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Abstract

:

This paper describes the fabrication of a structural scaffold consisting of both randomly oriented nanofibers and triangular prism patterns on the scaffold surface using a combination technique of electrospinning and collector templates. The polycaprolactone (PCL) nanofibers were electrospun over a triangular prism pattern mold, which acted as a template. The deposited scaffold was removed from the template to produce a standalone structural scaffold of three-dimensional micropatterned nanofibers. The fabricated structural scaffold was compared with flat randomly oriented nanofibers based on in vitro and in vivo studies. The in vitro study indicated that the structural scaffold demonstrated higher fibroblast cell proliferation, cell elongation with a 13.48 ± 2.73 aspect ratio and 70% fibroblast cell orientation compared with flat random nanofibers. Among the treatment groups, the structural scaffold escalated the wound closure to 92.17% on day 14. Histological staining of the healed wound area demonstrated that the structural scaffold exhibited advanced epithelization of the epidermal layer accompanied by mild inflammation. The proliferated fibroblast cells and collagen fibers in the structural scaffold appeared denser and arranged more horizontally. These results determined the potential of micropatterned scaffolds for stimulating cell behavior and their application for wound healing.
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1. Introduction


Electrospinning is an efficient fabrication technique used to produce continuous micro- to nanoscale fibers from various natural and synthetic polymer solutions. As the name implies, the driving force of this technique is electrostatic repulsion, wherein a pendant drop of polymer at the tip of a needle is highly electrified by employing the strong electrostatic force between the needle tip and the collector [1,2,3,4]. When the electrostatic repulsion force is exerted and overcomes the surface tension of the polymer solution, the polymer solution is discharged from the needle tip. The electrified polymer jet then undergoes a stretching and whipping process, leading to the production of one-dimensional fibers [1,5]. As the polymer jet is constantly stretched out, the solvent is evaporated and, finally, it is deposited on the assigned collector. The fibers produced from electrospinning have attracted considerable research interest as an application for tissue engineering. This is mainly due to their dimensions being comparable to the native extracellular matrix (ECM) and being excellent substrates that support cell adhesion and proliferation [6]. However, fibers produced by conventional electrospinning are non-woven and randomly oriented, which is different from the topographical ECM [3,7]. It is known that specific topographies can enhance the biological response; hence, there is significant interest in controlling the spatial arrangement of electrospun fibers to produce patterned structures [4,7,8].



To date, numerous approaches have been developed to produce electrospun fibers with different structures [4,8,9,10,11,12]. They can be collected as aligned oriented fibers by using modified collectors of different forms and arrangements, such as rotating drums [13], separate electrodes and metal rings [14,15], or using external electric and magnetic fields [8,16]. Aligned nanofibers can provide contact guidance for the cells, resulting in elongation, cells being aligned along the axes of fibers and faster migration compared to a random orientation [3,7,17]. On top of that, template collectors such as grid-like structures, woven wire mesh and regular hexagons have been used to produce different pattern designs [9,10,11]. Kakunuri et al. produced three-dimensional fibrous micropatterns by using nylon mesh as a collector template and the resultant fibers were more advantageous to the tunable wettability scaffold [9]. Meanwhile, Shin et al. applied femtosecond laser-assisted patterning to fabricated microgroove-patterned nanofibers and demonstrated that microgroove nanofibers promoted the orientation and elongation behavior of endothelial cells [12]. Although patterned electrospun nanofibers have been effectively engineered by these approaches, they are restricted in versatility, requiring a certain electrode design and a complicated system.



Inspired by the advantages of patterned electrospun nanofibers and micropatterning that could stimulate the biological response, we fabricated structural nanofibrous scaffolds to induce fibroblast cell alignment and investigated the viability of fibroblast cells. The structural scaffold consisted of both random fibers and a defined three-dimensional microtopography at the top of the scaffold surface using a combination of electrospinning and collector templates. A triangular prism pattern mold as the collector template was used in this study, inspired by Razali et al.; they demonstrated that a triangular micropatterned film significantly regulated myoblast cell alignment and promoted elongation behavior [18]. The structural scaffold was compared with randomly oriented nanofibers, based on in vitro and in vivo studies. In particular, the structural scaffold was applied to treat the full-thickness wound of rats to investigate the impact of the structural scaffold on the wound closure rate. Finally, the regenerating skin tissue was evaluated through histological staining analysis.




2. Materials and Methods


2.1. Fabrication of the Polycaprolactone (PCL) Scaffolds


The nanofibrous scaffolds were fabricated using electrospinning techniques with the optimal parameters according to our experimental results [19,20,21]. The initial process started by dissolving the polycaprolactone (PCL) granule [19,21,22] into the solvent of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 99%, Sigma-Aldrich, Kaohsiung, Taiwan) for making 20 wt% polymer concentrations. The PCL solution was mechanically stirred overnight until the polymer solution became homogenous. For general electrospinning, the PCL solution was carefully transferred into a commercial plastic syringe equipped with a 23G stainless steel needle. The commercial plastic syringe was attached to the syringe pump that deposited the PCL solution at 0.45 mL/h. Subsequently, alligator clips were used to connect the positive electrode of a high voltage power supply (Nanon-01A, MECC Co., Ltd., Fukuoka, Japan) to the needle tip and the negative electrode was attached to the collector plate. A 15 kV voltage was applied to the needle tip and a 160 mm distance between the needle tip and the collector was maintained throughout the electrospinning process. The PCL flat nanofibers, referred to as two-dimensional (2D) scaffolds, were collected at the aluminum foil. Prior to fabricating PCL structural scaffold, a pattern silicon mold was manufactured through a standard photolithography process. The pattern silicon mold consists of a triangular prism microstructure, where the height (H) of the triangular prism and width (W) between each of the triangular prism were 70 µm and 10 µm, respectively. Subsequently, the pattern mold was used as a collector plate for transferring the triangular prism pattern onto the scaffold surface in order to fabricate the PCL structural scaffold. The PCL nanofibers were deposited onto the pattern mold and simultaneously replicated the pattern of the mold. To produce a thicker scaffold, the 2D scaffold was collected after 1 h electrospun and the structural scaffold was collected after 2 h. The PCL structural scaffold was separated from the pattern mold and samples were vacuum dried overnight to eradicate the residual solvent before further characterization. Figure 1 illustrates the electrospinning setup for fabricating PCL structural scaffold.




