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Abstract

:

Glycine (Gly), which is the simplest amino acid, induces the inflammation response and enhances bone mass density, and particularly its β polymorph has superior mechanical and piezoelectric properties. Therefore, electrospinning of Gly with any polymer, including polyvinyl alcohol (PVA), has a great potential in biomedical applications, such as guided bone regeneration (GBR) application. However, their application is limited due to a fast degradation rate and undesirable mechanical and physical properties. Therefore, encapsulation of Gly and PVA fiber within a poly(ε-caprolactone) (PCL) shell provides a slower degradation rate and improves the mechanical, chemical, and physical properties. A membrane intended for GBR application is a barrier membrane used to guide alveolar bone regeneration by preventing fast-proliferating cells from growing into the bone defect site. In the present work, a core/shell nanofibrous membrane, composed of PCL as shell and PVA:Gly as core, was developed utilizing the coaxial electrospinning technique and characterized morphologically, mechanically, physically, chemically, and thermally. Moreover, the characterization results of the core/shell membrane were compared to monolithic electrospun PCL, PVA, and PVA:Gly fibrous membranes. The results showed that the core-shell membrane appears to be a good candidate for GBR application with a nano-scale fiber of 412 ± 82 nm and microscale pore size of 6.803 ± 0.035 μm. Moreover, the wettability of 47.4 ± 2.2° contact angle (C.A) and mechanical properties of 135 ± 3.05 MPa average modulus of elasticity, 4.57 ± 0.04 MPa average ultimate tensile stress (UTS), and 39.43% ± 0.58% average elongation at break are desirable and suitable for GBR application. Furthermore, the X-ray diffraction (XRD) and transmission electron microscopy (TEM) results exhibited the formation of β-Gly.
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1. Introduction


During the last decade, biomaterial science has become an essential field in tissue regeneration applications. The main goal of tissue regeneration application is to promote cells attachment, proliferation, differentiation, and migration through a scaffold that mimics the natural extracellular matrix (ECM) [1,2]. GBR is one of the strategies that have been applied to restore the lost alveolar bone and obtain proper integration and support during the functional loading of an implant. Several systematic and periodontal diseases, which cause bone loss or insufficiency, in addition to trauma and tumors, are the main concerns for osseointegration. In order to achieve long-term and stable implantation, a sufficient volume of bone should exist at the implantation area [3]. Therefore, the GBR membrane achieves its goal when the osteoprogenitor cells are exclusively allowed to grow in the bone defect by preventing the entry of non-osteogenic tissue. Furthermore, the ideal membrane for GBR should be biocompatible, mechanically suitable, cell occlusive, host tissue integration, and clinically manageable. Anti-inflammatory and bone regeneration enhancement are additional properties that improve GBR function [4]. Electrospinning has become one of the most studied fabrication techniques in tissue regeneration application due to its affordability, versatility, cost-effectivity, and adaptability [5,6,7]. The fabricated nano/microscale fibrous scaffolds provide support for tissue regeneration and promote cell attachment, proliferation, and migration [5]. However, the dense packing of fibers generates small pore sizes, which obstructs cell infiltration and limits its use in some tissue regeneration applications, although it is useful in other tissue regeneration applications, including GBR [8]. Coaxial electrospinning is a modification of the electrospinning process in which coaxially aligned needles are utilized to generate core-shell fibers. The core-shell fibers overcome the limitation of monolithic electrospun fibers, including degradability, bioactivity, and inappropriate mechanical properties, in addition to burst release of the incorporating molecules [9,10].



A variety of materials have been studied and utilized in manufacturing GBR membranes; generally, they are roughly divided into bioresorbable and non-resorbable membranes. Non-resorbable membrane materials include polytetrafluoroethylene (e-PTFE), high-density polytetrafluoroethylene (d-PTFE), and titanium-reinforced high-density polytetrafluoroethylene (Ti-d-PTFE) [11]. The main advantage of non-resorbable membranes is good space-maintaining, while disadvantages are the need for a second surgery to be removed due to non-resorbability, stiff to handle, and insufficient healing of soft tissue due to tension and lack of vascular supply, which leads to membrane exposure with subsequent progression of infection [12]. On the other hand, a bioresorbable membrane was introduced in order to avoid a second surgical operation. The commercial bioresorbable GBR membranes that are made from mainly of synthetic polymers, including poly (lactic acid) (PLA), Poly (glycolic acid) (PGA), and PCL, and their copolymers and composites [13]. However, the main challenges of bioresorbable GBR membranes are inappropriate mechanical properties, short resorption period, usually in the range of four to six months, and side effects of their degradation by-products on bone formation [14].



