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Abstract: A silk fibroin (SF) spongy wound dressing incorporated with silver nanoparticles (Ag-NPs) was developed for biomedical applications. Ag-NPs were efficiently synthesized in situ via ultra violet (UV) with AgNO3 as precursor and silk fibroin as reducing and protecting agent, respectively. After lyophilization, the formed silk fibroin spongy wound dressing (SFWD) exhibited polyporous morphology and inner lamellae structures, with uniform dispersion of Ag-NPs. The porous structure provided SFWD with the ability to absorb tissue exudatealmost 6 times of its own weight, which could guarantee the sustained release of Ag-NPs. By methanol treatment, SFWD showed much improved mechanical properties and more stable to protease XIV. The cyto-compatibility of SFWD was supported by normal adherence and proliferation of NIH3T3 fibroblasts in sponges extracting culture medium. More important, the SFWD showed significant growth inhibition in both plate culture assays and bacterial suspension assays, with Gram-positive (Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa and Escherichia coli). In a cutaneous excisional mouse model, the average healing rates of SFWD was significantly higher than control and commercial bandages. The hematoxylin-eosin (HE) staining results of the wound section also showed that SFWD could recruit more cells and promote tissue formation on the wound edges.
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1  Introduction

Skin is a critical barrier in human body to protect organs against external changes and microbial infection. However, trauma and burns often cause tissue necrosis and destroy the defense function of skin [1]. From the moment skin wound is created, many complications might develop, causing microbial invasion, hindering regeneration of epidermal tissue, delaying wound healing, and promoting scar formation [2]. The efficient healing process is often accompanied by use of wound dressings, which serve as a shield against external factors like dust and bacteria. An ideal wound dressing should maintain a moist environment in the wound and permit the exchange of water and gas, promote epithelialization by releasing biological agents to the wounds [3]. Considering these unique properties, naturally-derived silk fibroin (SF) has been emerged into the development of wound dressings [4].

SF is a natural protein which mainly derives from the Bombyx mori silk worm cocoons. Due to its superior cyto-compatibility, bio-degradation, and permeability, SF has demonstrated excellent properties for wound dressing. SF-based dressing also showed exceptional characteristics as carrier to deliver drugs and bioactive nanoparticles to wound sites for promotion of healing [5]. With different preparation process, the SF can be cast into various forms, such as films, gels, hydrogels and sponges. In particular, because of the porous structure, sponges have promising capacity for encapsulation of drugs and bioactive nanoparticles, which could inhibit bacterial growth and prevent infection [6]. Besides, the release behavior of these compounds to the wound sites from sponges is tunable, based on manipulation of control points during the process of preparing the sponges, including the molecular weight and beta-sheet formation [7]. Therefore, in this work, the silk sponges were fabricated through lyophilization, and utilized as a wound dressing substrate, the mechanical and degradation properties of the sponges were tuned via controlling concentration of silk fibroin and beta-sheet content [8,9].

To date, many metal nanoparticles were utilized in medical, such as gold, silver and copper, owing to their antibacterial properties [10,11]. Among these metal nanoparticles, silver is preferred because of low cost, broad-spectrum antibacterial properties and easy fabrication [11]. The previous studies have illustrated that silver particles would not inhibit epidermal cell proliferation, meanwhile possessing antibacterial properties against Staphylococcus aureus, Pseudomonas aeruginosa, and Esche-richia coli. Actually, silver can inhibit many microorganisms, including Gram-negative bacteria, Gram-positive bacteria, fungi, and viruses, via interfering inner biomacromolecule [12,13].

The objective of the present study was to fabricate a promising silver-containing wound dressing, which could prevent wound infection and promote wound healing, with easy preparation and low price. Ag-NPs were fabricated in situ by UV irradiation with silk fibroin serving as stabilizer, dispersant and protector, which could ensure the uniform formation of Ag-NPs in sponges [14,15]. The characterization of sponge was probed with Scanning Electron Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR), and the formation of Ag-NPs was confirmed with Energy Dispersive Spectrometer (EDS). The viability of NIH3T3 fibroblasts was used to Characterize cytocomptibility. The antibacterial activity of sponge was confirmed with Gram-positive (Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa and Escherichia coli). Besides, a cutaneous excisional mouse model was used to dynamically present the healing effect of sponge in full-thickness skin defect.