2.2. Characterization of the PCL Scaffolds


The surface topography of the PCL structural scaffold was observed under a scanning electron microscope (SEM; SU-8000, Hitachi, Tokyo, Japan). The PCL structural scaffold was peeled off from the pattern mold, cut into 10 mm × 10 mm samples and attached to the SEM stub with carbon tape. Each of the samples was sputter-coated for 100 s with a thin layer of titanium to reduce the charging effect during the observation process. The coated samples were then observed under the high vacuum mode of the SEM at 10 kV accelerating voltage. Afterward, the SEM images were imported into ImageJ (National Institute of Health, Bethesda, MD, USA) to measure the fiber diameters, fiber orientations and pattern size of the PCL structural scaffold. The fiber orientations of the structural scaffold were determined by the angle between the fibers and pattern direction. The average fiber diameters of samples were calculated over 100 fibers from randomly selected samples. A similar process and protocol were performed for observing the surface morphology of the PCL 2D scaffold.



The mechanical properties of fabricated scaffolds were determined using a tensile testing machine (FGS-50E-H, Nidec-Shimpo Corporation, Kyoto, Japan). The fabricated scaffolds were detached, cut into a rectangle shape and vertically attached to the machine for testing. The mechanical properties of the fabricated scaffolds were analyzed in both the parallel and perpendicular directions relative to the pattern surface. This was to investigate the effect of the pattern on scaffold strength. The samples were stretched at a speed of less than 20 mm/min until failure. The Young’s modulus, tensile strength and tensile strain were determined from the data obtained.



Numerous research findings have verified that the wettability of polymer nanofibers could significantly affect tissue regeneration [19]. The wettability of the PCL 2D and structural scaffolds was examined using a contact angle instrument (DSA 1000, KRÜSS GmbH, Hamburg, Germany). The fabricated scaffolds were placed on a glass slide and then 5 µL of ultrapure water was dropped onto the sample surface. The water contact angle of the samples was analyzed in both the parallel and perpendicular directions relative to the pattern surface. Images of the water droplet were captured and further processed to obtain the value of the contact angle. The contact angle value was calculated as the average of 15 measurements.




2.3. In Vitro Study of the PCL Scaffolds


The fabricated scaffolds were evaluated by biological characterization to explicate their influence on adult human dermal fibroblast (HDF) cell behavior. The adult HDF cell line was derived from ATCC (PCS-201-012) and purchased from Bioresource Collection and Research Center (BCRC, Hsinchu, Taiwan). Before the seeding procedure, the fabricated scaffolds were fixed in a 24-well plate and sterilized by UV light for 1 h. The process was initiated by incubating the HDF cells at 37 °C in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin and antibiotic-antimycotic in a humidified atmosphere of 5% CO2. The medium was changed daily and subcultured in a tissue culture plate (TCP) until it reached 90% confluency. At this point, cells were detached using trypsin-EDTA and centrifuged at 1300 rpm for 5 min. The supernatant was removed and a fresh culture medium was added. Subsequently, 1.0 mL of cell medium suspension was seeded on the surface of the fabricated scaffold at a density of 4 × 104 cells per well and incubated in the standard conditions of 5% CO2 at 37 °C. The HDF viability study was performed for 8 days using a Cell Counting Kit-8 assay (CCK-8, Dojindo, Kumamoto, Japan). After the elapsed time, the culture medium was removed and the samples were washed with phosphate-buffered saline (PBS) three times. Then, a 0.5 mL medium consisting of 10% CCK-8 solution was added into each well and incubated for 2 h. 100 µL of the solution was pipetted into a 96-well plate and subsequently the value of the optical density (OD) of each well was determined at 450 nm absorbance using a microplate reader (Bio-Rad model 680, Genmall Biotechnology Co., Hercules, CA, USA).



A fluorescence microscope and SEM were employed to observe the morphologies and distribution of the HDF cells on the fabricated scaffolds. First, the nucleus of cells was prestained with 4 mL of 4′,6-diamidino-2-phenylindole (DAPI, Sigma–Aldrich, Kaohsiung, Taiwan) staining solution, incubated overnight and excessive DAPI staining solution was washed away with PBS three times. For the cell body staining, the cells were stained with 0.5 mL of fluorescein diacetate (FDA, Sigma–Aldrich, Kaohsiung, Taiwan) staining solution, incubated for 5 min and then rinsed three times to remove the excessive FDA staining solution. The fluorescence of cells was observed and digitally recorded using a microscope with NIS-Elements AR software (Eclipse Ni-U, Nikon, Tokyo, Japan). All the processes of cell fluorescence staining were conducted on days 3 and 8 in a dark environment at room temperature.



To investigate the effect of cell behavior on the fabricated scaffolds, the elongation and orientation of HDF cells were determined by analyzing the photographed fluorescence of cells. A color threshold in the ImageJ software was used to automatically segment the fluorescent cells and trace the best-fit ellipse of the cells. From the cell’s best-fit ellipse, the length of the long and short axes was determined, as shown in Figure 2. Then, the cell elongation in terms of aspect ratio was measured by dividing the length of the long axis by the short axis. The cell orientation was determined by the angle between the long axis of the ellipse and the pattern direction. The pattern direction was referred as references axis. The cell orientation (θ) was ranged from 0° to 180°. The cells were considered to have arbitrary orientation when the angle (θ) exceed 10°. The average aspect ratio and cell orientation were determined from 40 nuclei.



