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Abstract

:

The paper presents a method of modifying the inner surface of nanofibrous vascular prostheses. The modification process involves two steps: introducing a hydrophilic linker, followed by a peptide containing the arginine-glutamic acid-aspartic acid-valine (REDV) sequence. The influence of the process parameters (reaction time, temperature, initiator concentration) on morphology and the distribution of fiber diameters were examined. For selected optimal parameters, the prostheses were modified in the flow system. Modifications along the entire length of the prosthesis were confirmed—the inlet and the outlet areas showed no significant (p > 0.05) differences in the value of the contact angle and the analyzed morphological parameters. The basic physicochemical and mechanical properties of modified prostheses were analyzed. The study showed that REDV-modified prosthesis has an average fiber diameter of 318 ± 99 nm, the average pore size of 3.0 ± 1.6 μm, the porosity of 48.4 ± 8.6% and Young’s modulus of 4.0 ± 0.4 MPa. The internal diameter of prostheses remains unchained and amounts to 3 mm. Such modified prostheses can reduce the risk of blood coagulation by increasing the surface’s wettability and, most of all, by introducing endothelial cell-selective peptide. As an effect, the proposed surfaces could recruit endothelial progenitor cells directly from the bloodstream and promote the endothelium formation after implantation.
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1. Introduction


The presented work focuses on the process of surface modification of cylindrical nanofibrous scaffolds that can be used as vascular prostheses. Currently, there is a great demand for small-diameter vascular prostheses that can be used as bypasses in the treatment of coronary artery disease [1]. Small diameter prostheses must meet several requirements but above all, they must be characterized by high hemocompatibility [2]. For small diameter prostheses, the formation of even a small clot can lead to blockage of the prosthesis’ lumen. Thus, it is particularly important to ensure the high hemocompatibility of the internal surfaces.



So far, various techniques have been proposed to increase the hemocompatibility of the material. It has been proved that the morphology of the material has a massive influence on the adhesion of both platelets and endothelial cells. Ju et al. showed that endothelial cells’ growth is better on nanofibers with an average diameter of <1 µm compared to microfibers [3]. In the case of platelets, it has been shown that fibers with a diameter close to 1 µm cause lower adhesion and activation of platelets compared to fibers with a diameter >1 µm [4]. The diameter of the fibers influences the size and mean diameter of the pores between the fibers. The prosthesis’ wall should have an open porosity, allowing communication between cells lying on both sides of the wall. Thus, the average pore size is essential. For the prosthesis’ inner surface, the recommended pore size is <10 µm, which will allow the formation of a monolayer of endothelial cells. The situation is different for the outer and middle surfaces, where the pores should be large enough to allow the migration and development of smooth muscle cells within the material. It has been shown that the pore size promoting smooth muscle cells (SMCs) development is >5 µm and in the case of fibroblasts >15 µm. Simultaneously, the formation of new blood vessels in the material’s wall requires pores with pore size >4 µm [5]. In fibrous materials, the surface to volume ratio is also essential, affecting the degree of protein adsorption and platelet adhesion [6].



Another critical aspect of the process of designing vascular prostheses is mechanical properties. The mechanical properties of vascular prostheses should be similar to those of blood vessels. Parameters such as flexibility (Young’s modulus) and tensile strength are particularly important. These properties are strictly dependent on the type of polymer used in the production, the fibers’ diameter and the fibers’ direction [7].



Until now, few surface modification techniques that promote surface endothelialization have been proposed. One of the first proposed solutions is the introduction of functional groups (-COOH, -OH). Functional groups can be introduced onto a material surface using plasma modification, glow discharge, radiation-induced grafting or wet-chemical technique [8]. Although the introduction of a functional group was shown to improve adhesion, spreading and proliferation of endothelial cells (ECs), it also causes non-specific adsorption of other cells and proteins. Another solution is protein-based coatings. Precoating of vascular grafts with extracellular matrix proteins such as fibronectin [9,10], fibrinogen [11] or collagen [12] was found to enhance endothelial cell adhesion. However, the use of proteins bears some disadvantages in medical applications (risk of infection or immune response, susceptibility to degradation in the physiological environment). The efficiency of the process is relatively low—proteins are susceptible to degradation in modification process conditions. Moreover, immobilized proteins tend to be randomly folded (the receptor-binding domains are not always sterically available). The incorporation of cell-binding peptides currently seems to be the most promising approach. The use of short peptides is advantageous over the use of long-chain proteins—peptides are more stable during the modification process; they also can be massively synthesized in laboratories more economically. Additionally, appropriately selected peptide sequences provide the possibility to create structures selective for certain types of cells. At the moment, the most widely utilized cell-binding peptide sequence is arginine-glycine-aspartic acid (RGD). Although the RGD peptide was successfully used to promote surface endothelialization [13,14,15,16], the RGD modification may also enhance platelet activation during contact with blood since platelets also express integrin receptors recognizing RGD sequences [17].



In this work, we propose a modification process for cylindrical nanofibrous scaffolds. The process aimed at promoting the growth and development of endothelial cells on the internal surface of the modified scaffold. In our previous work, we proposed a surface modification process based on a two-step chemical reaction. In the first step, we use acrylic acid that acts as a modifying agent, improves the surface’s wettability and introduces carboxyl groups. In the second step, peptide attachment occurs. The ten-amino acids peptide containing the REDV sequence was used. REDV sequence is proved to selectively promote adhesion of endothelial cells [18,19,20,21,22,23].



Our previous studies have proved that the proposed process increases the percentage of cell-coated area in vitro [24]. The developed technology was applied to polymer films; the modification was performed under static conditions (no flow of modifying solution was applied).



