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Abstract. 
The aim of this research was to evaluate novel biomaterials for neural regeneration. The investigated materials were composed of polyurethane (PU) and polylactide (PLDL) blended at three different w/w ratios, that is, 5/5, 6/4, and 8/2 of PU/PLDL. Ultrathin fibrous scaffolds were prepared using electrospinning. The scaffolds were investigated for their applicability for nerve regeneration by culturing rat olfactory ensheathing glial cells. Cells were cultured on the materials for seven days, during which cellular morphology, phenotype, and metabolic activity were analysed. SEM analysis of the fabricated fibrous scaffolds showed fibers of a diameter mainly lower than 600 μm with unimportant volume of protrusions situated along the fibers, with nonsignificant differences between all analysed materials. Cells cultured on the materials showed differences in their morphology and metabolic activity, depending on the blend composition. The most proper morphology, with numerous p75+ and GFAP+ cells present, was observed in the sample 6/4, whereas the highest metabolic activity was measured in the sample 5/5. However, none of the investigated samples showed cytotoxicity or negatively influenced cellular morphology. Therefore, the novel electrospun fibrous materials may be considered for regenerative medicine applications, and especially when contacting with highly sensitive nervous cells.
 


1. Introduction
Nervous system is well known for its relatively low ability to regenerate comparing with other systems and organs. Posttraumatic or disease caused injury in nervous system is always very debilitating lesion. For this reason, search for new treatment solutions, implants that will match in the best way with neuroregeneration process requirements, is intensively continued [1–8]. The common methodology in tissue engineering is to mimic the architecture of the native extracellular matrix (ECM), which plays a significant role in regulating cellular behaviour [1–7]. The interest in fibrous scaffolds for regenerative medicine is based on the electrospun micro-/nanofibers of high resemblance to the hierarchical fibrillary arrangement of the ECM [1–7].
Fibrous meshes prepared by electrospinning technique have numerous advantages, such as high specific surface area, inordinate porosity, low density, high gas and liquid permeability, good mechanical properties, and possibility of surface functionalization [9–15]. High porosity and fibrous structure facilitate cell adhesion and infiltration [9], neurite contact guidance [10–12], axon penetration [12, 13], and diffusion of nutrients and waste substances, all of which act to enhance integration of the polymer scaffold with the tissue [9–13]. Polymers processed by the electrospinning technique are used with considerably increasing interest for both central and peripheral neural tissue engineering ([1, 16–18] and references cited therein).
Conventionally, electrospun fibrous scaffolds have been fabricated from sole polymer sources [5, 11, 19–30], but recently combinations of polymers have been used to create polyblend fibers [1, 10, 14–36]. Polyurethanes (PU) and polylactide (PLDL) are known to be used as biodegradable scaffolds (in vitro) [25, 30] and implants (in vivo) [37, 38]. Polyurethanes have been extensively applied for different tissues engineering and clinical applications due to their biocompatibility [30, 35, 37, 38], suitable mechanical properties, and excellent elasticity [29, 30, 37, 38]. Polylactide was found to be attractive for regenerative medicine application because of its high biocompatibility and biodegradability; however, its rigidness is usually a disadvantage [20, 33, 37, 38]. Recently, polyurethane and polylactide compositions were used for the manufacture of tube-shaped implants for sciatic nerve repair [37, 38]. Biodegradable polyurethane is an elastic material and more hydrophilic (and thus slower degrading). Biodegradable polyurethanes are ideal candidates for fabricating neural tissue engineering scaffold, with mechanical properties akin to resilient soft tissues. In contrast, bioresorbable polylactide is a rigid polymer, more hydrophilic (and thus faster degrading), and easier in processing. Polylactides are widely proposed for the manufacturing of fibrous scaffolds for neural cell culture, as well as polyurethane. The two biocompatible polymers were combined with different ratios, because it is important to control the mechanical properties and degradation rate of a scaffold as the scaffold should degrade in appropriate matching rate as