2  Experiment Section

2.1 Basic Materials

Lithium bromide(Sinoreagent); Dialysis Membranes (Solarbio); silver nitrate (Sinoreagent); Simulated body fluid (Sigma-Aldrich); protease XIV solution (Sigma-Aldrich); Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli (Shanghai S & S Biotechnology Co., Ltd., China); Mueller-Hinton Broth (MHB) Agar (Thermo Scientific); DMEM culture medium (Gibico); CCK-8 kit (Maclin, China)

2.2 Preparation of Silk Fibroin Solution

SF solution was prepared from Bombyx mori silkworm cocoons (SOUTHWEST UNIVERSITY, Chongqing, China) as described previously [6,16]. Briefly, silkworm cocoon was boiled in a 0.02 M sodium carbonate solution for 30 min, rinsed and dried in draught cupboard overnight. Dried fibroin was dissolved in lithium bromide solution (9.3 M) at 60°C for 4 h. The obtained solution was continually dialyzed for 2 days with Dialysis Membranes (molecular weight cut-off = 3500 DA) to remove the lithium bromide. The dialyzed solution was centrifuged with 9000 rpm to remove insoluble substance and the final concentration of fibroin was 6%–7% wt/v, then stored at 4°C [17].

2.3 Fabrication of SWFD

For a typical fabrication procedure, certain amount of silver nitrate (AgNO3) powder was added into 6 wt% SF solution and blended in beaker to form a transparent SF-AgNO3 mixture solution and the final concentration of AgNO3 was 0.02%, 0.04%, 0.08% (wt/v), respectively. Then the SF-AgNO3 mixture solution was placed under ultraviolet lamp, irradiated at wavelength of 365 nm for 6 h. Microplate Reader (Multiskan, Thermo Fisher scientific, Co., China) was then used to conform the formation and dispersity of Ag-NPs. The irradiated solution was placed in 24-orifice plate, followed by pre-freezing at −20°C for 1 h and −80°C overnight [18]. The pre-freezing sponges were then lyophilized for 36 h and immersed in 90% (v/v) methanol with 30 mins to induce beta-sheet formation. After rinsed with ultra-pure water, the SF/Ag-NPs sponges were dried in 60°C [18,19].

2.4 Water Absorption

Simulated body fluid (SBF) was utilized to measure water absorption capacity of the SWFD. Briefly, SWFD were prepared according to the above method, recording the mass as m. Lyophilized sponges were immersed in SBF for 30 min, recording the mass as M [13]. The calculation formula of water absorption is as follows:


Wt%=(M−m)/m×100
(1)

Wt% is water absorption; m is lyophilized sponge mass; and M is hydrated sponge mass.

2.5 Morphology Characterization of SWFD

SWFD morphology was investigated by scanning electron microscopy (ZEIS-S sigma 300), with accelerating voltage of 10 kV. The sponge fraction was mounted on sample abutment, cross-section oriented top, and then the porous structures of sponges prepared from different concentration were probed. Energy Dispersive X-ray Spectroscopy (EDS) analysis were carried out to determine the existence of silver in sponges. In order to observe the conformational changes of SFWD via methanol post-treatments, Fourier Transform Infrared Spectroscopy analysis was utilized to determine the beta-sheet content of it. The dried SFWD were ground into powder with potassium bromide (KBr), and pressed into flake for FTIR measurement using NICOLET iS50 FT-IR spectrometer. For each measurement, 64 scans were recorded with resolution 0.5 cm−1, and the wave numbers ranged from 600 to 4000 cm−1 [20–22].

2.6 Characterization of Mechanical Properties

In order to investigate the tensile fracture strength of SFWD with various concentration, 3% and 6% wt/v SFWD were cast into strips with uniform diameter of 25 mm × 6 mm × 3 mm. Microcomputer Controlled Electronic Universal Testing Machine (Shanghai Yihuan Instrument Technology Co., Ltd., China) was utilized to measure the tensile strength of SFWD prepared from different concentration [23,24].