In this paper, a core-shell fibrous structure was fabricated using coaxial electrospinning, in which the PCL is the shell and PVA with Gly is the core. The Gly has an anti-inflammatory response [15] and enhances bone mass density [16], and particularly its β polymorph has superior mechanical [17] and piezoelectric properties [18,19,20]. On the other hand, PCL and PVA, which are FDA-approved bioresorbable synthetic polymers, were utilized in membrane fabrication due to their biodegradability with non-toxic by-products (mainly CO2 and H2O), biocompatibility, good tensile strength, and processability [21,22]. However, the rapid degradation rate with high shrinkage and absorption percentage and undesirable mechanical properties of the monolithic electrospun membrane act as limitations in using these materials in membrane fabrication. Therefore, PCL was used to encapsulate the PVA and Gly fiber in core-shell nanofibers in order to preserve the Gly in its β polymorph form and to overcome the limitation of monolithic electrospun Gly with PVA. Moreover, the necessity of a cross-linking step for Gly with PVA electrospun membrane is discarded due to encapsulation with PCL that has a longer degradation rate. Consequently, the novelty of this paper mainly is the inclusion of β-Gly in GBR membrane fabrication according to its stated advantages and the fiber structure of the fabricated membrane, which was encapsulated with PCL that preserves the Gly with the PVA inside.



The main aim of this paper is to develop and characterize a coaxially electrospun core-shell fibrous membrane made of Gly and PVA as the core materials and PCL as the shell material for GBR application. In order to pursue the aim of the paper, four different membranes were optimized and electrospun utilizing coaxial and single electrospinning processes. The membranes were characterized morphologically, chemically, physically, mechanically, and thermally. The morphology of the four membranes was characterized using scanning electron microscopy (SEM), and the core-shell structure was investigated using transmission electron microscopy (TEM). The chemical composition of the membranes was characterized using X-ray spectroscopy (XPS); in addition, the crystallographic structure of the Gly in the PVA:Gly and core-shell membranes was determined using X-ray diffraction (XRD) analysis. Moreover, the mechanical properties were obtained using tensile testing and the thermal and physical properties were acquired using thermal gravimetric analysis (TGA), C.A analysis, in vitro degradation analysis, and absorption and shrinkage tests.




2. Materials and Methods


2.1. Materials


In order to prepare the fibrous membranes, PVA with Mw = 85,000–124,000 g/mol and +99% hydrolyzed, and PCL, which is linear, and with Mw = 80,000 g/mol, were purchased from Sigma-Aldrich (St. Louis, MO, USA). The Gly was purchased from ISOLAB Laborgeräte GmbH (Eschau, Germany) in the form of white powder and was more than 99% pure, in addition to the chloroform and methanol, which were used for solution preparation. Phosphate buffer saline (PBS) was obtained from Amresco (Solon, OH, USA), and Triton-X 100 was purchased as a 10% (w/v) aqueous solution from Sigma-Aldrich (Taufkirchen, Germany). Pure water and ultra-pure water used in solution preparation and wettability measurements were attained in the laboratory using a water purification system (New Human Power ΙΙΙ, Human, Seoul, Korea) and the reverse osmosis technique.




2.2. Experimental


2.2.1. Preparation and Electrospinning of Membranes


Four different membranes were optimized and fabricated using the electrospinning process. In order to prepare the first membrane solution, PCL was dissolved in a chloroform/methanol 5/1 (v/v) mixture to give a concentration of 5% (w/v). The PCL solution was stirred using a magnetic stirrer (Daihan wisd, Seoul, Korea) at room temperature for three hours until completely dissolved. On the other hand, the PVA membrane was prepared by dissolving the PVA in pure water at the concentration of 8% (w/v) at 80–85 °C for 3 to 4 h until complete dissolution was observed, then after cooling down, 0.5 mL of Triton X-100 was added and magnetically stirred with the PVA solution for half an hour. While PVA and Gly were dissolved in pure water at the concentration of 8% (w/v) with 4:1 PVA to Gly weight ratio, the weight percentage content of the Gly is 20% of the PVA matrix, at 80–85 °C until complete dissolution was observed by naked-eye, the dissolution process took almost 3 to 4 h, thereafter 0.5 mL of Triton X-100 was added to the solution and stirred. The fourth membrane, which is the core-shell membrane, was prepared by dissolving PCL in chloroform/methanol 5/1 volume ratio mixture for the shell layer solution preparation and dissolving PVA and Gly at a 4:1 weight ratio to give 8% (w/v) concentration for the core solution preparation. Both core and shell solutions were prepared using the same preparation process as the PCL and PVA:Gly membranes mentioned above.