nerve tissue growth. The PU/PLDL blend can be either rigid or flexible, depending on the polymer ratio, and is a composite material of choice for a broad range of tissue engineering application such as nerve conduits. On the basis of previous research [37] and in vitro test [publication in press], it was found that a PU/PLDL blend is suitable for peripheral nerve regeneration and cultivation of OECs. Following experiments has led to choose the right blend composition that matched surgical requirements, implantation bed, and regenerating tissue optimally. It was also found that it is possible to achieve a variety of properties of the implant by changing the polymer composition. Good results from those studies were reasons to examine applicability of these polymers in studies concerning the central nervous system.
The biological evaluation of novel biomaterials can be based on different research models, including primary mammalian cell cultures. Usually the materials designed for neural tissue are being evaluated using neural cell lines, like Schwann cells, astrocytes, or neurons [39–43]. The determination of particular cellular responses to tested biomaterials delivers valuable information about materials biocompatibility and possible cytotoxic character prior to in vivo research. The cell adhesion support is one of the most essential characteristics, determining the ability of stem or precursor cells to colonize the material before or after its transplantation [44, 45]. In materials designed, for example, for peripheral nerve regeneration, their ability for supporting the adhesion of Schwann cells is highly desired, as these cells are directly involved in restoration of broken neural tracts [46]. Moreover, the cellular morphology and phenotype cannot be altered in response to the biomaterial [47].
Olfactory ensheathing cells (OEC) have been found to be promising regenerative medical tool for regeneration in central nervous system injuries. Olfactory ensheathing glial cells are present within the outer layers of olfactory bulb and possess the ability to support neural and glial cell differentiation, most importantly regrowth of severed long neural tracts. The olfactory ensheathing oligodendrocytes resemble the Schwann cells, while they ensheath the nonmyelinated neurons and adopt the bipolar morphology in culture. OEC may also be characterized by the presence of glial fibrillary acidic protein (GFAP) and the —the receptor for neurotrophin [48]. The application of these cells in experimental treatment of damaged neural tissue resulted in promising effects in both animal and human studies [49–51]. They have also been utilized for in vitro evaluation of various biomaterials [52–54]. In the future, as the use of OEC will be better known, they may be implemented in bigger posttraumatic injuries of nervous system that come with extensive tissue loss. In these conditions OEC have to be implanted with artificial ECM that will, at least temporarily, bridge the deficiency. For this use electrospun fibers are increasingly investigated.
In our work we employed the electrospinning method to prepare various polyurethane/polylactide fibrous scaffolds for in vitro colonization with olfactory ensheathing glial cells. During seven-day culture, dependence of cell metabolic activity and morphology on altered compositions of PU/PLDL fibrous nonwovens were investigated.
2. Materials and Methods
2.1. Materials
The polymer materials used in our study were polyurethane (PU) and poly(L-lactide-co-D,L-lactide) (PLDL), with molar ratio L-lactide to D,L-lactide 80 : 20. Biodegradable elastomeric polyurethane was purchased from BAYER Material Science. Polylactide PURASORB PLDL8038 was purchased from Purac Biochem BV, Netherlands. Dimethylformamide (DMF), as a solvent, and sterile-filtered water for molecular biology and cell culture were purchased from Sigma-Aldrich.
2.2. Electrospinning of PU/PLDL Nonwovens
A series of PU/PLDL solutions with different mixing ratios were prepared by dissolving polymer granules in DMF by magnetic stirring for 72 h at 40°C. The concentration of the solutions was 7.5%. The polyurethane-to-polylactide w/w ratios were 8 : 2, 6 : 4, and 5 : 5. The PU/PLDL solutions were distributed by a 5 mL-syringe pump at a constant flow rate of 0.1 mL/h. The distance between the spinneret (steel needle, diameter: 0.5 mm) and a collector (aluminium foil disc) was 15 cm and the voltage was 20 kV. All the PU/PLDL solutions were electrospun under the same laboratory conditions at 40°C, and fibers of various morphologies were produced. The electrospun PU/PLDL nonwovens were dried at room temperature, then circles of the diameter of 15 mm intended for cell culture were cut out and detached from aluminium foil, washed two times in sterile-filtered water, and stored for 24 hours at room temperature and then at 25°C under vacuum to remove the remaining solvent. The samples were sterilized via hydrogen peroxide cold plasma and stored in sterile packages (SIGMA–EN 868/ISO 11607, H2O2 plasma) for the subsequent use.
