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Abstract. 
Several natural bioactive molecules have been used in the development of scaffolds to enhance biocompatibility or biodegradability and macroalgae contain many bioactive compounds that regulate the physiological activities of cells. In this study, extrapolymeric substances (EPS) from brown algae, Undaria pinnatifida, were dispersed in poly-ε-caprolactone (PCL) nanofiber, fabricated by electrospinning technique to mimic natural extracellular matrix (ECM), and tested as a scaffold for the production of artificial skin using rat primary fibroblasts. The level of adhesion, viability, and infiltration of cells on the EPS-PCL nanofibers were then assessed. The primary fibroblasts attached well, had good viability, and infiltrated through the nanofiber mat without cytotoxicity. Additionally, fibroblast on EPS-PCL nanofiber overcame the stress derived from high cell density at limited area. These results indicate that EPS-imbedded nanofiber has the potential to be used as scaffolds to develop artificial skin or as wound-healing nanomedicines to regenerate injured skin.
 

1. Introduction
Skin protects the inner organs of an organism from a variety of stresses. Skin is primarily composed of three layers, the epidermis, dermis, and hyperdermis, each of which contains several types of cells. The dermis layer is made almost completely of fibroblasts, which are known to have an effect on keratinocyte proliferation in the epidermis and to be related to some immune responses of skin [1, 2]. When the skin is damaged at about 80 μm, the protected dermis layer can be exposed to air, necessitating regeneration to protect inner tissues. Moreover, in cases in which autoregeneration does not work well and serious scars are left, it is necessary for artificial skin to replace the injured skin for further medical treatments [3, 4].
Artificial skin can be made from skin cells cultured in/on three-dimensional biomaterials. Artificial skin requires a scaffold that is able to offer an environment that enables cells to grow well to establish a cellular community as well as to control their proliferation. Considering that all natural tissues make their complete functions via incorporation with extracellular matrix (ECM), scaffolds should be equivalent to ECM and provide cells with sufficient chances to attach to and spread along scaffolds and activate cellular metabolism normally [5].
To mimic ECM, microenvironment for activating cellular metabolism, nanofibrous scaffold has been intensively applied in tissue engineering. Each nanofiber strand supplies cell attachable point such as collagen fibrous strand of in vivo structure. Adhesion of cells is essential procedure to grow and functionalize anchorage-dependent cells. Additionally, this structural similarity helps represent tissue that consists of a mass of cells by 3-dimensional culture [6].
For forming this structure, there have been several developing processes of materialization such as electrospinning, self-assembled nanofiber, and so on. These processes have already been studied in tissue engineering to replace specific parts of body such as bone [7], heart [8], neuronal system [9], and other parts.
Among those processes, electrospinning is a simple and versatile technique to fabricate well-organized nanofibrous structure, and electrospun nanofibers have frequently been used in the fields of medical and tissue engineering. This is because electrospun nanofibers reproduce almost the same structure as natural ECM, which has a diameter between 50 and 500 nm [10, 11]. Poly-ε-caprolactone (PCL) is a biodegradable and biocompatible synthetic material that is not cytotoxic; therefore, it is useful for fabrication of such nanofibers.
Natural ECM also has several growth factors and cytokines that influence the physiological activities and metabolism of cells. Therefore, scaffolds for tissue engineering are generally fabricated with bioactive components such as natural peptides, proteins, and polysaccharides. Undaria pinnatifida is a brown macroalga, which is known to produce bioactive components including EPS. In particular, fucoidan, a major component of EPS, has been known as one of the antioxidant, anti-inflammatory, and anticoagulant molecules [12, 13]. In this study, we investigated whether EPS-imbedded scaffold was suitable for skin tissue engineering based on fibroblast infiltration in the scaffold as well as adhesion and viability.
2. Materials and Methods
2.1. Isolation of Primary Fibroblasts from Rat Dermis
Primary fibroblasts were isolated from the dermal layer of SD rats aged 1 day (SAMTACO) as previously described [14]. Briefly, the skin tissue was dissected into small pieces and then placed in HBSS media (Gibco, USA) with dispase (1 mg/mL) (Sigma, USA) for 24 hr at 4°C, after which the dermal and epidermal layers were separated and the dermis was incubated with collagenase 2 (Sigma, USA) in HBSS media (1 mg/mL) for 24 hr at 4°C. After discarding the tissue debris using a cell strainer with a 70 μm pore size (BD Falcon, USA), the harvested cells were harvested in culture medium composed of DMEM high glucose culture medium supplemented with 10% (v/v) FBS (Gibco, USA) and 1% (v/v) anti-antibiotic (Gibco, USA). Five passaged fibroblasts were then prepared by successive subculture for all experiments.
2.2. EPS Extraction from Marine Algae Brown Seaweed