Thereafter, the prepared solutions were placed into a 5 mL syringe, and a polyethylene tube with a metal needle end was used to electrospin the monolithic electrospun membranes. While in core-shell membrane electrospinning, the core and the shell solutions were placed in different syringes, and each syringe was connected to the coaxial needle (Inovenso, Istanbul, Turkey) through a polyethylene tube, as shown in Figure 1b. The coaxial needle with 0.8 mm inner diameter for core needle and 1.6 mm inner diameter for shell needle was utilized for core-shell membrane electrospinning. While a 21-gauge needle was used for monolithic membrane electrospinning. Moreover, each syringe was placed in an infusion pump (SKE research equipment, Milan, Italy) in order to control the feeding rate, and a commercial electrospinning apparatus (Inovenso NE-200, Istanbul, Turkey), which is shown in Figure 1a, was used for electrospinning the membranes. Furthermore, the electrospinning parameters were optimized and listed in Table 1.



The fabricated membranes were reserved in a porcelain desiccator from Sigma-Aldrich (Taufkirchen, Germany) for three days before any further characterization. Thereafter, the membranes were weighted, and the average weight of the membranes was calculated. The macroscopic image of the prepared membrane as shown in Figure 2a. The physical state of the core-shell membrane is also shown in different macroscopic views in Figure 2b.




2.2.2. Characterization


Four membranes were characterized morphologically, chemically, mechanically, thermally, and physically as follows:




	
SEM analysis.








In order to examine the fabricated membranes morphology and find the fiber diameter and pore size, an SEM device (Zeiss EVO 15LS, Jena, Germany) was utilized. Membranes were cut into small pieces and mounted on an aluminum stub using double-sided conductive adhesive tape, and then the specimens were sputter-coated with a gold-palladium thin coat. The average fiber diameter and pore size was calculated from the obtained SEM micrographs via ImageJ Launcher open-source software program, and the average of at least 50 measurements were calculated to find fiber diameter, whereas the average of 20 measurements were calculated to find the pore size for each membrane.



	
TEM analysis.






The core-shell structure was investigated using high-contrast (FEI Tecnai G2 Spirit BioTwin CTEM, FEI Company, Hillsboro, OR, USA). The samples were prepared by electrospinning a very thin layer directly onto the carbon-coated copper grid. The grids were directly used for TEM characterization without any staining.



	
Tensile test.






In this paper, the mechanical properties of the fabricated membranes are particularly important. The ideal GBR membrane should have sufficient plasticity to withstand the compression of the overlying soft tissue, in addition, to be easily modified into the defect shape. On the other hand, the membrane should have a degree of tensile strength and stiffness for clinical manageability [23]. Therefore, mechanical properties of the fabricated membranes were determined following international standardization and using a universal tensile testing apparatus (Zwich/Roell, Ulm, Germany) with 100 N load cell and a crosshead speed of 10 mm/min with a gauge length of 20 mm. All fabricated membranes were cut into a 40 mm × 5 mm dog-bone shape. Average UTS, modulus of elasticity, and elongation at break were determined in triplets.



	
XPS analysis.






The surface chemical composition and functional O1s, C1s, and N1s groups were determined from high-resolution scans using Al Kα Monochromatic XPS (PHI 5000 VersaProbe, Physical Electronics, Chanhassen, MN, USA) at 600 W. Each peak in the high-resolution scans was deconvoluted using Origin (OriginPro 8.0, Origin Lab Inc., Northampton, MA, USA) software.



	
XRD analysis.






One of the main goals of this thesis is to acquire the benefits of Gly in the β-polymorph crystal structure. In order to confirm the existence of β-Gly, a crystallographic structure of the fabricated core-shell and PVA:Gly membranes was determined using XRD (Ultima-IV, Tokyo, Japan). The XRD characterization range was 10–45 (2θ) degrees, and the scanning step was 5 degrees/min.



	
TGA.






In order to identify the thermal behavior of the fabricated membranes, the thermogravimetric analysis was performed using a Pyris ™ 1 TGA device (PerkinElmer, Waltham, MA, USA). The TGA traces were in the range of 25–700 °C under a nitrogen atmosphere with a heating rate of 10 °C/min. The membranes were previously dried in a porcelain dissector plate for two days at room temperature. All results were plotted as temperature versus weight loss, and curves were analyzed using OriginPro 8.0 software in order to determine the thermal decomposition temperature.



	
Wettability.






The wettability using water C.A was measured for each membrane from different points using a C.A goniometry Phoenix 300 (Surface electro optics, Suwon, Korea). Values were determined according to water drop images on the surface of the material.