In the present work, we focus on nanofibrous scaffolds’ modification process fabricated by the solution blow spinning method. The scaffolds have a cylindrical shape with an internal diameter of 3 mm to be used as vascular prostheses of small diameters. The work aimed to develop a process that allows modification of the prosthesis by introducing peptide molecules only on the internal surface. Our goal was to minimize the process’ effect on the entire scaffold’s surface structure and mechanical properties.



In the first stage of the study, the optimization of basic modification process conditions (temperature, time, initiator concentration) was carried out. Experiments were performed using flat nanofibrous mats. Next, the changes in fibers morphology were analyzed and described.



During the second stage of the study, we focused on cylindrical prostheses. The process conditions optimized and chosen at the first stage were applied to modify in a flow system. We presented the modification method together with the characterization of modified prostheses.



The presented paper aims to determine the optimal process parameters for peptide-based surface modification of nanofibrous scaffolds and present peptide-grafted nanofibrous prostheses’ physicochemical properties. In the future stages of the research, we plan to culture endothelial cells inside the scaffolds and examine its hemocompatibility to examine the possibility of using them as small-diameter vascular prostheses.




2. Materials and Methods


2.1. Fibrous Material Fabrication


Polyurethane (ChronoFlex C75A, AdvanSorce Biomaterials, Wilmington, MA, USA) nanofibrous materials were produced in the solution blow spinning process (SBS), described in detail elsewhere [25]. Polymer solution was prepared by mixing a polymer overnight in concentrations of 2% w/w in 1,1,1,3,3,3-hexafluoro-2-propanol (>99.0%, TCI Chemicals, Fukaya, Japan). A polyurethane solution was supplied through the inner nozzle of the concentric nozzles system in the solution blow spinning (SBS) apparatus with a constant flow rate of 30 mL∙h−1 to produce nanofibrous materials. Simultaneously, the airstream was supplied through the outer nozzle of the SBS nozzles system with a pressure of 0.1 MPa. Fibers were produced by shear-drag elongation of the polymer solution by the stream of air on the distance between the nozzles system and the collector’s surface, so-called working distance. For flat nanofibrous mats production, the rotating cylinder with a diameter of 12 mm was used as a collector (sample length: 120 mm; rotational speed: 3000 rpm; solution volume: 60 mL; production time: 2 h). The rotating cylinder with a diameter of 3 mm was used (sample length: 120 mm, rotational speed: 3000 rpm, solution volume: 20 mL, production time: 40 min) to produce a small diameter vascular prosthesis. Samples were pulled off the collector and kept in ventilated containers overnight to ensure complete solvent evaporation.




2.2. Surface Modification of Flat Nanofibrous Mats


Cylindrical material obtained by the SBS technique were cut along the side and 10 mm diameter discs were cut out from the material. The sample discs were grafted with acrylic acid (AA) according to the following procedure: before the grafting reaction, samples were immersed in propan-2-ol solution (100% v/v) for 15 min. After the immersion, samples were washed with distilled water (5×), 15 min each time. Next, samples were immersed in a 0.4 M solution of HNO3 in distilled water. Two reaction temperatures were tested (25 °C and 35 °C). After reaching the set temperature, the grafting initiator (NH4)4Ce(SO4)4 (in different concentration: 0.01%, 0.05% and 0.1% w/v) and the grafted monomer, AA (1% v/v), were added to the solution. The mixture was left covered, stirring continuously for a given time. Three reaction times were tested: 0.5, 1 and 1.5 h. After completing the reaction, samples were rinsed with a 0.1% (w/v) sodium dodecyl sulfate (SDS) solution for about 1 min, then rinsed three times with distilled water and dried in an incubator at 37 °C. After the modification process, surface morphology was analyzed and the fiber diameter distribution was determined (as described in Section 2.3.1). All testes process parameters with corresponding materials variants are presented in Table 1.




2.3. Characterization of Modified Nanofibrous Mats


2.3.1. Fiber Morphology, Fiber Diameter and Pore Size


Materials were analyzed using scanning electron microscopy (SEM, Phenom G1, Phenom World, Eindhoven, The Netherlands). Samples were coated with a 15 nm layer of gold/palladium alloy (80/20 at.%) using a sputter coater (K550 Emitech, Quorum Technologies, Lewes, UK). Ten randomly selected spots were photographed with 5000× magnification and the images were used for the analysis of fiber diameter, pore size and fibrous material morphology. All measurements were performed using Fiji software [26]. Results are presented as a fiber size distribution (n = 100), average fiber diameter, standard deviation, minimum and maximum fiber diameter. Results of pore size measurements (n = 100) are presented as average pore size, standard deviation, minimum and maximum pore size.




2.3.2. Surface Wettability


Materials in the form of cylinders were cut to obtain flat mats. The internal surface (from the collector side) was subjected to wettability analysis. Samples were glued to the glass slide and a drop of distilled water (5 µL) was placed on a clean and dry surface. The contact angle was measured automatically using Krüss DSA 100 software; the measurement was performed in at least 3 randomly selected spots on analyzed material. The results of the measurements were expressed as means ± SD. The statistical significance of differences was analyzed using a single-factor analysis of variance (ANOVA) for p < 0.05 with post-hoc Tukey’s test (OriginPRO 2020b).





