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Abstract

:

Wound healing is a complex process that requires specific interactions between multiple cells such as fibroblasts, mesenchymal, endothelial, and neural stem cells. Recent studies have shown that calcium silicate (CS)-based biomaterials can enhance the secretion of growth factors from fibroblasts, which further increased wound healing and skin regeneration. In addition, gelatin methacrylate (GelMa) is a compatible biomaterial that is commonly used in tissue engineering. However, it has low mechanical properties, thus restricting its fullest potential for clinical applications. In this study, we infused Si ions into GelMa hydrogel and assessed for its feasibility for skin regeneration applications by observing for its influences on human dermal fibroblasts (hDF). Initial studies showed that Si could be successfully incorporated into GelMa, and printability was not affected. The degradability of Si-GelMa was approximately 20% slower than GelMa hydrogels, thus allowing for better wound healing and regeneration. Furthermore, Si-GelMa enhanced cellular adhesion and proliferation, therefore leading to the increased secretion of collagen I other important extracellular matrix (ECM) remodeling-related proteins including Ki67, MMP9, and decorin. This study showed that the Si-GelMa hydrogels were able to enhance the activity of hDF due to the gradual release of Si ions, thus making it a potential candidate for future skin regeneration clinical applications.
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1. Introduction


The human skin is responsible for maintaining homeostasis and has a huge role to play in regulation wound healing and regeneration. Wound healing is a complex process that requires specific interactions between multiple cells such as fibroblasts, mesenchymal, endothelial, and neural stem cells [1]. Wound healing is known to involve four major phases: the hemostasis phase, inflammatory phase, proliferative phase, and remodeling phase. Fibroblasts are known to be a critical component of wound healing because they are involved in secreting proteins such as proteoglycan and fibronectin that are required for building extracellular matrix of tissues. In addition, fibroblasts also secrete angiogenic factors such as basic fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF), both of which are known to influence and upregulate neovascularization and improve wound healing [2]. Even though there is ample knowledge regarding the regeneration of simple wounds, the healing of extensive and deep wounds still remains as a hurdle for doctors and scientists alike. Since the last decade, scientists have been attempting to find some methods to accelerate wound healing [3]. Current solutions to covering wounds include autografts, allografts, and xenografts. However, each method has its own limitations that greatly restrict its application in the area of wound healing [4]. Therefore, many researchers have attempted to fabricate or modify natural biomaterials in order to fabricate tissue engineered substitutions for our native skin [5]. The main aim of tissue grafts and tissue engineered substitutions is to support the healing of epidermis and the dermis in large-scale wounds. Recent advances in biomedicine and materials science have enabled the implementation of strategies in fabricating unique scaffolds to imitate the biological, architectural, and functional characteristics of native skin. In fact, there were many synthetic biomaterials available provided they are clinically used, but they could not provide a supportive environment for tissue regeneration in severely injured skin [6].



Hydrogels are polymeric biomaterials with three-dimensional cross-linked internal architectures that can be used as a barrier for wounds [7]. Hydrogels have high customizability that make it possible to personalize their different characteristics for different settings [7,8]. Studies have shown that hydrogels with a higher degree of adhesiveness to tissues enhance tissue regeneration by bringing tissues together and also prevent the formation of scars due to traditional suturing methods [9,10]. Moreover, the hydrogels made from gelatin have a dynamics macromolecular network and biomimic microenvironment that has a high-water content [11,12]. Gelatin is a well-known biomaterial that is commonly used in the fabrication of hydrogels in the form of a gelatin derived from collagen, thus making it possible to retain the natural motifs of the extracellular matrix and providing excellent biocompatibility, biodegradability, and non-toxicity [13,14]. Furthermore, gelatin can be modified with methacryloyl groups (GelMa) to allow photo-crosslinking so as to provide customizable mechanical properties [15]. The mechanical strength of GelMa could be adjusted by varying the concentration of methacrylol, strength of UV photo-crosslinking, and duration of UV exposure. However, there is a safety threshold for the above parameters as too high a concentration of methacrylol and UV is known to be cytotoxic to cells. Therefore, there is a limit to the mechanical strength of GelMa that we can control; thus, there is a need for us to come up with innovations to overcome this bottleneck [16,17,18,19].



