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Abstract

:

As various healthcare technologies such as regenerative medicine, precision medicine, and alternative approaches to animal testing develop, the interest in the use and application of nano- and microfibers is steadily increasing. In this study, the effect of parylene-C coating on electrospun fibers was investigated, and a pattern coating method was developed to expand the potential utilization of parylene-C-coated electrospun fibers. An SEM analysis demonstrated that parylene-C was successfully deposited on the electrospun fibers without any failure such as pinholes or air bubbles. Biocompatibility was investigated through cell tests, which indicated that the coated fibers were non-toxic and supported cell growth well. Tensile tests demonstrated a significant increase in the elastic modulus of the parylene-C-coated fibers, with it nearly quadrupling compared to the original PCL fibers, and the fracture strength almost doubled. At the same time, hydrophobicity was well maintained without any statistically significant changes. In particular, a non-adhesive magnet–metal masking was proposed in order to selectively coat the electrospun fibers with parylene-C with a specific pattern. Furthermore, it was presented that the magnet–metal mask-based coating electrospun nanofibers with parylene-C could be used in the fabrication of hybrid fibers composed of different diameters and materials.
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1. Introduction


Electrospinning is a method of manufacturing continuous-phase fine fibers with diameters ranging from micro- (µm) to nanometers (nm) using an electric field. Electrospun fibers have been extensively studied across various fields since they were first reported by Zeleny in 1917 [1,2,3], owing to their advantages such as high volume-to-surface area ratio, porosity, and weak limitation in materials [4,5,6].



Electrospun nanofibers represent a versatile platform in biomedical applications, particularly in tissue engineering, regenerative medicine, and drug delivery [2,3,5,7,8]. In tissue engineering, these fibers emulate the human extracellular matrix, promoting cellular adhesion, proliferation, and differentiation, thereby supporting tissue regeneration and repair [9]. In regenerative medicine, electrospun fibers serve as matrices that promote cellular infiltration and tissue integration, aiding in wound healing by facilitating controlled release of growth factors and bioactive molecules to expedite healing processes and improve wound closure [8,10,11]. Moreover, in drug delivery systems these nanofibers offer precise control over drug release kinetics, minimizing systemic side effects and optimizing therapeutic outcomes by encapsulating drugs within the polymer matrix or incorporating them into coatings for targeted and sustained delivery at specific sites [12,13]. Despite their beneficial properties, the weak mechanical properties of electrospun fibers pose challenges in load-bearing applications and surgical implants [14,15]. Overcoming these limitations while maintaining biocompatibility remains pivotal for advancing electrospinning technologies towards clinical applications.



In recent years, parylene-C has garnered significant attention as a coating material for enhancing the properties of various substrates, particularly in biomedical applications. As a type of para-xylylene polymer, parylene-C possesses characteristics such as biostability, biocompatibility, moisture resistance, chemical resistance, corrosion resistance, and electrical insulation [16,17]. These properties make parylene-C especially suitable for applications where long-term stability and compatibility with biological tissues are critical. Furthermore, parylene-C’s FDA approval reinforces its compliance with rigorous medical safety standards, further justifying its selection for research in healthcare-related fields. Parylene-C has been effectively employed in several biomedical applications. For instance, parylene-C has been used to coat electrospun nanofibers in transdermal drug delivery systems, where it successfully modulates drug release kinetics. This coating prevents the burst release of hydrophilic drugs like pramipexole, providing a sustained release profile that is advantageous for targeted drug delivery applications [18]. Additionally, parylene-C has been utilized as a water vapor barrier in micropackaging technologies for implantable biomedical devices, significantly enhancing the longevity and reliability of these devices under harsh environmental conditions [19]. Moreover, the coating of stainless steel 316 L, a material commonly used in medical implants, with parylene-C has been shown to improve both its mechanical and protective properties by reducing metal ion release and enhancing corrosion resistance [20]. This protective quality is further evidenced in studies on implantable electrodes, where parylene-C coatings have been utilized to improve biocompatibility and bio-insulation, crucial factors for the long-term stability of medical devices [21]. The versatility of parylene-C extends beyond its use in standard coating applications. Research has demonstrated its effectiveness in creating hybrid coatings by combining parylene-C with other materials, such as aluminum, to enhance barrier properties and mechanical performance, thereby broadening its utility in various biomedical contexts [22]. The optimization of parylene-C and parylene-N thin films for biomedical implants has further underscored the superior mechanical properties and stability of parylene-C under physiological conditions [23]. Additionally, both in vitro and in vivo studies have confirmed the long-term durability of parylene-C as a coating material for chronically implanted devices, solidifying its status as a viable candidate for future biomedical applications [24]. Given these demonstrated benefits, previous studies have highlighted the utility of parylene-C in enhancing the mechanical properties and surface characteristics of different materials, making it an ideal candidate for addressing the inherent limitations of electrospun fibers. Notably, parylene-C is not only widely used in industrial applications but is also expected to see increased usage in the medical industry due to its cost effectiveness and widespread availability [25,26,27]. This study, therefore, aims to explore the effects of parylene-C coating on electrospun fibers and to develop a pattern coating method that could potentially expand the application of parylene-C-coated electrospun fibers in biomedical fields.