2.4. Surface Modification of Cylindrical Nanofibrous Prostheses in a Flow System


Modification Process


The modification process was carried out for selected process parameters using the flow system (Figure 1). As a base material, cylinder-shaped prostheses with a length of 5 cm and an internal diameter of 3 mm were used (Figure 1A). A photo of the modification chambers, together with prostheses placed inside, is shown in Figure 1B. The modification chamber was a part of a flow system schematically shown in Figure 1C. Only the scaffold’s internal surface was modified during the process, whereas the external surface was not in contact with the modifying solution. Prostheses were subjected to the multi-step modification process. At each step of the process, the modifying solution flowed through the prosthesis at a given flow rate for a specified time. First, prostheses were flushed with propan-2-ol for 3 min and then washed with distilled water for 25 min. In the first step of the modification process, a modifying solution containing AA (1% v/v) and (NH4)4Ce(SO4)4 (0.01% w/v) flowed through the prosthesis. The reaction was carried out at 25 °C for 0.5 h. Next, a 0.1% (w/v) SDS solution flowed through the prosthesis for about 2 min and was followed with water for the next 10 min. Samples after the first step of modification were designated as PU_COOH.



In the second modification step, prostheses were filled with 0.05 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH = 6.0) and contacted with the solution for 1 h at 25 °C. Next, two modifying solutions flowed through samples. Firstly, MES buffer (pH = 6.0) with N-hydroxysulfosuccinimide sodium salt (sulfo-NHS, 5 mM) and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 2 mM) for 15 min. Secondly, REDV solution (5 mM in phosphate buffer, pH = 8) for 24 h. Samples after the second modification step were designated as PU_REDV.



Simultaneously, the material modified under the same conditions (1% AA, 25 °C, 0.5 h, 5 mM REDV) but without the use of cerium salts, were prepared.



At each stage of the modification, the modifying solutions flowed through the prosthesis at an equal flow rate. After the modification process, samples were incubated in phosphate buffer, pH = 9 and air-dried.





2.5. Characterization of Cylindrical Prostheses Modified in a Flow System


2.5.1. Fiber Morphology, Fiber Diameter and Pore Size


The parameters were measured and calculated as described in Section 2.3.1. For every sample, both ends of the prosthesis were characterized separately. Four SEM images were taken for every analyzed area. The thickness of the prosthesis’ wall before and after modification was measured using SEM cross-section images (n = 3).




2.5.2. Surface Wettability


Surface wettability was measured and calculated as described in Section 2.3.2. For every sample, both ends of the prosthesis were characterized separately.




2.5.3. Porosity Measurements


Porosity measurements were conducted using gravimetric analysis [27]. Each prosthesis was cut into 20 mm in length and weighed. After that, the wall thickness of the sample was measured using SEM. The apparent density of each sample was calculated using the following formula:


   ρ  a p p      [   g    cm  3     ]  =      m  s c a f f o l d      [ g ]     V  s c a f f o l d      [    cm  3   ]    =      m  s c a f f o l d      [ g ]    π δ L  (   d  i n   + δ  )     [    cm  3   ]    ,  



(1)




where:



ρapp—sample apparent density [g/cm3];



mscaffold—sample mass [g];



Vscaffold—sample volume [cm3];



δ—sample wall thickness [cm];



din—sample inner diameter [cm];



L—sample length [cm].



By comparison of apparent density calculated for each scaffold and known density of the polymer (ρp = 1.2 g/cm3), the porosity (η) of each scaffold can be calculated using the following formula:


  η  ( % )  =    (  1 −    ρ  a p p      ρ p     )  × 100 % .  



(2)







Results are presented as average porosity (n = 5) ± standard deviation.




2.5.4. Mechanical Testing


Cylindrical samples (3 mm inner diameter, 50 mm length) of nanofibrous prostheses materials underwent a uniaxial stretching test according to protocols established based on ASTM standards (Designation: D 882-02 and D 638-02a). The experiment was conducted using an Instron 3345 model with crosshead speed 5 mm∙min−1 at room temperature and humidity. Load-strain curves were measured, as were the maximum load and strain at rupture. It is emphasized that according to porosity measurements and SEM images, only a fraction of each sample thickness is occupied with fibers (1 − η), which implies that the applied load is supported by only such fraction of the sample’s thickness. This effect was accounted for in the data processing for maximum stress calculation. Ultimate tensile stress for porous sample (σpor) was determined using the formula:


   σ  p o r   =    F  m a x     A  (  1 − η  )    ,  



(3)




where:



σpor—ultimate tensile stress for porous sample [Pa]



Fmax—maximum force acting on the sample [N]



A—cross-section area [m2]



η—sample porosity [-]



For each type of scaffold, results are presented as average values (n = 5) ± standard deviation.




2.5.5. Spectroscopic Analysis


Chemical analysis of the surface before and after each step of modification was performed by X-ray photoelectron spectroscopy (XPS). XPS analysis was performed using Scienta R4000. Spectra fitting and determination of atomic composition were realized with the CasaXPS software.






3. Results


3.1. Mechanism of the Modification Process


The mechanism of the proposed two-step modification reaction (Figure 2) is described in detail elsewhere [24,28]. Briefly, in the first step, acrylic acid (AA) is bonded to the urethane group. A double bond present in AA chains reacts with radicals formed due to a reaction between cerium ions and urethane group. In the second step, carboxyl groups present on AA-grafted PU are activated with sulfo-NHS/EDC. Finally, the peptide is grafted to the surface, forming peptide bonds between the amine and carboxyl groups.




3.2. Modification of Nanofibrous Mats—The Influence of Process Parameters on the Fiber Morphology and Wettability


Figure 3 shows the morphology and diameter distribution of the non-modified nanofibrous mats. The average fiber diameter was 231 ± 89 nm. The fiber diameters ranged from 97 nm (minimum diameter) to 493 nm (maximum diameter).