	
In vitro degradation analysis.






The PCL is a hydrophobic linear polyester with a long degradation rate [24], while PVA is a hydrophilic linear polymer with a moderate degradation rate that depends on the hydrolysis and MW of the used PVA [25]. In any tissue regeneration application, including GBR application, the degradation of the membrane should be predictable and matches the bone formation. Therefore, an in vitro degradation study was conducted in terms of the ASTMF 1635-04 method. After drying the fabricated membranes for two days in the dissector, the initial weight (Wo) was recorded using a laboratory weighing scale with 0.1 mg accuracy. This was followed by immersing the samples in 0.1 M PBS in three replicas. The samples were stored in tubes and placed into incubation at 37 ± 0.1 °C. The PBS solution was changed every three days, and the samples were discarded from PBS liquid, washed with pure water three times to remove residuals, and blotted with clean then dried in the oven for 12 h after 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, and 90 days of incubation. Afterward, the final weight of each sample (Wf) was recorded, and the remaining weight was calculated using the following equation:


  R e m a i n i n g   W e i g h t   ( % ) =    W f     W 0      ×   100  



(1)







	
Absorption and shrinkage tests.






In any tissue supporting application, the scaffolds should resist volume and shape changes in the fluidic environment because the huge difference in volume can cause either pressure on the healing cells and cause deterioration in the healing process or insufficient healing process due to loss of support. Therefore, absorption and shrinkage tests were carried out in PBS solution for 24 h. Initially, the samples were cut into 10 mm × 10 mm square shapes and weighed accurately to be placed in tubes filled with PBS and stored in an incubator at 37.0 ± 0.1 °C. At least three measurements were obtained for each sample, and the average values and corresponding standard deviations were determined. After the incubation period, which was 24 h, the samples were removed from PBS and blotted with a clean paper towel to absorb the residual water. Finally, the samples’ weights were measured, and absorption (%) was calculated according to the following equation:


  A b s o r p t i o n   ( % ) =    W f  −  W i     W i      ×   100  



(2)




where Wf and Wi are the weights of the samples at the end and beginning of the incubation period, respectively.



In the case of the shrinkage test, each sample was dried for 12 h after 24 h of incubation in the drying oven. Thereafter, the surface areas of the samples were determined using a micrometer before and after the drying process, and the average shrinkage (%) of three different measurements was measured according to the following formula:


  S h r i n k a g e   ( % ) =    A i  −  A f     A i      ×   100  



(3)




where Ai was the initial area of the sample at the beginning of the incubation and Af was the final area after drying.



	
Statistical analysis.






The results were expressed as mean ± standard deviation in experiments. Statistical analysis was performed using OriginPro 8.0 software. One-way analysis of variance (ANOVA) with statistical significance less than 0.05 significance was performed, while pairwise comparisons were conducted using Student’s t-test.






3. Results


3.1. Morphological and Structural Characterization


The SEM images of the fabricated membranes shown in Figure 3 indicate a uniform, non-beaded fibrous network with interconnected porosity, which is an indication of a successful electrospinning of the prepared solutions. Moreover, using the ImageJ launcher program with the SEM images, the average fiber diameters and average pore size were calculated and summarized in Table 2, in addition to the bar graph distribution of the fiber diameter shown in Figure 3.



Moreover, in order to investigate the core-shell structure, a TEM characterization was utilized to observe the core-shell formation. TEM is used to investigate the inner structure of the fibers because the electron is transmitted through a very thin specimen ˂ 100 nm. The TEM images in Figure 4a shows the core-shell structure of the fabricated membrane with nano-scale fiber’s diameter. Furthermore, the TEM images in Figure 4b show the packing of the Gly crystals inside the core-shell fibers.




3.2. Mechanical Characterization


The tensile properties of the electrospun PCL, PVA, PVA:Gly, and core-shell membranes, including modulus of elasticity, UTS, and elongation at break, are shown in Table 3.




3.3. Chemical Characterization


3.3.1. XPS Characterization


A high-resolution scan of O1s, C1s, and N1s was conducted using XPS, and spectrum peaks were deconvoluted utilizing OriginPro 8.0 software (Figure 5). The C1s high resolution peaks of PCL and core-shell membranes represented three deconvoluted peaks at 285, 286.4, and 289 eV, while the PVA and PVA:Gly membranes showed only two C1s peaks at 285 and 286.4 eV. On the other hand, the PVA and PVA:Gly membranes showed only one high resolution O1s peak at 533 eV, while the PCL and core-shell membranes demonstrated two O1s high resolution peaks at 533 and 531.6 eV. No membrane revealed a high-resolution peak of N1s except the PVA:Gly membrane (Figure 5i).




