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Abstract

:

Wound dressing production represents an important segment in the biomedical healthcare field, but finding a simple and eco-friendly method that combines a natural compound and a biocompatible dressing production for biomedical application is still a challenge. Therefore, the aim of this study is to develop wound healing dressings that are environmentally friendly, low cost, and easily produced, using natural agents and a physical crosslinking technique. Hydrogel wound healing dressings were prepared from polyvinyl alcohol/carboxymethyl cellulose and sericin using the freeze–thawing method as a crosslinking method. The morphological characterization was carried out by scanning electron microscopy (SEM), whereas the mechanical analysis was carried out by dynamic mechanical analysis (DMA) to test the tensile strength and compression properties. Then, the healing property of the wound dressing material was tested by in vitro and ex vivo tests. The results show a three-dimensional microporous structure with no cytotoxicity, excellent stretchability with compressive properties similar to those of human skin, and excellent healing properties. The proposed hydrogel dressing was tested in vitro with HaCaT keratinocytes and ex vivo with epidermal tissues, demonstrating an effective advantage on wound healing acceleration. Accordingly, this study was successful in developing wound healing dressings using natural agents and a simple and green crosslinking method.
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1. Introduction


The skin is an important organ that plays an important role in protecting the body from the external environment; therefore, its protection can be decreased as a result of injury or damage. For this reason, many efforts have been devoted to the development of wound healing dressings to accelerate wound closure [1]. Ideally, materials for wound dressing should protect wounds from infection and provide an appropriate wound environment: e.g., keep the wound moist or provide mechanical protection, be easy to remove, and be biocompatible, biodegradable, and non-toxic [2].



Wound healing takes place efficiently in a wet environment, as fluid losses from wounded skin are almost 20 times greater than from normal skin [3]. Therefore, hydrogels are very effective as dressing materials because they can control the fluids lost since they hold large amounts of water, prevent scar formation, allow for cell proliferation and the epithelialization process, and possess a tissue-like structure and compatibility [4].



Furthermore, since the number of chronic wounds has risen due to the increase in the number of older adults [5], the production of wound dressings also continues to increase, resulting in high levels of pollution and waste. Therefore, finding clean, safe, and cost-effective techniques while maintaining healing properties remains a challenge in the development of wound dressings.



Green technology, which combines environmentally friendly processes and natural active ingredients, is a highly competitive field in pharmaceutical research and production development [6].



Freeze–thawing is a physical crosslinking technique used in the preparation of biomaterials. Avoiding toxic organic solvents and cross-linking agents, it has the advantage of yielding biocompatible and environmentally friendly materials [7,8].



Natural and synthetic polymers are often used as wound dressing materials [9]. Among them, poly(vinyl alcohol) (PVA), a water-soluble long-chain polymer obtained by the alcoholysis, hydrolysis, or ammonolysis of poly vinyl acetate, is a biocompatible and partially biodegradable material; it has high water absorption and good mechanical properties, e.g., a high elastic modulus and high mechanical strength [10,11].



Physical or chemical methods can be used to crosslink PVA. Chemical methods use crosslinking agents that react with the hydroxyl groups of PVA to form networks, which can affect the biocompatibility of the samples or interact with drugs or other filler compounds [12,13,14]. Indeed, physical methods of crosslinking PVA are preferred, and among them, freeze–thawing is the better choice since heat treatment or irradiation can affect drugs or biologically active compounds loaded in the wound dressing [15,16].



Carboxymethyl cellulose (CMC) is a water-soluble cellulose derivative, and due to its properties, including tunable biodegradability, potential antioxidant activity, biodegradability, and biocompatibility, it represents a highly versatile biomaterial [17].



Because of their minimal interference with new tissue formation and their high liquid absorption capacity, CMC can be used in various forms (hydrogels, scaffolds, etc.) and combinations (e.g., blended with other polymers) in biomedical engineering research, including wound healing and wound dressing applications [18,19].



Furthermore, its hydrophilic nature (due to its hydroxyl and carboxyl groups), allows it to be blended and cross-linked with other materials, such as synthetic polymers, natural polymers, and inorganic materials, thus enabling the preparation of innovative wound dressing biomaterials.



Accordingly, both PVA and CMC are suitable for use as dressing materials [20].



Furthermore, depending on the network’s composition and water vapor transmission (WVT), PVA/CMC blends have been demonstrated to be highly absorbent, with gel fraction values close to normal (healthy) skin tissue and commercial wound dressings, an important feature related to a balanced moisture microenvironment at the wound site [21]. In this context, the addition of a wound healing accelerating agent may improve the performance of wound dressings. Many natural active compounds have been used to produce wound dressings that ensure maximum recovery [22]. Among them, sericin is a natural protein synthesized by Bombyx mori, which is a common waste product from processing industries. Several hydrogels have been developed combining sericin with other polymers [23,24,25], since it is a biocompatible and biodegradable material with several biomedical properties, including antioxidant, anti-bacterial, anti-inflammatory, and wound healing acceleration effects [26,27,28,29]. It has been proven that sericin does not cause immunological reactions, has antioxidant properties, and can activate fibroblasts to promote collagen type I synthesis, leading to wound healing promotion [30].



In this study, we developed a wound healing dressing based on polyvinyl alcohol, carboxymethyl cellulose, and sericin using freeze–thawing as a crosslinking method. The physical, mechanical, and biological properties of the dressing were evaluated based on their structural analysis, elongation, Young’s modulus, cytotoxicity, and cell migration.




2. Results and Discussion


2.1. Eco-Friendly Preparation Method


The proposed method for preparing the hydrogel wound dressings is distinguished by its environmental friendliness, ease of operation, low cost, and optimal throughput. The method is based on the sequential mixing of PVA with CMC, sericin, or both, in distilled water to prepare different formulations. After casting the prepared solutions into proper molds to shape the wound dressings, the crosslinking reaction was allowed to occur via freeze–thawing, i.e., each formulation was frozen at −80 °C for 16 h and then thawed at 25 °C for 8 h (Figure 1). After this step, the dressings were frozen at −80 °C until used. The method and the wound dressings’ compositions are described in more detail in the Section 4. Their mechanical, morphological, and biological properties were assessed through different techniques, which are described in the next sections.




2.2. Mechanical Properties of Wound Healing Dressings


The mechanical properties of hydrogel wound dressings, such as their strength, tensile strength, softness, flexibility, and elasticity, are essential for their applications since they should have good strength and elasticity to mimic the elasticity of skin during repair. The compression Young’s modulus was determined as the slope of the curves in the linear regime (low strains), and it was used for evaluating and comparing the mechanical properties of the as-prepared hydrogel wound dressing materials.