For morphological observation using SEM, the samples were washed with PBS to remove the floating cells, fixed with 0.5 mL of 2.5% glutaraldehyde (GA, Sigma-Aldrich, Kaohsiung, Taiwan) for 2 h and then washed again three times with PBS. The fixed samples were sequentially dehydrated with ethanol concentrations of 30%, 50%, 75%, 90%, 95%, 99.5% and 99.5%. Finally, SEM imaging of fully dried samples was performed.




2.4. In Vivo Study of the PCL Scaffolds


All animals were treated and used according to the protocol under approval no. 10738 by the Animal Care and Use Committee of National Sun Yat-sen University. All efforts were made to minimize animal discomfort and minimize the number of animals used for the experiment. Twelve healthy male Wistar rats (BioLASCO Taiwan Co., Taipei, Taiwan) weighing 276–300 g (8 weeks old) were utilized in this experiment. The rats were anesthetized with 2.5% isoflurane and the dorsal region of the rats were shaved and disinfected with 70% ethanol. Then, two 15 mm circular diameter full-thickness excisional wounds were created side by side. The injured rats were randomly distributed into four different groups (n = 3 for each group) of no treatment, commercial gauze, PCL 2D scaffold and PCL structural scaffold. All of the fabricated scaffolds were cut into 2 cm × 2 cm samples and sterilized with UV light for 1 h before the treatment. Subsequently, the wound region was treated with the assigned scaffold. For the application of structural scaffold, the top surface of the sterilized structural scaffold was placed directly in contact with the full-thickness wound and then fixed with surgical tape. This purpose is to keep the scaffold position to the wound site. In addition to that, the assigned scaffolds were changed every 2 days, particularly the structural scaffold for maintaining the triangular prism microstructure effect to the wound area. The rats were placed in a cage and fed individually. The wound area was evaluated for all treatment groups on days 0, 4, 7 and 14 by imaging the wound area. The wound healing percentage was calculated by using the following equation:


  Wound   healing   percentage   =    (     A i  −  A t     A i     )    ×   100 %  








where    A i    and    A t    are the initial wound area and wound area at time of measurement, respectively.




2.5. Histological Analysis


The healed skin tissue of the healed wound area of Wistar rats was analyzed using histological staining. The rats in each group (n = 3) were anesthetized and sacrificed on day 14 post-surgery. The skin tissue samples were collected by excising the full thickness of the wound together and fixed in 4% paraformaldehyde (Sigma-Aldrich, Kaohsiung, Taiwan) at 4 °C. Subsequently, the skin tissue samples were embedded in paraffin and cut into sections 5 µm thick. Finally, the section samples were stained with hematoxylin and eosin (H & E). The section samples were imaged using a digital slide scanner (MoticEasyScan, Motic, Xiamen, China) for histologic analysis and scored using the International Harmonization of Nomenclature and Diagnostic Criteria (INHAND) protocol [23,24]. The re-epithelization was graded as 0 for absence, 1 for scant presence, 2 for moderate presence and 3 for remarkable presence, while the orientation of collagen fibers and fibroblasts was graded as 0 for absence, 1 for vertical arrangement, 2 for mixed arrangement and 3 for horizontal arrangement. Inflammation was also scored as 0 for no remarkable (<1%), 1 for minimal (1–5%), 2 for slight (5–25%), 3 for moderate (26–50%), 4 for moderately severe (51–75%) and 5 for severe (>75%). Finally, the average data was reported.




2.6. Statistical Analysis


All the experiment data were expressed in mean ± standard deviation (mean ± SD). Statistical difference between the groups was determined using one-way analysis of variance (ANOVA) with Turkey’s post-test. The findings were considered low statistical different when the p-value was <0.05 (*), moderate statistical different when the p-values was <0.01 (#) and high statistical different when the p-value was <0.001 (&).





3. Results and Discussion


3.1. Characterization of the Fabricated PCL Scaffolds


In the present study, two nanofibrous scaffolds with significantly different morphologies were fabricated by modifying the collector template used for electrospinning. A 2D scaffold with a random orientation was collected at the plate collector covered with aluminum foil. A pattern as a collector template was used to fabricate a structural scaffold, which consisted of both random nanofibers and triangular prism patterns on the surface of the scaffold. The morphologies of different PCL scaffolds were observed at high resolution using an SEM, as demonstrated in Figure 3. Known electrospinning techniques will produce randomly oriented fibers and the quantitative analysis of SEM images showed that the distribution of the fiber diameters of the 2D scaffold ranged between 100 nm to 700 nm. The fibers were randomly oriented ranging from 0–180° angle interval. Figure 3b presents the structural scaffold fabricated using a combination of electrospinning and pattern as a collector plate. From the SEM observation, the fabricated triangular topography was successfully fabricated on the surface of a random nanofiber scaffold. The resultant structural scaffold demonstrated an organized topographical structure with dense random nanofibers. Cross-sectional SEM images showed that by electrospinning the PCL nanofibers onto the pattern mold, the combination of techniques was able to reproduce the outline of the mold on the scaffold surface. Similarly, the structural scaffold consisted of fibers with diameters ranging between 100 nm to 700 nm. This is expected from electrospinning approach, where the nanofiber produced in a wide range of nanoscale and less uniformity [3]. The structural scaffold consists of 57% nanofibers distributed at 70–100° angle intervals respective to the pattern direction. This indicated there is slight alignment might occur in the structural scaffold. The height of the triangular prisms was 68.35 ± 21 µm and the distance between each of the triangular prisms was 14.29 ± 34 µm, while the average fiber diameter for the 2D scaffolds was 329 ± 186 nm and the average fiber diameter for the structural scaffolds was 414 ± 164 nm.



The mechanical properties of fabricated PCL scaffolds were determined by analyzing the data obtained from testing. From the analysis, 2D scaffolds presented consistent mechanical properties in terms of tensile strength, tensile strain and Young’s modulus as shown in Table 1, irrespective of orientation [3]. The mechanical properties of the structural scaffolds also demonstrated a similar trend to the 2D scaffold, wherein there was no difference regardless of orientation. From the analysis, the micropattern did not significantly affect the scaffold strength.