Here, it is shown that the properties of electrospun polycaprolactone (PCL) nanofibers can be improved through coating with parylene-C, and a process to selectively coat parylene-C is proposed to enhance its applicability. It is demonstrated that uniform and stable coating of electrospun nano- and microfibers with parylene-C through the CVD process can be achieved without pinholes or air bubbles. Additionally, various properties of parylene-C-coated electrospun fibers are investigated using an SEM analysis, contact angle measurement, mechanical properties tests, and live/dead feasibility assays. Considering the characteristics of electrospun fibers, which cannot be masked by conventional methods using adhesive masks or PR masks, a parylene-C pattern coating technique based on a magnet–metal masking is presented. Based on the parylene-C pattern coating, hybrid fibers composed of different diameters and materials can be fabricated, wherein nanofibers and microfibers coexist within a single fiber mesh. By employing this approach, we aimed to strategically incorporate the advantages of parylene-C coating, such as enhanced mechanical properties, moisture resistance, chemical resistance, corrosion resistance, and barrier properties, into specific locations within the electrospun fiber meshes. This method optimizes the overall functionality of the hybrid structures. Consequently, it is demonstrated that by depositing parylene-C, an FDA-approved material ensuring biological safety as per ISO 10993 [28], onto electrospun fibers, it not only addresses the limitations of conventional electrospun fibers but also introduces additional functionalities.




2. Materials and Methods


2.1. Electrospun Nano- and Microfibers


In this study, nanofibers and microfibers were obtained from Artipore (NNF84-LR30N00, MIF84-LR60N00, ST1 Corp., Busan, Republic of Korea). These nano- and microfibers were made of polycaprolactone (PCL) and were fabricated using a conventional solution-electrospinning process. According to the manufacturer, PCL mixed with chloroform (CF) and dimethylformamide (DMF) was used to manufacture nano- and microfibers through electrospinning. For electrospinning the nanofibers, a mixture of chloroform and dimethyl fluoride was used as the solvent, while chloroform alone was used as the solvent for electrospinning the microfibers. Both the nano- and microfibers were unaligned types, with a thickness of about 60 µm.




2.2. Parylene-C Coating Process


In the chemical vapor deposition (CVD) method employed for depositing a parylene-C thin layer, the parylene-C dimer (CAS NO. 28804-46-8, SCS, Indianapolis, IN, USA), with a molecular weight of 277.193 g/mol, in powder form dissociates into monomer molecules at the nanometer scale, facilitating the uniform coating of substrates such as electrospun fibers without pinholes or air bubbles [29,30]. Thus, it was concluded that fine structures such as electrospun nano- and microfibers could be uniformly coated with parylene-C (Figure 1a) [17].