2.7 In Vitro Degradation

In vitro degradation of SFWD was analyzed by protease XIV solution (Sigma-Aldrich, St. Louis, MO). SFWD were dried at 60°C oven then cut into cylindrical (diameter = 20 mm, height = 2 mm) and weighed. Then each sample was placed in 2 mL of 1 U/mL Protease XIV solution incubated at 37°C for 5–9 d. After incubation, the samples were dried at 60°C and weighed again [16,17,25]. The weight loss was calculated according to the following equation:


WR%=WR/Wi×100
(2)

The WR is weight remaining and the Wi is the initial weight.

2.8 Antibacterial Assays

The antibacterial activity of SFWD was tested against Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli (Shanghai S & S Biotechnology Co., Ltd., China). Mueller-Hinton Broth (MHB) Agar was used as culture medium. For the plates culture assays, the SFWD (AgNO3 concentration 0.02, 0.04, 0.08% wt/v) and negative control group (pure SF sponges) were cut into discs with 8mm diameter and placed on each S. aureus, P. aeruginosa and E. Coli MHB Agar plates, and then incubated at 37°C overnight. The inhibition zones diameter was measured after 24 h incubation [26,27]. For the bacterial suspension assays, 400 μL bacterial suspension was added into flasks with 20 mL MHB medium and the SFWD (AgNO3 concentration 0.02, 0.04, 0.08% wt/v), negative control group (pure SF sponges) and blank group, and incubated at 37°C for 24 h. Optical density (OD) measurement at 600 nm was scheduled with 100 μL of bacterial solution from each flaskat time point of 0, 2, 4, 6, 8, 10, 12 and 24 h, respectively [13,28].

2.9 Cytocompatibility of SFWD

The SFWD (AgNO3 concentration 0.08% wt/v) and control were cut into cylindrical (diameter = 20 mm, height = 10 mm) and all samples were sterilized with ethanol and UV radiation for 1 h [29–31] and then incubated in 50 ml extraction medium (DMEM, supplemented by 10% fetal bovine serum, 1% L-glutamine and 1% antibiotics) for 3 days at 37°C in 5% CO2. NIH3T3 fibroblasts (Solarbio, Beijing, China), were cultured in 96-well plates with 6000 cells per well in fresh DMEM, supplemented by 10% fetal bovine serum, 1% L-glutamine and 1% antibiotics and extraction DMEM respectively, at 37°C in 5% CO2 for 1 day till nearly full attachment [1]. The cell viability was determined by Cell Counting Kit-8 (CCK-8; Solarbio, Beijing, China), and the absorbance was detected by Microplate Reader (Multiskan, Thermo Fisher scientific Co., China) at 450 nm [26,32].

2.10 Wound Healing

Sixteen healthy 8-week-old male Kunming mice (approved by the Ethics Committee of Chongqing Medical University) were procured from animal center of Chongqing Medical University, Chongqing, China with weight between 34 g and 39 g. These mice were maintained and acclimated for 1 week in an animal facility under standard laboratory conditions for this study, with water and standard provided adlibitum. Their dorsum was cut by sterile surgical scissors, with the uniform size wounds, about 6 mm in diameter. The treated mice were randomly divided into four groups: SFWD (AgNO3 concentration 0.08% wt/v), pure SF sponge, Bandage and Blank group. On the 1st, 3rd, 5th, and 9th day, the average size of wounds in each mouse was measured and recorded. The percentage of residual wound size to original wound size was used to represent the healing rate, and the ratio was inversely proportional to the healing rate [21,33]. At end of each time point, the mice were sacrificed and the specimens from the whole wound site were harvested for Hematoxylin and Eosin (HE) staining [34].

3  Results and Discussion

3.1 Characterization of Ag-NPs Formation in Silkfibroin Solution

To determine the Ag-NPs formation in the composite silk solution, microplate reader (Multiskan, Thermo Fisher scientific, Co., China) was used to probe the absorption curve of Ag-NPs. As shown in Fig. 1, significant peaks around 400 nm could be observed in silk solution with different concentrations of silver nitrate, except control group, which proved that Ag-NPs had been successfully produced [14,15]. Moreover, peak value around 400 nm increased with the increase of silver nitrate concentrations, indicating the promotion of Ag-NPs content. In this study, Ag-NPs were fabricated in situ by UV irradiation, and silk fibroin might serve as stabilizer, dispersant and protector, which could ensure the uniform formation of Ag-NPs in sponges. The beauty of this preparation was the combination of sponge fabrication and Ag-NPs formation at the same time, with high-efficiency and low-cost.