The rigidity of the hydrogel increased with the PVA loading due to the increases in the hindrance of the polymeric chains and the number of reticulation sites (Figure 2, top) [31]. In particular, the elastic moduli were (5.01 ± 4.00) kPa, (6.26 ± 3.32) kPa, (11.76 ± 5.03) kPa, and (22.41 ± 6.95) KPa for PVA5, PVA6.7, PVA8, and PVA10, respectively (Figure 2, bottom).



Fixing the amount of PVA8, CMC was added, and the linear elastic modulus was (10.81 ± 2.26) kPa, (18.42 ± 6.33) kPa, (17.38 ± 3.57) kPa, and (17.49 ± 10.37) kPa for PVA8/CMC2, PVA8/CMC3.5, PVA8/CMC5, and PVA8/CMC10 (Figure 3); therefore, the CMC loading increased the rigidity. The upper bound of this increase is represented by the rigidity of the PVA at the maximum tested concentration. In particular, the PVA8/CMC3.5 exhibited the best combination of linear elasticity and strain capability. With CMC loadings higher than that of PVA8/CMC3.5, the ultimate stress and strain exhibited by the prepared hydrogels decreased (Figure 3, bottom); therefore, we chose this combination.



Before analyzing the three-component blend, in order to evaluate the effect of adding sericin on the rigidity of the hydrogel material, PVA8 samples were loaded with SER in order to obtain different combinations of PVA and sericin. (Figure 4, top). The addition of sericin induced an increase in the linear elastic rigidity, i.e., (9.23 ± 1.13) kPa, (11.43 ± 1.43) kPa, (10.31 ± 2.51) kPa, (15.67 ± 6.30) kPa, and (15.39 ± 3.08) kPa for PVA8/SER2, PVA8/SER5, PVA8/SER10, PVA8/SER15, and PVA8/SER25, respectively (Figure 4, bottom). In particular, for higher values of SER, the blend exhibited an improved elastic modulus, showing more compactness and also resulting in a more slippery effect on its surfaces.



The combination of PVA with CMC and sericin provides optimal results in terms of the mechanical properties, as illustrated in (Figure 5). With fixed amounts of PVA and CMC (PVA8/CMC3.5), different SER loadings were tested, namely PVA8/CMC3.5/SER2.5, PVA8/CMC3.5/SER5, PVA8/CMC3.5/SER7.5, and PVA8/CMC3.5/SER10. The compression Young’s modulus values were as follows, respectively: (14.15 ± 2.13) kPa, (11.79 ± 1.61) kPa, (12.39 ± 0.55) kPa, (7.64 ± 1.09) kPa, and (8.90 ± 4.67) kPa (Figure 5, bottom). The effect of the addition of sericin to the PVA/CMC blend was a decrease in the linear elastic compressive rigidity, which is in contrast to the effect of sericin on PVA. This can be ascribed to sericin, with its lateral side groups in amino acids that facilitate blending with the polymeric chains of CMC, thus resulting in a softer and more elastic microstructure [32,33]. With a fixed amount of PVA (PVA8), the compression tests revealed the optimal loading of PVA8/CMC3.5 and that of sericin higher than in PVA8/CMC3.5/SER7.5. The compression results related to the hydrogel samples containing a higher concentration of sericin, namely PVA8/CMC3.5/SER15, were not reported since they were very slippery, which prevented a correct measurement.



Tensile tests were performed to compare the tensile rigidity of the hydrogels, since they need to be applied on the skin for wearable applications, and their stretchability determines their conformality and skin-adaptability. The resulting stress/strain curves are displayed in Figure 6: as expected, the curves present a higher data dispersion for high strains due to the high variability of the stretched elastomeric materials. The tensile Young’s moduli in the linear low-strain regime and in the high-strain regime were determined from the slope of the curves, whereas the ultimate stress and the strain at break provide an indication of the stretchability of the hydrogel patches.



The sericin loading in PVA8/SER10, PVA8/SER15, PVA8/SER20, and PVA8/SER25 improved the low-strain rigidity but negatively affected the other parameters (Figure 7), allegedly due to the mechanical robustness and low elasticity of the protein, which hardened the texture and compactness of the hydrogels. In addition, higher sericin loadings induced a slippery effect on the gripping, which produced a lower Young’s modulus value.



On the other hand, the CMC in PVA8/CMC2, PVA8/CMC3.5, and PVA8/CMC5 did not significantly affect the tensile mechanical parameters (Figure 8). This is in contrast to the results of the compression analysis, according to which both the CMC and sericin improved the PVA’s mechanical resistance: this difference can be ascribed to the different properties (especially its low tensile elasticity) of the protein with respect to the other polymers.



To evaluate the optimal sericin loading in tension mode, tensile tests were performed on hydrogel dressings made of the PVA8/CMC3.5 blend with different amounts of sericin. The results are reported in Figure 9 and reveal a steady increase in the tensile Young’s modulus with an optimal amount of sericin higher than in the PVA8/CMC3.5/SER7.5 blend, since these samples exhibited linear elastic rigidity, but maintained a high stretchability strain to break. In particular, the PVA8/CMC3.5/SER10 and PVA8/CMC3.5/SER15 blends had Young’s moduli of (6.32 ± 3.18) kPa and (6.71 ± 3.41) kPa, and strains to break of (301 ± 139)% and (326 ± 155)%, respectively.



Therefore, taking into consideration the results from the tensile and compression tests, as well as considering sericin’s biological activity, we converged two formulations: PVA8/CMC3.5/SER10 and PVA8/CMC3.5/SER15, namely SER1 and SER2, which have excellent stretchability and compressive properties, similar to those of human skin, and high contents of sericin [34].




2.3. Morphological Characterization of the Wound Dressings


Scanning electron microscopy (SEM), used to characterize hydrogel microarchitectures [35], provided a detailed morphological analysis of the wound dressings, from the overall structure of the material to the cross-sections.



Figure 10 shows SEM micrographs of the freeze-dried SER1 (Figure 10A,B) and SER2 (Figure 10C,D) hydrogel wound healing dressings at different magnifications. Both samples are characterized by a honeycomb-like macroporous structure, which is essential for biomedical application since it provides space for oxygen and nutrient transportation and cell growth [36]. Furthermore, the SER1 dressing had fewer pores than SER2, which exhibited a three-dimensional structure with different pore sizes. These results show that the average pore diameter decreased as the percentage of sericin increased. According to the literature, the highly porous structure of SER2 suggests its ability to absorb wound exudate and promote skin cell adhesion and spreading for the re-epithelialization of injured skin [37].



