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Silk is a natural macromolecular protein consisting of fibroin and sericin. Silk fibroin (SF), derived from Bombyx mori, is a representative fibrous protein that has been used mainly in fashion textiles and surgical sutures. Also, SF has been extensively applied as a potential biomaterial in a number of biomedical and biotechnological fields, as SF can be reconstituted in various forms through physical and chemical processes. In addition to direct use of SF with intrinsic structure and properties, there are many researchers attempt to insert more novel functional properties into SF, despite retaining its favorable natural characteristics. In recent years, fluorescent silk obtained through various methods, such as the genetic modification or dye feeding method, has been applied in a variety of medical fields. These functionalized silks have properties that can be applied to new and versatile fields more than currently existing fields such as drug delivery, monitoring surgical and wound healing processes. This review focuses on the preparation methods and the latest technological advances on the use of fluorescent SF materials, especially their biomedical applications.
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INTRODUCTION

SF from the Bombyx mori silkworm is a block copolymer and consists of 26 kDa light and 390 kDa heavy chain joined by a disulfide bridge (Yang et al., 2004; Vepari and Kaplan, 2007). The sequence of SF amino acid includes repetitive Gly–Ala–Gly–Ala–Gly–Ser repeats that can be self-assembled into aa β-sheet structure (Heslot, 1998; Zhou et al., 2001). SF has been highlighted as a functional biomaterial with excellent biocompatibility, remarkable mechanical properties such as low inflammation-inducing effect, excellent water vapor with oxygen permeability, blood compatibility, and controllable degradation.

Until now, SF has been fabricated into various forms for different applications. For example, SF has been used to make films, sponges, electrospun mats, nano- or microparticles, and hydrogels (Rockwood et al., 2011; Sultan et al., 2018). Because of these features, SFs are increasingly being studied for biomedical uses, including bone, tendon, ligament, cartilage, skin, nerve, cornea, tympanic membrane, dental, artificial kidney, and bladder (Altman et al., 2003; Vepari and Kaplan, 2007; Kim et al., 2010; Rockwood et al., 2011; Lee et al., 2014; Font Tellado et al., 2017; Lee et al., 2017; Park et al., 2018; Tang et al., 2018; Yeon et al., 2018; Sultan et al., 2019). Recently, to outfit a number of applications, SF has been chemically modified through several aqueous or organic solvent-processing methods, resulting in the change of its chemical, physical, and mechanical properties (Murphy and Kaplan, 2009; Li et al., 2012). Chemical modifications of SF through coupling reactions, amino acid modification, grafting reactions have been displayed to change characteristics of silk material, including hydrophilicity, beta-sheet self-assembly, materials structure, and solution feature.

During the last decade, several efforts have been conducted for the modification of the surface and functionalization of SF using a vast wide range of technology and materials with functional properties to meet the worldwide market demands of natural and smart materials. Successful surface modification of silk can be overcome its intrinsic shortcomings with enhanced end-user performance. Surface modifications of SF are achieved through physical techniques (such as UV, Gas, Plasma treatment), chemical approaches (such as grafting copolymerization techniques, and chemical agents including acid anhydrides and polycarboxylic acids) (Li et al., 2012). Through surface modification, silk products with improved performance in the field of fibers and biomaterials can be obtained. This technology allows us to regulate cell response and improve cell adhesion to silk substrates.

UV irradiation is a very effective method of surface alteration for industrial uses, owing to its big excitation spectrum, multiple wavelengths availabilities, and cost-effective (Bergonzo et al., 1992; Ying Zhang et al., 1993; Periyasamy et al., 2007a). Surface modification of the SF has been achieved using UV treatment to enhance adhesion and wettability without any significant losses in crystallinity, mass, and strength (Park et al., 2007; Periyasamy et al., 2007a, b). An adequate increment of hydrophilicity of SF materials would be feasible for cell proliferation and adhesion. Simultaneously, some of the essential properties of silk clothes could be altered by UV irradiation.