2.3. Characterization of PU/PLDL Nonwovens
Morphology of the electrospun fibers and fiber diameter were studied using a scanning electron microscope (Nova Nano SEM 200, FEI Europe Company, EVO LS15, Zeiss). Before observation, the scaffolds were coated with gold or carbon using a sputter coater. The diameter of the individual fiber was measured on the SEM micrographs (magnification 10000x) using image analysis software.
SEM images were taken for ten different fragments of each nonwoven. All the data presented are expressed as mean ± standard deviation (SD) of the mean. Statistical differences were determined by Student’s ten-sample -test. Differences were considered statistically significant at .
The surface wettability tests of polymer films (reference samples) and electrospun nonwovens were characterized by measuring the contact angle by means of the static sessile drop method. The measurements were performed by a contact angle goniometer (DSA 10Mk2, Kruss) of sterile distilled water droplet on the fibrous scaffolds, placed on the stainless-steel holder surfaces, at room temperature. The values of the contact angle were obtained by averaging the values of at least ten measurements for each sample.
2.4. Biological Evaluation
The biological evaluation of obtained materials included the determination of metabolic activity and morphological characterization of cultured olfactory ensheathing glial cells, as the population of high regenerative properties.
2.4.1. Cell Isolation
Biological experiments were approved by the Local Ethics Committee. Glial cells derived from olfactory bulb were isolated using the modified procedure described earlier [48, 55]. Olfactory bulbs dissected from three neonatal pups’ brains were placed in Hank’s balanced salt solution (HBSS). Tissues were extensively washed, minced with scissors, and incubated in 0.2% collagenase for 10 minutes at 37°C. The material was subsequently fragmented by syringe needles (18 G, 20 G, and 22 G) and washed again in HBSS. Cells were centrifuged for 5 minutes at 300 ×g and resuspended in fresh DMEM/F12:Ham supplemented with 10% FBS and 1% of penicillin/streptomycin/amphotericin b solution. Cells were plated and cultured in T-75 culture flasks at 37°C/5%CO2 in humidified incubator for 18 hours, after which the media with floating cells were transferred to the new T-75 flasks for 7 days, with addition of fresh medium after 3 days. After this time, cells were collected from primary cultures using TrypLE express, evaluated for viability and number using trypan blue exclusion method with Burker counting chamber, and seeded on experimental materials placed in a 24-well plate, at a concentration of 4 cells per well, in triplicate (, cells were isolated from three individuals).
2.4.2. Viability Assay
Glial cells were evaluated for their metabolic activity in the presence of tested materials, using Alamar Blue assay procedure described earlier [56]. Activity was determined at days 1, 4, and 7 of culture. Cells cultured in wells without the tested materials were used for the control. In brief, cells were incubated with the resazurin solution (10% in culture medium) for 2 hours, after which media were collected and transferred to the 96-well plate for absorbance measurements. The absorbance was determined using spectrometer (SPECTROstar Nano, BMG LABTECH) at the specific wavelengths, that is, 600 nm for resazurin and 690 nm as the plate background absorbance. Experiments were carried out with two repeats. Metabolic factor (MF) for cultures with tested nonwovens was determined in relation to the control cultures using algorithm described previously [57]. Obtained values were presented as arbitrary units. The normalization of the data to the control culture was used to determine whether the presence of biomaterials in cultures resulted in an increase (MF > 1) or a decrease (MF < 1) in the rate of glial cell metabolic activity. The results were verified for statistical significance using the ANOVA one-way test (between groups) and Student’s -test (between control and any other group). The differences were considered as statistically significant when  and lower.
2.4.3. Morphological Investigation
