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			Abstract | Silk is harvested from spiders and silkworms throughout the world. Spider silk varies in types and functions according to the gland producing them. The silk in mulberry and non-mulberrys silkworms also varies from each other. Spidroin is the protein found in spider silk while silkworm silk is made up of an inner core of fibroin and outer layer of sericin protein. After the removal of sericin, silk is non-immunogenic and non-allergic. It is a renowned biomaterial due to its biocompatible nature. Silk proteins have been found to possess antibacterial properties and application in culturing tissues including skin, bone, cartilage and nerves. Sericin has been hailed to have antitumor activity and has also been widely used in different cosmetics. The major hindrance in using spider silk for different purposes is due to its small obtainable amount. Efforts are being made to overcome this problem by modern biotechnological techniques including of making transgenic organisms.
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			Introduction

			The extracorporeal, protein-based, structural material made by the arthropods is known as silk. Although spiders and silkworms are the most well-known silk-producers but many of the insects, arachnids and myriapods also produce silk (Sutherland et al., 2010). There are many types of silkworms around the world that synthesize natural silk as indicated in the Figure 1. Spiders seem to have made the most substantial use of silk, but the most diverse use of it is made by the orb-weavers. The hind end of the spider’s abdomen possesses different silk glands and spinnerets that work together to produce and spin seven different types of silk (Tokareva et al., 2014). 
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			The different types of silk produced by spider have been described briefly in Figure 2. Differences in the properties of spider silk and silk of mulberry silkworm are given in Table 1. However, differences between the properties of spidroin and fibroin have been depicted in Table 2. Silk spidroin and silk fibroin are the two prime silk protein families. The former one is present in spider silk while the later constitutes the silk of silkworm. The fibroin in silkworm silk is then further coated with a protein named sericin (Hakimi et al., 2007). Table 3 enlists the major differences between them.

			Biomaterial is an extensive term and it covers a range of materials with many uses including implants, scaffolds, conduits and other for cell culture systems. These applications require materials with different and occasionally with intricate properties. Fortunately, hundreds of biomaterials are in use and also undergoing the process of 

			Table 1: Differences in the properties of spider silk and silk of mulberry silkworm.

			
				
					
					
					
					
				
				
					
							
							Sr. No.

						
							
							Properties

						
							
							Spider silk

						
							
							Mulberry silkworm silk

						
					

					
							
							1

						
							
							Functions

						
							
							Capture and wrap prey, egg-case or cocoon formation, support web, dragline formation 

						
							
							Cocoon formation

						
					

					
							
							2

						
							
							Structural protein

						
							
							Spidroin

						
							
							Fibroin

						
					

					
							
							3

						
							
							Types produced per specie

						
							
							Up to eight

						
							
							One type

						
					

					
							
							4

						
							
							Outer covering 

						
							
							Mixture of glycoproteins

						
							
							Sericin

						
					

					
							
							5

						
							
							Effect of water

						
							
							Dragline silk shows super contraction

						
							
							No change in length or shape

						
					

					
							
							6

						
							
							Age of production

						
							
							Throughout the life but significant production in mature spiders.

						
							
							Produced only by the caterpillar form.

						
					

					
							
							7

						
							
							Glands involved

						
							
							Upto seven different types of glands

						
							
							A pair of gland

						
					

					
							
							8

						
							
							Origin of glands

						
							
							From epidermal invaginations of opisthosoma

						
							
							From salivary glands

						
					

					
							
							9

						
							
							Position of spigots

						
							
							Caudal ventral position in opisthosoma

						
							
							Lower lip of silkworms’ mouth

						
					

					
							
							10

						
							
							Thickness of silk fiber

						
							
							3-6 µm (dragline silk of Naphila clavipes)

						
							
							10-16 µm

						
					

				
			

			Note: This information was taken from Horie and Watanabe, 1980; Kovoor, 1987; Pérez Rigueiro et al., 2001; Saravanan, 2006; Asakaura et al., 2007; Hakimi et al., 2007 and Zhao et al., 2007.

			Table 2: Difference between the properties of spidroin and fibroin.

			
				
					
					
					
					
				
				
					
							
							Sr No.

						
							
							Characters

						
							
							Spidroin

						
							
							Fibroin

						
					

					
							
							1

						
							
							Size

						
							
							275-320 kDa

						
							
							~350 kDa

						
					

					
							
							2

						
							
							Percentage of major amino acids

						
							
							37.1% Gly, 21.1% Ala, 9.2% Glu, 7.6% Arg, 4.5% Ser

						
							
							46% Gly, 29% Ala, 12% Ser

						
					

					
							
							3

						
							
							Repeating motifs

						
							
							GPGG , GPGQQ, (A)n, (GA)n, and GGX

						
							
							GAGAGS and GAGAGY

						
					

					
							
							4

						
							
							β-sheet content

						
							
							35%

						
							
							40-50%

						
					

					
							
							5

						
							
							Content of crystalline regions

						
							
							Almost 4-5 units of Alanine joined together, 

							occasionally in the presence of a Serine unit

						
							
							Frequently the repeating units

						
					

					
							
							6

						
							
							Content of non-crystalline regions

						
							
							They have different composition and length, and are rich in Glycine

						
							
							Aromatic residues those are negatively charged, polar and bulky in nature.