The wettability of the fabricated PCL scaffolds was determined by analyzing the water contact angle. The water contact angle of the fabricated scaffolds was measured in parallel and perpendicular directions. Figure 4 shows the mean water contact angle of the fabricated PCL scaffolds. From the analysis, all the fabricated scaffolds had a water contact angle of over 100°, demonstrating that all the samples were hydrophobic. The obtained results are consistent with previous reports on randomly oriented nanofibers [12,25]. The 2D scaffold had a similar water contact angle in both parallel and perpendicular directions. The water contact angle for the 2D scaffold in parallel and perpendicular directions were 138.47 ± 1.25° and 140.14 ± 1.23°, respectively. The water contact angle for the structural scaffold in parallel and perpendicular directions was slightly different, at 125.29 ± 1.58° and 124.33 ± 2.59°, respectively. The results obtained match those of Shin et al., which demonstrated that the wettability of random nanofibers was reduced after a microgroove pattern was fabricated on the nanofiber surface [12]. The water contact angle of microgroove-patterned nanofibers was comparable to aligned nanofibers [12].




3.2. HDF Cell Behavior on Different Morphologies of PCL Scaffolds


Topographical patterning has been widely used to control cell adhesive morphology [18,26,27,28,29]. The HDF cells were cultured on the fabricated PCL scaffolds for 8 days to investigate the capabilities of the structural scaffold in promoting cell growth. Figure 5 demonstrates the viability of HDF cells on different morphologies of PCL scaffolds. In this study, tissue culture plate (TCP) was used as a control. The viability of cells for each group was presented in terms of relative fold change from those cultured for 24 h. In the early stage of incubation, the structural scaffold exhibited cell viabilities comparable to the 2D scaffold on day 2. The fold change of HDF cell viabilities rate for 2D scaffold, structural scaffold and TCP control were 2.33, 2.09 and 1.84 times increased from 24 h of culturing. The structural scaffold gradually assisted the proliferation of HDF cells, increasing to 7.89 times on day 5. By increasing the incubation time, the 2D scaffold demonstrated a lower cell viability compared to the structural scaffold and TCP control presented the lowest cell viability among the groups. The structural scaffold exhibited a higher fold change of cell viability rate, increasing on day 8 to 19.99 times from 24 h of culturing. This phenomenon could be attributed to the 2D scaffold having a highly hydrophobic surface, which leads to the cells being hindered.



The HDF cell morphologies on the fabricated scaffolds were observed on days 3 and 8 of incubation. The fibroblast cells adhered to the fabricated PCL scaffolds and the morphologies of cells were expected to be in a spindle shape or dependent on the cultured substrate. Figure 6 presents the HDF cell morphologies on the TCP control and the fabricated PCL scaffolds. From our observation, the HDF cells’ behavior on the 2D and structural scaffold demonstrated significantly different morphologies. The HDF cells on the TCP control were distributed randomly without any preferential direction. Although the cytoskeleton HDF cells stretched along the randomly oriented nanofibers, the cultured cells show no preferential alignment and are distributed arbitrarily. It was noticed that the HDF cells on the structural scaffold exhibited an elongated morphology and aligned along the triangular prism topography on day 3. By increasing the incubation time, the HDF cells favorably moved, migrated and proliferated along the triangular prism of the structural scaffold. The HDF cells on the structural scaffold exhibited a similar elongation and orientation behavior in comparison with cell morphologies on aligned nanofibers or anisotropic topography [3,7,17,29,30,31,32,33].



A quantitative analysis of the cell elongation in terms of aspect ratio and orientation of cells on the fabricated PCL scaffolds at day 8 is shown in Figure 7a. The structural scaffold changed the stretching of the HDF cells in comparison to the 2D scaffold and TCP control, which correlates with the HDF morphologies in Figure 6. The HDF cells on the structural scaffold exhibited a higher cell elongation with an aspect ratio of 13.48 ± 2.73, while 2D scaffold and TCP control showed moderate cell elongation at day 8 with aspect ratios of 4.16 ± 1.71 and 5.19 ± 1.72, respectively. The angle distribution of HDF cells on the structural scaffold was relatively narrow in comparison to the 2D scaffold and TCP control; 70% of HDF cells aligned along the peak of the triangular prism. This cell orientation results were comparable to the fibers orientation distribution analysis, where approximately 57% nanofibers oriented at 70–100° angle intervals respective to the pattern direction.



This suggests that the triangular prism on the scaffold surface can enhance cell activities in comparison to the 2D scaffold. The results obtained were consistent with previous documentation, wherein cell proliferation on a groove film was higher compared to a flat film [29,33]. Based on the study by Zorlutuna et al., structural properties play an important role in directing cells [29,34]. They reported that triangular microstructural film promoted cell attachment and demonstrated a similar cell behavior to cells cultured on a collagen film [29,34]. In addition, the peak of the triangular prism of the structural scaffold could assist in guiding the fibroblast cells to attach, move and proliferate. The orientation and elongation of fibroblast cells significantly improved when the triangular prism pattern was added to the scaffold surface. Specifically, our findings suggested that nanofibers present a more impact on cell orientation, while the improvement of cell elongation behavior significantly might be enhanced with the aid of triangular prism microstructure. This is supported by studies from Razali et al. and Thery et al., which demonstrated that the peak of the triangular prism has a similar effect to a triangle tip [18,35]. A continuous triangle tip can affect the development of the cell and stimulate lamellipodia and filopodia formation [35]. Figure 8 shows the morphology of HDF cells on the fabricated scaffolds.