After seven days culture cells were fixed in ice-cold 4% paraformaldehyde (PFA) for 15 minutes at room temperature for fluorescent microscopy and in 2.5% glutaraldehyde for 1 hour at room temperature for scanning electron microscopy (SEM).
PFA-fixed cells were triple-washed with HBSS supplemented with 2% of bovine serum albumin (BSA) and incubated with HBSS supplemented with 10% of FBS for 1 hour at room temperature for nonspecific antigen binding sites blocking. In the next step, cells were permeabilized with 0.05% of Triton X-100 dissolved in HBSS+2% BSA for 15 minutes at room temperature, followed by their incubation with primary antibodies (mouse antiglial fibrillary acidic protein (GFAP) IgG, 5 μg/mL in HBSS supplemented with 0.01% of Triton X-100 and 2% of BSA; rabbit anti- (neurotropin receptor) IgG, 5 μg/mL in HBSS supplemented with 0.01% of Triton X-100 and 2% of BSA; all purchased from Sigma) for 1 hour at 37°C. After triple washing, cells were incubated with secondary, fluorescent antibodies (goat anti-mouse IgG conjugated with atto594, 2 μg/mL in HBSS supplemented with 0.01% of Triton X-100 and 2% of BSA; goat anti-rabbit IgG conjugated with atto488, 2 μg/mL in HBSS supplemented with 0.01% of Triton X-100 and 2% of BSA; purchased from Sigma) for 1 hour at 37°C. For negative control staining, samples were incubated with secondary antibodies without incubation with primary antibodies. After triple washing, cells were subsequently incubated with DAPI (5 μg/mL) for 5 minutes at room temperature for nuclei counterstaining. After the final triple washing, materials with stained cells were placed on microscopic glass slides, covered with Fluoromount (Sigma), and observed using the inverted, fluorescent microscope (AxioObserver, Zeiss). Documentation was made with digital camera (Cannon PowerShot A640). The obtained pictures were merged using ImageJ software.
Electron microscopic observations and material preparation were performed according to the protocol described by Marędziak et al. [58]. Samples fixed for SEM were triple washed with phosphate buffer (pH = 7.4) and rinsed with ultrapure water for 1 minute. Preparations were then dehydrated using graded ethanol series (from 50% to 99.8% every 10%), sputtered with gold, and observed in field emission scanning electron microscope. The cells were then pseudocoloured using ImageJ for facilitating the recognition of cells.
3. Results and Discussion
3.1. Characterization of PU/PLDL Nonwovens
PU/PLDL blends differing with the contents of the polymers were investigated, as PLDL is rigid and PU soft and elastic optimum mechanical properties can be achieved by blending the polymers. Detailed studies of the material have been performed recently, and the results will be published separately [publication in press]. On the basis of these results, compositions of PU and PLDL were chosen for the presented studies, namely, w/w 8/2, 6/4, and 5/5. Depending on the PU to PLDL ratio in a blend, the scaffolds differed with mechanical properties. For the neural cells soft substrates enriched in elastic PU seem to be more appropriate. It was already tested and confirmed that the films containing 8/2 PU/PLA are very handy for surgeons. Electrospun fibrous scaffolds as a substrate for OEC culture were fabricated using solution electrospinning. SEM images of the PU/PLDL fibrous scaffolds are shown in Figure 1. Micrographs of the electrospun scaffolds show fibers of microscale diameter creating 3D structures with a significant part of voids in between the fibers. It is visible that the introduction of different amounts of rigid PLDL and flexible PU into the solution resulted in the creation of networks with moderately different nano-/microfibrous structures. Random oriented PU/PLDL fibers showed diameters that ranged from 20 to 900 nm. Fiber diameter distribution is presented in Figure 1. In all cases, spherical/ellipsoid or circle/ellipse defects (i.e., beads-on-string structure) were observed. Scaffolds with a more regular fibrous structure were observed for PU/PLDL 8/2 blend. The decrease of the PLDL content promoted creation of more regular fibrous scaffolds.
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Figure 1: SEM micrographs of PU/PLDL nonwovens (right) and bar graphs (left) displaying fiber diameters. Weight ratios of PU/PLDL: (a, b) 5/5, (c, d) 6/4, and (e, f) 8/2. Thickness of the fibers depends on the blend composition; that is, the more PU in the blend the thicker and more regular the fibers. Some beads are created along the fibers; however, they were not taken into consideration in the average diameter calculation.