SER2 addressed two important issues, i.e., mechanical strength that mimics skin characteristics and suitable porosity to absorb wound exudate. Therefore, in the following sections of this manuscript, unless otherwise indicated, we always refer to SER2 (PVA8/CMC3.5/SER15) as the wound dressing material.




2.4. Biological Properties of Wound-Healing Dressings


The SER2 hydrogel wound dressing is made of three components, one synthetic polymer, PVA, a semi-natural CMC, and a protein, the silkworm sericin (SER). PVA was used because of its biocompatibility and good mechanical properties and because it can be crosslinked by physical methods. Carboxymethyl cellulose (CMC) has excellent water-absorbing and swelling capacities, is able to blend with other polymers, and is characterized by antioxidant activity [38].



SER is a water-soluble protein with mitogenic and cytoprotective effects on keratinocytes and fibroblasts, as well as on tissue repair and skin development [39,40]. Furthermore, amines, hydroxyl, and carboxyl groups enable the crosslinking of sericin with other biomaterials (e.g., PVA), thus improving mechanical performance.



In order to assess the biological properties of the developed SER2 as wound dressing material, in vitro and ex vivo experiments were performed.



A scratch assay was used to investigate the effects of the developed wound dressing material on cellular proliferation and migration. Human keratinocyte (HaCaT) cells were used since they proliferate and migrate to close the wound and restore the epithelial layer [41]; a higher rate of cell migration promotes a faster wound healing process. The HaCaT cells were grown until 80% confluence, and scratch wounds were created and photographed over time up to 24 h (T0, T6, T16, and T24). The cell-free area was assessed, and the cell migration rate was calculated as the decrease in the cell-free area (Figure 11).



Quantification of the wounded area revealed that incubation with the SER2 dressing significantly enhanced the migration of HaCaT cells to the scratch area after 16 h (p = 0.001) and after 24 h (p = 0.0004), compared to the control (DMEM) and PVA8/CMC3.5 groups, whereas, no significant differences were found after 6 h when comparing the treated and CTRL groups (p = 0.24).



The skin is composed of two layers: the epidermis and the dermis, separated by the basement membrane made of collagen IV and laminin. The outer layer (epidermis) consists mostly of keratinocytes, melanocytes, Merkel cells, and Langerhans cells, and the dermis is composed of fibroblasts and is rich in extracellular matrix (ECM) components (e.g., collagen I–III, elastins, and proteoglycans) [42]. Therefore, cutaneous wound healing involves interactions between dermal fibroblasts and epidermal keratinocytes as well as cell–extracellular matrix interactions.



Fibroblasts are important in regulating the inflammatory phase, since the early stage of wound healing is characterized by crosstalk between fibroblasts and immune cells. Afterward, fibroblasts are responsible for producing extracellular matrix (ECM) components and determining crosstalk with endothelial cells and keratinocytes [43].



The current study describes the wound healing experiments conducted in EpiDerm Full Thickness (EFT) models, which are widely used in dermatological research, including wound healing, to reduce animal use in research. This in vitro human skin model consists of human epidermis comprising human keratinocytes and fibroblasts. Epidermal wounds, induced by means of a 2mm punch biopsy, were evaluated after incubation with PVA8/CMC3.5 and SER2 (PVA8/CMC3.5/SER15) as hydrogel wound dressing materials. The in situ re-epithelization was qualitatively analyzed by immunostaining with markers of dermal fibroblasts (vimentin) and keratinocytes (keratin 14). To distinguish the keratinocytes from the fibroblasts in the co-culture, the keratinocytes were stained green, and the fibroblasts were stained red.



Figure 12 shows the wounded EpiDermFT immunostained with Keratin 14 (green fluorescence) (Figure 12A,C,E) and vimentin (Figure 12B,D,F). On day 7, the vimentin-positive fibroblasts overgrew in the samples incubated with SER2. They highly populated the induced wounds within the EFT tissues (Figure 12F), whereas few red spots were visible within the wound areas in the control samples and tissues incubated with PVA8/CMC3.5, as shown in Figure 12B,D respectively, thus demonstrating the increase in fibroblast migration across the wound, induced by the presence of sericin in the hydrogel wound dressing. Furthermore, the green fluorescent signal indicates that keratinocytes were present in the region of the wound (Figure 12A,C,E). Notably, as shown in Figure 13, in the sample treated with SER2, many skin-like structures covered the wound (Figure 13C). The green fluorescence shows that CK-14 positive keratinocytes were present in these structures; afterward, they were then counterstained with DAPI to highlight the cell nuclei (Figure 14). Therefore, in the EFT models with SER2, which contains sericin, cell migration and proliferation increased compared to the samples incubated with PVA8/CMC3.5 wound dressings and the controls (DMEM).



Our results agree with the results reported by Tariq et al. [44], who demonstrated the wound healing effects of sericin in diabetic mice; further studies demonstrated that sericin increased cell attachment and migration, the proliferation of keratinocytes and fibroblasts, and collagen synthesis, thus promoting wound healing in humans without the production of pro-inflammatory cytokines [45,46,47,48,49].



Although a PVA/CMC/SER hydrogel and its physicochemical characterization (gel fraction, water absorption, FT-IR, etc.) have been already proposed [23], here, we report for the first time the mechanical properties and biological activity of an optimized SER2 blend to be used for wound dressing application.





3. Conclusions


This study demonstrates the successful eco-friendly production of hydrogel wound dressings based on polyvinyl alcohol, carboxymethyl cellulose, and sericin. The preparation method is environmentally friendly and based on freeze–thawing as a crosslinking method. The hydrogel wound dressings exhibited elasticity, non-toxicity, and biocompatibility and possessed high potential for wound healing acceleration, as demonstrated by in vitro and ex vivo experiments. Further improvements of the proposed wound healing dressing can be envisioned by tuning the mechanical and controlled drug release properties to improve cell migration or to obtain effective timing patterns for wound healing. Finally, additional properties, such as oxygen permeability and skin adhesion, as well as in vivo efficacy and safety studies, will be investigated in future studies.