3.3.2. XRD Characterization


The XRD analysis was used to identify the β-Gly form for the PVA:Gly and core-shell membranes, and the results were plotted using OrignPro 8.0 software and demonstrated in Figure 6.





3.4. Thermal Characterization


In this paper, TGA was used to indicate the changes in membrane composition and thermal stability of each fabricated membrane. Figure 7 demonstrates plots that show the difference between the fabricated membranes in thermal properties using TGA.




3.5. Physical Characterization


3.5.1. Wettability


The wettability of the fabricated membranes was assessed using the C.A method. The hydrophilicity or hydrophobicity of the fabricated membranes was determined, which is an essential parameter in material-cell interaction, depending on the C.A images and average C.A results of the fabricated membranes and were demonstrated in Table 4.




3.5.2. In Vitro Degradation


According to Figure 8, the fabricated membranes’ degradation rate is represented as the average weight remaining for various intervals during 90 days of incubation period at 37 °C in PBS.




3.5.3. Absorption and Shrinkage Test


The average absorption % with standard deviation was calculated for each membrane, and the results were demonstrated as a bar graph in Figure 9. On the other hand, the average shrinkage % for the four fabricated membranes was found to be ~0% for PCL membrane, 95.1% for the PVA membrane, 89.4% for the PVA:Gly membrane, and ~1% for the core-shell membrane.






4. Discussion


The fibrous structure, which mimics ECM, is essential for cells attachment, proliferation, differentiation, and infiltration. On the other hand, the fiber diameter and pore size are critical parameters in tissue regeneration application. For instance, scaffolds with a pore size less than 1 µm improve cell-surface interaction, while a larger pore size 1–3 µm is necessary for cell-to-cell communication, and a 3–12 µm pore size is suitable for cell migration and proliferation [26]. Furthermore, a pore size between 50–150 µm is essential for bone cell infiltration [27], and 50 µm for dermal fibroblasts infiltration. Even though the suitable pore size for GBR membrane is still controversial between studies and no optimal pore size has been confirmed yet, the interconnected microporous structure with a pore size between 0.2 and 500 µm is most commonly used commercially [28].



Moreover, the core solvent in the fabricated core-shell membrane was pure water, while the shell solvents were chloroform and methanol. Due to the miscibility of methanol in water, there was no defined line between the core structure and the shell structure, as demonstrated in Figure 4a [29]. Moreover, pure water was the solvent for PVA and Gly in PVA, PVA:Gly, and core in core-shell membranes; however, due to high surface tension of water, Triton X-100 was added to the solution as a surfactant to lower solution surface tension and enhance the formation of bead-less fibers. Since all the fabricated membranes exhibited nano-scale fibers diameter and micro-scale pore size, they are suitable for GBR application. That is due to the enhancement of bone regeneration and restriction of fibroblasts and other fast-growing cells infiltration.



The core structure was fully encapsulated with the shell structure (as shown in Figure 4); however, the shell structure was very thin in comparison to the thick core. The reason for this is that the feeding rate of the core was much higher than the shell’s feeding rate. On the other hand, the needle-like shape of the Gly inside the fiber (as shown in Figure 4b), according to Ferrari et al., is a β-glycine [30]. Moreover, Bai et al. demonstrated the needle-like shape of the β-glycine using optical microscopy [31].



The modulus of elasticity is an indication of the membrane resistance to elastic deformation; according to the modulus of elasticity results, the stiffest membrane is the PVA:Gly, while the PCL has the lowest modulus elasticity among other membranes. The low modulus of elasticity is an indication of proneness to tearing and difficulty in handling the membrane. Therefore, the core-shell membrane has a moderate average modulus of elasticity of 135.3 ± 3.05 MPa, which is suitable for GBR membrane application. On the other hand, the average UTS of the core-shell membrane, which equals 4.57 ± 0.04 MPa, was significantly higher than the UTS of the PCL and the PVA membranes (p ˂ 0.05). In comparison with commercially used GBR membranes, including Bio-Gide and Ossix Plus dry UTS, the core-shell membrane UTS did not show any significant difference (p ˂ 0.05) [32]. Regarding average elongation at break, fabricated membranes revealed significantly different values, with the highest value for the electrospun PCL and a moderate value (~40%) for the core-shell membrane.



In addition to that, it should be noted that adding the Gly into the PVA membrane significantly enhanced the mechanical properties of the membrane, and that is one of the advantages of Gly inclusion. Furthermore, the fabricated core-shell membrane shows a moderate average modulus of elasticity, UTS, and elongation at break in the benefits of the core PVA:Gly strength and the shell PCL elasticity.