Although the fabricated micropattern nanofibers improved the fibroblast cell’s activities which is consistent with previous studies, however, most of the micropattern nanofibers were produced from conventional electrospinning. As known, fibers produced from conventional electrospinning have a less uniform structure, fibers fracture and a wide range of nanofibers [3,36]. These physical and morphological properties could reduce the effect of cell behavior since the cell activities could be decreased with a minimal difference in the fiber diameters [37,38,39,40]. Hence, we assumed a structural scaffold can be fabricated by modified electrospinning [3,36,41,42,43,44] in further studies, which is able to produce fibers with a more uniform distribution. This can lead to provide more positive effects on cell behavior. In addition to that, acknowledged that aligned nanofiber can provide cell contact guidance, we assumed a structural scaffold consisting of aligned nanofibers and triangular prism on the scaffold surface might synergistically enhance the fibroblast cell behavior. However, further studies are needed to clarify the potential phenomena.




3.3. In Vivo Study of the Fabricated PCL Scaffolds


To evaluate the in vivo performance of our structural scaffold, full-thickness skin wounds were created on the dorsal region of rats. The impact of the structural scaffold on the wound region was compared with the 2D scaffold, commercial gauze and no treatment (control) groups. After the surgery, the assigned scaffolds covered the wound site as the dressing for the wounds and were subsequently fixed with a layer of surgical tape to maintain the dressing position. The appearance of each wound was observed on days 0, 4, 7 and 14, as demonstrated in Figure 9a. From photographic observation, treatment by nanofibrous scaffold displayed a faster and better healing process than both the commercial gauze and control groups. During the healing process, the wound area treated with the commercial gauze and 2D scaffold demonstrated a slight redness and swelling. This could be due to the 2D scaffolds having a higher hydrophobicity than the structural scaffold, which hinders the binding of cells. As the treatment time increased, the wound area treated with 2D scaffold and commercial gauze did not significantly decrease. While the diameter of the wound area treated with the structural scaffold displayed an obvious reduction on day 7, the wounds observed in the control and commercial gauze groups demonstrated the lowest reduction in wound size. As observed from the photographs, the diameter of the wound reduced significantly over time, particularly in the structural scaffold group.



At different treatment times, the healing area of wounds was measured based on the macroscopic images in Figure 9a. The wound healing percentages are expressed as the wound size reduction relative to the original area of the wound site, shown in Figure 9b. On day 4, the structural scaffold presented a higher wound healing rate among the treatment groups, achieving 30.8% wound closure. As the healing time increased, the wound area treated by the structural scaffold continuously reduced and 53.49% wound closure was obtained on day 7, whereas the 2D scaffold achieved a 50.94% wound closure on day 7. The commercial gauze and control groups presented the lowest healing rate, achieving a wound closure of 42.58% and 24.26%, respectively. On day 14 of treatment, the wound size in all treatment groups significantly decreased and the healing percentage of the structural scaffold reached 92.17%. The wound area had more complete healing and achieved rapid recovery when the structural scaffold was used as a dressing compared with the 2D scaffold and commercial gauze.




3.4. Histological Staining


Histological staining was used to evaluate the performance of the structural scaffold during the wound healing process. Reconstruction of the dermis and epidermis layers are key factors in evaluating wound healing and tissue regeneration [45,46]. Re-epithelization starts with the thickening of the epidermis layer near the wound area and also involves the proliferation of fibroblast cells at the dermis layer. The fibroblast cells are responsible for producing connective tissue and an ECM that assists the epidermis in promoting wound closure. Histological analysis of the healed wound area was conducted on day 14 post-surgery, as shown in Figure 10. Based on the histological staining, wounds treated with nanofibrous scaffolds demonstrated better epithelization in comparison to other treatment groups. It was noticed that the collagen fibers in the dermis layer of the 2D and structural scaffold appeared in a more dense and organized form. Most of the collagen fibers and proliferated fibroblast cells are arranged horizontally, particularly in the structural scaffold. The wound areas treated with commercial gauze and no treatment showed a severe delay in re-epithelization with a significant chronic inflammatory stage, as shown in Figure 11. From the staining, a high number of inflammatory cells and vascular formation was observed, particularly surrounding the debris. This is possible because no treatment is an open wound, causing the foreign material in the environment, such as food debris or straw pellet bedding, to become embedded in the wound. The results suggest that the structural scaffold could enhance the wound healing process and tissue regeneration in comparison to the 2D scaffold. The peak of the triangular prism of the structural scaffold could have a positive influence on the arrangement of collagen fibers and proliferated fibroblast cells.





4. Conclusions


We have demonstrated the fabrication of two nanofibrous scaffolds with different morphologies by modifying the collector template used for electrospinning and their application in stimulating fibroblast cells. A 2D scaffold with random orientation was collected at the plate collector covered with aluminum foil and a pattern mold as a collector template was used for transferring the triangular prism pattern onto the scaffold surface. Morphological and physical characterization of the structural scaffold revealed that the combination of techniques was able to reproduce and replicate the triangular prism pattern mold. The structural scaffold modulated the adult HDF cells’ alignment and elongation along the triangular prism pattern direction during the incubation time. The in vivo study indicated that the structural scaffold accelerated wound healing closure, achieving 92.17% closure on day 14, while the 2D scaffold reached 86.41% wound closure. The histological analysis revealed that wounds treated with the structural scaffold presented better epithelization on day 14 and the presence of collagen fibers in the dermis layer appeared in a more dense and organized form with only mild inflammation. Most of the collagen fibers and proliferated fibroblast cells are arranged more horizontally in comparison to the 2D scaffold. Our results suggest that engineered micropatterns on the scaffold surface could regulate fibroblast cell behavior, resulting in rapid wound closure throughout treatment.







Author Contributions


Conceptualization, W.-C.L.; methodology, N.A.N., Z.-W.Y. and W.-C.L.; validation, N.A.N., Z.-W.Y. and W.-C.L.; formal analysis, N.A.N.; resources, W.-C.L.; Writing—original draft, N.A.N. and Z.-W.Y.; Writing—review & editing, W.-C.L.; visualization, N.A.N. and Z.-W.Y.; supervision, W.-C.L.; funding acquisition, W.-C.L.; H.-H.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Ministry of Science and Technology (Taiwan) under grant number MOST109-2221-E-110-023 and MOST110-2221-E-110-066-MY2. This research also funded by Kaohsiung Veterans General Hospital under grant number KSVNSU110-007.