Figure 1b illustrates the parylene-C coating process employed in this study. The process conditions are for a deposition thickness of about 500 nm. The coating process began with vaporizing 2.1 g of parylene-C powder in a chamber maintained at a pressure of 0.01 Torr or lower. The parylene-C dimer molecules dissociated into monomers at 670 °C in an electric furnace, followed by the coating of parylene-C in a vacuum chamber (<0.01 Torr) at room temperature. Finally, it was observed that all parylene-C raw materials were exhausted when the pressure in the vacuum chamber remained below 0.0056 Torr for 60 min or longer (Nuritech, Incheon, Republic of Korea).




2.3. Pattern Coating of Parylene-C


Conventional pattern coating methods utilizing adhesive or photo-resist (PR) masks can potentially cause damage to nano- or microfibers. Therefore, in this study, a novel method for masking electrospun fibers using a magnet back-plate and a patterned metal mask was developed. Electrospun fibers are clamped between a magnet back-plate and a patterned metal mask, which are placed in a vacuum chamber, followed by parylene-C coating. Figure 2 shows the schematic diagram of the parylene-C pattern coating procedure for electrospun fibers with the help of magnet–metal masking.



A metal mask was designed according to the desired shape using 3D CAD (SolidWorks, Dassault Systemes, Vélizy-Villacoublay, France). S45C steel, chosen for its magnetic properties and ease of CNC machining, was selected as the mask material. Machining was performed using a machining center (Doosan, Changwon, Republic of Korea). The machined metal mask was positioned over the fibers within a vacuum chamber, with a neodymium magnet back-plate placed underneath to secure both the metal mask and the electrospun fibers. Subsequently, a thin layer of parylene-C was deposited on the fibers.




2.4. Morphology and Surface Properties Analyses


The morphology of the prepared samples was investigated using a field-emission scanning electron microscope (FE-SEM, Hitachi, Tokyo, Japan). All the specimens were coated with platinum using ion sputtering, and images were captured at acceleration voltages ranging from 5.0 kV to 10.0 kV, with magnifications up to 10,000×. The dimensions of the nano- and microfibers were measured using the ImageJ software (National Institutes of Health, Bethesda, MD, USA) based on the acquired SEM images.



The effect of parylene-C coating on electrospun PCL fibers was investigated by measuring the water contact angles of the original and parylene-C-coated electrospun microfibers using a water contact angle tester (Femtobiomed Inc., Seongnam, Republic of Korea). The water contact angle between a water droplet and its substrate surface can be expressed using Young’s equation, as shown in Equation (1).


γsv = γ cosθ + γsl



(1)




where θ is the water contact angle; γsv and γsl are the solid–vapor and solid–liquid interfacial tensions, respectively, and γ is the surface tension of the liquid [31]. Generally, solid surfaces with high surface energy are hydrophilic and exhibit low water contact angles, while solid surfaces with low surface energy are hydrophobic and exhibit high contact angles [32].




2.5. Mechanical Properties Analyses


To identify the mechanical properties of the original PCL electrospun microfibers and the parylene-C-coated ones, tensile tests were carried out using a universal testing machine (Instron Corp., Norwood, MA, USA) (Figure 3). Fiber mesh samples were cut to a gauge length of 50 mm and a gauge width of 10 mm. The tensile test was performed three times at a crosshead speed of 5 mm/min, and then, the stress–strain curves and elastic moduli were calculated from the force–displacement data obtained.




2.6. Cell Viability Test


To assess the cytotoxicity of the original and parylene-C-coated PCL electrospun microfibers, cell viability was experimentally evaluated using mouse fibroblast cells (NIH3T3, Korean Cell Line Bank, Seoul, Republic of Korea). Cells were cultured in an incubator with 5% CO2, supplemented with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) and 1% penicillin–streptomycin (P/S, Invitrogen, Carlsbad, CA, USA) in α-MEM cell culture medium.