In high-resolution scans of O1s, C1s, and N1s, since both PCL and PVA contain only oxygen and carbon atoms, their high-resolution spectrum of N1s exhibited the absence of the N1s peak. Additionally, the core-shell membrane shows no N1s characteristic peak, which is due to the full encapsulation of the core by the shell material. Only the PVA:Gly membrane exhibited the presence of N1s peak at 400 eV, which was assigned to the C-NH2 bond.



Moreover, in the PCL membrane, C1s high-resolution spectrum peaks at 285, 286.4, and 289 eV are attributed to the C–C, C–O, and C=O, respectively. In the core-shell membrane, the same C1s peaks as the PCL membrane were found; however, with less chemical composition. On the other hand, the O 1s high-resolution spectrum of the PCL and core-shell membranes peaks were at 531 and 533 eV and corresponds to the C=O bond and C–O bonds, respectively. The existence of the same C1s and O1s peaks in both the PCL membrane and core-shell membrane are an indication of the PCL chemical composition on the surface of the core-shell membrane and fully encapsulation of the PVA core. However, the C1s and O1s peak intensities were different in both membranes, with lower C1s and higher O1s peaks in the core-shell, which is an indication of the existence of more hydrophilic PCL in the core-shell membrane [33]. This is assumed to be due to some degree of interaction between the carboxyl and hydroxyl groups in PCL and PVA, respectively.



In PVA and PVA:Gly membranes, the C1s peaks were found to be 285 and 286 eV and that they represent the C–C and C–O bonds, respectively, while the O1s peak was found to be 533 eV and that was assigned to the C–O bond. The peaks’ intensities were the same in both membranes except for N1s peak at 400 eV in the PVA:Gly, which is an indication of the Gly inclusion in the electrospun membrane.



The main originality in this paper is using the Gly in its β crystallographic conformation form due to its mechanical and piezoelectric properties, which support bone cells formation [34]. Similar to the XPS analysis, XRD was used to investigate the material’s chemical structure, although the main difference between XPS and XRD is that XRD is used to determine the crystallographic structure based on the diffraction of X-rays. Therefore, the XRD analysis was used to identify the β-Gly form in the PVA:Gly and core-shell membranes. The XRD pattern of the core-shell and PVA:Gly membranes revealed a very wide peak in the range of 7–25°, which is an indication of the amorphous structure of PVA due to the absence of well-defined and intensive Bragg diffraction peak [35]. The amorphous structure of the PVA in both fibrous structures was caused by the destruction of the orientation order of the PVA chains and even by the formation of amorphous bond layers around the Gly crystals [36].



Commonly reported in the literature, the 2θ diffraction peaks that equal nearly 18°, 24°, and 28° belong to the (001), (110), and (020) β-Gly crystallographic configuration, respectively [30,31,37,38,39]. Moreover, Es et al. [18] fabricated a glycine-chitosan flexible biodegradable sensor that shows high piezoelectric properties, and the evaluated XRD confirmed the formation of the same Gly diffraction peaks found in this paper. On the other hand, the core-shell membrane XRD pattern showed the same diffraction peaks as the PVA:Gly membrane except for the sharp peak that equals 21.5°. This sharp peak represents the (110) crystallographic configuration of semi-crystalline PCL according to the literature [40].



The TGA was used to specify the changes in membrane composition and thermal stability of each fabricated membrane. The electrospun PCL membrane showed a one-step decomposition with a single temperature. The one-step thermal degradation started at 190 °C and ended up at around 460 °C; furthermore, the electrospun PCL lost 95% of its weight at around 398 °C, which was comparable to another study [41].



On the other hand, the PVA electrospun membrane exhibited three weight-loss regions, which are: ~240, ~355, and ~429 °C; during each one, the PVA lost 44.2%, 22.5%, and 21.65% of its weight, respectively. The first weight loss region is due to the elimination of water molecules trapped in the membrane, while the second and the third are due to the elimination of the side group and the breakdown of the PVA polymer backbone, respectively.



While the PVA:Gly membrane TGA plot showed a different thermal decomposition curve with two weight loss regions at ~238 and ~319 °C, in which it lost 7.2% and 81.4% of weight, respectively, the first weight loss region is believed to be due to the decomposition of Gly crystals, as claimed in the literature [42]. Furthermore, the decomposition of PVA was about 319 °C with a one-step thermal decomposition process. On the other hand, the core-shell showed the same Gly thermal decomposition step at ~238 °C, in which it lost 8.14% of its weight, while the rest of the complex structure appeared in a one-step decomposition at about 355 °C in which 84% of the mass was lost. Therefore, the thermal stability of the core-shell in comparison to PVA:Gly membrane was enhanced due to the addition of PCL as a shell material or the complex structure of the core-shell. However, the four fabricated membranes exhibit good thermal stability with a maximum decomposition temperature of around 350 °C.