Gas cures can impart various properties to SF dependent on the gas species used. For instance, ozone treatment has been used to increase the flexibility and yellowness indices of both fresh and degummed silk materials (Sargunamani and Selvakumar, 2006). Under atmospheric pressure, the use of ammonia-gas to treat SF materials increased the softness without any change of the apparent dyeing rate and crystallinity (Lee et al., 2006). Plasma, a hot ionized gas consisting of a mixture of electrons, also has been used to surface modification of SF materials. For example, the hydrophobicity of SF was increased when SF was treated with hexafluoropropene (C3F6) plasma (Li and Jinjin, 2007).

Chemical modifying agents such as acid anhydrides and polycarboxylic acids can produce chemical bonds by reacting with basic amino acids in SF. These chemical linkages can advance the hydrophobicity, thermal stability, and increase recovery of the SF materials without any significant effect on mechanical properties (Arai et al., 2001a, 2003; Davarpanah et al., 2009). Like these chemical agents can also use to graft other materials onto SF fibers create a novel silk material completely new properties. Acid anhydrides and polycarboxylic acids have also been used as bridge linkages to graft polysaccharide chitosan onto SF. This chitosan grafted SF demonstrated antibacterial activity and increased dyeability (Marsh et al., 1955; Arai et al., 2003). Other chemical agents, including EPSIA (a silicone-containing epoxy crosslinking agent) and isocyanates, have also been used to surface modifications of SF materials (Otterburn, 1977; Maclaren, 1981; Arai et al., 2001b; Cai et al., 2001).

Over several decades, fluorescent proteins have been used as a biotechnological tool to explore the function of a particular gene of interest through directly monitoring, visualizing, and measuring protein expression in living cells. Fluorescent SF has gained numerous attention for its applicability in various biotechnological and medical applications due to its inherent fluorescence property achieved through the insertion of the fluorescence gene into silk cocoons. The addition of the fluorescence properties into SF via gene insertion escapes the conjugation step to insert a fluorescently tagged protein such as green fluorescent protein (GFP). Therefore, the introduction of fluorescent properties in SF offers several potential advantages over the fluorescently tagged protein.

In the past decade, many studies have been reported to make silkworm silk with special characteristics for its application in new fields. Dyeing methods for obtaining silk of various colors are typically harsh conditions involving high temperature and pH changes and require additional steps to restore the original properties of silk. Recently, a method has been developed that produces functional silks that biologically introduce dyes into SF (Tansil et al., 2011b). Otherwise, the modification of silk proteins by genetic engineering has attracted much attention (Kikuchi et al., 1992; Yamao et al., 1999; Zhang et al., 1999; Zhao et al., 2001). Typically, a GFP is gene-targeted with the fibroin gene to obtain green fluorescent silkworm cocoons (Zhao et al., 2001). Bulk production of three colors (red, green, and orange) of fluorescent silks has been achieved through transgenic silkworms (Iizuka et al., 2013). These fluorescent silks of different colors can be potentially useful in medical applications and as silk fiber for clothing.

Therefore, in the current review, we summarize the preparation approaches of several fluorescent silk materials, present an updated review of the cutting-edge methodological advances on the use of fluorescent silk in biomedical applications. Fluorescent SF with properties and utility unattainable with conventional silk materials would have enormous potential and will offer biomedical applications, including drug delivery, bio-imaging, and sensing.



PREPARATION METHODS OF FLUORESCENT SILK MATERIALS


Natural (Autofluorescence)