Figure 4 presents the morphology of nanofibrous mats modified using different reaction times. All reactions were carried out at 25 °C with an initiator concentration of 0.01%. The histogram obtained for the material variant modified under the mildest conditions (S_0.5_25_10) slightly differed from the histogram for the non-modified nanofibrous mat. The average fiber diameter (S_0: 231 nm, S_0.5_25_10: 311 nm) and the maximum fiber diameter (S_0: 493 nm, S_0.5_25_10: 597 nm) are slightly increased. This increase is in line with expectations and is due to the attachment of AA to the fiber surface. Analysis of histograms of mats modified using different reaction times shows that this process parameter affected fiber diameters’ distribution. As the reaction time increases, there is an increase in both the average diameter (S_0.5_25_10: 311 nm, S_1_25_10: 356 nm, S_1.5_25_10: 437 nm) and the maximum fiber diameter (S_0.5_25_10: 597 nm, S_1_25_10: 1236 nm, S_1.5_25_10: 1260 nm). For longer reaction times: 1 h and 1.5 h (S_1_25_10 and S_1.5_25_10), microfibers with fiber diameter >1000 nm appear. A thorough analysis of the SEM images indicates that these fibers are composed of several nanofibers, connected due to the AA grafting. Simultaneously, the fibers’ surface structure is unaffected for all tested variants; no cracks or defects were noted.



Figure 5 shows nanofibrous mats’ morphology using different reaction times for reactions carried out at 35 °C, with an initiator concentration of 0.01% mg. Similarly, as in the mats modified at 25 °C, the diameters’ range increases with the reaction time increase. Also, as the reaction time increases, there is an increase in the average diameter (S_0.5_35_10: 514 nm, S_1_35_10: 550 nm, S_1.5_35_10: 672 nm). For longer reaction times (S_1_35_10 and S_1.5_35_10), microfibers with fiber diameter >1000 nm appear.



A comparison of suitable nanofibrous mats modified using different reaction temperatures indicates that this process parameter also affects the fibers’ morphology. The reaction carried out under higher temperature (35 °C) resulted in a wider range of fiber diameters. The values of fiber diameter were also higher at higher reaction temperatures. For example, for reaction carried out for the shortest time (t = 0.5 h) the values of average fiber diameter were: 311 nm (S_0.5_25_10) and 514 nm (S_0.5_35_10), the values of maximum fiber diameters were: 597 nm (S_0.5_25_10) and 885 nm (S_0.5_35_10). At the same time, it is worth noting that the higher tested temperatures harmed individual fibers’ structure. SEM images show fiber cracks and some additional structures (“beads”) attached to the fibers modified under 35 °C (Figure 5, marked with arrows).



Figure 6 shows the characteristics of nanofibrous mats modified with higher concentrations of a polymerization initiator. At the initiator concentration of 0.05% (S_0.5_25_50), single beads were formed on the fiber structure, which could be caused by excessive AA polymerization on the fiber surface. The average fiber diameter was 556 nm; the maximum fiber diameter was 1624 nm. In the case of the highest tested initiator concentration (S_0.5_25_100), the fibers underwent severe deformation (Figure 5, marked with arrows), many microfibers were formed from interconnected nanofibers. Both the average fiber diameter and the maximum fiber diameter were higher compared to S_0.5_25_50 (AVR = 634 nm, Max = 1982 nm). Numerous beads attached to the fibers’ surface were also visible (Figure 5, marked with arrows).



The results of the contact angle analysis for all tested variants are presented in Table 2. The results show that wettability increased after modification for each tested variant. The decrease in contact angle was expected, indicating the successful attachment of the hydrophilic AA molecule. The differences between the contact angle (CA) values for each variant were slight, so the modification process parameters’ impact on surface wettability could not be defined.



Based on the above-presented results, the variant S_0.5_25_10 (reaction time: 0.5 h, reaction temperature 25 °C, initiator concentration: 0.01% w/v) was selected for further studies.




3.3. Modification of Cylindrical Nanofibrous Prostheses in a Flow System


3.3.1. Morphology, Wettability, Pore Size and Porosity


Figure 7 shows the morphology of the cylindrical nanofibrous prosthesis modified in a flow system. It can be seen that after the first step of modification (AA grafting), the morphology of the modified mat was similar to the non-modified material. AA grafting did not cause considerable changes in nanofibers’ structure; no fiber defects were noticed. Surface wettability analysis confirmed the successful AA attachment. As expected, the contact angle value significantly (p < 0.05) decreased compared to the unmodified material (CA = 134 ± 1°). Simultaneously, there were no significant changes (p > 0.05) in surface wettability, depending on the analysis place. The contact angle values were 82 ± 7° and 80 ± 5° for prosthesis’ inlet (PU_COOH_1) and outlet (PU_COOH_2), respectively.



The second step of modification (REDV attachment) resulted in a change in the fiber’s morphology—the film-like structure was formed between the fibers (Figure 7). This phenomenon was observed in both the inlet and the outlet area of the prosthesis. As expected, attachment of the peptide resulted in a further reduction of contact angle values. Simultaneously, there were no significant changes (p > 0.05) in surface wettability, depending on the analysis place. The contact angle values were 52 ± 3° and 54 ± 1° for the inlet (PU_REDV_1) and outlet (PU_REDV_2) area, respectively.