						
					

					
							
							7

						
							
							Heavy chain (N-Terminal)

						
							
							130 amino acids, alpha helical at both high and low pH

						
							
							151 amino acids, random coil at high pH and beeta sheet rich dimer at low pH

						
					

				
			

			Source: Zhou et al., 2000; Hakimi et al., 2007; He et al., 2012 and Kronqvist et al., 2014.
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			Figure 1: Types of silkworm.

			development (Dickinson et al., 2011; Carletti et al., 2011; Vert, 2011). Silk is a wonderful biomaterial due to its two of the many exceptional properties: Biodegradability and Biocompatibility. Virgin silkworm silk (unprocessed) presents problems related to biocompatibility when used as sutures by causing a range of skin reactions. But the absence of sericin coating in processed silk (degummed), results in successful biocompatibility. Thus, the silk-based biomaterials exhibit processing-dependent biocompatibility (Kundu et al., 2014). Cells belonging to different tissues like bone, cartilage, nerves, hippocampus and skin exhibit normal morphology and viability when cultured on scaffolds or in medium containing silk proteins. Silk is a biodegradable protein. The constituent amino acids of its enzymatic breakdown are naturally resolved in the animal’s body without releasing any harmful or cytotoxic byproducts (Horan et al., 2009).
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			Figure 2: Types of spider silk glands.

			Table 3: Percentage mole amino acid composition of spidroin, fibroin and sericin.

			
				
					
					
					
					
				
				
					
							
							Amino Acids

						
							
							Spidroin 

						
							
							Fibroin

						
							
							Sericin

						
					

					
							
							Glycine

						
							
							37.1

						
							
							42.8

						
							
							8.8

						
					

					
							
							Alanine

						
							
							21.1

						
							
							32.4

						
							
							4.0

						
					

					
							
							Valine

						
							
							1.8

						
							
							3.0

						
							
							3.1

						
					

					
							
							Leucine

						
							
							3.8

						
							
							0.7

						
							
							0.9

						
					

					
							
							Isoleucine

						
							
							0.9

						
							
							0.9

						
							
							0.6

						
					

					
							
							Serine

						
							
							4.5

						
							
							14.7

						
							
							30.1

						
					

					
							
							Threonine

						
							
							1.7

						
							
							1.2

						
							
							8.5

						
					

					
							
							Aspartic acid

						
							
							2.5

						
							
							1.9

						
							
							16.8

						
					

					
							
							Glutamic acid

						
							
							9.2

						
							
							1.7

						
							
							10.1

						
					

					
							
							Phenyalanine

						
							
							0.7

						
							
							1.2

						
							
							0.6

						
					

					
							
							Tyrosine

						
							
							---

						
							
							11.8

						
							
							4.9

						
					

					
							
							Lysine

						
							
							0.5

						
							
							0.5

						
							
							5.5

						
					

					
							
							Histidine

						
							
							0.5

						
							
							0.3

						
							
							1.4

						
					

					
							
							Arginine

						
							
							7.6

						
							
							0.9

						
							
							4.2

						
					

					
							
							Proline

						
							
							4.3

						
							
							0.6

						
							
							0.5

						
					

					
							
							Tryptophan

						
							
							2.9

						
							
							0.5

						
							
							0.5

						
					

					
							
							Cysteine

						
							
							0.3

						
							
							0.1

						
							
							0.3

						
					

					
							
							Methionine

						
							
							0.4

						
							
							0.2

						
							
							0.1

						
					

				
			

			Source: Ude et al. (2014) and Saravanan et al. (2006).

			Silk proteins

			Silk spidroin and silk fibroin are the two prime silk protein families. The former one is present in spider silk while the later constitutes the silk of silkworm73.

			Silk fibroin

			Silk fibroin being a biopolymer of semi-crystalline nature consists of both crystalline and amorphous regions. Silk I and silk II makes up the crystalline part (Hofmann et al., 2006). Silk І is obtained from spining dope and is water soluble (Kratky et al., 1950; Drummy et al., 2005). It is unstable but can be stabilized by spining it into crystalline silk II, comprising of β-sheets. Random coils comprise the amorphous parts of the fibroin (Anderson et al., 1998; Asakura et al., 2001; Zhao et al., 2003). These β-sheets are asymmetrical and form hydrophobic domains, with methyl side chain of alanine projecting from one side, while hydrogen side chain of glycine projecting from the other side of the chain. A thermodynamically stable structure is generated by stacking the sheets together (Kaplan and McGrath, 2012). This is done via strong hydrogen and Vander Waal forces between opposite hydrogen and methyl groups. This crystalline structure is responsible for most of the prominent characteristics of silk including its high tensile strength, resistance to microorganisms and chemicals, and low extensibility and elasticity (Garside and Wyeth, 2007).

