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Abstract

:

This study investigated the efficiency of chitosan/polyethylene oxide (PEO)-based nanofibers with incorporated bioactive glass particles as a coating for titanium alloy, in order to improve the bacteriostatic behavior and, concurrently, promote the production of mineralized tissue. Nanofibers with and without bioglass powder were fabricated by electrospinning technique and characterized using several microscopic and spectroscopic techniques in order to study their morphological and physiochemical properties. Subsequently, the substrates were tested in vitro against Staphylococcus epidermidis and SaOS-2 human osteosarcoma cell line. After in vitro testing, viability and CFU counting assays combined with fluorescence microscopy showed a clear decrease in bacterial growth on all substrates with increasing time. However, this trend was stronger for substrates coated with nanofibers. Formation of mineralized matrix upon exposure to osteoblasts was confirmed by means of SEM/EDX and the content/distribution of osteocalcin and osteopontin estimated by fluorescence microscopy. Incorporation of bioglass promoted biomineralization and stimulated osteoblasts to produce a higher amount of bone extracellular matrix. The present results suggest that a chitosan/PEO/bioactive glass nanofiber composite applied as coating on titanium alloys could concurrently improve antibacterial and osteoconductive properties and could be a potential candidate for dental and orthopedic applications.
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1. Introduction


In the orthopedic and orthodontic fields, titanium alloys are commonly employed for their exceptional combination of biocompatibility, chemical stability, mechanical strength, fatigue resistance and high corrosion resistance [1,2]. However, these materials present some disadvantages that need to be addressed. One of these regards the bacterial-associated diseases/infections during surgery, which could not only lead to implant failure, but also have deleterious side effects. In order to reduce the risk of infection, many preventative strategies have been proposed with the aim of improving the antibacterial ability of the material before surgery [3,4]. Most of the solutions suggested for obtaining an antibacterial surface without losing its bioactivity were based on the use of coatings. One processing technique developed and used nowadays to produce coatings is electrospinning. The type of polymer employed is an important factor responsible for the features of the nanofibers [5]. One of the most used materials for the development of electrospinning nanofibers is chitosan (CS), a biopolymer obtained by deacetylation of chitin, which consists of repeating units of N-acetyl-D-glucosamine and N-glucosamine linked by glycosidic bonds [6]. It possesses various technological properties like biodegradability and biocompatibility, as well as antiviral, insecticidal and antimicrobial activity [7]. CS nanofibers, in particular, were found to be effective in inhibiting the growth of several bacterial strains [8,9,10,11]. Furthermore, due to its structural similarity with glycosaminoglycan (which is one of the main bone and cartilage constituents), it plays important roles in the attachment, differentiation, and morphogenesis of osteoblast cells, providing the cell signals necessary for bone formation [12,13,14]. CS is used in the production of different hybrid scaffolds upon mixing with a second polymer. An example is represented by polyethylene oxide (PEO), a synthetic polymer as a second component in order to improve spinning stability and increase the chain entanglement of chitosan, while the electrical conductivity of the spinning solution decreases [15,16,17,18]. This mixture facilitates fiber formations.



Through electrospinning technique, it is possible to incorporate a variety of bioactive inorganic materials into the polymeric fibers. Among these there are bioactive glasses (BGs), which are commonly used as promising scaffold materials for bone and soft tissue regeneration [19]. For orthopedic applications, different composite nanofiber scaffolds have been developed using CS and other polymers and incorporating bioactive glasses [20,21,22,23,24]. However, in literature no comparison of these composite coatings with uncoated titanium alloys has been yet provided in order to evaluate effectively the antibacterial effect and the simultaneous osteoconductive activity. In this study, the major objective was to produce composite nanofibers deposited on titanium alloy disks using CS blended with polyethylene oxide (PEO) and BG incorporated into the solution in order to improve the bioactivity and the antimicrobial properties of the bulk. The bacteriostatic behavior and the bone tissue formation were monitored in comparison with Ti-alloy and CS/PEO nanofibers without BG, investigating the properties of the different substrates and subsequently performing different biological tests.