Surface wettability of the material modified under the same process conditions (1% AA, 25 °C, 0.5 h) but without cerium salt, was also examined. This experiment was performed to estimate the amount of acrylic acid that physically attach to the fibers without chemical bonds. The contact angle value measured for that surface was 103 ± 2°. The value was significantly (p < 0.05) lower compared to unmodified material (CA = 134 ± 1°), which shows that part of the AA is physically deposited on fibers from the solution. However, this value was still higher than the values obtained for chemically grafted surface (CA = 80 ± 5°, p > 0.05). The contact angle value obtained for material modified under the same process conditions (1% AA, 25 °C, 0.5 h, without the addition of cerium salt) followed with incubation with 5mM REDV resulted in a surface contact angle value equal to 95 ± 5° (p < 0.05 vs. PU_REDV_1). This value was similar to that obtained after the first step of modification (physical adsorption of AA) and significantly higher than the value measured for material chemically grafted with AA and REDV. Therefore, we can conclude that the physical bonding of AA and REDV, without cerium salts’ participation, occurs only to a small extent. The contact angle values obtained for analogous surfaces modified with cerium salt was significantly lower (52 ± 3°, p < 0.05).



The nanofibrous prostheses’ basic physical parameters before and after the modification process are presented in Table 3. Analysis of fiber diameters showed that the average diameter of the fiber increased after the modification process. This is a result consistent with microscopic observation. Simultaneously, no considerable differences in the fiber’s average diameter between prosthesis’ inlet (318 ± 99 nm) and outlet (311 ± 110 nm) have not been demonstrated. As expected, the minimum and maximum diameter of the fiber has also increased after the REDV attachment. This value was 493 nm for a non-modified prosthesis and, after modification, increased to 640 nm and 840 nm for the prosthesis’ inlet and outlet, respectively. A similar relationship was demonstrated with the minimum fiber diameter value. For non-modified prosthesis, this value was 97 nm. The REDV attachment increased the minimum fiber diameter to 121 nm and 164 nm, respectively, for the prosthesis’ inlet and outlet.



Reverse dependency was shown for the average size of pores (Figure 8). For the non-modified prosthesis, this value was 3.8 ± 1.5 μm, with the minimum pore size of 1.5 μm and the maximum pore size of 10.2 μm. After AA grafting, those values did not significantly change and the distribution of pore size was close to the one for PU. After the REDV attachment, the average size decreased to 2.7 ± 1.0 μm and 3.0 ± 1.6 μm for the prothesis’ inlet (PU_REDV_1) and outlet (PU_REDV_2), respectively. The maximum pore size was 6.2 μm in the inlet area and 11.2 μm in the outlet area. However, it is worth noting that in the case of PU_REDV_2 during the analysis, only two large pores (>9 μm) were detected. The majority of pores were smaller compared to the non-modified material. The minimum size of pores has slightly changed. It equaled 1.2 μm for PU_REDV_1 and PU_REDV_2.



The modification process resulted in a slight decrease in the prosthesis’ porosity. The measured porosity values were 53.5 ± 2.9% and 48.4 ± 8.6% for non-modified prosthesis and REDV-modified prosthesis, respectively. Figure 9 presents the cross-section of the prosthesis after inner surface modification. It can be clearly seen that the modification process changes the porosity of the internal surface. At the same time, it can be seen that the modification has taken place to a certain depth, approximately 1/3 of the thickness of the prosthesis’ wall. Arrows indicate the boundary between the modified structure and the unchanged structure. The thickness of the prosthesis wall before the modification process was 271 ± 27 μm. The modification process resulted in the thickness reduction—the value after modification decreased to 174 ± 34 μm.




3.3.2. Mechanical Properties


The mechanical properties of the prostheses before and after the REDV modification process are presented in Table 2. The average Young’s modulus for modified prostheses equaled 4.0 ± 0.4 MPa. The value was about twice higher than the non-modified ones (1.8 ± 0.3 MPa), which means the prostheses after modification are slightly stiffer. The average tensile stress for modified prostheses was 12.7 ± 1.7 MPa and about six times higher than the unmodified ones (2.1 ± 0.3 MPa). The average maximum elongation at break for modified prostheses was 2.5 ± 0.5 mm/mm—it was about 1.5× increased compared to the non-modified materials (1.5 ± 0.1 mm/mm).




3.3.3. Spectroscopic Analysis


XPS analysis enabled monitoring of the subsequent steps of the modification reaction. The assumed chemistry of the reaction is shown in Figure 2. For the exact mechanism of grafting acrylic acid to polyurethane, please refer to our previous paper [24]. XPS spectra of C1s and O1s are presented in Figure 10.



In the unmodified surface (PU) case, the C1s spectrum can be curve-fitted into five peaks. The four peaks with BEs of about 284.0, 285.0, 285.7 and 288.8 eV are attributable to C–H, C–N, C–O and O–(C=O)–N species, which is following data presented for polyurethanes [29]. The fifth peak with a high BE of 289.9 eV corresponds to the carbonate group (O-(C=O)-O) [30] of ChronoFlex, which is a carbonate-based polyurethane. After acrylic acid grafting (PU_COOH), the intensity of peaks attributed to C-N, C-O and N-C=O decreased. Also, the peak associated with the carbonate group (289.9 eV) disappeared. A new peak with BE of 289.0 eV, which is attributed to carboxyl groups (O-(C=O)) [28,29,31], appeared. C1s spectrum of surface bonded with REDV (PU_REDV) can be fitted into four peaks. There are peaks with BEs of about 284.3, 285.0, 285.8 and 288.7 eV, attributed to C–H, C–N, C–O and N-C=O. The presence of a 288.7 eV peak attributed to the amide group [19,31] proves the successful introduction of REDV.