When silkworms eat mulberry leaves, various pigments are absorbed into the silkworm body, including various nutrients. Silkworms can produce yellow fluids and cocoons by binding the yellow carotenoid (among the pigments absorbed into the silkworm body) pigment to the intracellular carotenoid-binging protein (CBP). The Y (Yellow blood) gene is the determinant of the cocoon color in the silkworm Bombyx mori and controls the uptake of carotenoids into the intestinal mucosa and the silk gland. Sakudoh et al. (2007) reported that colorless hemolymph and white cocoons resulted in the Y recessive strain, due to an improper mRNA splicing that appeared by a transposon-associated genomic omission, creates an incompetent CBP mRNA. Mainly, the pigments are integrated into the sericin with a little absorption into fibroin. White SF produced due to the removal of sericin by a degumming process. However, there is considerable confirmation presenting that silk cocoons have a fluorescent nature, generally due to the existence of flavonoids, including quercetin derivatives (Tamura et al., 2002; Daimon et al., 2010; Kusurkar et al., 2013) and carotenoid compounds (Harizuka, 1953). It has been evident that like silk cocoons, SF-derived scaffolds exhibit a fluorescence index in UV, green, and blue, lights (Mandal and Kundu, 2009; Zhang et al., 2010; Kundu et al., 2012; Hodgkinson et al., 2014; Bhardwaj et al., 2015). Since the SF scaffold releases fluorescence at wavelengths identical in color to the fluorescent dyes themselves, the intrinsic fluorescence of SF can interfere with the signal from such fluorescent dyes (Georgakoudi et al., 2007).

Amirikia et al. (2018) fabricated an SF scaffold using the freeze-drying method and examined the fluorescence of the SF scaffold both prior and after cell seeding and fluorescent labeling using confocal microscopy. They subsequently explored the fluorescent index of the SF scaffold chemically. Cells labeled with fluorophore seeded into the scaffold exhibited a similar fluorescent color as the scaffold itself when stimulated by a similar wavelength of light. SF solution showed absorption maxima at 277 nm while emission maxima 345 nm, in the UV-Vis and fluorescence spectroscopy, which is a typical protein-derived signal. Thus, they concluded that the fluorescence of the SF scaffold related to intrinsic protein fluorescence and not to flavonoid constituents of cocoons from which the SF protein was derived. In addition, Kusurkar et al. (2013) applied a “water glass” based approach to obtain the fluorophores from silk cocoons.



Feeding Method Using a Dye-Containing Diet

There is an early attempt to serving coloring matter to silkworms in the twentieth century (Edwards, 1921). This kind of study was to examine the persistence of mulberry leaves in the gut of silkworms (Lombardi, 1920) or the toxicity associated with particular dyes to silkworms (Campbell, 1932). Various studies demonstrated that orcein was up taken to silk cocoons from silkworm’s food, some other dyes were absorbed by guts or even traveled into eggs of the silkworm (Jucci and Ponsevernoi, 1930; Goris and Muehlemann, 1936). Numerous other tested dyes, including gentian violet, berlin blue, safranin, Nile blue, methylene blue, neutral red, alizarin, fuchsin, indigo carmine, and methyl orange were not taken up in silk (Jucci and Ponsevernoi, 1930). Due to the absence of proper and accurate characterization techniques, these above-mentioned studies results were not conclusive regards to the incorporation of the dyes into silk, particularly in SF. The molecular effect of these dyes or other additives into silk was not also correlated.

For the first time, rhodamine B as a dye uptake into the SF has been shown by Tansil et al. They fed silkworms on a dye-containing food, and confirmed via advanced characterization (Tansil et al., 2011a, b). Fluorescent silk cocoons and fibers were obtained by serving silkworms with a mixture of mulberry leaf powder and fluorescent molecules such as rhodamine B, rhodamine 101, and rhodamine 110. It was evident that SF can interact with rhodamine B, rhodamine 101, and rhodamine 110 by molecular recognition (Tansil et al., 2011b).



Genetic Modification

Recently genetically altered silks derived from engineered silkworms have been demonstrated (Yamao et al., 1999). Once the silkworm strain is developed, transgenic silkworms can be easily multiplied and retained. Transformed silkworm was first successfully developed by Tamura et al. (2000) using a constructed vector with a Piggy Bac transposon system derived from Trichoplusiani, a Lepidoptera insect. Also, the Piggy Bac transfer vector has been used to conduct many silkworm transformation studies so far. Among them, a transgenic silkworm produced recombinant silkworm cocoon containing human collagen protein has been reported in 2003 (Tomita et al., 2003). Expression systems were established to produce recombinant proteins using fibroin and sericin, respectively. Currently, fluorescent transgenic silkworms have been developed using various transformation vectors (Liu et al., 2009). The insertion of the transgene into the genome of silkworm allows obtaining specific desired characteristics via altering the silk protein (Tamura et al., 2000; Iizuka et al., 2013).