Bioglass (BG) and calcium silicate (CS) materials are inorganic biomaterials that have been shown to enhance vascularization and tissue regeneration through the release of silicon (Si) ions [20,21,22]. Furthermore, CS-based materials had been proved to be able to stimulate the angiogenesis of endothelial cells by inducing the secretion of angiogenic-related growth factors such as VEGF and bFGF from fibroblasts [23,24]. This is due in part to the sustained release of Si and Ca ions into its surrounding fluids after coming into contact with body fluids [22]. The growth factors not only contribute to the attraction between endothelial cell and fibroblasts but also enhance the secretion of extracellular matrix (ECM)-related proteins from these cells [25]. Furthermore, it had been previously reported that BG can release calcium ions gradually, which may contribute to the better adhesion of hydrogels with native tissues in subsequent chelation reactions [26].



In this study, we developed a GelMa solution containing Si ions by applying the extract from calcium silicate to allow the dissolution of GelMa. Then, the GelMa hydrogels were further transformed into stable cross-linked hydrogel disks by exposing them to UV light. To the best of our knowledge, there have been no such combinations of hydrogels used to assess wound-healing capabilities. Thus, the mechanical and biological properties of the various concentrations were investigated. In addition, animal models were used to assess the wound healing, angiogenesis, and collagen deposition capabilities of the proposed Si ion hydrogels. From this study, it was found that a GelMa hydrogel containing Si ions has potential as an alternative to current wound-healing strategies.




2. Materials and Methods


2.1. Preparation of the Extracts of CS Powders


CS were prepared as according to our previous published methods [27]. Commercially proven, analytically graded reagents were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). First, 70% calcium oxide (CaO) was mixed with 25% silicon dioxide (SiO2) and 5% alumina oxide (Al2O3) and subsequently sintered at 1400 °C for 2 h and cooled to room temperature. The mixtures were placed into 99.5% ethanol and further ground with agate milling balls in a planetary ball mill machine (Retsch PM-100, Retsch GmbH, Germany) for 12 h. Then, the mixture was dried at 100 °C in an oven for 12 h. In addition, extracts of the CS powders were obtained following the revised version of the International Standard Organization (ISO/EN 10993-5). Briefly, a steam sterilization method was utilized to sterilize the CS powders before soaking in a tris-buffer (25 mM, pH = 8.5). After stirring for 24 h, the mixtures were filtered, and the supernatants were sterilized using a 0.2 μm filter. The Si concentration in the extracts were analyzed using inductively coupled plasma atomic emission spectrometry (ICP-AES; Perkin-Elmer OPT 1MA 3000DV, Shelton, CT, USA).




2.2. Preparation of Si-Contained GelMa Hydrogels


Type B-based gelatin methacrylate commercial powder (GelMa, Ever Young BioDimension, Taichung, Taiwan) was used in this study. The GelMa was first dissolved in CS extracts with varying concentrations of Si ions (Si0: 0 mM, Si0.5: 0.5 mM and Si1.0: 1.0 mM) and 0.5% w/w of Irgacure 2959 photo-initiator (Sigma-Aldrich) to allow photo-curing. Pluronic® F-127 (F127, Sigma-Aldrich) was extruded via an extrusion-based BioX bioprinter (Cellink, Gothenburg, Sweden) before the hydrogels were deposited into the molds. Then, the F-127 and GelMa hydrogels were exposed to 10 mW/cm2 365 nm UV (Spot Cure Series, SP11, Ushio, Japan) at a distance of 30 cm for 90 sec. To obtain the GelMa hydrogels, the F-127/GelMa hydrogel was immersed in cold water to allow dissolution of the F-127 support.




2.3. Si-GelMa Hydrogel Characterizations


Attenuated total reflectance−Fourier transform infrared spectroscopy (ATR-FTIR, Bomem DA8.3, Hartman & Braun, Brantford, ON, Canada) was utilized to investigate the chemical structure and the possible organic–inorganic interactions in the hydrogel specimens in a wavenumber range from 4000 to 500 cm−1. In addition, the mechanical properties of the GelMa hydrogels were measured using tensile tests conducted with the EZ-Test machine (Shimadzu, Kyoto, Japan). The specimens were printed into the shape of a dumbbell with a thickness of 2 mm. Similarly, F127 was used as the support structure for the GelMa. For the test, a tensile pull at a constant rate of 1 mm/min was applied to the hydrogel until the hydrogel tore completely, and the corresponding stress and strain were then recorded upon the complete lesion of the hydrogels. The specimens used in the above analysis were tested in triplicate. In addition, the Young’s modulus was used to calculate the crosslink densities, which represents the mole number of active chain segments per unit volume (m3) of each hydrogel group by using the rubber elasticity theory [28] according to the following formula:


   Crosslink   Density  =  E  3 RT    








where E, R, and T stand for the Young’s modulus in Pascal (Pa), universal gas constant in (8.3144 J/mol·K), and absolute temperature (K), respectively. In addition, the microstructure of the hydrogel was investigated under a cryo-scanning electron microscope (cryo-SEM, JSM-7800F, JEOL, Tokyo, Japan).