Undaria pinnatifida was purchased from Incheon, Republic of Korea. The seaweed was washed with tap water and then dried in oven at greater than 50°C for 3 days. Dried samples were then ground, after which 40 g seaweed was suspended in 250 mL distilled water and autoclaved at 130°C for 30 min. Following autoclaving, the hot solution was separated from the residue, which included the cell mass, by centrifugation at 200 ×g followed by filtration through a Whatman number 1 filter. To increase the bioactive substances ratio, we added excess CaCl2 to the filtrate to precipitate the alginate, a major component of filtered extract. The alginate residues were then removed by centrifugation at over 200 ×g for 20 min, after which the supernatant was mixed with three volumes of EtOH and allowed to stand overnight at 4°C. The precipitant collected by centrifugation at 14,000 ×g was subsequently redissolved in distilled water and dialyzed using SnakeSkin dialysis tubing (10K MWCO; Thermo Scientific, USA) for 48 hr while changing the distilled water every 12 hr. Finally, the EPS powder was obtained through lyophilization.
2.3. Viability of Fibroblasts over Dissolved EPS in the Culture Medium
Fibroblasts were seeded in a 96-well plate at a concentration of 1 × 103 cells/well as low cell density and 5 × 103 cells/well as high cell density cultured for one day, after which EPS was dissolved in culture medium and loaded at 1, 10, 25, or 50 μg/mL. An MTT assay of the cultured cells was then conducted at days 1, 3, and 5. For observing proliferation, at days 3 and 5, BrdU assay was procedure following manufacturer’s guide (Roche applied science, USA) at low cell density. Cell confluence was decided by microscopic image, and if cell covered area was over 80% of total area, it was said to be confluent. The cell covered area was assayed by image J program.
2.4. Fabrication of EPS-PCL Nanofibers Scaffold
Each 15% (v/v) PCL and 15% (v/v) PCL with 1% (v/v) EPS were dissolved in a solvent of tetrahydrofuran (THF, Junsei, Japan) and NN-dimethylformanide (DMF, Junsei, Japan) (7 : 3). After each solution was mixed well by a stirrer overnight, it was poured into a syringe with an 18 gauge needle, 15 cm distant from a collector. Then, the solution was ejected at a flow rate of 2 mL/hr under the electric filed at 15 kV which is sufficient to fabricate the nanofibers.
2.5. Cytotoxicity and Adhesion of Fibroblasts with the Nanofibers
To measure the cytotoxicity of the nanofibers toward rat primary fibroblasts, PCL and EPS-PCL nanofibers were incubated in culture medium for 24 hr, after which the old medium was loaded with precultured fibroblasts and then seeded in a 96-well plate with a final concentration of 3 × 103 cells/well. After incubation at 37°C for 1 day, the cells were subjected to an MTT assay. For the adhesion assay, fibroblasts were cultured on nanofibers with a concentration of 3 × 104 cells per fiber sheet. At 2, 8, and 24 hr after cell-seeding, an MTT assay was performed.
2.6. SEM Image of Fibroblasts on the Nanofibers
Fibroblasts of 1 × 104 cells/well were cultured for 5 days in the PCL and EPS-PCL nanofiber mat in a 24-well plate. To obtain images using SEM (Hitachi S-4300), the cells were washed with PBS and then incubated with 3% glutaraldehyde for 30 min at 37°C, after which the samples were dehydrated with ethanol with serially increasing concentrations of 25, 50, 75, 90, and 100%. Dehydrated samples were then reacted with three drops of HMDS (Sigma, USA) for 3 min and evaporated for 30 min.
2.7. Imaging of Fibroblasts That Infiltrated the Nanofibers Scaffold
Fibroblasts were seeded into PCL and EPS-PCL nanofiber mats at 1 × 104 cells per mat and cultured for 5 days. After incubation, the cells were fixed with 4% paraformaldehyde for 20 min, subjected to H&E staining, and then washed with PBS. Dehydration was accomplished by serial treatment with 10, 20, and 30% ethanol/deionized water, after which the samples were frozen with Tissue-Tek O.C.T compound (Sakura Finetek, USA) at −20°C. The samples were next cut into sections with a width of 50 μm. Just as they became partially sticky at room temperature, they were attached to slide glasses and then washed twice with PBS at pH 7.4. Inverted microscopy was used to view the infiltrated fibroblasts through the nanofiber mats.
3. Results and Discussion
3.1. Effect of EPS on the Viability of Cells
We investigated the effects of EPS on the activity and proliferation of fibroblasts by MTT assay and BrdU assay, respectively. It is known that soluble MTT is changed into insoluble formazan within the mitochondria of viable cells. As shown in Figure 1(a), EPS extract activated the cellular metabolism, resulting in enhanced fibroblast growth. Cell density imaging was also conducted to determine if changes in EPS concentrations could induce the viability and proliferation of fibroblasts. For comparing nonconfluent and confluent condition, cells were inoculated each concentration. Thereby the samples with low cell density were nonconfluent until day 5. However samples with high cell density reached confluent condition after 1 day (data not shown). Under nonconfluent conditions (Figure 1(b)), EPS at low concentration under 50 μg/mL had no effect on cellular growth. Conversely, under confluent conditions in which cells would be under negative stresses, the cellular viability decreased (Figure 1(c)). However, cell viability on TCPS was reversed the tendency of cell viability between value of day 3 and that of day 5, significantly. For comparison to TCPS, gaps in the value at day 3 and day 5 were decreased by the addition of EPS until 25 μg/mL. At 10 μg/mL, the reversed viability between day 3 and day 5 was restored and the cells showed normal growth. These findings indicate that the cells had adapted to the presence of EPS and that EPS protected cells from the stress produced by confluence.
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(c)
Figure 1: BrdU and MTT assay for cellular activities: (a) proliferation, (b) graph of viability at low cell density inoculum and (c) graph of viability at high cell density inoculum.