Several kinds of transformation vectors have been constructed using silk genes for the alteration of silk (Tomita, 2011). The vector using the fibroin L chain gene and the fibroin H chain gene is suitable for the fabrication of modified silks among the constructed vectors. Numerous useful silks with functional properties are produced using the vector and have been revealed to retain useful properties for medicines and fabrics. For instance, recombinant silkworm/spider silk produced by the transgenic silkworm is harder than normal silk fibers and as hard as a natural dragline (Teule et al., 2012). Recently biologically active silk constituted a chimeric protein of human fibroblast growth factor, and fibroin L chain has been stated to be applicable as a novel biomaterial for tissue engineering (Hino et al., 2006). The film derived from silk comprising with a chimeric protein of the fibroin L chain, and fibronectin sequence or a partial collagen peptide has been exhibited to have improved cell adhesion activity in comparison to original silk (Yanagisawa et al., 2007). It is crucial to develop a cost-effective production approach that produced enormous quantities of modified silk to expand the utility of transgenic silkworm silks. Iizuka et al. (2013) developed a transgenic silkworm that produces fluorescent silk and set up an isolation method to remove sericin at low temperatures to develop it into a suitable material that can be applied to various industrial fields. Fluorescent silk dresses and lights were produced based on this technology (Figure 1). Kim et al. developed a microcarrier by inserting EGFP of jellyfish into exon 2 of the heavy chain gene of silkworm fibroin. The green fluorescence remains intact, and the green fluorescence gene is transmitted to the next generation. They also have developed transgenic silkworm expressing the red and blue fluorescent protein (Kim et al., 2012, 2013, 2014).
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FIGURE 1. Colored Fluorescent Silk Made by Transgenic Silkworms. (A) Colored fluorescent cocoons and (B) cross-section of the cocoon silk produced by the hybrid races. (C) Fluorescent silks. (D) Wedding dress made by the colored fluorescent silks. Reproduced from Iizuka et al. (2013) with permission from John Wiley and Sons.




Post-treatment

Fixation of inorganic solvent particles on silk fibers is another method for obtaining fluorescent SF. Chu and Liu demonstrated a novel method of preparing fluorescent silkworm silks by integrating semiconductor nanocrystals quantum dots (QDs) into the silks through electrostatic absorption using a fixer of a polyelectrolyte (PE) (Chu and Liu, 2008). Therefore, silkworm silks incorporated with QDs had adjustable colors from green to near-infrared, which penetrated via an opaque pigskin of ∼3.5 mm in thickness. Ko et al. fabricated a novel SF-based carbon quantum dots (SF-CQDs), which was synthesized over a short time (20 min) via a facile microwave-irradiation method (Ko et al., 2018). These SF-CQDs exhibited good crystallinity, water dispersity, low toxicity, photoluminescence stability, optical properties, and biocompatibility.

Recently, several studies have been used the addition of dye into the SF solution method to develop dye-doped SF in the forms of nanoparticles, films, and electrospun (Kaneko et al., 1991; Myung et al., 2008; Min et al., 2017). Kaneko et al. (1991) incorporated luminescence from the excitation state of Ru (bpy)32+ (bpy, 2,2′-bipyridine) into an SF membrane by casting a mixture of aqueous solutions of a 1 mM Ru (bpy)3 2+ and 2.8 wt.% SF. The excitation lifetime of the incorporated dye complex into an SF membrane exhibited lengthier (1700 ns) than the value (598 ns) in aqueous solution, suggesting the existence of an active site for the complex binding. Four water-soluble dyes, including riboflavin, sodium fluorescein, rhodamine B, and stilbene 420, were used to develop fluorescent silk nanofibers (FSNs) mat through the electrospinning method. This red-green-blue (RGB) fluorescent nanofibrous mats were successfully used for acid vapor detection and nutrition delivery (Min et al., 2017).