4. Materials and Methods


4.1. Materials


Poly (vinyl alcohol) (PVA, MW 146,000–186,000), sodium carboxymethyl cellulose, and sericin were purchased from Sigma Aldrich. HaCaT keratinocytes were purchased from Cell Line Service GmbH (Eppelheim, Germany) and cultured in 5% CO2 at 37 °C in regular Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning) supplemented with 10% heat-inactivated fetal bovine serum (Corning), glutamine (2 mM), penicillin (100 U⁄ml) (Corning), and streptomycin (100 mg/ml) (Corning). Trypsin was purchased from Sigma Aldrich. EpiDermFTTM tissues (EFT-412) were provided from the MatTek Corporation (Ashland, MA, USA); Dulbecco’s Modified Eagle (DMEM)-based medium for maintaining cultures was supplied by the manufacturer (EFT-400-MM). Anti-Cytokeratin 14 antibody, Recombinant Anti-Vimentin antibody, Goat Anti-Rabbit IgG H&L (Alexa Fluor® 647) (ab150079), and Donkey Anti-Mouse IgG H&L Alexa Fluor® 488) (ab150105) were procured from Abcam and used according to the manufacturer’s instructions.




4.2. Hydrogel Wound Healing Dressing Preparation


Hydrogel wound healing dressings with different compositions were prepared by mixing calculated amounts of PVA 10%wt, CMC 4%wt, and sericin 12%wt. The starting solutions of PVA and CMC were prepared by stirring the powders in water at 90 °C for at least 1 h. Such solutions were extremely viscous and, therefore, were handled at a high temperature, whereas the sericin was easily dissolved in water at room temperature. The compositions of the tested samples are reported in Table 1.



All mixtures were uniformly poured into a 12-well plate. The crosslinking reaction of the tested solutions was allowed to proceed by the freeze–thawing method. Each formulation was frozen at −80 °C for 16 h, and then thawed at 25 °C for 8 h. This process was counted as 1 cycle. Each formulation was prepared using 1 cycle of the freeze–thawing method and then frozen and stored long-term at −80 °C until it was used, retaining its mechanical properties and biological activity.




4.3. Mechanical Tensile and Compression Measurements


Mechanical tensile and compression tests were conducted on the non-swollen hydrogels through dynamic mechanical analysis (DMA). The samples were removed from freezing conditions half an hour before the mechanical analyses. For the compression tests, the samples were shaped into circles with a 6.5 mm diameter and a 3.5 mm height (Figure 15A). The tests were performed with a ramp force of 1 N/min to an upper limit of 18 N and a pre-load of 0.01 N.



For the tensile tests, the samples were shaped according to the ASTM E8 standard for tensile test specimens [50]. For this purpose, a polylactic acid (PLA) 3D-printed master was used to create a PDMS mold with the right shapes (Figure 15B). In particular, the gauge length of the shaped hydrogels was 15 mm, whereas the ends were wider to favor the gripping of the clamps in the tensile machine (Figure 15C). The width and thickness of the specimens were 3 mm and 2.5 mm, respectively. In the case of too-slippery samples, an adhesive rough tape was used on the inner side of the clamps to improve the grip. The tests were performed with a ramp force of 0.5 N/min up to the failure of the samples (Figure 15C) and a pre-load of 0.01 N. All the results are an average of the five tested samples.




4.4. Morphological Characterization by SEM Analysis


Morphological analysis of the freeze-dried SER1 (PVA8/CMC3.5/SER10) and SER2 (PVA8/CMC3.5/SER15) wound dressings were performed by means of a scanning electron microscopy-focused ion dual beam (SEM-FIB) using the FEI Helios NanoLab 600i Dual Beam. All samples were sputter-coated with a thin gold film prior to SEM analysis.




4.5. Wound Scratch Assay


For the wound healing and cell migration assays, HaCaT cells were plated into a 12-well plate at a concentration of 1 × 105 cells containing Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS) and incubated overnight at 37 °C in a humidified 5% CO2 atmosphere. We left them until they reached 80% confluence. Afterward, the DMEM was completely removed, and the adherent cell layer was scratched with a sterile pipette tip; we also made horizontal reference lines to have a grid for alignment to obtain the same field for each image acquisition cycle. Cellular debris were removed by washing with PBS. Then, to the treated groups, the PVA8/CMC3.5 and SER2 (PVA8/CMC3.5/SER15) dressings were added. The control cells received only fresh medium. The cells were then incubated at 37 °C in a humidified 5% CO2 atmosphere. Then, the images of the scratch area were captured at 0 h (just after scratching cells), 6, 16, and 24 h using the AMG Evos FL Fluorescence microscope.



We determined the scratch area, wound coverage of the total area, and the average and standard deviation of the scratch width by means of ImageJ software (Version 1.54j) (https://imagej.net/ij/download.html accessed on 15 June 2024). We calculated the percentage of wound closure according to (Equation (1)) [51]:


  W o u n d   C l o s u r e     %   =     A   t = 0   −   A   t = Δ t       A   t = 0     × 100  



(1)




where     A   t = 0     is the initial wound area, and     A   t = Δ t     is the wound area after n hours of the initial scratch.



The quantification of the wound area, wound coverage of the total area, average wound width, and width standard deviation in the images obtained from the wound-healing assay was carried out according to Suarez-Arnedo’s method [52]



The images were imported into the software, and a variance filter was applied (Figure 16C) after having enhanced contrast (Figure 16B) to create a new image with high-intensity pixels within the cell monolayer and low-intensity pixels within the open wound area. Afterward, we applied a threshold to the processed image in order to obtain binary segments (Figure 16D). Since the wound area can contain single cells or cell islets, we performed hole filling on the area of the wound (Figure 16E). Figure 16 presents an overview of the image-processing carried out to have a selection of the scratch area (Figure 16F).



The scratch area on the 0th hour was considered 100%, and the reduction in area was calculated for each set at 6, 16, and 24 h and plotted on a graph. The data were expressed as the mean ± SD. One-way ANOVA, followed by post hoc test, was used to compare the control (CTRL) and groups treated with PVA8/CMC3.5 and SER2 dressings. A p-value of ≤0.05 was considered statistically significant.




4.6. Ex Vivo Experiments


Wound healing experiments were conducted in a full-thickness in vitro human skin model (EFT). This model exhibits stratified epidermal components and a fully developed basement membrane and resembles in vivo skin in regard to both morphology and barrier function. Furthermore, the cultures were derived from human neonatal foreskin tissue to form a multi-layered highly differentiated model of human skin that consisted of human-derived epidermal keratinocytes and human-derived dermal fibroblasts grown on a semi-permeable membrane. The EFT skin tissue inserts were transferred into 6-well plates containing 2.5 mL of serum-free medium upon arrival. The tissues were then equilibrated at 37 °C under 5% a CO2 atmosphere condition overnight. The medium was aspirated and replaced with fresh pre-warmed media after the equilibrations. The epidermal wounds were induced using a sterile 2 mm dermal biopsy punch (Figure 17B). After removing the cut sections of the epidermis with a fine tipped forceps, hydrogel wound healing dressings were added. The control experiments received only fresh pre-warmed serum-free medium.