The fibers were cut into 10 × 12 mm pieces, placed on a 6-well cell culture slide (SPL Life Sciences, Pocheon, Republic of Korea), immersed in 70% ethanol for 30 min, washed three times with phosphate-buffered saline (PBS, Invitrogen, Carlsbad, CA, USA), and sterilized by UV irradiation for 1 h. Cells were seeded onto the cut fibers at a density of 4 × 104 cells/sample and cultured for 24 h to allow for cell adhesion, and cell viability was assessed using a live/dead cell assay kit (Invitrogen, Carlsbad, CA, USA). Living cells were stained green while dead cells were stained red, and these were observed using a confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany).





3. Results and Discussion


3.1. Morphological Properties


To investigate the morphological change after coating, electrospun microfibers with a diameter of about 5.5 µm were coated with parylene-C. The original electrospun microfibers, depicted in Figure 4a,b, exhibit the typical morphology of general electrospun microfibers. The fibers have a slight curl/buckling formation. Also, it can be seen from the figures that the original microfibers have a relatively rough surface. Figure 4c illustrates the diameter distribution of the electrospun fibers shown in Figure 4a. The fiber diameters range from about 4.0 to 7.5 µm, with the most frequent diameter falling within the 5.0 to 5.5 µm range. The mean diameter is 5.45 µm, and the standard deviation is 0.67 µm, which corresponds to 12.35% of the mean diameter, indicating a high degree of diameter uniformity among the fibers.



Figure 4d presents the SEM image of the microfibers after parylene-C coating, showing a slight increase in fiber diameter without a change in shape. However, the fiber surface has changed to a smooth texture, as shown in Figure 4e. It can be seen that parylene-C was successfully coated onto the fiber surface. The diameter distribution of the parylene-C-coated fibers is illustrated in Figure 4f. The diameter range of the parylene-C-coated fibers is between about 5.0 and 9.0 µm, with the most frequent diameters falling within the 6.0 to 6.5 µm range. The average diameter is 6.73 µm, with a standard deviation of 0.61 µm, which is 9.04% of the mean diameter. There is no significant change in the diameter deviation level of parylene-C-coated fibers from the original ones. Therefore, it can be seen that the fibers were uniformly coated with parylene-C.



Figure 5 shows a comparison in fiber diameter between the original and the parylene-C-coated electrospun PCL microfibers. As shown in the figure, the statistically meaningful difference in average diameters of original and parylene-C-coated fibers is 1.28 µm with a p-value less than 0.001, implying that the parylene-C coating thickness was about 630 nm. Consequently, although the initial design intended for a 500 nm thick parylene-C coating, it was determined that the parylene-C was uniformly applied to the fibers with a thickness of approximately 630 nm, indicating a minor deviation.




3.2. Water Contact Angles


Surface property modification through parylene-C coating was investigated via the water contact angle measurement, which was repeated five times for accuracy. The average water contact angle of the original PCL electrospun microfibers was 128.1° with a standard deviation of 8.27°, whereas the parylene-C-coated microfibers exhibited a contact angle of 134.2° with a standard deviation of 1.48° (Figure 6). It can be seen that the hydrophobic properties of the PCL microfibers were slightly but not significantly enhanced via the parylene-C coating despite PCL being inherently hydrophobic. Therefore, it can be concluded that parylene-C coating in this study did not significantly affect the hydrophobicity of the PCL microfibers.




3.3. Mechanical Properties


Tensile tests were carried out to evaluate the effect of parylene-C coating on electrospun PCL microfibers. Figure 7a shows the stress–strain curves of the original and the parylene-C-coated electrospun PCL microfibers, which shows that the parylene-C coating improved the mechanical properties of the electrospun PCL microfibers. However, the property of strain at break looks slightly reduced.