Water contact angle was measured for determination of hydrophilic properties of the samples. The hydrophilicity of the fibrous scaffolds might play an essential role in the determination of their usability as cell culture substrates [59]. Table 1 summarized the contact angle values of polyurethane and PU/PLDL blends cast films and electrospun nonwovens. The contact angle of the polyurethane fibrous scaffold was about 121°. The contact angle values for PU/PLDL blends decreased with the increase of PLDL content. The contact angle for PU/PLDL 5/5 composite was 54.3°. The contact angle values of PU/PLDL fibrous scaffolds were lower than that of PU/PLDL cast film, which can be explained by the difference in the roughness of the surface.
Table 1: Measurement results of initial contact angle of cast films and nonwovens obtained from pure PU and different PU/PLDL blends. 
	

	Sample type 	Contact angle °
	PU	PU/PLDL 8/2	PU/PLDL 6/4	PU/PLDL 5/5
	

	Cast film	126.8 ± 1.2	81.3 ± 0.9	70.2 ± 0.4	65.4 ± 1.6
	Nonwoven	121.0 ± 0.7	73.6 ± 0.6	58.4 ± 1.3	54.3 ± 2.4
	




3.2. Biological Evaluation
3.2.1. Viability Assay
Olfactory ensheathing cells cultured on the investigated materials showed differences in metabolic activity (viability), concerning the composition of the material. All research group cultures showed statistically significant differences in metabolic activity () in comparison to the polystyrene well control. The highest average metabolic activity was noticed in group OEC cultured on scaffolds containing 5/5 weight ratio of PU/PLDL, while the lowest when the ratio was 8/2, with statistically significant differences noticed between all groups (Figure 2(d)). The metabolic activity was higher in samples with lower polyurethane content during first days of culture (Figures 2(a) and 2(b)), but after the 7th day, the highest metabolic factor was noticed in sample 8/2; however, no statistically significant differences between any groups were noticed (Figure 2(c)). The increased metabolism in samples with higher polylactide concentration was rather not an effect of the presence of lactic acid as a product of biomaterial degradation. This monomer may be initially released at higher quantities during first days due to PLDL degradation; however, it should not influence cell viability. The lactic acid is one of the cell metabolism products during in vitro culture conditions, and its cytotoxicity has been observed only at high concentrations and correlated with a significant decrease in pH [59]. In this experiment, the significant changes in pH were excluded by the addition of HEPES buffer to the culture medium and proper medium change intervals, which was controlled by observations of phenol red-containing medium color. Therefore, the reason for the statistically significant differences in cell metabolic activity lays in different physical characteristics of the scaffolds resulting from different polyurethane/polylactide concentrations. One of the influencing properties can be wettability of the fibers differing for different PU/PLDL contents. Contact angles measured for films of the examined compositions are visibly different. For example, contact angle of films containing 80 wt% of PU and 20 wt% of PLDL ranges from 80 to 81°, while that of films containing 50 wt% of each component ranges from 52 to 56°. It is noteworthy that after seven days of culture, the differences in metabolic activity between all groups were prominently decreased, and no statistically significant differences were noticed between all groups (). It is most probably caused by creation of cell monolayer on investigated materials, which modified and uniformed the characteristic of surface for newly occurring cells after cell division. Moreover, the increased proliferative activity in samples 5/5 and 6/4 during first four days resulted in achieving full confluence faster than in sample 8/2; therefore, the decrease in proliferation in these two samples was observed earlier due to the contact inhibition. The detailed results are shown in Figure 2.
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Figure 2: Metabolic factors of OEC on PU/PLDL electrospun scaffolds of various PU/PLDL w/w ratios after 1, 4, and 7 days in culture (graphs a, b, and c, resp.), and metabolic factors averaged from whole culture period (d); , , .