2. Experimental Procedures


2.1. Materials


Polished titanium Grade 5 alloy (Ti–6Al–4V ELI) discs (Ti-alloy, henceforth) (distributed by Vincent Metals, Minneapolis, Minnesota) were used as substrates for this work. The composite fibers were produced using Polyethylene oxide (PEO) powder (Mw ~ 2,000,000 Da, Fujifilm Wako Co., Osaka, Japan), low-molecular weight chitosan (CS) powder (Mw ∼ 100,000 Da, SE Chemical Ltd., Kyoto, Japan), Standard 45S5 Bioglass® (BG) powder (Mo-Sci Corporation, Rolla, MO, USA), and acetic acid (99.9% pure, Fujifilm Wako Pure Chemical Industries, Ltd.). Crosslinking was obtained using Glutaraldehyde (GA) (25% in water) (NACALAI TESQUE, Inc., Kyoto, Japan).




2.2. Sample Preparation by Electrospinning


A CS solution with a concentration of 7 wt% was prepared by dissolving chitosan powder in a mixture of solvents of acetic acid and water (7:3 w/w). The mixture was mixed for two hours using a planetary centrifugal mixer (ARE-310, Thinky Co., Tokyo, Japan). The prepared solution was further mixed by a magnetic stirrer for two days at room temperature to obtain a homogeneous solution. At this point the solution was divided in two classes, one with BG (15 wt% of CS) and one without. Then the PEO powder was added to the obtained solutions with the CS (PEO weight ratio of 2/8). The concentration of chitosan, bioglass and PEO were decided following previous studies presented in literature [25,26,27]. The mixtures were further mixed for 1 h using a planetary centrifugal mixer. The viscosity of each solution was measured by a vibronic viscometer (SV-100A, A&D Co., Japan) at 25 °C; each solution was examined three times (Table 1). The PEO/CS/BG solutions presented a higher value (1.70 ± 0.05 Pa) than the solution without BG (1.05 ± 0.01 Pa).



The fibrous coating layer was prepared using an electrospinning system of our own design (Figure 1).



During the electrospinning process, the feed rate of the solution was kept at 0.1 mL h−1 by a syringe pump (KDS-100, KD Scientific Inc., Holliston, MA, USA). A voltage of 27 kV, generated from a high voltage power supply (HVU-30P100, MECC Co., Japan), was applied to the 30 G needle. The distance between the needle and the collector was fixed at 10 cm. A rotating drum covered by an aluminum foil was used as a collector with a constant rolling rate of 120 rpm. The relative humidity and temperature were monitored by a hygrothermograph placed inside the electrospinning chamber and maintained at the values of 55 ± 5% and 24 ± 2 °C, respectively. Circle-shaped Ti-alloy substrates with a diameter of 12.7 mm were fixed on the stainless steel drum covered by an aluminum foil as a collector. Before the coating procedure, the substrates were washed, sonicated in ethanol/acetone (1:1 w/w) for 30 min and left for drying at 50 °C in the oven. After the coating procedure, all the samples were dried under vacuum for 12 h at 50 °C to completely remove any retained solvents. The samples were placed in a vapor chamber containing 20 ml of GA and were allowed to crosslink the fibers for 24 h. After the crosslinking process, the samples were dried under vacuum for 12 h at 50 °C to remove any remained GA.




2.3. Pre-Test Characterization


In order to verify the wettability of the fibers, the contact angle measurements were conducted using a Phoenix 300 contact-angle system (Kromtek Co., Selangor, Malaysia) at 20 °C. The droplets were further measured using Image software (Rasband, W.S., ImageJ, National Institutes of Health, Bethesda, MD, USA). Briefly, five microliters of deionized water were dropped onto the surface of the substrates, respectively. The average water contact angle value was obtained by measuring at least three different locations across the same sample surface.



FTIR analysis was performed via Attenuated Total Reflection Fourier Transform Infrared spectroscopy (ATR-FTIR, FTIR-4700 with ATR PRO ONE equipped with a diamond prism, Jasco Co., Tokyo, Japan) and samples were scanned between 400 and 2000 cm−1 with a resolution of 4 cm−1 and 100 scans. All results were based on six replicates collected in different areas for each sample. The spectral acquisition and pre-processing of raw data, which included baseline subtraction, smoothing, normalization and fitting, were carried out and interpreted using commercially available software (Origin 8.5, OriginLab Co., Northampton, MA, USA, and LabSpec, Horiba/Jobin-Yvon, Kyoto, Japan).



Surface morphology was characterized at micrometric level with a confocal scanning laser microscope (Laser Microscope 3D and Profile measurements, Keyence, VKx200 Series, Osaka, Japan) capable of high-resolution optical images with depth selectivity. Assembled maps of each sample were collected at 10X and 150X magnifications with numerical apertures between 0.30 and 0.95. The instrument was equipped with an automated x-y stage and autofocus function for the z-range. In order to calculate average roughness (Ra) and mean roughness depth (Rz) values, 25 images randomly acquired from each map surface were used.



Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) (SM-700 1F, JEOL, Tokyo, Japan) were used to acquire high-resolution images and chemical composition maps fibers treated with BG. The substrates were collected on the SEM sample base and then sputter-coated with a layer of platinum before being measured with FE-SEM at an accelerating voltage of 15 kV using different magnifications. The diameters of the fibers were obtained from five SEM images for 200 fibers using image processing software (ImageJ). Data collected using EDX have been performed at 5000X magnification and accelerating voltage of 15 kV.




2.4. Bacterial Culture and Characterization


Freeze-dried pellets of Gram-positive Staphylococcus epidermidis (ATCCTM 14990® purchased from American Type Culture Collection (ATCC)) (S. epidermidis, henceforth) were hydrated in heart infusion (HI) broth (Nissui, Tokyo, Japan) and incubated at 37 °C for 18 h in brain heart infusion (BHI) agar (Nissui). The mixture was subsequently assayed for colony forming units (CFUs) and diluted to a concentration of 1 × 108 CFU mL-1 using phosphate-buffered saline (PBS) in physiological pH and ionic strength. The bacterial suspension was then transferred in 100 μL aliquots onto Petri dishes containing the substrate samples embedded in BHI medium and incubated at 37 °C under aerobic conditions for 12, 24 and 48 h. Following, cell viability was evaluated by a tetrazolium-based assay using the Microbial Viability Assay Kit (WST-8, Dojindo). Substrates were collected and soaked in 1000 μL of PBS in 12-well plates. WST-8 solution was added to each well and OD values measured (the absorbance at 490 nm) using plate reader EMax (molecular devices, San Jose, CA, USA) after incubation for 30–60 min.



The bacterial fluid recovered from the biofilm was diluted with 10-fold serial dilution from 10−1 to 10−5 by PBS, followed by 100 μL of each dilution spread on a chocolate blood agar (CBA) plate. After 4 days of anaerobic culture at 37 °C, the colony number of the plate at an appropriate dilution was counted. The CFU/ml was calculated using the formula: CFU/ml = (no. of colonies x dilution factor) x 10.



At each time point, the test and control samples were observed by fluorescence microscopy (BZ-X700, Keyence, Osaka, Japan). For visualization, bacteria were stained with two different solutions: (i) 4′,6-diamidino-2-phenylindole (DAPI), which binds to and stains DNA blue, thereby imaging the nucleus location; (ii) 5(6)-carboxyfluorescein diacetate (CFDA, Dojindo, Kumamoto, Japan); and, (iii) propidium iodide (PI, Dojindo, Kumamoto, Japan). PI’s red color highlighted dead or injured bacteria. Conversely, CFDA’s green color revealed living bacteria. The staining protocol consisted of adding 1 μL of DAPI, the PI solution, and 15 μL of CFDA solution to the samples, and then incubating them for 5 min at 37 °C. After removing the buffer, the cells were analyzed under the fluorescence microscope.




2.5. Osteoblast-Like Cells Culture and Characterization


SaOS-2 human osteosarcoma cells were first cultured and incubated in 4.5 g/L glucose DMEM (D-glucose, L-Glutamine, Phenol Red, and Sodium Pyruvate) supplemented with 10% fetal bovine serum. They were allowed to proliferate within Petri dishes for 24 h at 37 °C. The final SaOS-2 concentration was 5 × 105 cell/ml. The cultured cells were then deposited on the top surface of the substrates previously sterilized by exposure to UV light. In the osteoconductivity tests, cell seeding took place in an osteogenic medium, which consisted of DMEM supplemented with 50 μg/mL ascorbic acid, 10 mM β-glycerol phosphate, 100 mM hydrocortisone, and 10% fetal bovine calf serum. The samples were incubated up to 7 days at 37 °C. The medium was changed twice during the incubation period.