[image: images]

Figure 1: Characterization of Ag-NPs-containing SF solution: The absorption curve of silk solution containing various concentrations of silver nitrate. Arrow presents the adsorption peak

3.2 Shape and Water Absorption of SFWD

SFWD were prepared from silk solution with 1, 3, and 6% wt/v concentration, respectively. As shown in Fig. 2a, the low silk concentration (1% wt/v) of sponges didn’t have stable shape and were easy to collapse, compared with higher fibroin concentration. So, all sponges were prepared from 3 and 6% wt/v concentration in follow-up study. Water absorption is an important feature for wound dressing, which is closely related to drug sustained release and tissue exudate absorption [3]. The ideal wound dressing can quickly absorb tissue exudate to prevent wound infection, and at the same time, it will continuously release the loaded drugs through structural expansion to promote wound healing. In present study, SBF was used to determine the water absorption of SFWD in different conditions. As shown in Fig. 2b, all groups possessed superior water absorption capacity which was approximately 600%. Besides, there was no significant difference among the groups. The results showed that SFWD can effectively absorb the tissue exudate from the wound, which might suggest that once SFWD is placed on the wound site, it would keep the wound in relatively dry condition, reduce the possibility of inflammation and promote wound healing.
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Figure 2: Shape and water absorption of SFWD. (a) Hydrated SFWD prepared from silk solution with 1, 3 and 6% (wt/v) concentration (left to right); (b) Absorption capacity of SFWD (n = 4).

3.3 Porous Morphology of SWFD

The porous morphology of SWFD was determined with SEM analysis. SFWD were cast from 3% and 6% (wt/v) concentration and the scanning electron microscopic images were Figs. 3a–3c and Figs. 3d–3f, respectively. Both sponges exhibited a network of thin, sheet-like lamellae with inner porosity. Besides, SFWD cast from high silk concentration solution had thicker lamellae and more difficultly to collapse than low concentration silk solution which possessed lager pores. The porous structure could provide large surface area which ensured SFWD had improved loading capacity of Ag nanoparticles. In the meantime, the porous structure endowed SFWD with stronger water absorption capacity, which might explain the promoted water absorption of SFWD. The elemental silver signal in EDS confirmed the integration of Ag nanoparticles in fibroin sponges (Fig. 3g). Strong signals of C, N and O were also detected mainly from the backbone of silk. Considering the weak absorption peak around 400 nm in EDS, SEM was used to directly visualize the formation of Ag nanoparticles in SFWD. As shown in Figs. 3h and 3i, random distribution of Ag nanoparticles could be found inside SFWD.
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Figure 3: The SEM morphology of cross section from SFWD. (a–c) sponges cast from 3% (wt/v) silk solution with 80, 200 and 300 magnification, respectively; (d–f) sponges cast from 6% (wt/v) silk solution with 80, 200 and 300 magnification, respectively; (g) EDS of Ag-NPs-containing scaffolds; (h, i) The formation of Ag-NPs in SFWD (red arrows)

3.4 The Structural Characteristics of SFWD after Methanol Treatment

The changes of secondary structure in SFWD samples after methanol treatment was determined by Fourier Transform Infrared spectroscopy (FTIR). The infrared spectra region between 1580 to 1720 cm−1 was selected for further analyze. Figs. 4a and 4b showed the peak absorption bands were assigned as follows: in Fig. 4a, 1610–1630 cm−1 and 1698–1708 cm−1 as beta-sheet structure; 1630–1644 cm−1 as random-coil structure; 1644–1663 cm−1 as alpha-helical bands; 1663–1698 cm−1 as beta turns; in Fig. 4b, 1610–1624 cm−1 and 1693–1704 cm−1 as beta-sheet structure; 1646–1674 cm−1 as random-coil structure and alpha-helical bands; 1674–1693 cm−1 as beta turns [2,16]. The content of beta-sheet significantly increased from 17.32% to 39.41%, after methanol treatment, which proved the transition of fibroin structure from random-coil to beta-sheet via methanol treatment.
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Figure 4: Peak absorbance figure of the samples in analysis software. (a) before-treatment by methanol; (b) after-treatment by methanol