Generally, cells adhere to moderately hydrophilic surfaces; therefore, in scaffold fabrication, many surface modification techniques are applied to hydrophobic surfaces, such as plasma treatment [43]. The PCL fabricated membrane showed a hydrophobic surface with an average C.A of almost 100°. On the contrary, the PVA and the PVA:Gly membranes revealed a tremendously flat hydrophilic C.A, which was unable to be captured by the camera; therefore, we considered it as almost zero. However, the core-shell membrane showed a significant enhancement in the C.A with 47.4 ± 2.2°, which is considered a hydrophilic surface. According to the literature, a 50° C.A value is considered as the most suitable contact angle for cell adhesion since it is the C.A of the commercial tissue culture polystyrene (TCPS). Therefore, a moderately hydrophilic membrane that is highly favored for cell attachment and proliferation was successfully developed.



Furthermore, the PCL membrane demonstrated a low degradation rate with an average weight remaining of 90.2% ± 2.2% after 90 days of incubation in PBS. On the other hand, the PVA and PVA:Gly membranes showed a significantly high degradation rate with an average remaining weight percentage of 11.07% ± 2.6% and 17.28% ± 1.78%, respectively, after 90 days of incubation. However, the core-shell membrane revealed a moderate degradation rate after 90 days of incubation with 45.57% ± 1.68% of the weight remaining. This result reflects the effectiveness of the coaxial electrospinning technique to fabricate the core-shell structure membrane to overcome the cross-linking process of the highly degradable membranes. In addition to that, the core-shell nanofibrous structure according to moderate degradation rate is a good candidate for GBR application since the prolonged biodegradation is associated with decreased tissue attachment, proliferation, vascularization, and foreign body reaction [44]. On the other hand, a shortened biodegradation rate hinders the effectiveness of the GBR membrane.



Regarding absorption of the fabricated membranes, the PCL membrane, which showed high hydrophobicity, exhibited a significantly low absorption of 26.9 ± 1.62%. On the other hand, the PVA membrane, which exhibited a high hydrophilicity, showed a significant difference in comparison with the PCL membrane in average absorption with an almost 100% increment. An extremely significant increase was found in PVA:Gly membrane absorption with an almost 225% increase in weight compared to PVA and PCL membranes. We claim that the significant difference between PVA and PVA:Gly is due to the amorphous structure of the PVA in the PVA:Gly membrane, which was caused by the destruction of the orientation order of the PVA chains by the formation of an amorphous bond layer around the Gly crystals, and this is the same results found in XRD analysis. While the core-shell membrane showed a moderate absorption equal to 69.09 ± 2.7% in comparison to PCL and PVA:Gly membranes, and no significant difference compared to PVA membrane. In this respect, the absorption capacity represents the material supporting the humid environment that is responsible for the transportation of constituents of body fluids to the injury site during the regeneration process. Therefore, moderate absorption is favored in tissue regeneration applications, which is compensation of neither volume change due to high absorption nor reduction of body fluid nutrients and oxygen contribution.



On the other hand, the PVA and PVA:Gly showed a high shrinkage % due to extremely high hydrophilicity; therefore, the membranes swelled, aggregated, and lost their shape, the core shell showed a significantly lower average shrinkage % in comparison to PVA and PVA:Gly. That is due to the shell PCL structure, which preserves the core structure from contact with its surrounding; therefore, no significant change in volume was observed. However, we should notice the moderate absorption % even though the shell layer resists water absorption. The reason for that is the high surface area to volume and high porosity of the electrospun membrane that allows the water to be trapped between the nanofibers rather than being absorbed, which causes no volume change.




5. Conclusions


In this paper, a core-shell nanofibrous membrane, in which the Gly and PVA is the core and PCL is the shell, was coaxially electrospun in order to improve the mechanical, physical, and chemical properties of the monolithic electrospun membranes. For instance, The PVA and PVA:Gly membranes had an extremely high hydrophilicity and degradation rate, and therefore, require a cross-linking process. On the other hand, PCL exhibited a hydrophobic structure with a long degradation rate and unsuitable mechanical properties. Therefore, the core-shell membrane, with PCL as the shell material and PVA:Gly as the core material, is suggested as a membrane for GBR application. The encapsulation of the Gly and PVA core with a PCL shell and the nanofibers and interconnected micropores overcame the drawbacks of the core and the shell materials individually and produced a membrane with the advantages of both materials.