2.4. In Vitro Immersion Study and Weight Loss


The in vitro immersion test was applied to evaluate for the biodegradation properties of the Si-GelMa hydrogel. The hydrogels were immersed in a 50-mL centrifuge tube containing 40 mL of simulated body fluid (SBF) at 37 °C. The ionic composition of the SBF in this study comprised 7.9949 g of NaCl, 0.3528 g of NaHCO3, 0.2235 g of KCl, 0.147 g of K2HPO4, 0.305 g of MgCl2•6H2O, 0.2775 g of CaCl2, and 0.071 g of Na2SO4 in 1000 mL of distilled water. In addition, hydrochloric acid and tris base ((CH2OH)3CNH2) were used to buffer the solution to pH 7.4. Then, after immersion, the Si-GelMa hydrogels were removed from the SBF and assessed for their weight. In addition, the profile of the released Ca, Si, and P ions was also analyzed at different time points using ICP-AES.




2.5. Cell Proliferation and Morphology


Human dermal fibroblasts (hDF; ScienCell Research Laboratories, Carlsbad, CA, USA) were used in this study for the subsequent in vitro studies. The hDF were cultured in commercial fibroblast medium (ScienCell Research Laboratories, Carlsbad, CA, USA) with the respective recommended antibiotics. The cells were trypsinized using trypsin/EDTA, collected using a hemocytometer, and seeded on Si-GelMa hydrogel at a density of 5 × 105 cells/mL. Next, PrestoBlue® assay (Invitrogen, Grand Island, NY, USA) was used to assess the cell viability at specific culture durations. In brief, the medium was removed from the wells, followed by the use of phosphate buffered saline (PBS) to rinse the cells. Subsequently, fresh medium, mixed with PrestoBlue at a ratio of 9:1, was added to each well and incubated for 20 min at 37 °C. Then, the medium was transferred to a new 96-well plate. The detection of optical density (OD) was done at 570 nm with a reference of 600 nm using a spectrophotometer (TECAN Infinite Pro M200). The absorbance of cells without scaffolds were used as a control group (Ctl). The specimens were tested in triplicate from three independent experiments for each group.



The cellular morphology of hDF was observed based on the F-actin cytoskeleton using nuclei staining. After the various culturing time points, the cells were washed with PBS and fixed in a 4% paraformaldehyde (Sigma-Aldrich) solution at room temperature for 20 min. Next, the cells were permeabilized in PBS containing 0.1 Triton X-100 (Sigma-Aldrich). The F-actin cytoskeleton was stained with the fluorescent dye (Alexa Fluor 488, Invitrogen, Carlsbad, CA, USA) conjugated with phalloidin according to the manufacturer’s instructions. In addition, 300 nM of 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen) was used to stain the cell nuclei. Then, the cell morphology and cell distribution were observed using a confocal microscope (Leica Microsystems GmbH, Wetzlar, Hessen, Germany).




2.6. Western Blot Analysis


The hDF samples were seeded on the Si-GelMa hydrogels for different time points and washed three times with PBS. Then, the cells were lysed with an NP40 buffer (Invitrogen) to assess the protein concentrations using a bicinchoninic acid protein assay kit (Invitrogen). SDS-PAGE was used to separate the cell lysates (40 μg protein) according to the manufacturer’s instructions. They were subsequently transferred onto polyvinylidene difluoride membranes. Target primary antibodies (phospo-extracellular signal-regulated kinases 1/2 (pERK1/2), extracellular signal-regulated kinases 1/2 (ERK1/2), phospo-p38, p38, β-actin, Col I, Ki67, MMP9 and Decorin (Abcam) were placed onto the membranes and incubated overnight. Then, the membranes were washed and incubated with either horseradish peroxidase-conjugated anti-rabbit IgG (1:2000 dilution; Genetex, Hsinchu, Taiwan) or horseradish peroxidase-conjugated anti-mouse IgG (1:2000 dilution; Genetex) for 1 h at room temperature. Then, the Fusion-Solo chemiluminescence system (Vilber, Paris, France) and ECL detection reagents (Thermo Fisher, Waltham, MA, USA) were used to detect the signals emitted from the samples.