In particular, the elastic modulus of the original PCL microfiber meshes was 19.52 MPa, whereas the parylene-C-coated microfiber meshes exhibited an elastic modulus of 76.21 MPa, demonstrating a dramatic increase of about four times (Figure 7b). Additionally, Figure 7c shows that the fracture strength of the original microfiber meshes was 1.93 MPa, whereas the fracture strength of the parylene-C-coated microfiber meshes was 3.58 MPa. These results indicate that parylene-C coating can significantly enhance the mechanical properties of electrospun microfibers without causing significant changes in their morphology, except for their diameter.




3.4. Cytotoxicity


To investigate the impact of parylene-C coating on the cytotoxicity of PCL microfibers, a live/dead cell assay was carried out. The results demonstrated high cell viability with minimal cell death in both types of microfibers (Figure 8a,b). Additionally, we observed a higher number of cells on the original microfibers, suggesting that the parylene-C coating on the microfibers might cause a slight deterioration in cell adhesion.



Among the cells attached to the original and the parylene-C-coated PCL electrospun microfibers, 91.05% and 90.11% were live cells, respectively (Figure 8c). The difference in the percentage of live cells between the original and parylene-C-coated PCL electrospun microfibers is negligible and not statistically meaningful. Therefore, it can be concluded that the parylene-C coating does not cause a deterioration in the cell viability of the electrospun PCL microfibers. Moreover, stable cell settlement could be observed even 24 h after seeding, demonstrating excellent cell adhesion quality in both the original and the parylene-C-coated electrospun PCL microfibers.




3.5. Fabrication of Hybrid Fiber Meshes via Parylene-C Pattern Coating


The feasibility of parylene-C pattern coating on electrospun fibers was experimentally evaluated, and its applicability in fabricating hybrid fiber meshes composed of nano- and microfibers was also investigated. For this purpose, electrospun PCL nanofibers were used as the coating target. Moreover, 4.2 g of parylene-C powder was vaporized to achieve a coating thickness of about 1 µm. Consequently, the coated nanofibers became thicker fibers, with a diameter greater than 2 µm, while the diameter of the original nanofibers under the mask remained at its original value of several hundred nanometers. A torus-shaped metal mask was used, as shown in Figure 9a.



Figure 9b shows the electrospun PCL nanofibers after parylene-C coating. In the obtained sample, compression traces can be seen in the area that was clipped with the mask. It was confirmed that the compression trace had the same shape and size as the mask because the compression was nearly uniform and strong enough. However, aside from the compression marks, it was difficult to visually discern any difference in color or surface properties between the fibers in the masked and open regions.



Figure 10a shows an SEM image of the PCL nanofibers covered with the mask (i.e., the masked region). It was difficult to find any clear damage or deformation on the nanofibers induced by the masking process. Therefore, it can be seen that the masking method did not significantly affect the nanofiber morphology or quality. Meanwhile, Figure 10c shows an SEM image of the parylene-C-coated nanofibers in the open region. The surface of the parylene-C-coated nanofibers was smoother compared to the original nanofibers, and their diameter increased significantly to the micrometer scale. Moreover, strong interconnectivity between the fibers was achieved through the thick coating of parylene-C.



The original electrospun PCL nanofibers in the masked region, without parylene-C coating, have diameters between 450 and 1000 nm, with an average diameter of 661.09 nm and a standard deviation of 122.23 nm, as shown in Figure 10b. It can be observed that the nanofibers were electrospun with a relatively uniform diameter. The parylene-C-coated electrospun microfibers in the open region have diameters between 1500 and 2800 nm, with an average diameter of 2113.42 nm and a standard deviation of 229.16 nm, as shown in Figure 10d. This demonstrates that all nanofibers in the open region were uniformly coated with a thick parylene-C layer, unlike the nanofibers in the masked region. The difference in average fiber diameter between the coated and the uncoated fibers is about 1452.33 nm (Figure 11). As previously mentioned, this experiment was performed under conditions for a 1000 nm thick parylene-C coating. However, there was a 14% increase, not a 100% increase, compared to the diameter difference of 1275 nm shown in Figure 5, which was performed under conditions for a 500 nm thick parylene-C coating. These results indicate that the parylene-C coating of electrospun nanofibers is less efficient than that of microfibers. This is presumed to be due to the increase in surface area caused by the high porosity and large pore size of nanofibers. Nevertheless, the experiment demonstrated that the electrospun nanofibers could be selectively coated with parylene-C through the proposed magnet–metal masking, and a hybrid fiber structure in which nanofibers and microfibers coexist in distinct sections within a single structure was successfully produced.