To successfully produce a tissue-like scaffold, cellular metabolism must be increased or at least maintained, even under confluent conditions, because ECM must be continuously produced by the cells to make tissue compact. In this study, cells on nanofibers were found to metabolize less MTT than those on EPS nanofibers (Figure 1(c)). This effect could be an important factor in the development of cell layers to make up tissue.
It is well known that cells usually use oxygen for metabolism but that cells exposed to higher concentrations of O2 show decreased proliferation and cellular metabolism as a result of (reactive oxygen species) ROS [15, 16]. Dermal fibroblasts are not directly exposed to the air and ROS are more prevalent under normoxia conditions than in vivo [17]. Such produced ROS could damage organelles, leading to cell death [18–20]. However, in our system, EPS acts as an antioxidant owing to the presence of fucoidan. This compound removes free radicals, decreasing the possibility of cell death and damage in organelles [21, 22]. EPS scaffold helps reduce ROS in fibroblasts and maintain cellular metabolism and proliferation similarly to in fibroblasts in vivo, which can facilitate the production of artificial skin.
3.2. Nanofibers Scaffold Fabrication
To confirm whether EPS affects cellular behavior in a structural way, electrospun scaffold was fabricated to give a three-dimensional structure similar to that of tissue in humans. The morphologies of PCL and EPS-PCL nanofibers were then observed by SEM (Figures 2(a) and 2(b)), which revealed that the diameters of the fibers were 
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(b)
Figure 2: SEM images of (a) PCL and (b) EPS-PCL nanofibers.