Institutional Review Board Statement


The animal experiments protocol was conducted under approval no. 10738 by the Animal Care and Use Committee of National Sun Yat-sen University.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This study was supported by a research grant from the Ministry of Science and Technology (MOST109-2221-E-110-023) and (MOST110-2221-E-110-066-MY2). This study was also supported by Kaohsiung Veterans General Hospital under grant number KSVNSU110-007. The authors appreciatively acknowledge the assistance of the animal experiments from Zhi-Hong Wen and Chun-Lin Chen, National Sun Yat-sen University, Taiwan.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Unser, A.M.; Xie, Y. Electrospinning of nanofibers. In The Nanobiotechnology Handbook, 1st ed.; Xie, Y., Ed.; CRC Press: Boca Raton, FL, USA, 2012; pp. 293–320. [Google Scholar]

	



Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and electrospun nanofibers: Methods, materials, and applications. Chem. Rev. 2019, 119, 5298–5415. [Google Scholar] [CrossRef] [PubMed]

	



Norzain, N.A.; Lin, W.C. Orientated and diameter-controlled fibrous scaffolds fabricated using the centrifugal electrospinning technique for stimulating the behaviours of fibroblast cells. J. Ind. Text. 2021, 621–639. [Google Scholar] [CrossRef]

	



Liu, J.; Wang, H.; Chang, M.J.; Du, H.L. Preparation of Highly Ordered Fiber Micropatterns by Assembly of Electrospun Nanofiber Segments. J. Nanomater. 2016, 2016, 9278423. [Google Scholar] [CrossRef]

	



Lipol, L.S.; Rahman, M.M. Electrospinning and Electrospun Nanofibers. World J. Nano Sci. Eng. 2016, 6, 45–50. [Google Scholar] [CrossRef]

	



Lukášová, V.; Buzgo, M.; Vocetková, K.; Sovková, V.; Doupník, M.; Himawan, E.; Staffa, A.; Sedláček, R.; Chlup, H.; Rustichelli, F.; et al. Needleless electrospun and centrifugal spun poly-ε-caprolactone scaffolds as a carrier for platelets in tissue engineering applications: A comparative study with hMSCs. Mater. Sci. Eng. C 2019, 97, 567–575. [Google Scholar] [CrossRef]

	



Sun, L.; Gao, W.; Fu, X.; Shi, M.; Xie, W.; Zhang, W.; Zhao, F.; Chen, X. Enhanced wound healing in diabetic rats by nanofibrous scaffolds mimicking the basketweave pattern of collagen fibrils in native skin. Biomater. Sci. 2018, 6, 340–349. [Google Scholar] [CrossRef] [PubMed]

	



Rogers, C.M.; Morris, G.E.; Gould, T.W.; Bail, R.; Toumpaniari, S.; Harrington, H.; Dixon, J.E.; Shakesheff, K.M.; Segal, J.; Rose, F.R.A.J. A novel technique for the production of electrospun scaffolds with tailored three-dimensional micro-patterns employing additive manufacturing. Biofabrication 2014, 6, 035003. [Google Scholar] [CrossRef]

	



Kakunuri, M.; Wanasekara, N.D.; Sharma, C.S.; Khandelwal, M.; Eichhorn, S.J. Three-dimensional electrospun micropatterned cellulose acetate nanofiber surfaces with tunable wettability. J. Appl. Polym. Sci. 2017, 134, 44709. [Google Scholar] [CrossRef]

	



Wu, Y.; Dong, Z.; Wilson, S.; Clark, R.L. Template-assisted assembly of electrospun fibers. Polymer 2010, 51, 3244–3248. [Google Scholar] [CrossRef]

	



Xu, H.; Lv, F.; Zhang, Y.; Yi, Z.; Ke, Q.; Wu, C.; Liu, M.; Chang, J. Hierarchically micro-patterned nanofibrous scaffolds with a nanosized bio-glass surface for accelerating wound healing. Nanoscale 2015, 7, 18446–18452. [Google Scholar] [CrossRef]

	



Shin, Y.M.; Shin, H.J.; Heo, Y.; Jun, I.; Chung, Y.-W.; Kim, K.; Lim, Y.M.; Jeon, H.; Shin, H. Engineering an aligned endothelial monolayer on a topologically modified nanofibrous platform with a micropatterned structure produced by femtosecond laser ablation. J. Mater. Chem. B 2017, 5, 318–328. [Google Scholar] [CrossRef]

	



Wang, H.; Zheng, G.; Li, W.; Wang, X.; Sun, D. Direct-writing organic three-dimensional nanofibrous structure. Appl. Phys. A 2011, 102, 457–461. [Google Scholar] [CrossRef]

	



Yang, D.; Lu, B.; Zhao, Y.; Jiang, X. Fabrication of Aligned Fibrous Arrays by Magnetic Electrospinning. Adv. Mater. 2007, 19, 3702–3706. [Google Scholar] [CrossRef]

	



Xie, J.; MacEwan, M.R.; Ray, W.Z.; Liu, W.; Siewe, D.Y.; Xia, Y. Radially aligned, electrospun nanofibers as dural substitutes for wound closure and tissue regeneration applications. ACS Nano 2010, 4, 5027–5036. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, P.S.; Abhilash, S.; Manzoor, K.; Nair, S.; Tamura, H.; Jayakumar, R. Preparation and characterization of novel β-chitin/nanosilver composite scaffolds for wound dressing applications. Carbohydr. Polym. 2010, 80, 761–767. [Google Scholar] [CrossRef]

	



Huang, C.Y.; Hu, K.H.; Wei, Z.H. Comparison of cell behavior on pva/pva-gelatin electrospun nanofibers with random and aligned configuration. Sci. Rep. 2016, 6, 1–8. [Google Scholar] [CrossRef]