After exposure to osteoblasts, each batch of different samples was observed using a fluorescence microscope (BZ-X700, Keyence, Osaka, Japan). Prior to examination, the sample surfaces were treated with different immunostaining reagents, including Hoechst 33342 (Dojindo, Kumamoto, Japan), anti-Human Osteocalcin (Takara Bio, Shiga, Japan) (Clone 5-12H, Isotype IgG2b) and anti-Human Osteopontin Rabbit polyclonal antibody (IBL, Gunma, Japan). Hoechst 33342, a cell nucleus stain, served to visualize cell proliferation, while the other two antibodies were used to stain matrix proteins osteocalcin and osteopontin, respectively, whose concentration quantifies the process of mineralization and bone matrix formation. Subsequently, a secondary antibody, Goat anti-Mouse IgG1 Antibody FITC Conjugated (Bethly Laboratories) and Goat anti-Rabbit Antibody PE Conjugated (Bethly Laboratories) were added to enhance signal detection and visualization. In addition, the cell mineralization pattern on the substrates was qualitatively assessed by SEM/EDX.



The scaffolds were dehydrated by using an ethanol–water solution and kept in a fume hood to dry at room temperature. After the scaffolds were dried, they were sputter-coated with platinum and observed.




2.6. Statistical Analysis


The experimental data were analyzed with respect to their statistical meaning by computing their mean value ± one standard deviation and using one-way ANOVA for pre-test characterization tests (morphology and contact angle) and two-way ANOVA with Tukey’s post hoc analysis for biological assays (Microbial Viability assay and CFU counting); p < 0.05 was considered statistically significant and labeled with an asterisk.





3. Results


3.1. Pre-Test Characterization


Figure 2 shows representative images of water contact angles as measured on the three samples. The uncoated Ti-alloy substrate was the least hydrophilic and presented a contact angle of 71° ± 1°. The two samples coated with fibers achieved a remarkable improvement in hydrophilicity, in particular the CS/PEO with a contact angle of 18° ± 3°, while the one functionalized with BG had a contact angle of 34° ± 1°.



In order to fully characterize the starting materials, dominant peaks of FTIR spectra of BG, CS, PEO, CS/PEO, and CS/PEO/BG (a–e) were identified as shown in Figure 3.



The spectrum of PEO presented main bands of asymmetric and symmetric stretching of C=O at 1110 and 1146 cm−1, respectively [28,29]; and bands related to CH2 asymmetric stretching (1287 cm−1), CH2 symmetric twisting (1241 cm−1) and two bands related to CH2 wagging (1348 and 1360 cm−1), respectively [28,30,31,32]. About CS, two main ranges between 1000 and 1200 cm−1 and between 1500 and 1700 cm−1 are characteristic of the compounds. In the first range, mainly, there are bands of C-O stretching (1029 cm−1) and symmetric and asymmetric stretching of C-O (1066 cm−1), while the second range is characterized by vibrational modes of amide II (N-H bending at 1557 cm−1), amide I (stretching C=O and N-H bending at 1663 and 1595 cm−1, respectively) [28,30,33,34,35]. About the spectrum of BG, three distinct and very broad bands can be identified at 934 cm−1 (Si-O stretching), 1035 cm−1 (Si-O-Si bending) and 1463 cm−1 (carbonate species) [36,37].



The two spectra related to nanofiber-coated surfaces, with and without BG, were analyzed and fitted as reported in Figure 4 and a summary of all the main bands with the indications of the assignment is provided in Table 1 [28,29,30,31,32,33,34,35,36,38,39,40]. Bands indicated previously and referred to PEO and CS compounds are labeled. The spectrum of CS/PEO/BG, in particular, presents Band 3, located at 934 cm−1 and assigned to Si-O stretching, and shows an increase in Band 6 (1029 cm−1), which derives from the contribution of BG (band related to stretching Si-O-Si located at 1035 cm−1). Another important difference is the increase of Band 20 (from 1562 cm−1) (N-H bending of amide II) observed in the CS/PEO/BG spectrum. Analog behavior was detected for Band 21 (1595 cm−1) (N-H bending). Another important feature appearing in both spectra is a preponderant peak located at 1634 cm−1, which corresponds to the imine bond C=N of the Schiff’s base structure, which occurred during crosslinking between amino groups of chitosan and aldehyde groups of glutaraldehyde.



Laser micrographs of the three tested surfaces are shown in Figure 5a–c as obtained at two different magnifications. Images collected at 10X revealed the how the fiber coatings are distributed on all the Ti-alloy surfaces. Some raised clusters are clearly visible and related to the drying of polymer droplets on the tip of the needle during the electrospinning. These areas influenced the Rz parameters for each of the types of substrates coated by electrospinning. Analyzing the topology of the Ti-alloy, the surface appeared affected by long grooves with a depth in the micrometer order clearly visible at both magnifications. Average roughness value, Ra, and mean Roughness depth, Rz, were obtained by laser profilometry and their differences statistically validated.



