanocellulose membranes were evenly arranged, and no bead-like structures were observed. EDS (Figures 1I–M) was further employed to investigate the elemental composition of our electrospun membranes. In comparison with Blending-Blank and Coaxial-Blank that only contained C and O elements, the magnesium element ratio for Blending-MgO and Coaxial-MgO were 2.27 and 2.46, respectively, indicating the successful incorporation of MgO nanoparticles.
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FIGURE 1. Structure and characterization of four different electrospun membranes. TEM images of (A) Blending-Blank, (B) Coaxial-Blank, (C) Blending-MgO, and (D) Coaxial-MgO. SEM images of (E) Blending-Blank, (F) Coaxial-Blank, (G) Blending-MgO, (H) Coaxial-MgO. (I–L) EDS spectra of Blending-Blank, Coaxial-Blank, Blending-MgO, and Coaxial-MgO, respectively. (M) Semi-quantitative determination of elemental composition of these electrospun fiber surfaces. C, carbon; O, oxygen; Mg, magnesium.




Physicochemical Properties of PCL/Gelatin Nanocellulose Membranes

Mechanical strength of PCL/gelatin nanocellulose membranes were firstly investigated using electronic universal testing machine. As shown in Figure 2A, the mean values of tensile strength for Blending-Blank, Coaxial-Blank, Blending-MgO, and Coaxial-MgO were 1.54, 1.61, 1.60, and 1.71 MPA, respectively, and there was no significant difference among these four groups (p > 0.05). These results indicated that the incorporation of MgO nanoparticles did not affect the tensile strength of the nanocellulose membranes.


[image: image]

FIGURE 2. Chemical, physical, and mechanical properties of the electrospun membranes. (A) Tensile strength of Blending-Blank, Coaxial-Blank, Blending-MgO, and Coaxial-MgO, respectively. (B) Contact angles of the electrospun membranes. (C) Thermal stabilities of PCL/gelatin nanocellulose membranes tested by TGA. (D) Mg2+ release of Blending-MgO and Coaxial-MgO in PBS from 0 to 168 h.


It is well known that the hydrophilic property of the scaffold may greatly affect their interaction with biological cells, such as cell adhesion and proliferation. Hence, the surface wettability of the as-prepared PCL/gelatin nanocellulose membranes was evaluated by contact angle. As shown in Figure 2B, the average contact angles of coaxial nanocellulose membranes were much smaller than that of single fiber membranes. These results demonstrated that the coaxial structure that was made up of PCL encapsulated in gelatin increased their hydrophilic property, which was conducive to cell adhesion and provided a better physiological environment for cell growth. When MgO nanoparticles were added, a slight decrease from 10.29° (51.4°) to 9.48° (45.5°) was observed for coaxial (single fiber) nanocellulose membrane, indicating that the added MgO nanoparticles could improve the hydrophilic property of the blank PCL/gelatin nanocellulose membranes. Thermal stability of PCL/gelatin nanocellulose membranes was further tested by TGA; the obtained weight loss curves were shown in Figure 2C. Our results showed that the initial degradation temperature for coaxial nanocellulose membrane increased after incorporated MgO nanoparticles but decreased for Blending-MgO and Blending-Blank. This, in turn, suggested that the MgO nanoparticles could enhance the thermal stability of the coaxial nanocellulose membrane. When the temperature was increased to 500°C, the thermal degradation of all the four nanocellulose membranes was relatively stable, and the incorporation of MgO nanoparticles could significantly increase the maximum degradation temperature of nanocellulose membranes.

Furthermore, the accumulated release of Mg2+ from the Blending-MgO and Coaxial-MgO nanocellulose membranes in PBS over a period of 168 h was quantified by Magnesium Assay Kit. As shown in Figure 2D, a relatively burst initial release of Mg2+ within the first 24 h was observed. The results revealed higher quantities of Mg2+, almost beyond 10 mM within 24 h, in group Blending-MgO, which was higher than in group Coaxial-MgO. After that, Mg2+ was sustainably released for both Blending-MgO and Coaxial-MgO over 168 h, resulting in a stable Mg2+ concentration around 5 mM. Numerous studies have shown that 5–10 mM Mg2+ had a slight cytotoxic effect on cells and could promote cells’ osteogenic differentiation (Mangalampalli et al., 2018; Onder et al., 2018). These results indicated that the MgO-incorporated coaxial PCL/gelatin nanocellulose membranes with the sustainable release of Mg2+ might be suitable for accelerating osteogenic differentiation of cells.