Although several methods, including feeding, genetic modification, and post-processing, have been successfully applied to obtain florescent SF, there are some advantages and disadvantages of each method. The feeding method using a dye-containing diet is simple but not conclusive regards to the addition of the dyes into SF. Numerous studies have been effectively utilized the genetic modification method to obtain fluorescent SF as this method offers the addition of the desired properties correctly. However, this transgenic method suffers from several limitations, including low efficiency, high cost, and the complexity of the process. Moreover, transgenic silkworms sometime fail to spin silks (Zhang et al., 1999). The post-processing technique offers several advantages, for example, a profoundly productive and effectively reproducible procedure with low cost in contrast with the dye feeding method or transgenic strategy. However, the post-processing method also suffers from some drawbacks due to the release of some toxic ions from the inserted molecules into the SF such as QDs (Chu and Liu, 2008).




APPLICATIONS OF FLUORESCENT SILK MATERIALS

SF-based biomaterials have been extensively explored in biomedical fields, including cartilage and bone, drug delivery, vascular grafts, skin tissue, wound dressings, ligaments, cornea, tympanic membrane, and artificial kidney. SF has been incorporated with different materials or been modified by chemically/genetically to produce fluorescence SF materials for a wide range of applications (Table 1). There have been numerous studies on the applications of fluorescent SF in the biomedical and biotechnological fields.


TABLE 1. A brief summary of fluorescent SF-based materials and their potential biomedical applications.
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Bio-Imaging

The distribution or degradation of biomaterials tracking is vital for tissue engineering and drug delivery. In the recent past, the use of fluorescent polymeric nanoparticles (PNPs) for bio-imaging has received ample attention for non-invasive tracking (Win et al., 2015). In an early study, QDs containing SF hydrogels were prepared from CdTe QDs (MPA-QDs) incorporated SF solution (Zheng et al., 2015). The integration of QDs into SF hydrogels considerably reduced the cytotoxicity with the significantly stable fluorescent property. This QDs containing silk hydrogels with established and robust fluorescence have prospective applications in tracking the distribution and degradation of SF-based biomaterials, and also as a suitable diagnostic tool. Nanodiamonds (NDs) have also been applied for bio-imaging due to its bright extensive fluorescence emission feature (Khalid et al., 2014; Xu et al., 2019).

In recent times, the use of Two-Photon Fluorescence (TPF) microscopy for bio-imaging has gained an ample interest due to numerous significant benefits over currently existing detection technologies, including and transmission electron microscopy (TEM) and scanning electron microscopy (SEM) (He et al., 2008). In biological imaging, silk films integrated with TPF properties could be applied as a film scaffold. To achieve this objective, the uniform distribution of the TPF QDs are essential in the silk film. The silk films composite with QDs could be used to observe activities underneath the deep tissue in a non-invasive and real-time manner (Lin et al., 2015). Lin et al. (2015) have also been developed a novel and versatile material-assembly approach to achieve fluorescent release SF biocomposite materials that could be used in non-invasive scaffold imaging.