The O1s spectrum for PU was separated into two components corresponding to the binding energy ~530 eV (carboxylic oxygen) and ~532 eV (single-bonded oxygen). In the case of PU_COOH also two peaks appeared, however, the intensity of peaks corresponded with carboxylic oxygen increased. The third peak with high BE (~535.2 eV) appeared in the O1s spectrum of PU-REDV, attributed to adsorbed water [19,30].






4. Discussion


The presented research aimed to design the modification process for the internal surface of cylindrical nanofibrous prostheses. The process is intended to improve bio- and hemocompatibility by increasing wettability and introducing endothelial cell-selective peptide to the surface. Simultaneously, the process should not cause a severe change in the nanofibers’ initial morphology.



A chemical modification method was proposed, the mechanism of which was presented and described previously [24,27]. Briefly, this method consists of two steps, in which the hydrophilic linker (AA) is attached in the first step and the peptide molecule (REDV) is chemically bonded in the next step.



In previous works, we presented the results of surface modification of solid polyurethane films. The reaction conditions considered by us as optimal (resulting in the highest concentration of generated COOH groups) proved to be unequal for modifying fibrous materials. The modification carried out at high temperatures (35 °C), using longer reaction time (1.5 h) and a higher monomer concentration (5% AA), led to degradation of the fiber structure. Numerous cracks appeared, many additional structures (“beads”) attached to the fibers were visible.



The scope of the presented work included optimizing the conditions for conducting the modification process for fibrous material. The influence of reaction temperature, reaction time and the polymerization initiator’s concentration morphology of the modified fibers was investigated. It was shown that all of the analyzed parameters had a substantial impact on the fibers’ morphology.



The range of fiber diameters increased with increasing both the process temperature and the reaction time. It was observed that the grafting reaction carried out at a higher temperature (35 °C) resulted in fibers with a larger average fiber diameter compared to fibers modified at a lower temperature (25 °C). Also, the minimum and maximum fiber diameter values were higher for reaction carried out at 35 °C. A similar effect was observed with the increase in the reaction time. For longer reaction time (1 h and 1.5 h), values of average fiber diameter as well as minimum and maximum diameters of fibers were higher compared to those modified for a shorter time (0.5 h).



This result indicates a higher efficiency of the grafting process at a higher temperature and longer reaction times—more AA was bound to the surface of fibers causing the increase in fiber diameters. On the other hand, the fibers’ morphology analysis shows that both higher temperature and longer reaction time harm their structure. Analysis of SEM images has shown that elevated temperatures, especially in combination with the longest reaction time, resulted in unfavorable fiber morphology changes, including fiber ruptures.



Thus, we found as optimal the reaction carried out at a temperature of 25 °C, during 0.5 h, with an initiator concentration of 0.01%. Those conditions resulted in no changes in the morphology and distribution of fiber diameters. Simultaneously, they allow conducting effective modification—the process carried out in these conditions increased surface wettability.



For the selected parameters, the modification process was carried out for the fibrous prosthesis in the form of a cylinder (internal diameter = 3 mm). The modification process was performed using the flow system. As a final product, prosthesis with a peptide-modified internal surface was obtained. The so-prepared material was subjected to an analysis of physicochemical properties, distinguishing the inlet (beginning of the prosthesis) and the outlet (end of the prosthesis) areas.



Analysis of morphology and wettability after each step of the process showed that the process was effective over the prosthesis length. No considerable difference was shown in the fiber diameter and the contact angle value between the inlet and the outlet area of the REDV-modified protheses. As expected, the introduction of REDV to the surface resulted in a significant decrease in the water contact angle. A similar effect was obtained when modifying fibers with other biomolecules, that is, heparin and VEGF [32]. Wettability is an important parameter that strongly affects processes such as cell adhesion and cell activation. In the case of vascular prostheses, an increase of hydrophilicity is associated with the decrease in blood plasma protein adsorption and, as a result, an increase in surface hemocompatibility.



Subsequent steps of the modification have been confirmed by XPS analysis. Grafting of acrylic acid is evidenced by a peak with the binding energy of about 289 eV, characteristic for the carboxyl group. The peptide binding is confirmed by the peak with BE of 288 eV, characteristic for the amine group.



SEM image analysis showed that the introduction of peptide reduced the average pore size. A similar phenomenon was observed in other works [32,33]. This result confirmed the effective attachment of modifying factors. Simultaneously, despite the increase in the fibers’ diameter, the diameter range is <1 μm. This is particularly important in the context of the potential use of the presented material as vascular prostheses. According to the results presented by other authors, the range of fiber diameters <1 μm is optimal for endothelial cells’ growth. Ju et al. showed that endothelial cells growing on nanofibers (approx. fiber diameter = 270 nm) presented numerous actin fibers and formed stronger focal adhesion contacts than those growing on microfiber [3]. It has also been shown that scaffolds composed of thin fibers (diameter <1 μm) triggered very low coagulation and almost no platelets adhered compared to those with a bigger fiber diameter (2–3 μm) [3].



In fibrous materials, the fiber diameter is a value closely related to the pore size. The presented material is characterized by an average diameter of pores equal to approximately 3 μm. This is an appropriate value for the growth of endothelial cells. Pore size is also an essential parameter for the effectiveness of vascular prosthesis. Studies show that smaller pore sizes are preferred for the internal surface, enabling the formation of a monolayer along the surface, at the same time limiting the migration of cells deep inside the structure [22].