	



Mohd Razali, N.A.; Lin, W.C.; Norzain, N.A.; Yu, Z.W. Controlling cell elongation and orientation by using microstructural nanofibre scaffolds for accelerating tissue regeneration. Mater. Sci. Eng. C 2021, 128, 112321. [Google Scholar] [CrossRef]

	



Lin, W.C.; Yeh, I.T.; Hsiao, H.Y. Development and Evaluation of Multistructured and Hierarchical Epidermal Growth Factor-Poly (ε-Caprolactone) Scaffolds. IEEE Trans. Nanobiosci. 2018, 18, 18–27. [Google Scholar] [CrossRef]

	



Hsieh, C.H.; Mohd Razali, N.A.; Lin, W.C.; Yu, Z.W.; Istiqomah, D.; Kotsuchibashi, Y.; Su, H.H. Development of Thermo-Responsive Polycaprolactone–Polydimethylsiloxane Shrinkable Nanofibre Mesh. Nanomaterials 2020, 10, 1427. [Google Scholar] [CrossRef]

	



Lin, W.C.; Yeh, I.; Niyama, E.; Huang, W.R.; Ebara, M.; Wu, C.S. Electrospun Poly(ε-caprolactone) Nanofibrous Mesh for Imiquimod Delivery in Melanoma Therapy. Polymers 2018, 10, 231. [Google Scholar] [CrossRef] [PubMed]

	



Garrett, R.; Niiyama, E.; Kotsuchibashi, Y.; Uto, K.; Ebara, M. Biodegradable nanofiber for delivery of immunomodulating agent in the treatment of basal cell carcinoma. Fibers 2015, 3, 478–490. [Google Scholar] [CrossRef]

	



Gupta, A.; Kumar, P. Assessment of the histological state of the healing wound. Plast. Aesthet. Res. 2015, 2, 239–242. [Google Scholar] [CrossRef]

	



Brandenburg, K.S.; Calderon, D.F.; Kierski, P.R.; Czuprynski, C.J.; McAnulty, J.F. Novel murine model for delayed wound healing using a biological wound dressing with Pseudomonas aeruginosa biofilms. Microb. Pathog. 2018, 122, 30–38. [Google Scholar] [CrossRef]

	



Zhang, C.; Wang, L.; Zhai, T.; Wang, X.; Dan, Y.; Turng, L.S. The surface grafting of graphene oxide with poly(ethylene glycol) as a reinforcement for poly(lactic acid) nanocomposite scaffolds for potential tissue engineering applications. J. Mech. Behav. Biomed. Mater. 2016, 53, 403–413. [Google Scholar] [CrossRef]

	



Kim, H.N.; Hong, Y.; Kim, M.S.; Kim, S.M.; Suh, K.Y. Effect of orientation and density of nanotopography in dermal wound healing. Biomaterials 2012, 33, 8782–8792. [Google Scholar] [CrossRef] [PubMed]

	



Seonwoo, H.; Bae, W.G.; Park, S.; Kim, H.N.; Choi, K.S.; Lim, K.T.; Hyun, H.; Kim, J.W.; Kim, J.; Chung, J.H. Hierarchically Micro- and Nanopatterned Topographical Cues for Modulation of Cellular Structure and Function. IEEE Trans. Nanobiosci. 2016, 15, 835–842. [Google Scholar] [CrossRef] [PubMed]

	



Whited, B.M.; Rylander, M.N. The influence of electrospun scaffold topography on endothelial cell morphology, alignment, and adhesion in response to fluid flow. Biotechnol. Bioeng. 2014, 111, 184–195. [Google Scholar] [CrossRef] [PubMed]

	



Hasirci, V.; Pepe-Mooney, B.J. Understanding the cell behavior on nano-/micro-patterned surfaces. Nanomedicine 2012, 7, 1375–1389. [Google Scholar] [CrossRef]

	



Altomare, L.; Gadegaard, N.; Visai, L.; Tanzi, M.C.; Fare, S. Biodegradable microgrooved polymeric surfaces obtained by photolithography for skeletal muscle cell orientation and myotube development. Acta Biomater. 2010, 6, 1948–1957. [Google Scholar] [CrossRef]

	



Walboomers, X.F.; Monaghan, W.; Curtis, A.S.; Jansen, J.A. Attachment of fibroblasts on smooth and microgrooved polystyrene. J. Biomed. Mater. Res. 1999, 46, 212–220. [Google Scholar] [CrossRef]

	



Anselme, K.; Bigerelle, M.; Noel, B.; Iost, A.; Hardouin, P. Effect of grooved titanium substratum on human osteoblastic cell growth. J. Biomed. Mater. Res. 2002, 60, 529–540. [Google Scholar] [CrossRef]

	



Fernández, C.S.; Formentín, P.; Catalán, Ú.; Pallarès, J.; Marsal, L.F.; Solà, R. Silicon microgrooves for contact guidance of human aortic endothelial cells. Beilstein J. Nanotechnol. 2017, 8, 675–681. [Google Scholar] [CrossRef]

	



Zorlutuna, P.; Builles, N.; Damour, O.; Elsheikh, A.; Hasirci, V. Influence of keratocytes and retinal pigment epithelial cells on the mechanical properties of polyester-based tissue engineering micropatterned films. Biomaterials 2007, 28, 3489–3496. [Google Scholar] [CrossRef]

	



Théry, M. Micropatterning as a tool to decipher cell morphogenesis and functions. J. Cell Sci. 2010, 123, 4201–4213. [Google Scholar] [CrossRef]

	



Peng, H.; Liu, Y.; Ramakrishna, S. Recent development of centrifugal electrospinning. J. Appl. Polym. Sci. 2017, 134, 44578. [Google Scholar] [CrossRef]

	



Bashur, C.A.; Dahlgren, L.A.; Goldstein, A.S. Effect of fiber diameter and orientation on fibroblast morphology and proliferation on electrospun poly (D, L-lactic-co-glycolic acid) meshes. Biomaterials 2006, 27, 5681–5688. [Google Scholar] [CrossRef]