The Proliferation of hPDLSCs Toward PCL/Gelatin Nanocellulose Membranes

The proliferative capability of hPDLSCs toward PCL/gelatin nanocellulose membranes was further investigated using CCK-8 and EdU assays. As illustrated in Figures 3A–D, the cell viability of hPDLSCs exceeds 100% in all groups and exhibited a time-dependent cell proliferation after co-incubation for 1, 3, 5, and 7 days. These results indicated that all the PCL/gelatin nanocellulose membranes were not cytotoxic and had excellent biocompatibility. Surprisingly, the OD values in Coaxial-MgO group were significantly higher compared to other groups, indicating that the coaxial structure with smart release of Mg2+ could promote the proliferation of hPDLSCs. Moreover, EdU staining (Figure 3E) also revealed that the proliferation of hPDLSCs after treatment with Coaxial-MgO was the most obvious among the four types of nanocellulose membranes because of its gelatin shell with great biocompatibility and hydrophilicity and suitable Mg2+ release.
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FIGURE 3. Biocompatibility of electrospun membranes. hPDLSCs were cultured on Blending-Blank, Coaxial-Blank, Blending-MgO, and Coaxial-MgO, respectively, for (A) 1, (B) 3, (C) 5, and (D) 7 days, and the cell viability was compared by the OD value using a CCK-8 kit. (E) Cell proliferation of hPDLSCs seeded on the electrospun membranes after 12 h were analyzed by EdU staining. Red, EdU-labeled nuclei of proliferative cells; Blue, Hoechst 33342-labeled cell nuclei.




Attachment of hPDLSCs Toward PCL/Gelatin Nanocellulose Membranes

To further understand how our PCL/gelatin nanocellulose membranes affected the interaction between hPDLSCs and their environment, including cell morphology and cell attachment, SEM was employed. As shown in Figures 4A–D, after 24 h of culture, the hPDLSCs randomly spread along the fibers, and their filopodia were extended. Specifically, the surfaces of Blending-Blank (Figure 4A) and Blending-MgO (Figure 4C) membranes became smooth due to the disinfection by 75% alcohol, thus exhibiting a convex round shape of hPDLSCs. In contrast, a more flattened morphology for Coaxial-Blank (Figure 4B) and Coaxial-MgO (Figure 4D) was observed. In addition, the cytoskeletal morphology of hPDLSCs was also investigated by the inverted fluorescence microscope (Figure 4E) after 24 h in culture with our electrospinning nanocellulose membranes. The immunofluorescence images demonstrated that the morphology of hPDLSCs was narrow and filamentous, and the cytoskeleton was poorly developed in the Blending-MgO group, while strong F-actin staining and elongated filopodia were observed in Coaxial-MgO. These observations revealed the same tendency with SEM images, which was attributed to the fact that the explosive release of Mg2+ from Blending-MgO in a short time might decrease the attachment of hPDLSCs. In addition, the gelatin coating might also enhance the interaction between hPDLSCs and nanocellulose membranes due to the integrin-binding site of the gelatin molecule.
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FIGURE 4. Cell morphology and attachment on the electrospun membranes. SEM micrographs of hPDLSCs cultured on (A) Blending-Blank, (B) Coaxial-Blank, (C) Blending-MgO, and (D) Coaxial-MgO for 24 h. (E) Fluorescent staining of hPDLSCs cultured on electrospun membranes for 24 h. Red, cytoskeleton stained by rhodamine phalloidin; Blue, nuclei stained by DAPI.




Effects of PCL/Gelatin Nanocellulose Membranes on Osteogenic Differentiation of hPDLSCs

Osteogenic differentiation of hPDLSCs treated with PCL/gelatin nanocellulose membranes were further tested by detecting ALP activity, accumulated mineralized nodules, and expression of osteogenesis-related genes. Based on the ALP staining (Figure 5A), after 7 days of treatment, the expression of ALP showed obvious up-regulation in group Coaxial-MgO compared with other groups. ALP activity level on day 7 demonstrated similar trends, as shown in Figure 5B. These results indicated that Coaxial-MgO nanocellulose membranes could promise a satisfactory effect on the early osteogenic differentiation of hPDLSCs.
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FIGURE 5. Effects of electrospun membranes on ALP activity and mineralization. (A) ALP staining of hPDLSCs after cultured with electrospun membranes for 7 days. (B) ALP activity level of hPDLSCs cocultured with electrospun membranes on the 7th day. (C) Alizarin red staining of hPDLSCs after seeded on electrospun membranes for 14 days. (D) Mineralized promotion rates of cells cultured with each group of the electrospun membranes. RT-qPCR analysis of (E) ALP, (F) COL1, and (G) Runx-2 expression of hPDLSCs after cultured with electrospun membranes for 3 days.