The graphs reported in Figure 6 display the same trend. The Ti-alloy uncoated showed statistically relevant differences (p < 0.05) with both of the other two fiber-coated substrates possessing the lowest average roughness and mean roughness depth, 0.23 ± 0.01 μm and 3.73 ± 0.41 μm, respectively. About CS/PEO (Ra 0.85 ± 0.18 μm and Rz 17.48 ± 4.26 μm) and CS/PEO/BG (Ra 0.84 ± 0.17 μm and Rz 16.01 ± 1.69 μm), no statistical differences were identified between each other.



The fiber distribution and size was measured by using SEM (Figure 7). CS/PEO fibers (Figure 7a) were smooth and randomly oriented with a narrow distribution of diameters (Figure 7b), 294 ± 64 nm. The average fiber diameter for CS/PEO/BG was bigger (493.21 ± 77.11 nm) (Figure 7d) and some groups presented the same orientations adhering together (Figure 7c). Another important feature regards the formation of nanowebs within the nanofibers, clearly visible especially in the CS/PEO, with a diameter varying from 50 to 90 nm. These ultrathin nanowire formations are attributed to the phase separation of charged droplets generated during electrospinning under high electric forces, including electrostatic force, drag force, and gravity.



EDX mapping, collected at 5000X magnification, permitted to reveal the distribution of different elements, in particular carbon (red color), as the major components of fibers and silicon and calcium (green and blue, respectively), indicating the BG particles in the fibers (Figure 8). The CS/PEO (Figure 8a) shows clearly the absence of both silicon and calcium, while in the CS/PEO/BG (Figure 8b) they are clearly observable, especially silicon as the major component of BG particles, which showed large bright green spots compared with calcium represented by small spots deposited on the fibers.




3.2. Bacterial Tests: Microbial Viability Assay, CFU Counting and Fluorescence Microscope


As shown in Figure 9a,b, bacterial cell viability and CFU counting was performed at three different times, 12, 24 and 48 h, respectively. About the Microbial viability assay (Figure 9a), at 12 h CS/PEO/BG showed the highest OD value (1.72 ± 0.06), indicating the largest living bacteria number among the samples. Ti-alloy and CS/PEO had lower OD values (1.15 ± 0.08 and 0.98 ± 0.06) and did not present any significant difference between each other (p < 0.05). A general decrease of OD value occurred for all the samples analyzed at 24 h. The bacterial growth trend of CS/PEO presented the lowest OD value (0.43 ± 0.02), as compared to OD values for Ti-alloy (0.51 ± 0.03) and CS/PEO/BG (0.53 ± 0.01), which were not significantly different (p < 0.05). At 48 h of exposure, CS/PEO/BG had the lowest OD value (0.41 ± 0.01), while Ti-alloy presented a slight increase and the highest OD value (0.65 ± 0.02), whereas CS/PEO (0.44 ± 0.02) had an intermediate OD value. At this time of exposure, OD values between the tested samples were significantly different (p < 0.05).



Figure 9b displays the antibacterial activity performed by fiber-coated substrates evaluated by a time-lapse CFU counting assay obtained after culturing the bacteria collected from the surface. Results indicated a CFU number decreasing with the time increase on all the substrates treated. At all three times of exposure, uncoated Ti-alloy had the highest OD value compared with the two fiber-coated substrates. These latter did not show significant differences between each other at 12 h and 24 h, but at 48 h CS/PEO showed the lowest amount of CFU/ml compared to CS/PEO/BG (p < 0.05).



Fluorescence micrographs were obtained for all samples after first staining them with PI, CFDA, and DAPI markers, which colored dead bacteria (red), live bacteria (green), and nuclei (blue), respectively. Figure 10 illustrates images collected at 12 h of the different samples after exposure to S. epidermidis (constant magnification of 4X). On CS/PEO/BG a high amount of cells, homogeneously distributed, was detected and most of them corresponded to living cells (cf. DAPI blue-stained and CFDA green-stained micrographs in Figure 10c). Differently, in images of Ti-alloy substrates (Figure 10a), bacteria were located in few spots related to both living and dead cells. Also on CS/PEO, bacteria were not homogeneously distributed and the PI-red stained images in the micrographs indicated how these areas were associated to dead bacteria (Figure 10b).