3.5 Effect of SF Concentration and Beta-Sheet Formation on Mechanical Properties of SWFD

Tunable mechanical properties are critical for wound dressing, different site of wound may require the wound dressing with specific strength [20]. Ultimate Tensile Strength (UTS) was used to assess the mechanical strength of SWFD. As shown in Fig. 5, the UTS of SWFD significantly increased with increase of fibroin concentration. UTS of the sponges casted from 3% and 6% SF solution were 38.33 ± 2.89 kPa and 140.00 ± 5.00 kPa, respectively. Besides, methanol treatment improved the strength of SFWD in both 3% and 6% concentration. After methanol treatment, UTS of SFWD prepared from 3% and 6% silk solution were 73.33 ± 5.77 kPa and 180.00 ± 18.03 kPa, respectively. With this feature, tunable mechanical properties of SFWD were matched to diverse wounds types, via altering the parameters of fabrication, SFWD could obtain different strength, which could be customized for different site of wound healing [20,35].
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Figure 5: Effects of fibroin concentration on shape and mechanical strength of SFWD: Ultimate Tensile Strength of SFWD with 3 and 6% concentration before and after methanol treatment. (*: p < 0.05, **: p < 0.01, ***: p < 0.001, n = 5)

3.6 In Vitro Degradation of SWFD

The stability to protease is an important factor in the drug sustained release from wound dressings. High degradation rate might lead to burst release of drug which might attenuate the wound healing process [25]. To study the effect of beta-sheet contents and protein concentration on degradation properties of SFWD, Protease XIV was utilized to determine silk degradation in vitro. Protease XIV is a cocktail of bacterial protease which has been frequently utilized in silk degradation mechanism. Silk degradation was determined by the ratio between remaining and initial mass, after immersing in Protease XIV at 37°C for 1, 2, 3, 5, 7 and 9 days, Respectively. Fig. 6 showed that SFWD prepared with higher concentration (6%) were much more stable in Protease XIV than the lower concentration (3%). Moreover, the degradation rate of methanol treated SFWD was much lower than untreated, in both 3% and 6% concentration. These results are parallel with previous studies that silk fibroin degradation is related to content of beta-sheet crystallinity, which could be induced by methanol treatment. In present study, the degradation rate of SFWD could easily tuned by SF concentration and methanol treatment. With different degradation rate, SFWD would keep stable to Protease XIV in different time course, which might control duration of the sustained release of Ag nanoparticles. Besides, this biodegradability could guarantee SFWD might be used not only on the body surface, but also inside of body [25,36].
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Figure 6: Effect of concentration and beta-sheet content on degradation of SFWD in vitro enzymatic. (a) Degradation of 3% wt/v scaffolds. (b) Degradation of 6% wt/v scaffolds. (n = 4)

3.7 Antibacterial Properties of SWFD

The antibacterial activity of SWFD against Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli was shown in Fig. 7. For the bacterial suspension assays, the antibacterial properties of SWFD were evaluated with OD value at different timepoint with different silver nitrate concentration. The OD value was detected every two hours (Figs. 7a, 7c, and 7e), and the ultimate OD value was measured after 24 h (Figs. 7b, 7d, and 7f). As shown in Figs. 7a, 7c, and 7e, all SFWD with different concentration of Ag-NPs significantly inhibited bacterial growth. Moreover, as shown in Figs. 7b, 7d, and 7f, among three different concentration of silver nitrate, 0.08% groups exhibited the strongest antibacterial activity. The antibacterial activity of SFWD in the plates culture assays was shown in Figs. 7g, 7h, and 7i. The antibacterial activity of SFWD with different concentrations of silver nitrate was presented by inhibition zones in Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus, respectively. The inhibition zones showed that with higher concentrations of silver nitrate, antibacterial properties of SFWD increased.
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Figure 7: Effect of the Ag-NPs-loaded SFWD on bacterial growth. (a) Growth curve of Escherichia coli in 12 h; (b) Ultimate bacterial concentration of Escherichia coli at 24 h; (c) Growth curve of Pseudomonas aeruginosa in 12 h; (d) Ultimate bacterial concentration of Pseudomonas aeruginosa at 24 h; (e) Growth curve of Staphylococcus aureus in 12 h; (f) Ultimate bacterial concentration of Staphylococcus aureus at 24 h. (g) Inhibition zones in Escherichia coli plate with 3 independent tests. (h) Inhibition zones in Pseudomonas aeruginosa plate with 3 independent tests. (i) Inhibition zones in Staphylococcus aureusplate with 3 independent tests. (*: p <0.05, **: p <0.01, ***: p <0.001, n = 4)