2.7. Collagen I Secretion


The hDF samples were cultured on the Si-GelMa hydrogels for 3 days and lysed with NP40 buffer to analyze the Col I expression via a Western blot. Target primary Col I antibody was purchased from Abcam. In addition, the hDFs were grown on different Si-GelMa hydrogels for 3 and 7 days. The hydrogels were rinsed using cold PBS and subsequently fixed by placing them in 4% paraformaldehyde (Sigma-Aldrich) for 20 min at normal room temperature. After this, the cells were permeabilized using 0.1% Triton in PBS, immune-stained with anti-Col I (Abcam), followed by anti-rabbit conjugated tetramethylrhodamine (TRITC, Invitrogen). The phalloidin affixed with Alexa Fluor 488 (1:300 dilution in PBS, Invitrogen) was used to stain the intracellular F-actin filaments. The immunofluorescence staining results for the hDFs on the hydrogels were obtained through observing under a Leica TCS SP8 X white light laser confocal microscope (Leica Microsystems GmbH, Wetzlar, Hessen, Germany).




2.8. Statistical Analyses


A one-way statistical analysis of variance (ANOVA) was performed to analyze the significance in the differences between the different experimental groups in each experiment. Scheffe’s multiple comparison test was used to determine the significant deviations for each sample. A p-value <0.05 was considered to be statistically significant, as indicated by “*”.





3. Results and Discussion


3.1. Characterization of Si-GelMa Hydrogel


ATR-FTIR was used to characterize and determine the presence of the specific Si and GelMa chemical groups in the hydrogel in order to study the interactions among the blended compounds. The results of the FTIR analysis are shown in Figure 1. As shown, Si1.0 had stronger peaks at 3400, 2790, 1650, 1550, and 110 cm−1, which represented Si–OH, C–H, C=O, N–H, and Si–O–Si, respectively. This result clearly indicated that Si could be incorporated successfully into the GelMa without affecting its structural integrity. Furthermore, different concentrations of Si ions could be loaded into the GelMa, as seen from the difference in intensity between Si1.0 and Si0.5. This is an important factor to note, because the goal was to retain the initial superior characteristics of the GelMa and yet add on the benefits of Si ions. Furthermore, the presence of Si-OH was reported to enhance the mechanical properties of hydrogels by supplying additional covalent bonds between gelatin [29].



To determine the mechanical properties of the various Si-GelMa hydrogels, an elastic modulus test was performed on dumbbell-shaped specimens exposed to 90 s of UV curing. The results of the tensile stress–strain curves are shown in Figure 2A. As expected, the stress–strain curves demonstrated a positive correlation between the various Si concentrations, with Si1.0 having a mechanical strength/elastic modulus of 12.4 kPa/0.26 MPa and Si0 having a mechanical strength/elastic modulus of 7.9 kPa/0.47 MPa. Si0 showed a typical brittle mechanical response, which was indicated by a sharp peak followed by a rapid decrease because the structure was unable to support the load. The addition of Si ions enhanced the peak mechanical strength of hydrogels by at least 20–60%; thus, it was hypothesized that the presence of Si-OH bonds was favorable to enhance and support the growth of skin tissue regeneration. In addition, the elastic modulus of Si1.0 hydrogel is similar to that of skin, thereby enabling optimal conformal skin–substitutes contact, adhesion, and transpiration [30]. Trappmann et al. reported that higher elastic moduli were favorable to the growth of keratinocytes. In their study, it was reported that keratinocytes cultured on 20% polydimethylsiloxane (PDMS, 2 MPa) had higher EGFR activation and proliferation as compared to keratinocytes cultured on 2% PDMS (180 kPa). Thus, it was hypothesized that Si ion-contained GelMa enhance and support skin tissue regeneration [31]. Ideally, the suitable mechanical properties allow for better surgical handling and adaptation to mechanical stress during healing [32]. The robust, yet tunable, mechanical properties of such hydrogels make them even more suitable for skin regeneration, since their characteristics can be personalized to suit the needs of an individual. In addition, we hypothesized that it was due to the higher cross-linking densities of Si1.0. To prove this point, the cryo-SEM images shown in Si1.0 had denser internal architectures with smaller pores, thus indicating that there was higher cross-linking in groups with higher Si concentrations (Figure 2B). Moreover, the calculated crosslink density of Si0, Si0.5, and Si1.0 were 67.1 ± 1.9, 47.1 ± 2.1, and 35.0 ± 2.9 mol/m3, respectively.