Epithelial healing was observed within 5 days following the punch biopsy.



Following treatment, the EpiDermFTTM tissues were fixed in 4% paraformaldehyde for 30 min and then washed three times with PBS containing 0.01% Triton X-100. The tissues were blocked for 1 h with 10% normal goat serum/1% BSA in PBS. The primary antibody was diluted in 1% BSA/PBS and incubated at room temperature for 2 h. Following incubation with the primary antibody, the tissues were washed two times (10 min for each wash) in PBS containing 0.1% normal goat serum. The secondary antibody (goat anti-mouse 488, AlexaFluor, Molecular Probes) was diluted 1:400 in 1% BSA/PBS and incubated with the samples for 1 h at room temperature. Following incubation with the secondary antibody, the tissues were rinsed with PBS containing 0.1% normal goat serum and stained with DAPI (0.1 μg/mL). The images were captured using Zeiss Axio Imager M2 (Carl Zeiss Microscopy, LLC, White Plains, NY, USA).








Author Contributions


E.B. prepared the wound dressings; M.M. characterized the dressings through mechanical tests and contributed to the first draft; M.T.T. and A.Q. performed the SEM observations; V.B. contributed to the cellular cultures; M.M., E.B., M.T.T., A.Q., V.B., M.D.V. and P.S. edited the draft; L.B. conceived and supervised the experiments and wrote the first draft. Conceptualization, L.B.; investigation, L.B., M.M., M.T.T., E.B., V.B. and A.Q.; writing—original draft preparation, L.B. and M.M.; review and editing; L.B., E.B., M.M., M.T.T., V.B., A.Q., M.D.V. and P.S.; funding acquisition, L.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Progetto regionale Lab on a Swab (cod. OTHZY54; Contract No. CUP B37H17005160007), (funds to L.B); by the Italian Ministry of Research (MUR) under the complementary actions to the NRRP (PNC0000007) “Fit4MedRob- Fit for Medical Robotics” Grant (contract number CUP B53C22006960001).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are openly available in article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Blacklow, S.O.; Li, J.; Freedman, B.R.; Zeidi, M.; Chen, C.; Mooney, D.J. Bioinspired mechanically active adhesive dressings to accelerate wound closure. Sci. Adv. 2019, 5, eaaw3963. [Google Scholar] [CrossRef] [PubMed]

	



Alven, S.; Aderibigbe, B.A. Fabrication of Hybrid Nanofibers from Biopolymers and Poly (Vinyl Alcohol)/Poly (ε-Caprolactone) for Wound Dressing Applications. Polymers 2021, 13, 2104. [Google Scholar] [CrossRef] [PubMed]

	



Junker, J.P.; Kamel, R.A.; Caterson, E.J.; Eriksson, E. Clinical Impact Upon Wound Healing and Inflammation in Moist, Wet, and Dry Environments. Adv. Wound Care 2013, 2, 348–356. [Google Scholar] [CrossRef]

	



Stan, D.; Tanase, C.; Avram, M.; Apetrei, R.; Mincu, N.-B.; Mateescu, A.L.; Stan, D. Wound healing applications of creams and “smart” hydrogels. Exp. Dermatol. 2021, 30, 1218–1232. [Google Scholar] [CrossRef] [PubMed]

	



Gould, L.; Abadir, P.; Brem, H.; Carter, M.; Conner-Kerr, T.; Davidson, J.; DiPietro, L.; Falanga, V.; Fife, C.; Gardner, S.; et al. Chronic wound repair and healing in older adults: Current status and future research. Wound Repair Regen. 2015, 23, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Insuasti-Cruz, E.; Suárez-Jaramillo, V.; Mena Urresta, K.A.; Pila-Varela, K.O.; Fiallos-Ayala, X.; Dahoumane, S.A.; Alexis, F. Natural Biomaterials from Biodiversity for Healthcare Applications. Adv. Healthc. Mater. 2022, 11, 2101389. [Google Scholar] [CrossRef]

	



Bernal-Chávez, S.A.; Romero-Montero, A.; Hernández-Parra, H.; Peña-Corona, S.I.; Del Prado-Audelo, M.L.; Alcalá-Alcalá, S.; Cortés, H.; Kiyekbayeva, L.; Sharifi-Rad, J.; Leyva-Gómez, G. Enhancing chemical and physical stability of pharmaceuticals using freeze-thaw method: Challenges and opportunities for process optimization through quality by design approach. J. Biol. Eng. 2023, 17, 35. [Google Scholar] [CrossRef] [PubMed]

	



Waresindo, W.X.; Luthfianti, H.R.; Priyanto, A.; Hapidin, D.A.; Edikresnha, D.; Aimon, A.H.; Suciati, T.; Khairurrijal, K. Freeze–thaw hydrogel fabrication method: Basic principles, synthesis parameters, properties, and biomedical applications. Mater. Res. Express 2023, 10, 024003. [Google Scholar] [CrossRef]

	



Kamoun, E.A.; Kenawy, E.-R.S.; Chen, X. A review on polymeric hydrogel membranes for wound dressing applications: PVA-based hydrogel dressings. J. Adv. Res. 2017, 8, 217–233. [Google Scholar] [CrossRef] [PubMed]

	



Jain, N.; Singh, V.K.; Chauhan, S. A review on mechanical and water absorption properties of polyvinyl alcohol based composites/films. J. Mech. Behav. Mater. 2017, 26, 213–222. [Google Scholar] [CrossRef]

	



Djumaev, A.; Tashmukhamedova, S. Physical and chemical properties of PVA-CMC based hydrogel carrier loaded with herbal hemostatic agent for application as wound dressings. Natl. J. Physiol. Pharm. Pharmacol. 2020, 10, 905–909. [Google Scholar]

	



Ceylan, S.; Göktürk, D.; Bölgen, N. Effect of crosslinking methods on the structure and biocompatibility of polyvinyl alcohol/gelatin cryogels. Bio-Med. Mater. Eng. 2016, 27, 327–340. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Bai, J.; Shao, K.; Tang, W.; Zhao, X.; Lin, D.; Huang, S.; Chen, C.; Ding, Z.; Ye, J. Poly(vinyl alcohol) Hydrogels: The Old and New Functional Materials. Int. J. Polym. Sci. 2021, 2021, 16. [Google Scholar] [CrossRef]

	



Bates, N.M.; Puy, C.; Jurney, P.L.; McCarty, O.J.T.; Hinds, M.T. Evaluation of the Effect of Crosslinking Method of Poly(Vinyl Alcohol) Hydrogels on Thrombogenicity. Cardiovasc. Eng. Technol. 2020, 11, 448–455. [Google Scholar] [CrossRef]