3.8 Cyto-Compatibility of SWFD

Cyto-compatibility is a key parameter for clinical use of all wound dressing. The cyto-compatibility of SWFD was determined with NIH3T3 fibroblasts. Cell Count Kit-8 (CCK-8) reagent was used to detect cell viability. Figs. 8a–8e showed that SWFD group cells presented similar morphology with control group. Mostly of the cells adhered and spreaded normally with SWFD extraction medium. Besides, as shown in Fig. 8f, there was no significant difference of cell viability among SWFD group and control group, which indicated SWFD possessed superior cyto-compalibility.
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Figure 8: Exhibition of the amount of living cells in experimental and control group. (a–e) the images of each group under microscope; (f) The detection of cell viability was performed by CCK-8. (n = 8)

3.9 Wound Healing Analysis

SWFD and commercial bandages were applied on the excisional wounds of the dorsum sides of mice (Fig. 9). Images of the wound region were taken on days 1, 3, 5 and 9 (Fig. 9a). The extent of wound healing was calculated by comparing the wound size at different timepoint with their initial size at day 1 (Fig. 9b). The wound size was slightly reduced at day 3 in SWFD group, while no difference in control groups, including Bandage or Blank. The significant wound healing could be observed in SWFD group at day 5, and also the average wound healing rates of SWFD group was markedly higher than others controls. Notably, at day 9, the average wound healing rates of SFWD-silver was almost 82%, however 53% in Blank-group and Bandage-group only reached about, and 65% in SFWD. Wound healing is a multistep process, including recruitment of neighbor cells and formation of new tissues. Histological results showed that SWFD group exhibited significant fibroblasts proliferation and granulation tissue formation on day 5, which hardly could be detected in control groups (Figs. 10a–10d). On day 9 (Figs. 10e–10h), fibroblast and granulation tissue occupied the dominant position in SWFD group, and the wound was almost covered with new tissue. These results might suggest that SFWD could promote the wound healing by recruiting more cells and increasing tissue formation on the wound edges.
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Figure 9: Display of wound healing progress in mice. Day 1 represented the first day of wound management, demonstrating that the mice back wound model was successfully established. (a) Changes of the appearance of back wounds in mice of each group over time; (b) percentage of remaining wound area to original area. SFWD-silver is experiment group with the treatment by SFWD-silver (silver-loaded SFWD); SFWD is experiment group with the treatment by SFWD; Bandage is negative control group; Blank is blank control (*: p < 0.05; **: p < 0.01; n = 4)

[image: images]

Figure 10: Wound tissue histology. The histology sections of wound tissue at days 5 and 9 after wounding. (a–d): 5 d after wounding; (e–h): 9 d after wounding. The arrow refers to the adsorbed new cells and tissue

4  Conclusions

In this study, we proposed a promising wound dressing from regenerated silk fibroin sponge with sustained release of Ag-NPs. Ag-NPs were fabricated in situ by UV irradiation, and silk fibroin served as stabilizer, dispersant and protector. Sponge fabrication and Ag-NPs formation were combined at the same time with low-cost and high efficiency. The Ag-NPs loaded SFWD showed excellent mechanical properties for wound dressing, which could be tuned via altering the parameters of fabrication to match different types of wounds. Ag-NPs loaded SFWD could effectively inhibit the growth of Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus. With the increase of silver nitrate (0.02% wt/v, 0.04% wt/v, 0.08% wt/v), it represented more obvious inhibition properties. With exceptional cyto-compatibility, Ag-NPs loaded SFWD presented superior wound healing ability in mouse model, which indicated that Ag-NPs loaded SFWD could be a potential candidate for wound dressing in clinical treatment.
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