Kim et al. (2015) have shown, for the first time, a fluorescent SF solution preparation method for biomedical applications (Figure 2). This work stated an approach of preparing a fluorescent SF solution and various forms, including membrane, sponge, particle, and electrospun fiber (Figure 3). The transgenic fluorescent cocoons exhibited the fluorescent protein’s color when exposed to a blue LED light. The fluorescent cocoons were treated at 60°C overnight in an aqueous solution of 3% NaHCO3 with a proteolytic enzyme alcalase and then washed several times with distilled water to remove the sericin proteins. Then the extracted silk was melted in 1 mM DTT containing 9.5 M LiBr solution at 40°C. After that, the solution was filtered through a miracloth and dialyzed against distilled water to remove the salt for 2 days. The final concentration of the aqueous SF solution was 4 wt.%. The fluorescence studies were performed with the cocoons and the SF solution, and the fluorescence was captured at excitation wavelengths of 488 nm for EGFP, 514 nm for EYFP) and 588 nm for mKate2 and maximum emission wavelengths were detected at 507 nm for EGFP, 527 nm for EYFP, and 633 nm for mKate2, respectively. Similar excitation and emission characteristics were detected for the cocoons and solution. Soluble fluorescent SF was conjugated with anti p53 antibodies and used to detect the p53 (an early cancer biomarker) expression in HeLa cells (Figure 4). Cells were adhered to and grew well on the membranes, which were fabricated from the fluorescence SF solutions by casting them on polystyrene plates. The sponges prepared from the SF solutions were subcutaneously transplanted into the dorsal regions of the nude mice and shown to retain their fluorescence over 1 year, demonstrating the long-term biocompatibility of these biomaterials (Figure 5). Intraoperative use of EGFP fluorescent SF was also found in animal models to identify small esophageal and stomach perforation (Figure 6). Therefore, it can be imagining that functional fluorescent SF materials can be applied in a wide range of areas, such as optoelectronics, biomedical, and chemical science, in the future.
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FIGURE 2. Preparation of fluorescent silk fibroin solution. (A) Fluorescent silk was degummed with 0.5% (w/w) Na2CO3 with 1 mM DTT solution at 45°C for overnight and then washed with distilled water. (B) Degummed fluorescent SF was dissolved in 9.5 M LiBr for 4 h at 45°C and dialyzed to remove salts in a cellulose tube against distilled water for 2 days at room temperature. (C) The critical role of DTT in the improvement of fluorescent activity of the fluorescent fibroin. (a) The EGFP structure (green ribbons) with two cysteine residues (magenta spheres). EGFP, EYFP, and mKate2 contain cysteine residues that are not involved in disulfide bonds. (b) A model for the improvement of fluorescence activity of the fluorescent fibroin in the presence of DTT. DTT would allow EGFP to be properly folded and to exert fluorescent activity by preventing the formation of abnormal intermolecular disulfide bonds. Reproduced from Kim et al. (2015) with permission from ELSEVIER.
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FIGURE 3. Fluorescent cocoons, silk fibroin fibers, and membranes. The fluorescent cocoons produced by transgenic silkworms had various fluorescent proteins, including EGFP, mKate2, and EYFP. Reproduced from Kim et al. (2015) with permission from ELSEVIER.
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FIGURE 4. Images of p53 localization using EGFP fluorescent SF labeled p53 antibody in HeLa cell. (A–D) Control, (E–H) EGFP fluorescent SF solution, (I–L) EGFP fluorescent SF labeled p53. HeLa cells were stained with (A,E,I) DAPI and (C,G,K) Rhodamine Phalloidin and imaged under fluorescence microscopy, (D,H,L) DAPI, GFP, and Rhodamine Phalloidin images were merged. White arrows are the image of EGFP-SF labeled P53 in Hela cell. Scale bar = 50 μm. Not published.
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FIGURE 5. Whole-body imaging of fluorescent SF sponges in the dorsal region of nude mouse at 7 days. The color bar indicates relative signal intensity. (B) B. mori, (G) EGFP, (R) mKate2, (Y) EYFP. Reproduced from Kim et al. (2015) with permission from ELSEVIER.
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FIGURE 6. Images of EGFP fluorescent SF solution in esophageal (A) and stomach (B) fistula of the rat. (a) Esophageal fistula (0.5 mm) image with white light reflectance, (b–e) EGFP fluorescent captured images per 0.3 s. EGFP fluorescent was detected at esophageal fistula according to time passed under fluorescent light, (f) Image of leaked EGFP fluorescent SF from fistula with white light reflectance. (B,a) Stomach and liver image with white light reflectance light (b,c) Leakage image of EGFP fluorescent SF solution and gastric contents from fistula site after feeding of EGFP fluorescent SF solution under fluorescent light, (d) Leakage image of EGFP fluorescent SF solution and gastric contents with white light reflectance light. Reproduced from Kim et al. (2015) with permission from ELSEVIER.