	



Adelnia, H.; Ensandoost, R.; Shebbrin Moonshi, S.; Gavgani, J.N.; Vasafi, E.I.; Ta, H.T. Freeze/thawed polyvinyl alcohol hydrogels: Present, past and future. Eur. Polym. J. 2022, 164, 110974. [Google Scholar] [CrossRef]

	



Koosha, M.; Aalipour, H.; Sarraf Shirazi, M.J.; Jebali, A.; Chi, H.; Hamedi, S.; Wang, N.; Li, T.; Moravvej, H. Physically Crosslinked Chitosan/PVA Hydrogels Containing Honey and Allantoin with Long-Term Biocompatibility for Skin Wound Repair: An In Vitro and In Vivo Study. J. Funct. Biomater. 2021, 12, 61–80. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, M.S.; Hasan, M.S. Recent Developments of Carboxymethyl Cellulose. Polymers 2021, 13, 1345. [Google Scholar] [CrossRef]

	



Verma, N.; Pramanik, K.; Singh, A.K.; Biswas, A. Design of magnesium oxide nanoparticle incorporated carboxy methyl cellulose/poly vinyl alcohol composite film with novel composition for skin tissue engineering. Mater. Technol. 2022, 37, 706–716. [Google Scholar] [CrossRef]

	



Kanikireddy, V.; Varaprasad, K.; Jayaramudu, T.; Karthikeyan, C.; Sadiku, R. Carboxymethyl cellulose-based materials for infection control and wound healing: A review. Int. J. Biol. Macromol. 2020, 164, 963–975. [Google Scholar] [CrossRef]

	



Shin, J.-Y.; Lee, D.Y.; Yoon, J.I.; Song, Y.-S. Effect of CMC Concentration on Cell Growth Behavior of PVA/CMC Hydrogel. Macromol. Res. 2020, 28, 813–819. [Google Scholar] [CrossRef]

	



Capanema, N.S.; Mansur, A.A.; Carvalho, I.C.; Carvalho, S.M.; Mansur, H.S. Bioengineered Water-Responsive Carboxymethyl Cellulose/Poly(vinyl alcohol) Hydrogel Hybrids for Wound Dressing and Skin Tissue Engineering Applications. Gels 2023, 9, 166. [Google Scholar] [CrossRef] [PubMed]

	



Thönes, S.; Rother, S.; Wippold, T.; Blaszkiewicz, J.; Balamurugan, K.; Moeller, S.; Ruiz-Gómez, G.; Schnabelrauch, M.; Scharnweber, D.; Saalbach, A. Hyaluronan/collagen hydrogels containing sulfated hyaluronan improve wound healing by sustained release of heparin-binding EGF-like growth factor. Acta Biomater. 2019, 86, 135–147. [Google Scholar] [CrossRef] [PubMed]

	



Jaramillo-Quiceno, N.; Rueda-Mira, S.; Marín, J.F.S.; Álvarez-López, C. Development of a novel silk sericin-based hydrogel film by mixture design. J. Polym. Res. 2023, 30, 120. [Google Scholar] [CrossRef]

	



Ekasurya, W.; Sebastian, J.; Puspitasari, D.; Asri, P.P.P.; Asri, L.A.T.W. Synthesis and Degradation Properties of Sericin/PVA Hydrogels. Gels 2023, 9, 76. [Google Scholar] [CrossRef] [PubMed]

	



Puspitasari, D.; Anwar, A.M.; Ananda, D.S.G.; Reza, G.; Jusuf, A.; Asri, L.A.T.W. Porous Sericin/PVA/Moringa oleifera Hydrogels: Physical Properties and Hyperelastic Model. Procedia Struct. Integr. 2024, 52, 410–417. [Google Scholar] [CrossRef]

	



Su, D.; Ding, S.; Shi, W.; Huang, X.; Jiang, L. Bombyx mori silk-based materials with implication in skin repair: Sericin versus regenerated silk fibroin. J. Biomater. Appl. 2019, 34, 36–46. [Google Scholar] [CrossRef]

	



Das, G.; Shin, H.-S.; Campos, E.V.R.; Fraceto, L.F.; del Pilar Rodriguez-Torres, M.; Mariano, K.C.F.; de Araujo, D.R.; Fernández-Luqueño, F.; Grillo, R.; Patra, J.K. Sericin based nanoformulations: A comprehensive review on molecular mechanisms of interaction with organisms to biological applications. J. Nanobiotechnology 2021, 19, 30. [Google Scholar] [CrossRef] [PubMed]

	



Ersel, M.; Uyanikgil, Y.; Karbek Akarca, F.; Ozcete, E.; Altunci, Y.A.; Karabey, F.; Cavusoglu, T.; Meral, A.; Yigitturk, G.; Oyku Cetin, E. Effects of Silk Sericin on Incision Wound Healing in a Dorsal Skin Flap Wound Healing Rat Model. Med. Sci. Monit. 2016, 22, 1064–1078. [Google Scholar] [CrossRef] [PubMed]

	



Silva, A.S.; Costa, E.C.; Reis, S.; Spencer, C.; Calhelha, R.C.; Miguel, S.P.; Ribeiro, M.P.; Barros, L.; Vaz, J.A.; Coutinho, P. Silk Sericin: A Promising Sustainable Biomaterial for Biomedical and Pharmaceutical Applications. Polymers 2022, 14, 4931. [Google Scholar] [CrossRef]

	



Ye, X.; Zhao, S.; Wu, M.; Ruan, J.; Tang, X.; Wang, X.; Zhong, B. Role of sericin 1 in the immune system of silkworms revealed by transcriptomic and proteomic analyses after gene knockout. FEBS Open Bio 2021, 11, 2304–2318. [Google Scholar] [CrossRef]

	



Oliveira, A.S.; Seidi, O.; Ribeiro, N.; Colaço, R.; Serro, A.P. Tribomechanical Comparison between PVA Hydrogels Obtained Using Different Processing Conditions and Human Cartilage. Materials 2019, 12, 3413. [Google Scholar] [CrossRef] [PubMed]

	



Nayak, S.; Kundu, S.C. Sericin–carboxymethyl cellulose porous matrices as cellular wound dressing material. J. Biomed. Mater. Res. Part A 2014, 102, 1928–1940. [Google Scholar] [CrossRef] [PubMed]

	