For instance, the mechanical properties, including modulus of elasticity, UTS, and elongation to break, were improved in comparison to PVA and PCL electrospun membranes with 135 ± 3.05 MPa, 4.57 ± 0.04 MPa, and 39.43% ± 0.58%, respectively. Furthermore, the TEM and XRD results of 18°, 24,° and 28° Bragg peaks prove the existence of the Gly in β form. While the core-shell membrane wettability of 47.4 ± 2.2°, C.A is much more suitable for GBR applications in comparison with the other fabricated membranes.
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Figure 1. (a) Electrospinning device used for membrane fabrication; (b) coaxial electrospinning needle and core-shell fiber structure. 
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Figure 2. (a) Macroscopic images of the prepared membranes; (b) Core-shell membrane bending, space making and different macroscopic views. 
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Figure 3. SEM images and bar graph of the fiber diameter distribution for the: (a) PCL; (b) PVA; (c) PVA:Gly; and (d) core-shell membranes. 
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Figure 4. TEM images of: (a) core-shell fibers and (b) Gly crystals within core-shell fiber. 
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Figure 5. XPS high resolution spectrums and deconvoluted peaks for: (a) PCL membrane C1s; (b) PCL membrane O1s; (c) PVA membrane C1s; (d) PVA membrane O1s; (e) PVA:Gly membrane C1s; (f) PVA:Gly membrane C1s; (g) core-shell membrane C1s; (h) core-shell membrane C1s; and (i) PVA:Gly membrane N1s. 






Figure 5. XPS high resolution spectrums and deconvoluted peaks for: (a) PCL membrane C1s; (b) PCL membrane O1s; (c) PVA membrane C1s; (d) PVA membrane O1s; (e) PVA:Gly membrane C1s; (f) PVA:Gly membrane C1s; (g) core-shell membrane C1s; (h) core-shell membrane C1s; and (i) PVA:Gly membrane N1s.
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Figure 6. XRD plots of the PVA:Gly and core-shell membrane. 
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Figure 7. TGA curves of the fabricated PCL, PVA, PVA:Gly, core-shell membranes. 
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Figure 8. Remaining weight of PCL, PVA, PVA:Gly, and core-shell membranes during 90 days of incubation in PBS. All readings are presented as remaining weight% ± standard deviation. 
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Figure 9. Absorption % of the PCL, PVA, PVA:Gly, and core-shell membranes. All readings are presented as remaining weight% ± SD. ANOVA; ** p < 0.001 and * p < 0.01. 
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Table 1. Electrospinning parameters of the fabricated membranes.
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	Membrane
	Applied Voltage

(kV)
	Needle-to-Collector

Distance

(cm)
	Feeding Rate

(µL/min)





	PCL
	7
	10
	10



	PVA
	17
	15
	10



	PVA:Gly
	11.5
	15
	10



	Core-shell
	20
	22
	Core: 27

Shell: 20
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Table 2. Average fiber diameter and pore size of each fabricated membrane.
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	Membrane
	Average Fiber Diameter (µm)
	Average Pore Size (µm)





	PCL
	0.274 ± 0.055
	2.573 ± 0.016



	PVA
	0.447 ± 0.073
	4.157 ± 0.056



	PVA:Gly
	0.402 ± 0.078
	4.217 ± 0.103



	Core-shell
	0.412 ± 0.082
	6.803 ± 0.035
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Table 3. The average modulus of elasticity, UTS, and elongation at break of the fabricated membranes.
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	Membrane
	Modulus of Elasticity

(MPa)
	Ultimate Tensile Strength

(MPa)
	Elongation at Break

(%)





	PCL
	2.86 ± 0.07
	4.23 ± 0.01
	120 ± 3



	PVA
	49.7 ± 0.556
	1.19 ± 0.1
	11.3 ± 2.02



	PVA:Gly
	241.3 ± 1.52
	5.69 ± 0.02
	19 ± 0.98



	Core-shell
	135.3 ± 3.05
	4.57 ± 0.04
	39.43 ± 0.58
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Table 4. The average contact angles and contact-angle images of the fabricated membranes.
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	Membranes
	Average C.A
	C.A Image





	PCL
	100 ± 8.1°
	 [image: Coatings 11 01130 i001]



	PVA
	~0
	−



	PVA:Gly
	~0
	−



	Core-shell
	47.4 ± 2.2°
	 [image: Coatings 11 01130 i002]
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