	



Kim, H.H.; Kim, M.J.; Ryu, S.J.; Ki, C.S.; Park, Y.H. Effect of fiber diameter on surface morphology, mechanical property, and cell behavior of electrospun poly(ε-caprolactone) mat. Fibers Polym. 2016, 17, 1033–1042. [Google Scholar] [CrossRef]

	



Wong, S.-C.; Baji, A.; Leng, S. Effect of fiber diameter on tensile properties of electrospun poly(ɛ-caprolactone). Polymer 2008, 49, 4713–4722. [Google Scholar] [CrossRef]

	



Zhong, J.; Zhang, H.; Yan, J.; Gong, X. Effect of nanofiber orientation of electrospun nanofibrous scaffolds on cell growth and elastin expression of muscle cells. Colloids Surf. B 2015, 136, 772–778. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, B.; Ahmad, Z.; Li, J.S.; Chang, M.W. Dual rotation centrifugal electrospinning: A novel approach to engineer multi-directional and layered fiber composite matrices. Drug Deliv. Transl. Res. 2019, 9, 204–214. [Google Scholar] [CrossRef] [PubMed]

	



Norzain, N.A.; Lin, W.C. Electrostatic Force and Centrifugal Force for Fiber Fabrication. In Proceedings of the 2019 International Conference on Electrical Engineering and Computer Science (ICECOS), Batam, Indonesia, 2–3 October 2019; pp. 112–116. [Google Scholar]

	



Chen, H.; Li, X.; Li, N.; Yang, B. Electrostatic-assisted centrifugal spinning for continuous collection of submicron fibers. Text. Res. J. 2017, 87, 2349–2357. [Google Scholar] [CrossRef]

	



Liu, Y.J.; Tan, J.; Yu, S.Y.; Yousefzadeh, M.; Lyu, T.t.; Jiao, Z.W.; Li, H.y.; Ramakrishna, S. High-efficiency preparation of polypropylene nanofiber by melt differential centrifugal electrospinning. J. Appl. Polym. Sci. 2019, 137, 48299. [Google Scholar] [CrossRef]

	



Levengood, S.L.; Erickson, A.E.; Chang, F.C.; Zhang, M. Chitosan–poly(caprolactone) nanofibers for skin repair. J. Mater. Chem. B 2017, 5, 1822–1833. [Google Scholar] [CrossRef]

	



Ahn, S.; Chantre, C.O.; Gannon, A.R.; Lind, J.U.; Campbell, P.H.; Grevesse, T.; O’Connor, B.B.; Parker, K.K. Soy protein/cellulose nanofiber scaffolds mimicking skin extracellular matrix for enhanced wound healing. Adv. Healthc. Mater. 2018, 7, 1701175. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 13 02821 g001 550] 





Figure 1. The electrospinning process for fabricating structural scaffold. The alphabet ‘H’ and ‘W’ represents the height of the triangular prism and width between each of the triangular prism, respectively. 
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Figure 2. The evaluation of cell elongation and orientation. Illustration of (a) cell on the tissue culture plate or flat random scaffold and (b) cell on the structural scaffold. Cell elongation in terms of aspect ratio was measured by dividing the length of the long axis by the short axis. The cell orientation was determined by the angle between the long axis of the ellipse and the pattern direction. 
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Figure 3. Scanning electron microscope (SEM) images of (a,a-i) 2D scaffold in random orientation, (b) structural scaffold at the top view and (b-i) structural scaffold at the side view. Fiber diameter distribution for (c) 2D scaffold and (d) structural scaffold. Fiber orientation distribution for (e) 2D scaffold and (f) structural scaffold. The scale bar for (a,a-i) represents 10 µm and 5 µm, respectively. The scale bar for both (b) and (b-i) represents 50 µm. 
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Figure 4. Water contact angles of different morphologies of polycaprolactone (PCL) scaffolds. 
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Figure 5. Viability of adult human dermal fibroblast (HDF) cells cultured for 8 days on different morphologies of PCL scaffolds. 
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Figure 6. Morphologies of HDF cells on different scaffolds at days 3 and 8. Scale bar represents 100 µm at different magnifications. The yellow arrow indicates the direction of the triangular prism pattern of the structural scaffold. 
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Figure 7. HDF cell alignment in terms of (a) aspect ratio and (b) orientation after 8 days of incubation on different morphologies of PCL scaffolds. The symbols & represent p < 0.001, for comparison between the structural scaffolds to other groups. 
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Figure 8. Morphologies of HDF cells on day 8 of incubation on different morphologies of (a,b) 2D scaffold and (c,d) structural scaffold. Scale bar represents 50 µm. 
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Figure 9. (a) Representative images of wounds from different groups: control (no treatment), treated with commercial gauze, treated with 2D nanofibers in random orientation and treated with structural nanofibers at days 0, 4, 7 and 14. (b) Analysis of wound healing rate. The symbols * represent p < 0.05, for comparison between the structural scaffolds to other groups. 
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Figure 10. Hematoxylin and eosin (H&E) staining of the healed wound area on day 14. The scale bar represents 600 µm, 100 µm and 30 µm from left to right. 
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Figure 11. Histological scoring of (a) re-epithelization, (b) orientation of collagen fibers and fibroblast cells and (c) inflammation. 
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Table 1. Mechanical properties of the fabricated polycaprolactone (PCL) scaffolds.
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Tensile Strength (MPa)

	
Tensile Strain (%)

	
Young’s Modulus (MPa)




	
Scaffold

Direction

	
Parallel

	
Perpendicular

	
Parallel

	
Perpendicular

	
Parallel

	
Perpendicular






	
2D

	
2.19 ± 0.06

	
2.12 ± 0.11

	
90

	
81

	
4.38

	
4.24




	
Structural

	
1.05 ± 0.11

	
1.12 ± 0.12

	
26

	
44

	
5.01

	
3.9
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