Reizabal, A.; Costa, C.M.; Pérez-Álvarez, L.; Vilas-Vilela, J.L.; Lanceros-Méndez, S. Silk Fibroin as Sustainable Advanced Material: Material Properties and Characteristics, Processing, and Applications. Adv. Funct. Mater. 2023, 33, 2210764. [Google Scholar] [CrossRef]

	



Reis, T.C.; Castleberry, S.; Rego, A.M.B.; Aguiar-Ricardo, A.; Hammond, P.T. Three-dimensional multilayered fibrous constructs for wound healing applications. Biomater. Sci. 2016, 4, 319–330. [Google Scholar] [CrossRef]

	



Koch, M.; Włodarczyk-Biegun, M.K. Faithful scanning electron microscopic (SEM) visualization of 3D printed alginate-based scaffolds. Bioprinting 2020, 20, e00098. [Google Scholar] [CrossRef]

	



Rahman, M.S.; Islam, M.M.; Islam, M.S.; Zaman, A.; Ahmed, T.; Biswas, S.; Sharmeen, S.; Rashid, T.U.; Rahman, M.M. Morphological Characterization of Hydrogels. In Cellulose-Based Superabsorbent Hydrogels; Mondal, M.I.H., Ed.; Springer International Publishing: Cham, Switzerland, 2019; pp. 819–863. [Google Scholar]

	



Dong, X.; Zhao, S.-X.; Yin, X.-L.; Wang, H.-Y.; Wei, Z.-G.; Zhang, Y.-Q. Silk sericin has significantly hypoglycaemic effect in type 2 diabetic mice via anti-oxidation and anti-inflammation. Int. J. Biol. Macromol. 2020, 150, 1061–1071. [Google Scholar] [CrossRef]

	



Basu, P.; Narendrakumar, U.; Arunachalam, R.; Devi, S.; Manjubala, I. Characterization and Evaluation of Carboxymethyl Cellulose-Based Films for Healing of Full-Thickness Wounds in Normal and Diabetic Rats. ACS Omega 2018, 3, 12622–12632. [Google Scholar] [CrossRef] [PubMed]

	



Nayak, S.; Dey, S.; Kundu, S.C. Skin equivalent tissue-engineered construct: Co-cultured fibroblasts/keratinocytes on 3D matrices of sericin hope cocoons. PLoS ONE 2013, 8, e74779. [Google Scholar] [CrossRef]

	



Wang, Y.; Cai, R.; Tao, G.; Wang, P.; Zuo, H. A Novel AgNPs/Sericin/Agar Film with Enhanced Mechanical Property and Antibacterial Capability. Molecules 2018, 23, 1821. [Google Scholar] [CrossRef]

	



Gonzalez, A.C.d.O.; Costa, T.F.; Andrade, Z.d.A.; Medrado, A.R.A.P. Wound healing-A literature review. An. Bras. Dermatol. 2016, 91, 614–620. [Google Scholar] [CrossRef]

	



Hofmann, E.; Schwarz, A.; Fink, J.; Kamolz, L.-P.; Kotzbeck, P. Modelling the Complexity of Human Skin In Vitro. Biomedicines 2023, 11, 794. [Google Scholar] [CrossRef] [PubMed]

	



Cialdai, F.; Risaliti, C.; Monici, M. Role of fibroblasts in wound healing and tissue remodeling on Earth and in space. Front. Bioeng. Biotechnol. 2022, 10, 958381. [Google Scholar] [CrossRef]

	



Tariq, M.; Tahir, H.M.; Butt, S.A.; Ali, S.; Ahmad, A.B.; Raza, C. Silk derived formulations for accelerated wound healing in diabetic mice. PeerJ 2021, 9, e10232. [Google Scholar] [CrossRef] [PubMed]

	



Jo, Y.-Y.; Kweon, H.; Oh, J.-H. Sericin for Tissue Engineering. Appl. Sci. 2020, 10, 8457. [Google Scholar]

	



Kunz, R.I.; Brancalhão, R.M.C.; Ribeiro, L.d.F.C.; Natali, M.R.M. Silkworm Sericin: Properties and Biomedical Applications. BioMed Res. Int. 2016, 2016, 8175701. [Google Scholar] [CrossRef]

	



Martínez-Mora, C.; Mrowiec, A.; García-Vizcaíno, E.M.; Alcaraz, A.; Cenis, J.L.; Nicolás, F.J. Fibroin and sericin from Bombyx mori silk stimulate cell migration through upregulation and phosphorylation of c-Jun. PLoS ONE 2012, 7, e42271. [Google Scholar] [CrossRef] [PubMed]

	



Siritientong, T.; Angspatt, A.; Ratanavaraporn, J.; Aramwit, P. Clinical potential of a silk sericin-releasing bioactive wound dressing for the treatment of split-thickness skin graft donor sites. Pharm. Res. 2014, 31, 104–116. [Google Scholar] [CrossRef]

	



Wang, J.; Liu, H.; Shi, X.; Qin, S.; Liu, J.; Lv, Q.; Liu, J.; Li, Q.s.; Wang, Z.; Wang, L. Development and Application of an Advanced Biomedical Material-Silk Sericin. Adv. Mater. 2024, 36, e2311593. [Google Scholar] [CrossRef]

	



ASTM E8/E8M-22; Standard Test Methods for Tension Testing of Metallic Materials. 03.01. ASTM International: West Conshohocken, PA, USA, 2024.

	



Grada, A.; Otero-Vinas, M.; Prieto-Castrillo, F.; Obagi, Z.; Falanga, V. Research Techniques Made Simple: Analysis of Collective Cell Migration Using the Wound Healing Assay. J. Investig. Dermatol. 2017, 137, e11–e16. [Google Scholar] [CrossRef]

	



Suarez-Arnedo, A.; Torres Figueroa, F. An image J plugin for the high throughput image analysis of in vitro scratch wound healing assays. PLoS ONE 2020, 15, e0232565. [Google Scholar] [CrossRef]








[image: Gels 10 00412 g001] 





Figure 1. Illustration of the preparation process of PVA/CMC/SER wound healing dressings. 
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Figure 2. (Top) Stress/strain curves resulting from DMA (compression) analysis of wound dressings made of different concentrations of PVA in water, namely PVA5, PVA6.7, PVA8, and PVA10. (Bottom) Comparison of the compression Young’s moduli for the four PVA concentrations. 
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[image: Gels 10 00412 g002]







[image: Gels 10 00412 g003] 