Images were collected at 48 h for all the samples shown in Figure 11. For Ti-alloy substrate, a relatively high amount of bacteria was detected over the entire sample’s surface (cf. DAPI blue-stained micrographs in Figure 11b). The level of living bacteria was still high, as suggested by the CFDA green-stained areas, but some PI red-stained areas associated with dead bacteria clearly indicated that lysis had occurred. Micrographs of CS/PEO (Figure 11b) presented a relatively low density of bacterial cells. They were located in few areas not homogeneously distributed on the entire surface and containing both dead and living cells. Regarding the CS/PEO/BG substrate, bacterial cell density seemed lower than on Ti-alloy (cf. DAPI blue-stained micrographs in Figure 11c), even if distributed over the entire surface. No huge spots of cells related to colony were present as seen in micrographs collected of the other two samples. The amount of green-stained living bacteria was lower compared with red-stained dead cells (cf. CFDA and PI-stained micrographs in Figure 11c); this indicated a reduction of cell proliferation concurrent with an increase of cell lysis.




3.3. Osteoconductivity Tests: SEM/EDX and Fluorescence Microscope


Mineralization pattern of SaOS-2 cell-grown apatite on the three samples was provided by SEM/EDX, as shown in Figure 12a–c. SEM images, collected at 500X, showed significant differences among the samples. In particular CS/PEO did not show high-mineralized matrix formation. Few small spots were located randomly on the surface and they were related to calcium (Ca) (blue) and phosphorous (P) (green), indicating the beginning of mineralization as shown by EDX. The carbon (C) signal arises from the fiber substrate and not from the presence of an organic matrix. The Ti-alloy SEM image presented bigger mineralized areas associated to bone formation. This was confirmed by the EDX image where Ca-blue and P-green stained areas of mineral components were surrounded by organic matrix (C-red stained). As with Ti-alloy, the CS/PEO/BG substrate also presented some mineralized nodules having a larger size, compared to the ones in CS/PEO. The EDX image confirmed that these were related to mineral and organic components of mineralized tissue. In particular, red-stained areas associated to the matrix indicated how the mineralization process was progressing faster. An important aspect displayed by SEM images was also that no scratches, holes, or fiber dissolution were involved, indicating how the crosslinking increased stability in the solution.



Figure 13 shows the results of fluorescence microscopy obtained after treatment with different staining in order to verify the presence of osteocalcin and osteopontin, two osteoblast differentiation markers used to detect the bone formation process. CS/PEO/BG images display a homogeneous distribution of cells and related osteocalcin and osteopontin small spots located on the entire surface (Figure 13c) and associated with a mineralized matrix enhancement. Differently, on the fiber-coated sample without BG, a very limited bioactive response to the cells, homogeneously distributed on the substrate, was detected due to weak signals of osteopontin and osteocalcin (Figure 13b).



On Ti-alloy substrates, as illustrated in Figure 13a, some big stained spots of osteocalcin and osteopontin are visible, even if not homogeneously distributed as on the CS/PEO/BG surface. Furthermore, different areas of nuclei seem distributed over most parts of the surface, indicating a cell adhesion promotion.





4. Discussion


The development of a coating for Ti-alloy made of CS/PEO fibers functionalized with BG by electrospinning method was studied by different techniques in order to understand the topography and chemistry of the coatings. The most important aspect that emerged during pre-test characterizations was the variation of the fibers’ physiochemical and morphological properties, correlated with the presence of BG. Before electrospinning, the solution containing BG presented a higher viscosity and this could be correlated with an increase in fiber diameter. Incorporating BG, the presence of rigid particles increased the shear viscosity of dilute suspensions compared to that of neat liquids. These results are consistent with previous reports, which show how an increase in viscosity arises from implementing the polymeric solution for electrospinning with bioactive powders, in turn affecting the fiber size and distributions [41,42]. Consequently, the change in fiber diameter had an effect on wettability. In fact, substrates with CS/PEO/BG had a higher contact angle than samples without bioglass. These data also found confirmation in other works in literature in which changes in voltage led to fibers with different diameters. Analyses of contact angle showed that by increasing the size of the fibers the contact angle also increased [43]. Adding BG into the mixture usually produces a relatively rough and more hydrophilic surface [23], but in our case the use of bioglass did not bring any variation in terms of average roughness or mean roughness depth, despite the presence of small particles related to silicon and calcium as detected by EDX.