3.2. Degradation and Ion Released Properties of Si-GelMa Hydrogel


To evaluate degradation, the various Si-GelMa hydrogels were immersed in SBF. The results are shown in Figure 3. As can be seen, the degradation rate decreased with increases in the Si concentration, with Si0, Si0.5, and Si1.0 having 53%, 65%, and 72% of their mass remaining after 14 days of incubation. Interestingly, our previous studies reported that pure GelMa hydrogels at concentrations of 5–15% exhibited almost complete degradation after 14 days of incubation [15]. Compared to pure GelMa hydrogens, Si ion-containing hydrogels are thought to be better suited for long-term wound healing because they can last until optimal wound healing occurs and prevent secondary infections and moisture loss [20].



Various studies have tested and proven the bioactivity of CS-based materials and have shown that the gradual release of Si ions plays a role in regulating their bioactivity [33]. However, there has not been an emphasis on ion release for hydrogels incorporating Si. The various hydrogels were immersed in SBF for 14 days, and the concentrations of the Ca, Si, and P ions in the fluid were measured, as shown in Figure 4. As can be observed, the amount of released Ca and Si increased over the immersion period, and the amount of released P declined over time. The trend seen here was similar to the results published by Yu et al., who similarly fabricated Si-incorporated GelMa and tested its potential in regeneration of tissue defects [34]. In addition, Gao et al. fabricated a dual Si-incorporated sodium alginate hydrogel and showed that this hydrogel could promote in vivo wound healing as compared to a placebo [26]. It was shown in their study that the rapid ion exchanges on the surfaces of Si-GelMa hydrogels make the micro-environment alkaline, thus enhancing tissue–hydrogel interaction and integration. Therefore, we applied the CS-extract function in our hydrogel matrix design, in which the CS extract slowly and continues released Ca and Si ions to form a mildly alkaline environment in support of the amide-forming reaction. In addition, the adhesion behavior between the hydrogel and tissue was further promoted by the release of Ca ions, which were shown to chelate with the carboxyl group on tissues. It has been reported that the presence of Si ions in a wound area promotes angiogenesis and wound healing [26].




3.3. Cell Adhesion and Proliferation


The proliferation rates of the hDFs cultured on the Si-GelMa hydrogels were assessed and shown in Figure 5. As expected, the incorporation of Si ions enhanced cellular proliferation, and it was found that Si1.0 had significantly higher proliferation after day 1 of culture as compared to the rest of the groups. On day 14 of culturing, Si1.0 had approximately 22% higher proliferation as compared to Si0. Even though Si0.5 had a slightly slower proliferation rate as compared to Si1.0, it still showed a significantly higher proliferation rate from day 3 onwards as compared to Si0. According to Zhang et al., increasing concentrations of hydrogels increases cellular proliferation because the internal architecture of the hydrogels is more compact, thus allowing cells to have better adhesion contact points [35]. There have been various studies supporting the premise that Si ions regulate and stimulate the osteogenic and angiogenic differentiation of stromal cells and endothelial cells by stimulating cellular motility and movement [27,36]. Therefore, incorporating the CS extract into the GelMa hydrogel matrix provides the hydrogel with bioactivity that leads to improved cell migration and angiogenesis due to the release of Si ions [37]. Zhao et al. indicated that Si ions are sufficient to antagonize WNT inhibitors, thus inducing anti-inflammatory responses [38]. Furthermore, stiffer hydrogels have more cell binding sequences, such as the Arg-Gly-Asp RGD motifs, which may promote cellular attachment on the hydrogels. In this study, the results showed the innate biocompatibility of the 3D Si-GelMa hydrogel and the significant stimulation of hDF proliferation in vitro. An important aspect of a good hydrogel for skin tissue engineering is its cytocompatibility. The in vitro cytocompatibility of the hydrogels in the present study was examined through an analysis of the encapsulated cell viability and spreading [39]. As seen from the F-actin and staining results shown in Figure 6, the hDFs in Si1.0 were more well spread as compared to the other groups, thus confirming the role of the Si ions as a cell adhesion promoter [40]. In a recent study, we indicated that the adhesion behavior of hMSCs is regulated by the Si ion concentrations in the substrate affected in part by the identity of ECM ligands initially deposited on the substrate [41]. Furthermore, Si0.5 and Si0 had fewer cell nuclei, thus indicating that Si1.0 was able to promote cellular adhesion and proliferation.