The formation of mineralized nodules was investigated by ARS staining. As shown in Figure 5C, after co-culturing with hPDLSCs for 14 days, Coaxial-MgO displayed the most obvious effect on mineralization compared with other groups. After being dissolved in 10% (w/v) cetylpyridinium chloride, the mineralized nodules were quantified by measuring the absorbance of ARS deposits at 562 nm, and the results showed the same trend (Figure 5D). The effects of PCL/gelatin nanocellulose membranes on osteogenic-related genes, including ALP, COL1, and Runx2, were further investigated by RT-qPCR, as shown in Figures 5E–G. After culturing for 3 days, Coaxial-MgO demonstrated the strongest ability in accelerating these mRNA expression levels. For Coaxial-Blank and Coaxial-MgO, the expression of ALP and Runx2 significantly rose, while there was no significant difference for COL1. Taken together, the results unarguably confirmed that Coaxial-MgO had stronger effects on osteogenic differentiation of hPDLSCs.



Antimicrobial Activity of PCL/Gelatin Nanocellulose Membranes

In order to understand the antibacterial activities of as-prepared PCL/gelatin nanocellulose membranes, in vitro antibacterial assay was carried out using E. coli and A. a as model. Colonies of E. coli (Figure 6A) and A. a (Figure 6C) significantly decreased when treated with Coaxial-MgO and Blending-MgO, which demonstrated the high antibacterial activities compared with Coaxial-Blank and Blending-Blank. This might be explained by the fact that the added MgO nanoparticles can improve these nanocellulose membranes’ antibacterial properties. Quantitative evaluation of bacterial colonies followed the same trends as shown in Figures 6B,D.


[image: image]

FIGURE 6. Antibacterial activity of various kinds of electrospun membranes against E. coli and A. a. Digital pictures of bacterial colony forming units and their corresponding quantitative bacterial survival rate for (A,B) E. coli and (C,D) A. a.




DISCUSSION

The loss of alveolar bone caused by periodontitis is a common clinical problem (Dentino et al., 2013). While the GTR technique widely uses membrane materials as a barrier in periodontal flap surgery, it still has some limitations, such as poor osteogenic and antimicrobial properties (Liang et al., 2020). To endow these biodegradable membrane with excellent osteogenic and antimicrobial activities, there are several emerging approaches (Naahidi et al., 2017; Prado-Prone et al., 2020; Shkodenko et al., 2020), among which MgO nanoparticles-incorporated PCL/gelatin nanocellulose membranes fabricated by coaxial electrospinning might be very promising platforms for periodontal tissue regeneration. Our results indicated that Coaxial-MgO had good biocompatibility and affinity to cells due to its gelatin shell, and incorporation of MgO nanoparticles could enhance the mechanical property of membrane. The release of Mg2+ is relatively sustainable for Coaxial-MgO, resulting in superior osteogenic and antimicrobial properties compared with Blending-Blank and Coaxial-Blank.

To evaluate the morphology of PCL/gelatin electrospinning nanocellulose membranes, TEM and SEM were analyzed. The results showed that Coaxial-Blank and Coaxial-MgO showed obvious core-shell fiber structure compared with Blending-Blank and Blending-MgO, which was in agreement with previous reports (Wang and Windbergs, 2019). From the TEM images, the MgO nanoparticles were successfully incorporated into the core layer, which was also confirmed by EDS. The distinct core-shell nanocellulose structure with the incorporation of MgO nanoparticles provides the foundation for further cell behavior and antibacterial activity assessment. Moreover, the thermal stability and tensile strength were also affected after the incorporation of MgO nanoparticles. These results were in accordance with Suryavanshi’ previous work (Suryavanshi et al., 2017). Nanocellulose membranes fabricated by the coaxial electrospinning method demonstrated relatively superior hydrophilicity compared with that of the single-nozzle electrospinning method, which might be attributed to the success of its gelatin shell. It is well known that Magnesium (Mg2+) has multiple essential roles in biological cells, and Mg2+ can regulate various cell behaviors by activating different signal pathways (Leem et al., 2016; Wang et al., 2017; Wang Z. et al., 2020). For example, Mg2+ may regulate the adhesion, proliferation, differentiation of human osteoblast via the TRPM7/PI3K pathway (Zhang et al., 2017). Besides, it has also been reported that Mg2+ can promote osteogenic differentiation of human bone marrow stromal cells (hBMSCs) by regulating Wnt, MAPK, and other signal pathways (Hung et al., 2019). Nevertheless, the regulation induced by Mg2+ was strictly dose-dependent (Yoshizawa et al., 2014), where the excessive Mg2+ could inhibit proliferation or osteogenic differentiation of cells. In our studies, compared with Blending-MgO, a more sustainable release of Mg2+ was observed in Coaxial-MgO, thus preventing their initial burst release. The core-shell fiber structure with high hydrophilicity and appropriate release of Mg2+ might have an increasingly important role in periodontal tissue engineering.