Figure 3. (Top) Stress/strain curves resulting from DMA (compression) analysis of wound dressings made of PVA8 in water and different concentrations of CMC, namely PVA8/CMC2, PVA8/CMC3.5, PVA8/CMC5, and PVA8/CMC10. (Bottom) Comparison of the compression Young’s moduli for the four CMC concentrations. 
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Figure 4. (Top) Stress/strain curves resulting from the DMA (compression) analysis of wound dressings made of PVA/water and different concentrations of sericin (SER), namely PVA8/SER2, PVA8/SER5, PVA8/SER10, PVA8/SER15, and PVA8/SER25. (Bottom) Comparison of the compression Young’s moduli for the five SER concentrations. 
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Figure 5. (Top) Stress/strain curves resulting from DMA (compression) analysis of wound dressings made of PVA8/CMC3.5 and different concentrations of sericin (SER), namely PVA8/CMC3.5/SER2.5, PVA8/CMC3.5/SER5, PVA8/CMC3.5/SER7.5, and PVA8/CMC3.5/SER10. (Bottom) Comparison of the compression Young’s modulus values for the four SER concentrations. 
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Figure 6. Stress/strain curve resulting from DMA (tension) analysis of wound dressings made of PVA/water. 
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Figure 7. (Top) Stress/strain curves resulting from DMA (tension) analysis of wound dressings made of PVA and different concentrations of SER, namely PVA8/SER10, PVA8/SER15, PVA8/SER20, and PVA8/SER25. (Bottom) Comparison of tensile Young’s modulus and strain at break for the five SER concentrations. 






Figure 7. (Top) Stress/strain curves resulting from DMA (tension) analysis of wound dressings made of PVA and different concentrations of SER, namely PVA8/SER10, PVA8/SER15, PVA8/SER20, and PVA8/SER25. (Bottom) Comparison of tensile Young’s modulus and strain at break for the five SER concentrations.
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Figure 8. (Top) Stress/strain curves resulting from DMA (tension) analysis of wound dressings made of PVA8 and different concentrations of CMC, namely PVA8/CMC2, PVA8/CMC3.5, and PVA8/CMC5. (Bottom) Comparison of tensile Young’s modulus and strain at break for the four CMC concentrations. 






Figure 8. (Top) Stress/strain curves resulting from DMA (tension) analysis of wound dressings made of PVA8 and different concentrations of CMC, namely PVA8/CMC2, PVA8/CMC3.5, and PVA8/CMC5. (Bottom) Comparison of tensile Young’s modulus and strain at break for the four CMC concentrations.
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Figure 9. (Top) Stress/strain curves resulting from DMA (compression) analysis of wound dressings made of PVA8/CMC3.5 and different concentrations of sericin (SER), namely PVA8/CMC3.5/SER2.5, PVA8/CMC3.5/SER5, PVA8/CMC3.5/SER7.5, PVA8/CMC3.5/SER10, and PVA8/CMC3.5/SER15. (Bottom) Comparison of the compression Young’s moduli for the five SER concentrations. 
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[image: Gels 10 00412 g009]







[image: Gels 10 00412 g010] 





Figure 10. SEM micrographs of freeze-dried SER1 (A,B) and SER2 (C,D) at different magnifications. 
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Figure 11. HaCaT cell scratch assay results after exposure to DMEM (control), PVA8/CMC3.5, or SER2 wound dressing material. The asterisks indicate a statistically significant difference (p< 0.05). 
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Figure 12. In situ staining of wounded EpiDermFT. Tissues were wounded with a 2 mm punch biopsy and immunostained with Keratin 14 (green fluorescence) (A,C,E) and vimentin (red fluorescence) (B,D,F). (A,B) Fluorescence micrographs of the control sample; (C,D) fluorescence micrographs tissues incubated with dressing containing only PVA and CMC; (E,F) wound incubated with SER2 dressing. Scale bars represent 100 μm. 
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Figure 13. Optical images of small epidermal wounds induced in the model using a 2 mm punch biopsy. (A) Control sample; (B) wound incubated with PVA8/CMC3.5 dressing; (C) wound incubated with SER2 dressing. Scale bars represent 1000 μm. 
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Figure 14. In situ staining of skin-like structures taken from epidermal wounds incubated with SER2 dressing and immunostained with (A) Keratin 14 (green fluorescence) and (B) vimentin (red fluorescence). (C) High-magnification details of the skin-like structures: blue shows DAPI-stained nuclei, and green shows Keratin 14 immunostaining. Scale bars represent 100 μm for (A,B), and 50 μm for the magnified image (C). 
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Figure 15. Samples used for the DMA analysis. (A) Circular samples for compression tests. (B) Dog-bone samples for tensile tests. (C) Real photos of the hydrogel dog-bone samples under tensile stretching. 
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Figure 16. Overall process of wound image processing. (A) Original image; (B) scratch image after applying enhanced contrast; (C) image after applying the variance filter; (D) binarization of the image; (E) image after applying hole filling on the area of the wound; (F) selection of the scratch area. 
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Figure 17. (A) EpiDermFTTM tissue following wounding; (B) cut EpiDermFTTM tissue; inset: sections of epidermis; (C) hydrogel wound healing dressing after immersion in DMEM medium; (D) cut EpiDermFTTM tissue incubated with wound dressings. 
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Table 1. Different compositions of hydrogel wound healing dressings with different amounts (milligrams) of PVA, CMC, and sericin. The numbers appearing in the sample names for CMC and sericin (SER) correspond to the percentages with respect to the amount of PVA.
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Sample Name

	
Composition

(mG per G of Hydrogel)




	
PVA

	
CMC

	
Sericin






	
PVA10

	
100

	
0

	
0




	
PVA8

	
80

	
0

	
0




	
PVA6.7

	
67

	
0

	
0




	
PVA5

	
50

	
0

	
0




	
PVA8/CMC2

	
80

	
1.6

	
0




	
PVA8/CMC3.5

	
80

	
2.8

	
0




	
PVA8/CMC5

	
80

	
4

	
0




	
PVA8/CMC10

	
80

	
8

	
0




	
PVA8/SER2

	
80

	
0

	
1.6




	
PVA8/SER5

	
80

	
0

	
4




	
PVA8/SER10

	
80

	
0

	
8




	
PVA8/SER15

	
80

	
0

	
12




	
PVA8/SER25

	
80

	
0

	
20




	
PVA8/CMC3.5/SER2.5

	
80

	
2.8

	
2




	
PVA8/CMC3.5/SER5

	
80

	
2.8

	
4




	
PVA8/CMC3.5/SER7.5

	
80

	
2.8

	
6




	
PVA8/CMC3.5/SER10 (SER1)

	
80

	
2.8

	
8




	
PVA8/CMC3.5/SER15 (SER2)

	
80

	
2.8

	
12
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