Sensing Materials

Biosensing devices with excellent biocompatibility, sensitivity, multi-stimuli-responsivity, and low weight having great attention since health monitoring and early diagnosis are more critical than the treatment of diseases. Silk-derived materials have been applied as the support material to create pressure sensors with very high sensitivity. SF can be fabricated into numerous forms of hydrogels, ultra-fine, and thick films (Parker et al., 2009) and also can form flexible interfaces with biological recognition elements such as enzymes, and aptamers while retaining its functional properties for sensing applications (Pal et al., 2016). SF protein has been used as a sensor material for the detection of vitamin B12 by Chakravarty et al. Their SF-based sensing platform was developed for the dual-mode tracking of B12 in human blood serum (HBS) and solution using photoluminescence (PL) and electrical methods to enhances the strength and operative lifespan of the device. The autofluorescence of SF solution exhibited a high fluorescence quenching, while a micro-patterned film of SF showed a sharp increase in current intensity in the presence of B12 (Chakravarty et al., 2018).

In a previous study, electrospun fluorescent silk nanofibers (FSNs) have been applied as a very sensitive chemosensor and a nutrient releaser with a physically transient form. Among these, the sodium fluorescein doped FSN could be used as an extremely sensitive fluorescent chemosensor for acid fumes in the air. In this study, FSN sensors reacted to the acid vapor of the hydrochloric (HCl) instantly at a lethal concentration of > 300 ppm and could also be detected at low concentrations of ∼5 ppm. FSNs could be disappeared at a set period by regulating the silk fibers’ crystallinity. Depend on this property, FSNs mat was used as an indicator or water-disposable skin-type patch to be attached to protective equipment and clothing. The reduction of the fluorescence of nanofiber mats was defined to measure the quantity of vitamin B2 transported to the skin (Min et al., 2017). Complete control of fluorescence release by introducing mesoscopic ordered structures and its applications will be significantly extended the usefulness of fluorescence in several fields, including optical systems, optoelectronic technology, and biological sensors. Furthermore, considering that SF-based sensors emerged only in recent years, innovative sensors with highly sensitive, flexible, durable, biocompatible, and portable can be predicted in the future.



Drug Delivery

Silk is well known as a suitable carrier for the delivery of different drugs due to its excellent biocompatibility, non-toxicity, high binding capacity, controlled drug release properties, and relatively slow degradability in vivo (Hofmann et al., 2006; Murphy and Kaplan, 2009). Fluorescent dyes have been applied to monitor and visualize the internalization of carriers or measure the loading and release of drugs in controlled release/delivery systems (Wang et al., 2007; Ren et al., 2011). Khalid et al. have been demonstrated the drug release kinetics of the nanodiamond-SF-doxorubicins (NDSX) spheres by loading spheres with anthracycline DoX. Degradable SF spheres stabilize and release the drug in a precise manner while ND provides a fluorescent modality for imaging. Degradability of SF and the following release of DoX was monitored through the fluorescence of ND inside the spheres. These NDSX spheres have the potential to a role as dual-functional nanomaterials for drug delivery and succeeding imaging within biological structures and could be useful in targeted drug delivery (Khalid et al., 2016).

A versatile FSN has been prepared using a novel combination of optically active organic dyes and silk polymer. FSNs produced through the electrospinning approach shows striking functions of the fixed organic dyes along with encoding the system that physically disappears at a preset time. Fluorescent nanofibrous mats with red-green-blue (RGB) color, disposable membranes for nutrition delivery, and ecofriendly and transient fluorescent chemosensors for acid vapor recognition, were adequately demonstrated using FSNs. A drug delivery model using membranes of silk nanofiber fixed with vitamin B2 was also recommended (Min et al., 2017).