The increase in roughness derived from the contribution of fiber distribution did not affect the bacterial adhesion since, as seen through the 12 h Microbial viability test, the optical density value did not change much between the Ti-alloy and the CS/PEO substrates. In the case of CS/PEO/BG, the high degree of optical density related to the number of living bacteria on the surface can be associated to the presence of BG. This is because during the fiber preparation process BG interacted with CS. In particular, in the FTIR spectrum there was an increase in intensity for bands related to NH bending of the amide groups and, especially, the band located at 1560 cm−1 was found to be an index of interactions between BG and chitosan [23,44]. The dissolution of chitosan in dilute acetic acid leads to the protonation of NH2 groups [21,45]. The incorporation of BG initially inhibited the effect of chitosan as visible at 12 h by WST and fluorescence microscope images. With the dissolution of BG over time, the protonated NH3+ of the CS could interact through electrostatic forces with electronegative sites on the surface of the bacterial membrane, promoting changes in membrane wall permeability (osmotic imbalances), inhibiting bacterial growth, leading to leakage of intracellular electrolytes as proteins and other low molecular weight constituents, and binding the cell via protonated amino groups, which in turn led to inhibition of the microbial RNA synthesis [44,46,47,48,49,50,51,52]. In fact, the antibacterial behavior of the chitosan was clearly visible on both coated surfaces at 24 and 48 h compared to Ti-alloy, according to both Microbial viability sssay and CFU counting.



The tests with osteoblasts highlighted some important aspects related to the formation of a mineral and organic matrix on various surface samples. The incorporation of BG into the CS/PEO fibers led to a marked improvement compared to the CS/PEO fibers and Ti-alloy. This represented a further confirmation of how BG acts as a source of ions that can be used by osteoblasts to produce mineral (hydroxyapatite) [53]. When in physiological solution with cells that ion species derive from dissolution of the glass, they produced an increase of pH with the formation of silanol Si-OH groups, which subsequently tend to form a SiO2 layer. This latter attracts Ca2+ and PO43−, forming calcium phosphate clusters into the newly mineralized tissue, and enhances activation of osteogenic biomarkers [39]. The homogeneous distribution of cells on the surface of CS/PEO/BG was another important aspect that emerged compared to the Ti-alloy, capable of stimulating a localized adhesion and production of large clusters of mineralized matrix. Also the CS/PEO substrates presented homogeneous distribution of nuclei on all the surfaces, but the formation of mineralized tissue was at the initial states seen in all the results, indicating how the implementation with BG strongly improved the osteoconductive performance.




5. Conclusions


The development of a new coating on Ti-alloy composed of chitosan, polyethylene oxide and bioglass and made by Electrospinning was tested with osteoblast-like cells (SaOS-2) and Gram-positive S. epidermidis to investigate osteoconductive activity and bacteriostatic behavior. The data obtained through pre- and post-treatment analyses revealed differences between the different substrates, which led to the following conclusions:




	
By adding bioglass to the polymeric solution, the viscosity increased significantly and this involved changes in the fibers’ morphological and physiochemical properties (diameter of the fibers and wettability);



	
Both coatings showed a more effective action against bacteria over time compared to uncoated Ti-alloy, even if in the case of coating of nanofibers with bioglass there was an initial adhesion and proliferation due to the presence of glass, partly inhibiting the antibacterial effect of chitosan;



	
Cells adhered to all substrates, but the coating incorporated with bioglass provided a better performance regarding the formation of mineralized tissue because some areas related to mineralized organic matrix (osteocalcin and osteopontin) were homogeneously distributed on the entire surface.