The GTR membranes are used to prevent epithelial migration into the regenerating area, allowing the slower migrating cells like periodontal ligament cells to occupy the defect site. The interactions between as-prepared nanocellulose membranes and hPDLSCs were investigated. Coaxial-MgO exhibited optimal adhesion and proliferation of hPDLSCs. More cells were attached on Coaxial-MgO’s surface, probably because the gelatin shell with great hydrophilicity improved cell adhesion (Liu et al., 2018). Similar positive effects of gelatin on the adhesion and proliferation of cells were also observed in another study (Yue et al., 2015). It has been reported that the excessive Mg2+ might be cytotoxic to biological cells (Mangalampalli et al., 2018; Onder et al., 2018). The initial burst release of Mg2+ from Blending-MgO might affect the proliferation of hPDLSCs. The effects of nanocellulose membranes on osteogenic differentiation of hPDLSCs were further assessed. There is accumulating evidence that magnesium-based materials were capable of accelerating the osteogenic activity of cells (Liu W. et al., 2019; Huang Y.-z et al., 2020; Li et al., 2020). The expression of ALP activity and formation of mineralized nodules of hPDLSCs treated with Coaxial-MgO were higher than those treated with the other membranes.

Additionally, Coaxial-MgO also significantly improved the expression of osteogenic-related genes, such as ALP and Runx2. Hence, Coaxial-MgO with high hydrophilicity and sustainable release of Mg2+ is beneficial for GTR membranes due to its facilitation in adhesion, proliferation, and osteogenic differentiation of hPDLSCs. The numbers of colonies could be directly visualized from the plate to assess the antibacterial activity. The decrease of colonies in the group Coaxial-MgO was statistically significant, which indicated that the fiber membrane carrying MgO nanoparticles had a certain antibacterial effect. MgO nanoparticles have been confirmed to be effective against pathogenic microorganisms (Nguyen et al., 2018). Generally, the neat nano-cellulose film is absent antimicrobial activity (Huang C. et al., 2020; Xiang et al., 2020; Nie et al., 2021). In this work, both of the prepared films have the antibacterial effect, in which Blending-MgO was more obvious. It is reasonable to speculate that the antibacterial effect might differ due to the preparation method of fiber membranes, which needs to be further studied.



SUMMARY

MgO nanoparticles-incorporated PCL/gelatin nanocellulose membranes were successfully fabricated using the coaxial electrospinning method. The obtained Coaxial-MgO membranes showed improved hydrophilicity and Mg2+ release kinetics compared with that of Blending-MgO. Coaxial-MgO also exhibited optimal proliferation, attachment, and osteogenic differentiation of hPDLSCs. In addition, the prepared Coaxial-MgO showed considerable antibacterial activity by prohibiting the growth of E. coli and A. a. The MgO nanoparticles-incorporated PCL/gelatin nanocellulose membranes fabricated by coaxial electrospinning with excellent osteogenic and antibacterial properties may be used as GTR membranes, which will bring innovation in the field of periodontal regeneration.
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Primer  Forward primer sequence Reverse primer sequence
name (5’-3)) (5-8)

ALP GAGATGTTGTCCTGACACTTGTG AGGCTTCCTCCTTGTTGGGT
RUNX2  TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA
COL1 GAGGGCCAAGACGAAGACATC ~ CAGATCACGTCATCGCACAAC
Human  GTCCCTCACCCTCCCAAAAG GCTGCCTCAACACCTCAACCC

actin
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Solvent Core Shell Voltage (kV) Time (h)
Solute (w/v) Feed speed (ml/h) Solute (w/v) Feed speed (ml/h)
Coaxial-Blank HFIP 10% PCL 0.5 10% gelatin 2.5 20-22 8
Coaxial-MgO HFIP 10% PCL + 3% MgO 05 10% gelatin 2.5 20-22 8
Solute (w/v) Feed speed (ml/h)
Blending-Blank HFIP 1.7% PCL + 8.3% gelatin 3 17-19 8
Blending-MgO HFIP 1.7% PCL + 8.3% gelatin + 0.5% MgO 3 17-19 8