3.3. Cytotoxicity of Nanofibers
To determine if toxic substances were released from the nanofibers, each nanofiber was immersed in medium for 1 day. A t-test indicated that the growth of fibroblasts did not differ significantly between groups, indicating that the nanofibers were nontoxic toward nanofibers (data not shown).
3.4. Effect of Nanofibers on Cells
As shown in Figure 3(a), the same morphologies were observed in nanofibers from both groups upon SEM. These findings confirmed that the adhesive fibroblasts attached themselves to the nanofibers in a manner similar to ECM. Although the three-dimensional nanofibers offered less sufficient space to adhere to than that of the two-dimensional scaffold, it seemed likely that, once cells adhered to the nanofibers, they spread along and secreted ECM to keep their surroundings suitable for growth.
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(b)
Figure 3: Analyses of fibroblast adhesion by (a) SEM images and (b) MTT assay.


Moreover, the cellular adhesion was indirectly studied by MTT assay. To determine how many cells adhered to the nanofibers before cellular division, ELISA was used to measure the OD of formazan-containing media. As seen in Figure 3(b), while the adhesion of fibroblasts in TCPS steadily increased with time, the tendency for EPS-PCL nanofibers toward adhesion was similar to that for the PCL nanofibers at all observed times. 
As shown in Figure 3, these findings indicate that the EPS-PCL nanofibers did not exert additional effects on cellular adhesion. Other studies of the effects of nanofibers on cellular adhesion have revealed that nanofiber structure is closely associated with cellular adhesion [23]. Moreover, PCL and EPS-PCL nanofibers were shown to have similar diameter distributions. It can be inferred that the similar adhesion properties were a result of their similar diameter distributions. Until 8 hr, the cells were almost completely adhered to each nanofiber, after which some became detached. It is well known that the structure of nanofibers can cause inhibition of cell-cell interaction because the wide surface area decreases the chance for cells to interact and the mechanical confinement by nanofibers induces reversible metabolic inhibition [24]. Based on these facts, it is possible that the MTT values at 24 hr would be decreased. Conversely, cells on TCPS with less surface area had a tendency for cell-cell interaction, for which the cellular metabolism was not reduced.
3.5. Infiltration in Nanofibers Scaffolds
Considering that scaffolds offer spaces for cells to grow, it was necessary to investigate the distribution of cells in the newly formed biomaterials after infiltration. To accomplish this, fibroblasts were seeded onto the top of the nanofibers, of which thickness is about 200 μm and this is ten times as long as the length of a cell. After the nanofibers were cut, the cross-sections were subjected to H&E staining to provide greater contrast upon imaging. Figure 4 showed how infiltrated and dispersed cells are into each mat. They infiltrated 100 μm down from the place at which they were seeded.



(a)



(b)
Figure 4: Cross-section assay using H&E staining. (a) Image of PCL nanofiber mat and (b) EPS-PCL nanofiber mat.


In addition, EPS showed no cytotoxicity during fibroblast infiltration and fibroblast infiltration was not different irrespective of the incorporation of EPS (Figure 4). It is assumed that this is because the nanofiber structure dominates fibroblast infiltration. Indeed, cell infiltration has been reported to be highly affected by nanofiber structure [25, 26].
4. Conclusion
In order for there to be a cooperative effect between EPS and nanofiber structure, the sensitivity of nanofiber structure to cellular infiltration should first be balanced with that of EPS by controlling the pore size or diameter of the nanofibers. However, such an investigation is beyond the scope of this study. Nevertheless, the results of the present study indicate that the developed nanofibers have the potential for use as a biomaterial in the production of artificial skin by demonstrating that they can enhance fibroblast proliferation without cytotoxicity and support fibroblast infiltration without any critical problems. Fibroblasts could be integrated into EPS nanofibers, indicating that EPS-PCL nanofibers have the potential for use in the manufacture of artificial skin despite showing no obvious difference to nanofibers composed of PCL alone.
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