In conclusion, applying a composite coating of chitosan fibers, polyethylene oxide and bioglass on Ti-alloy substrates results in the combined action of chitosan and bioglass bringing significant improvements to the surface properties of the substrates, inducing stronger and durable antibacterial resistance and simultaneously implementing the formation of mineralized tissue.
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Figure 1. Photograph of the electrospinning system used. 
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Figure 2. Water contact angle measurements on Ti-alloy and two Ti-alloy nanofiber-coated substrates (each sample labeled with a different color). Three substrates for each class were tested. CS: chitosan; BG: bioactive glass; PEO: polyethylene oxide. 
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Figure 3. FTIR spectra of BG (a), CS (b), PEO (c), CS/PEO (d) and CS/PEO/BG (e) nanofibers. The labels, differently colored, indicate the most represented bands of BG (green), CS (red) and PEO (black). 
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Figure 4. FTIR spectra of CS/PEO (a) and CS/PEO/BG (b) nanofibers. The numbers correspond to the positions of bands whose assignments are listed in Table 1. 
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Figure 5. 3D laser micrographs of the three different substrates (Ti-alloy (a), CS/PEO (b) and CS/PEO/BG (c)) obtained before bacterial and osteoblast treatments at two different magnifications (10X and 150X). 
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Figure 6. Comparison of roughness parameters, Ra and Rz of the substrates samples; the values are obtained calculating the parameter in 25 images collected at 150X on each surface substrates labeled with three different color (ns = non-significant; p < 0.05). 
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Figure 7. SEM images (collected at 5000X magnification) and diameter distributions of the electrospun nanofiber coatings (CS/PEO (a,b) and CS/PEO/BG (c,d)). The diameter size distributions were obtained analyzing 200 fiber sizes on each surface. 
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Figure 8. Images collected using EDX elemental maps pf CS/PEO (a) and CS/PEO/BG (b) converted in different colors (blue for calcium, green for silicon and red for carbon) and overlaid on the SEM images in order to verify the incorporation of bioglass inside the fibers. EDX maps and SEM images were collected at 5000X magnification. 
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Figure 9. Experimental time-lapse results and statistical validation of (a) OD measurement related to Microbial viability assay and (b) CFU counting on the three substrates labeled with three different colors. 
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Figure 10. Fluorescence micrographs after PI, CFDA, and DAPI staining of S. epidermidis exposed for 12 h to: (a) Ti-alloy, (b) CS/PEO and (c) CS/PEO/BG. Live and dead cells are labeled with green and red stains, respectively, whereas nuclei display in blue color. Images were obtained at a 4X magnification. 
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Figure 11. Fluorescence micrographs after PI, CFDA, and DAPI staining of S. epidermidis exposed for 48 h to: (a) Ti-alloy, (b) CS/PEO and (c) CS/PEO/BG. Live and dead cells are labeled with green and red stains, respectively, whereas nuclei display in blue color. Images were obtained at a 4X magnification. 
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Figure 12. SEM images of bone formation on the three substrates and EDX elemental maps labeled calcium (blue), carbon (red) and phosphorous (blue) to identify the presence of the mineral. SEM images were collected at 500X (Ti-alloy (a), CS/PEO (b), CS/PEO/BG (c)), while EDX maps and related SEM images were collected at 5000X. 
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Figure 13. Fluorescence microscopy images collected on Ti-alloy (a), CS/PEO (b), and CS/PEO/BG (c) substrates: blue stain (osteoblast nuclei), red stain (osteopontin), and green stain (osteocalcin). Images collected at 4X. 
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Table 1. List of FTIR band assignments related to CS/PEO and CS/PEO/BG.
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	Number
	Position (cm−1)
	Assignments
	References





	1
	843
	CH2 rocking
	[38]



	2
	900
	wagging (C-H)
	[28]



	3
	934
	Si-O stretching
	[28]



	4
	958
	CH2 rocking of methylene group
	[38]



	5
	999
	CO group
	[39]



	6
	1029 (1034)
	stretching C-O, (Si-O stretching)
	[28,30,(36)]



	7
	1066
	symmetric and asymmetric stretching (C-O)
	[28,30]



	8
	1110
	Asymmetric stretching (C-O-C)
	[29]



	9
	1146
	Symmetric stretching (C-O-C)
	[28]



	10
	1159
	(carbonyl bands) bridge C-O-C
	[28,30]



	11
	1241
	Symmetric twisting CH2
	[31]



	12
	1287
	Asymmetric twisting CH2
	[32]



	13
	1315
	C-N stretching, C-H symmetric stretching (CH3) (amide III)
	[28]



	14
	1348
	CH2 wagging (C-H)
	[31]



	15
	1374
	CH3 bending
	[28,30]



	16
	1420
	CH2 bending
	[28,30]



	17
	1456
	Asymmetric and symmetric CH2 bending
	[29]



	18
	1470
	Asymmetric CH2 bending
	[38]



	19
	1518
	N-H deformation and C-N stretching of amide II
	[34]



	20
	1557
	N-H bending (amide II)
	[35]



	21
	1595
	N-H bending
	[33]



	22
	1634
	N-H bending of NH2, C=N stretching (Schiff base)
	[40]



	23
	1663
	Stretching C=O (amide I)
	[34]



	24
	1713
	Carboxyl band (C=O)
	[35]











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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