The performed modification did not substantially change the porosity of the prosthesis. Despite the decrease in pore size after modification, the prosthesis’ total porosity has only slightly reduced. This is due to the limited depth of reagents penetration inside the prosthesis wall. Cross-section analysis showed that the modification occurs at a depth equal to approximately 1/3 of the prosthesis wall’s total thickness. Maintaining adequate porosity along the entire thickness of the wall is essential in the context of the smooth muscle cell penetration and the formation of new blood vessels [4].



With frequently used polytetrafluoroethylene (PTFE) prostheses, high prostheses stiffness remains the problem. Young’s modulus for these materials is in the range of 40–60 MPa [34], while this value for the human coronary artery is about 1 MPa [35]. Young’s modulus received for the REDV-modified prostheses was close to that value and was approximately 4 MPa. Simultaneously, despite the increase in Young’s modulus value, the prosthesis after modification remains flexible and durable- the modification increases tensile strength and maximum elongation value.




5. Conclusions


A modification process that enables introducing a peptide to the internal surface of cylindrical nanofibers prostheses is proposed. The process is versatile in terms of the introduced molecule—other peptides and proteins can be integrated to the surface.



The proposed modification did not change the initial morphological properties of the prosthesis. The peptide-modified surface is characterized by the presence of nanofibers and the pores with the average size <10 μm, which should promote the development of cell monolayer. Simultaneously, the modified prostheses maintain relatively high total porosity, which could enhance the infiltration of smooth muscle cells and transport of a substance across the prosthesis’ wall. The introduced modification increases Young’s modulus value but it is still a value similar to the one characterizing human coronary vessels.



The authors are aware that further biological analyzes, examining the response of blood components and endothelial cells, are necessary to assess the proposed modification’s effectiveness. These studies are the next stage of the presented work.
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Figure 1. The idea of prosthesis’ internal surface modification (A); scheme showing the prosthesis placed inside the modification chamber: 1—inlet/outlet, 2—connector, 3—seal, 4—Teflon tube, 5—prosthesis (B); scheme of the flow system used for modification: 1—modification chamber with a prosthesis, 2—fluid container, 3—peristaltic pump (C). Created with BioRender.com. 
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Figure 2. Mechanism of a two-step reaction applied for the surface modification process. 
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Figure 3. Morphology and fiber diameter distribution of non-modified nanofibrous mats. 
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Figure 4. Morphology and fiber diameter distribution of nanofibrous mats modified at 25 °C for 1.5 h (top), 1 h (center), 0.5 h (bottom). For acronym definitions, see Table 1. 
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Figure 5. Morphology and fiber diameter distribution of nanofibrous mats modified at 35 °C for 1.5 h (top), 1 h (center), 0.5 h (bottom). For acronym definitions, see Table 1. 
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Figure 6. Morphology and fiber diameter distribution of nanofibrous mats modified at 25 °C for 0.5 h with different initiators’ concentrations: 0.05% (bottom) and 0.1% (top). For acronym definitions, see Table 1. 






Figure 6. Morphology and fiber diameter distribution of nanofibrous mats modified at 25 °C for 0.5 h with different initiators’ concentrations: 0.05% (bottom) and 0.1% (top). For acronym definitions, see Table 1.



[image: Coatings 10 01110 g006]







[image: Coatings 10 01110 g007 550] 





Figure 7. Morphology and wettability of cylindrical scaffold modified using a two-step flow system. PU_COOH_1—surface after the first step of modification (the prostheses’ inlet), PU_COOH_2—surface after the first step of modification (the prostheses’ outlet), PU_REDV_1—surface after the second step of modification (the prostheses’ inlet), PU_REDV_2—surface after the second step of modification (the prostheses’ outlet); scale bar: 20 μm. 
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Figure 8. Pore size distribution. PU—non-modified surface, PU_COOH_1—surface after the first step of modification (the prostheses’ inlet), PU_COOH_2—surface after the first step of modification (the prostheses’ outlet), PU_REDV_1—surface after the second step of modification (the prostheses’ inlet), PU_REDV_2—surface after the second step of modification (the prostheses’ outlet). 
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Figure 9. Cross-section of prostheses modified in a flow system: before modification (left) and after modification (right). The change in prosthesis’ morphology and porosity is visible; the border between modified and unmodified areas is marked with arrows. 
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Figure 10. X-ray photoelectron spectroscopy (XPS) spectra of carbon C1s and O1s recorded for the modified surfaces after each modification step. 
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Table 1. Process parameters and composition of modifying solutions for all tested surface conditions.
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	Material
	Propan-2-ol [%]
	Reaction Time [h]
	Temperature [°C]
	(NH4)4Ce(SO3)4

[%]
	Acrylic Acid

[%]





	S_0
	-
	0
	-
	-
	-



	S_0.5_25_10
	100
	0.5
	25
	0.01
	1



	S_1_25_10
	100
	1
	25
	0.01
	1



	S_1.5_25_10
	100
	1.5
	25
	0.01
	1



	S_0.5_35_10
	100
	0.5
	35
	0.01
	1



	S_1_35_10
	100
	1
	35
	0.01
	1



	S_1.5_35_10
	100
	1.5
	35
	0.01
	1



	S_0.5_25_100
	100
	0.5
	25
	0.1
	1



	S_0.5_25_50
	100
	0.5
	25
	0.05
	1
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Table 2. Contact angle values measured for each surface condition. For acronym definitions, see Table 1. * p < 0.05 vs. control (S_0).
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	Contact Angle

[°]