3.4. Mitogen-Activated Protein Kinase (MAPK)


The levels of several cell signaling-related proteins such as phospho-extracellular signal-regulated protein kinases (pERK), extracellular signal-regulated protein kinases (ERK), p38 mitogen-activated protein kinases (p38), and phosphorylated p38 were evaluated using Western blotting, for which the results are shown in Figure 7. Cells cultured with increasing concentrations of Si ions had darker bands of the various proteins, as seen from the Western blot results. The quantitative results for both pERK/ERK and pp38/p38 showed that Si1.0 and Si0.5 were expressed at significantly higher levels as compared to Si0. These proteins are known to be critical factors in the cellular downstream signaling network that allows cells to carry out their downstream functions, such as the proliferation or secretion of proteins [21]. Huang et al. found that ERK activity is time- and dose-dependent on CS-based material extracts [42]. The current Western blotting results consistently showed that pERK protein is involved in the Si-induced signaling pathway. In addition, p38 can be stimulated in response to growth factors to regulate various differentiation proteins expression in primary cells [43]. p38 has been shown to support cellular responses toward hyperosmotic stress [44]. In a previous study, we proved a common mechanism of p38/MAPK activation in a high osmolality microenvironment, possibly originating from cytoskeletal alterations due to cell shrinkage, as proposed previously in a report involving the Rac protein [45]. Our findings explained that the Si ions released from GelMa hydrogel were induced by osmolality to activate p38 in the hDFs. This series of signaling begins when extracellular stimuli bind with receptor tyrosine kinase or G-protein coupled receptor and trigger the activation of downstream kinases known as MAPKs [46]. Once activated, the MAPKs then set off to phosphorylation-specific substrates that lead to downstream cellular activities.




3.5. Collagen I Secretion


Skin is essentially composed of cells (mainly fibroblasts, endothelial cells, and keratinocytes) and ECM. The latter is a dynamic, organized interlocking mesh of many different secreted macromolecules and proteolytic enzymes, where Col I make up almost 90% of the ECM [47]. The main function of Col I is to form the backbone of the skin and to maintain skin structure and tissue integrity. Therefore, Col I can be used as a reliable marker by which to predict subsequent skin tissue regeneration capability. In the present study, the levels of Col I secreted by the hDFs were measured using a Western blot, as shown in Figure 8. As seen from the Western blot results, Si1.0 had darker bands as compared to the rest of the groups, thus indicating that there were higher levels of Col I. The quantification results similarly showed that Si1.0 had significantly higher levels of Col I as compared to Si0.5 and Si0 and that Si0.5 had significantly higher levels of Col I as compared to Si0. To further observe the cell proliferation and function, the samples were stained with F-actin and Col I immunofluorescence stains, for which the results are shown in Figure 9. Several observations were noted after 7 days of culture. Firstly, it could be seen that there were obviously more cells, as seen by the increased amount of staining in the Si1.0 group as compared to Si0 or Si0.5. This result was in agreement with the proliferation results above. In addition, the cells in Si0 were flatter and had longer F-actin spindles as compared to the other groups, thus indicating that the cells were better adhered onto the surfaces of the hydrogel. Previous studies have suggested that Si plays a role in the stimulation of prolyl hydroxylase, which is an enzyme included in collagen assembly [21,22]. Therefore, there were increased levels of Col I in the Si1.0 group as compared to the rest of the groups, thus indicating that Si1.0 was able to enhance skin tissue regeneration.