4. Conclusions


In this study, the effects of parylene-C coating on PCL electrospun fibers were investigated, and a pattern coating method was developed to expand the potential utilization of parylene-C-coated electrospun fibers. An SEM analysis revealed that parylene-C was uniformly coated on electrospun microfibers without any pinholes or air bubbles, resulting in a smooth surface. The mechanical properties were significantly enhanced, with the elastic modulus of parylene-C-coated microfibers increasing to 76.21 MPa compared to 19.52 MPa for the original microfibers. It was shown that the hydrophobicity of PCL microfibers was well maintained or slightly improved through parylene-C coating. In terms of cell viability, the live/dead assay demonstrated high cell viability with minimal cell death for both the original and parylene-C-coated microfibers. In detail, 91.05% of cells on the original microfibers and 90.11% on the coated microfibers were live, indicating no significant cytotoxicity due to the coating. Additionally, a novel magnet–metal masking technique was introduced to the coating process and it enabled precise parylene-C pattern coating on electrospun fibers without damaging the fiber structure, suggesting potential applications in creating hybrid fiber structures in which nanofibers and microfibers coexist in distinct sections within a single structure. The electrospun fibers with the patterned parylene-C thin film developed in this study are expected to be further advanced as a wound covering or drug delivery device capable of targeting specific local areas within single fiber meshes through various drug loading and in vivo evaluations. Additionally, it is anticipated that this development will address the major limitations of existing electrospinning fibers by enhancing their mechanical properties, thereby enabling their use as implantable scaffolds or wearable devices that require load-bearing capabilities.
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Figure 1. Parylene-C coating based on chemical vapor deposition (CVD). (a) Chemical structures of parylene-C in CVD; (b) procedure of parylene-C coating in this study. 
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Figure 2. Parylene-C pattern coating process with magnet–metal masking. 
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Figure 3. Tensile test of a parylene-C-coated electrospun microfiber specimen. 
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Figure 4. SEM images and fiber diameter distribution of original PCL electrospun microfibers (a–c) and parylene-C-coated microfibers (d–f). 
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Figure 5. Comparison of fiber diameter between the original and the parylene-C-coated microfibers. 
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Figure 6. Water contact angle measurement results for the original (a) and the parylene-C-coated (b) electrospun PCL microfibers, and a comparison of the contact angles (c). The average water contact angle of the original PCL microfibers was 128.1°, while for the parylene-C-coated ones it was 134.2°. 
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Figure 7. Tensile test results. Comparison of stress–strain curve (a), elastic modulus (b), and fracture strength (c) between the original and parylene-C-coated electrospun PCL microfibers. 
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Figure 8. Live/dead staining of the original (a) and the parylene-C-coated (b) electrospun microfibers at 1 day. Green indicates live cells and red indicates dead cells. (c) Comparison in cell viability between the original and the parylene-C-coated electrospun microfibers 1 day after seeding. 
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Figure 9. Parylene-C pattern coating results: (a) Experimental setup with magnet–metal masking; (b) fabricated pattern-coated hybrid PCL fibers showing masked and open regions. 
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Figure 10. Parylene-C pattern coating results: (a) SEM image of the electrospun nanofibers in the masked region (i.e., original); (b) fiber diameter distribution of the masked region; (c) SEM image of the electrospun nanofibers in the open region (i.e., coated with parylene-C); (d) fiber diameter distribution of the open region. 
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Figure 11. Comparison of fiber diameter of the electrospun nanofibers in between masked (i.e., original fibers) and open (i.e., coated fibers) regions. 
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