	S_0
	134 ± 1



	S_0.5_25_10
	104 ± 15 *



	S_1_25_10
	97 ± 9 *



	S_1.5_25_10
	94 ± 9 *



	S_0.5_35_10
	76 ± 5 *



	S_1_35_10
	106 ± 12 *



	S_1.5_35_10
	95 ± 11 *



	S_0.5_25_100
	111 ± 26



	S_0.5_25_50
	82 ± 11 *
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Table 3. Basic physical and mechanical parameters of prostheses before and after the modification process; (1): prosthesis’ inlet, (2): prosthesis’ outlet, *: p < 0.05 vs. PU.
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	Before Modification

(PU)
	After Modification

(PU_REDV)





	wall thickness [μm]
	271 ± 27
	174 ± 34



	CA [°]
	134 ± 1
	52 ± 3 (1) *

54 ± 1(2) *



	average fiber diameter [nm]
	231 ± 89
	318 ± 99 (1) *

311 ± 110 (2) *



	max fiber diameter [nm]
	493
	640 (1)

840 (2)



	min fiber diameter [nm]
	97
	121 (1)

164 (2)



	average pore size [μm]
	3.8 ± 1.5
	2.7 ± 1.0 (1) *

3.0 ± 1.6 (2) *



	max pore size [μm]
	10.2
	6.2 (1)

11.2 (2)



	min pore size [μm]
	1.5
	1.2 (1)

1.2 (2)



	porosity [%]
	53.5 ± 2.9
	48.4 ± 8.6



	Young’s modulus [MPa]
	1.8 ± 0.3
	4.0 ± 0.4



	tensile strength [MPa]
	2.1 ± 0.3
	12.7 ± 1.7



	elongation at break [mm/mm]
	1.5 ± 0.1
	2.5 ± 0.5
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 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/).






media/file13.jpg
inlet outlet

[ =






media/file4.png
HaC NH
CHy PU
d &)
O
HO 0 z
= PU-COOH

SquDNHSIEDCl NHz-REDV

O.. _NH
REDV
HO 0 2
OH
f/\/\/Q PU-REDV
HsC N o
™ oy
g





media/file18.png
120 um

120 um






media/file3.jpg
04T

suIYoNHS/EDCJ/ NH2-REDV

O M

- " REDV
Pz

OH
/\4,%

o?/z

PU

PU-COOH

PU-REDV





media/file19.jpg
Cis o1s
cc

por ares
540 652

o i oo

i1
sas

PU_COOH :
s co
it

PU_REDV b






media/file7.jpg
S 152510
136 nm

260 nm
AVR=437 nm
$D=226 nm

ES 052510
Min=91 nm
Max=597 nm
AVR=311 nm
$D=132nm

fiber diameter [nm]





media/file10.png
o o o
O O o
o
mw_ o :10_
= A= “le g E
WE~NEE ~cwv ¢ cfon<E
“NwOR S INR B o S25 S
nNL oo ) 2 =10 e N = ©f
TR TRV IRV T 3
IL % o i c &/ = =
£35SO =3 >0 SS25 =
Ss2 o 2240 @ =
Q
©
£
©
o)
| -
()]
R
U=
~ = 3 x x -

SJUNOD SJUNOD SJUNOD






media/file14.png
outlet

e

SR Sier BT Y ﬁ

¢ :-eV i \@‘

52+3






media/file11.jpg
05_25_100
145 nm
81 nm

S_05_25_50

fiber diameter [nm]





media/file6.png
DU JU 400 DU






media/file15.jpg
PU_REDV._2
PU_REDV._1
PU_COOH_2
PU_COOH_1

PU

5 10
Pore size [um]

15





nav.xhtml


  coatings-10-01110


  
    		
      coatings-10-01110
    


  




  





media/file16.png
PU REDV 2{—<
PU REDV_1{ <

PU_COOH_2-

PU COOH_1-

PU-

Pore size [um]





media/file2.png
U peptide (GSGREDVGSG)
() linker (acrylic acid)






media/file20.png
Cls O1ls

] Pos. Area% ) POS. Area%c_o

284.0 69.2 530.1 45.1
285.0 10.0 w] 531.8 54.9
*1 285.7 12.6
288.8 4.2 12
PU ] 289.9 4.0 C-0

N-(C=0)=0

M
53 s« 0 s2 8 s28
Binding Energy (sV)
* Pos. Area%
531.1 70.6

PU COOH .|

Pos. Area% Pos. Area%
' ¢C 530.1 54.5

" 531.8 40.0
535.2 5.5

C=0

PU_REDV

08
Binding Enargy |eV)





media/file5.jpg
E
£
8
]
£
K]
S
8
2
&






media/file1.jpg
A






media/file12.png
B S 0.5 25 100
Min=145 nm
Max=1981 nm
AVR=634 nm
SD=360 nm

20

counts

10

35
B S 0.5 25 50
30 Min=121 nm
Max=1624 nm
25 AVR=556 nm

SD=346 nm
20

15

counts

10

fiber diameter [nm]





media/file9.jpg
WS 1535 10
22 nm
1562 nm

S 1,35 10
Min=102 am
Max=17650m
AVR=550 nm
SD=273 nm

fiber diameter [nm]





media/file0.png





media/file8.png
9_25_10

1

B S_

\}
N \
NP

136 nm
=1260 nm
=437 nm
226 nm

Min
Max
SD

o
-
o)
N
~
wn

1236 nm
356 nm
210 nm

§=
_n
>
i
=
=

Max

AVR

SD

1S 05 25 10

91_nm

311 nm

597 nm
132 nm

Min
Max
AVR
SD

[a=)
o

SJUNOD

\}
N\ N
P
1
TN
Vo /
\

WI..&.. >
_ Vo

v

.‘“ l

P ‘\4 /
. //
AW

20

fiber diameter [nm]






media/file17.jpg