Antibacterial Effect

SF with novel properties can be fabricated by the immobilization of nanomaterials to SF materials. Silver nanoparticles (AgNPs) applied as antimicrobial agents are effective against approximately 650 strains of bacteria, including antibiotic-resistant strains, have gained enormous interest in the functionalization of silk. Recently, antibacterial SF scaffolds with green synthesized AgNPs have been developed for human mesenchymal stem cell differentiation and osteoblast proliferation. The antimicrobial activity of AgNPs immobilized-SF films was evaluated against gram-negative bacteria and antibiotic-resistant bacteria, and it was found to be effective against both (Nadiger and Shukla, 2016). Fluorescent proteins often result in cytotoxicity and phototoxicity due to the production and release of reactive oxygen species (ROS) by some red fluorescent proteins. The photo-generation of ROS is actively used for removing cancerous tissue. It has been demonstrated that silk with a transgenic fusion of far-red fluorescent probe in (mKate2) offers a photosensitizer hybridization platform for photo inducible control of ROS. ROS are active radicals for breaking down organic contaminants that were generated when the resulting hybrid was illuminated with a green light. The survival rate of E. coli dropped to 45 percent when E. coli on the fluorescent silk was activated for 60 min under a weak green light (Figure 7; Leem et al., 2018).
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FIGURE 7. Photocatalytic activity of mKate2 silk for degrading methylene blue and deactivating bacteria under green light excitation at ambient temperature. (A) Photodegradation of methylene blue in aqueous solutions by mKate2 silk under green light activation. (B) Colony-forming units (CFU) of live E. coli (DH5α). Reproduced from Leem et al. (2018) with permission from WILEY-VCH.




Optical Systems

SF in film form has been applied for numerous high-performance optical devices (Omenetto and Kaplan, 2008; Parker et al., 2009; Ling et al., 2016). Based on several vital physical properties, biocompatible SF has potential as an optical biomaterial (Perry et al., 2008). The optical properties of SF films can be adjusted by changing the coating rate and varying their response to humidity (Li et al., 2017), which would make SF as a suitable humidity indicator. SF has been utilized to develop an ultrathin active moiré chiral metamaterials (MCMs) as a novel optical sensor in which SF use as a spacer layer (Wu et al., 2018). However, there is no study about the application of fluorescence SF in the optical systems. Therefore, further research needed to be performed to explore the applicability of fluorescent SF in the optical system.




CONCLUSION

Silkworm silks have been applied as a luxurious textile material for over 4000 years. Typically, raw silkworm silk comprises two kinds of self-assembled proteins, fibroin and sericin. The fibroin is a significant constituent of silk fiber serving as the core, while the sericin is a minor constituent serving as a coating protein. SF, which has undergone the degumming for removal of sericin, provides an essential set of material options for biomaterials such as coatings for cell culture and drug delivery matrices and scaffolds for tissue engineering, including bone, cartilage, skin, tympanic membrane, vasculature, and the esophagus because of the impressive mechanical properties, biocompatibility, and biodegradability. SF can be transformed into various forms, including films, hydrogels, nanoparticles, nanofibers for various biomedical applications. Transformed SF into these different forms depends on formulating a solution form of SF as a precursor. Several properties of fluorescent SF are similar to those of natural SF. Iizuka et al. (2013) revealed that the mechanical properties of the fluorescent SF regards to the maximum strain tolerated and Young’s modulus was similar to those of ordinary silk. However, the maximum stress value of the natural silk was slightly higher than that of the fluorescent silk (Iizuka et al., 2013). Super strong fluorescent silk, which was produced through feeding Bombyx mori silkworms with carbon nanodots, showed super-strong mechanical properties than that of the natural silk (Chu and Liu, 2008). In our previous study, we exhibited similar cell viability on both the fluorescent SF membrane and wild type SF membrane (Kim et al., 2015). This finding indicated that the fluorescent properties did not alter the biocompatibility of the fluorescent SF. Photostability is one of the fundamental properties of the fluorescent SF for functional silk fiber for fabricating fabrics and for biomedical applications. An early study showed that the fluorescent color of the fabrics with the recombinant silk persisted for over 2 years. Therefore, if fluorescent SF can be produced in various forms, it can also be used in various biomedical fields. The multifunctional SF-based materials with fluorescent can use to in vitro and in vivo imaging purposes and other biomedical applications due to their excellent fluorescent properties and biocompatibility. Aside from the biomedical applications, the derivatives of fluorescence SF, such as films, gels, fibers offer the possibility in electronics and photonics. In the future, we believe fluorescent SF will be created by the fusion of various advanced technology and will further expand the biomedical applications.
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