3.2.2. Morphological Investigation
Among the cultured glial cells, both GFAP- and p75-positive cells were detected. Cells showed the presence of specific GFAP in all investigated samples, as well as in control cultures. In control cultures, GFAP+ cells were single, of bipolar elongated shape with a few filopodia. In material containing PU/PLDL 5/5, GFAP+ cells were elongated or formed cellular aggregates. In group cultured on 6/4 blend fibers, cells were less elongated, with lower number of extracellular processes than in 5/5 group. Moreover, the cellular aggregates were not visible. In group cultured on 8/2 PU/PLDL scaffolds, GFAP+ cells were grouped and flattened and multipolar. Cell aggregates were present in this case. Cells in control culture had characteristic, bipolar spindle shape with high p75 signal detected on their surface. Moreover, cells with fibroblastic morphology were positive for p75 only at the nuclear area. Among all p75+ cells derived from olfactory bulb, there are two subpopulations of cells: p75-strong () and p75-weak (), with different functionality within the olfactory system, as it was recently observed by Honoré et al. [48]. Therefore, as observed in our experiments cells exhibited expected characteristics. In 5/5 group, cells were elongated but not spindle shaped, rather more irregular. The number of  cells was prominently lower than in control culture, and the cell aggregates were present in this group. In the scaffolds based on 6/4 PU/PLDL,  cells were evenly distributed and elongated, with spindle shaped form and bipolar morphology. In this group, the number of  cells was considered as moderate. Cells cultured on materials 8/2 were elongated, but clustered and tangled, and the clusters were strongly positive for p75. The  cells were also present and exhibited the fibroblastic-like morphology (Figure 3).




	
	
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
			
		
		
	


Figure 3: The immunofluorescence staining of olfactory bulb-derived glial cells grown on all investigated biomaterials and on control for seven days: 5/5 PU/PLDL (5/5), 6/4 PU/PLDL (6/4), 8/2 PU/PLDL (8/2), and polystyrene well culture (ctrl); GFAP+ cells stained in green, p75+ cells stained in red, and nuclei stained in blue. Epifluorescent microscope, magnification 100x, scale bar = 250 μm.


SEM observations revealed that cells adhered to all investigated materials. In sample 5/5, cells were of flattened morphology, with low number of elongated cells. In this sample, cells covered the material fibers and it was easy to distinguish cells from biomaterial. In sample 6/4, cells were of various morphology, among flattened cells; observations revealed also cells with elongated bodies, morphologically similar to cultured Schwann cells investigated by Yuan et al. [60]. Cells’ extensions adopted morphology similar to the biomaterial, so distinguishing them from investigated material was more difficult than in sample 5/5. Cells cultured on sample 8/2 showed both flattened and elongated form. The similarity of cell extensions to the surface of investigated materials was lower than in sample 6/4 (Figure 4).
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Figure 4: The micrograph presenting glial cells which adhere to material 5/5 PU/PLDL (a, b), 6/4 PU/PLDL (c, d), and 8/2 PU/PLDL (e, f); magnifications 1300x (a, c, e) and 5000x (b, d, f). Pseudocoloured images distinguish cells from biomaterials on pictures (b), (d), and (f) (blue). Scanning electron microscope, magnifications 1300x (a, c, e) and 5000x (b, d, f), scale bars presented on micrographs.


4. Conclusions
Fibrous polyurethane/polylactide scaffolds were fabricated using solution electrospinning technique. The mean diameters of the fibers were ranging from 20 to 900 nm depending on PU/PLDL composition. It was observed that the content of PLDL with respect to PU in a blend noticeably influenced the final scaffold microstructure, fiber diameter, and mutual arrangement. Higher amounts of PLDL resulted in the formation of more irregular fibrous structure, with higher number of defects in the form of beads, relatively brittle and twisted fibers. The biological evaluation using the olfactory ensheathing cells revealed that none of investigated materials induced the cytotoxic effect on cells. Moreover, all tested materials supported the adhesion of glial cells and did not alter their phenotype. The differences in biological effects between materials were observed in the metabolic activity of cells, with the highest cell viability noticed on sample 5/5. The differences in cellular morphology were considered as not significant and may be connected with differences in wettability of the materials. Therefore, these nonwovens electrospun from PU/PLDL blends may be found as promising scaffolds for olfactory ensheathing cells or in nervous tissue regeneration.
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