3.6. Protein Expression of hDF on Si-GelMa Hydrogel


The levels of various biomarkers such as Ki67, MMP9, and Decorin were analyzed using Western blotting and quantification to determine the cellular activities, for which the results are shown in Figure 10. As seen from the Western blot results, Si1.0 had darker bands of Ki67, MMP9, and Decorin, which was further confirmed by the quantification results. Si1.0 and Si0.5 had significantly higher levels of all markers as compared to Si0, and Si1.0 had significant higher levels of MMP9 and Decorin as compared to Si0.5. All three markers were found to be involved in either cell proliferation directly or to acts via the activation of downstream signals. Ki67 is a nuclear protein that is involved in cell proliferation and is also known to be an excellent marker for predicting the growth fraction of a specific cell population [48]. Therefore, it could be seen that Si1.0 was able to enhance cellular proliferation, which was in accordance with the proliferation results discussed above. In addition, MMP9 belongs to a family of proteinases known as matrix metalloproteinases, which are commonly known to be involved in degrading the extracellular matrix and are involved in regulating cell development, especially in cancer evolution and wound regeneration [49]. Matrix metalloproteinases (MMPs) have been reported to be present in both acute and chronic wounds and are critical in regulating the extracellular matrix degradation and deposition that are crucial for wound re-epithelization. However, studies have reported the importance of timing of MMP expression and activation in order to obtain successful wound healing. Thus far, studies involving MMP knockout mice have reported impaired wound healing, where MMP9 is expressed in several types of injured epithelial tissues, including the skin. MMP9 was recently found to play an important role in keratinocyte migration and is expressed at the edge of migrating keratinocytes. On the other hand, decorin is a small leucine-rich proteoglycan that is found in the ECM and is known to regulate remodeling of the ECM, thus leading to scar formation and skin tissue regeneration [50]. Taken together, these results showed that the addition of CS extract may regulate cellular proliferation and ECM remodeling, therefore leading to enhanced skin tissue regeneration.





4. Conclusions


In conclusion, we successfully developed a GelMa hydrogel containing Si ions for wound healing and skin tissue regeneration. The hydrogel had better mechanical properties, which makes it more suitable for surgical handling and implantations. Furthermore, the bioactivity and biocompatibility of the GelMa hydrogel was significantly enhanced by the addition of a CS extract via the release of Ca and Si ions, which was further confirmed by the enhanced cellular adhesion, proliferation, and increased expression of ECM remodeling-related biomarkers, such as Ki67, MMP9, and Decorin. In addition, the release of the ions was shown to increase the adhesiveness of the hydrogels to tissues, thus making them useful for preventing implant dislocation and healing impairment. The enhanced deposition of Col I demonstrated that such a modification could promote in vitro wound healing and thus has the potential to be considered as a clinical application for wound regeneration.
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Figure 1. FTIR spectra of the various Si-GelMa (gelatin methacrylate) hydrogels. 
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Figure 2. (A) Tensile stress–strain curves and (B) microstructure of the various Si-GelMa hydrogels. 
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Figure 3. Degradation rates of the various Si-GelMa hydrogels after different durations of immersion. 
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Figure 4. (A) Ca, (B) Si, and (C) P ions release analysis of hydrogels after immersion in simulated body fluid (SBF) for 14 days. 
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Figure 5. Proliferation rates on the various Si-GelMa hydrogels after different durations of immersion. * indicates significant difference (p < 0.05) from Si0. 
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Figure 6. F-actin (green) and nucleus (blue) stain of human dermal fibroblasts (hDF) cultured on various hydrogels for 7 and 14 days. The scale bar is 200 µm. 
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Figure 7. Western blotting and quantification results of phospho-extracellular signal-regulated kinase (pERK), extracellular signal-regulated protein kinases (ERK), pp38 and p38 expression of hDF cultured on Si-GelMa hydrogels for 1 day. “*” indicates a significant difference (p < 0.05) compared with Si0. 
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Figure 8. Western blot and quantification results of the Col I synthesis from hDF cultured on Si-GelMa hydrogels for 3 day. “*” indicates a significant difference (p < 0.05) compared with Si0. # indicates a significant difference (p < 0.05) from Si0.5. 
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Figure 9. Immunofluorescence staining of Col I expression of hDF cultured on Si-GelMa hydrogels for 3 and 7 days. The scale bar is 200 µm. 
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Figure 10. The in vitro effects of the extracellular matrix (ECM) remodeling marker (Ki67, MMP9, and decorin) of hDF cultured on Si-GelMa hydrogels for 14 days. * indicates a significant difference (p < 0.05) from Si0. # indicates a significant difference (p < 0.05) from Si0.5. 
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