			The diameter of silk fiber derived from B. mori is about 10-25 mm. The structure of this silk fibroin consists of three subunits; a heavy chain of ~390 kDa; a light chain of ~26 kDa, and a small glycoprotein of ~30 kDa named P25. Light and heavy chains are linked together via disulphide binds, while non-covalent hydrophobic bonds help in attachment of P25 (Inoue et al., 2000; Altman et al., 2003; Kaplan and McGrath, 2012). The heavy chain of silk fibroin possesses both the hydrophobic and hydrophilic regions, and thus is amphiphilic in nature. A repeating sequence, Gly-Ala-Gly-Ala-Gly-Ser, makes up the hydrophobic region, and is responsible for folding of silk fibroin chain into β-sheets and thus makes its crystalline structure. On the other hand, the hydrophilic segment is non-repetitive and short, comparatively (Inoue et al., 2000; Bini et al., 2004; Kaplan and McGrath, 2012). Fibroin is not soluble in water, and is thus, primarily a glycoprotein with hydrophobic nature (Gamo et al., 1977).

			Sericin 

			Sericin, a protein of 20-310 kDa is the second component of silk of B. mori. it has two subunits. The α-sericin is found in external layer, while β-sericin is present in the inner layer of cocoon (Bini et al., 2004). Sericin being water soluble, can be easily removed from fibroin via degumming (Zurovec et al., 1998). It is amorphous and has a form resembling glue. Hence, it maintains the cocoon’s structure by binding together the fibers of fibroin protein (Ho et al., 2012).

			Silk spidroin	

			As a contrast, the silk derived from spider do not possess the sericin layer and it can be used in its natural in the form of spidroin solution. Both the inner core and upper coat of the spider silk is primarily composed of the spidroin proteins (Knight and Vollrath, 2002). These proteins have a high concentration of Gly, Glu and Ala, comparatively large number of Tyr and Leu units, and have a limited number of amino acids in common (Sirichaisit et al., 2003; Shen et al., 2004). The Ala rich crystalline regions form compact β-sheets. The hydrophilicity of spider silk is due to the presence of Glu rich amorphous regions (Kubik, 2002; Bini et al., 2004).

			Amongst all the silk of all spiders, the dragline silk of Nephila clavipes is the most frequently studied (Zarkoob et al., 2004). This silk is made up of two proteins i.e., MaSp 1 (Major ampullate Spidroin 1) and MaSp 2 (Major ampullate Spidroin 2) and it is produced from the major ampullate gland (Sponner et al., 2005). Many hydrophilic GGX (X usually being tyrosine, leucine or glutamine) motifs and a single hydrophobic polyalanine block constitutes the MaSp 1 protein. GPGXX replaces the GGX motif in the MaSp 2 (Kubik, 2002). The crystalline β-sheets are formed by the cross linking of several polyalanaine blocks that are further stabilized by the hydrogen bonds and hence result in the elevated tensile strength of the silk. The less organized hydrophilic blocks are present between the crystalline β-sheets. Probably, 310 – helices are formed by the GGX blocks of MaSp 1. While β-turn spirals are formed by the GPGXX motifs found in MaSp 2 that makes the proteins flexible (Kubik, 2002).

			 

			Properties and Applications of Silk

			Silk protein has various other characteristics that make it an excellent biomaterial for use in biomedical applications:

			Biocompatibility

			Silk is reported to have no immunogenic response when used for tissue engineering purposes in various animal models including rats, mice, dogs and pigs. Padol et al. (2011) performed skin sensitization tests on mice for silk. The results for acute dermal toxicity came out to be negative as the rats dermis treated with silk films did not exhibited any clinical anomaly and abnormal body weight. The dermal sensitivity tests gave negative results for edema, erythma and eschar. While in case of skin sensitization, no skin reaction was observed 24 and 48 hours after the removal of silk film (Padol et al., 2011). Spider silk did not cause hemolysis or direct cytotoxicity during in vitro studies (Kuhbier et al., 2017). RGD-recombinat (Arg-Gly-Asp) spider silk protein based bilayer vascular scaffold was prepared and its biosafety has been studied by different tests, involving skin sensitization test, single gel electrophoresis, pyrogenous test, micronucleus and chromosomal abberation test. The scaffold was dense, highly porous and non- adhesive (Zhao et al., 2015).

			Antimicrobial 

			Spider silk possesses both antibacterial and antifungal properties (Hakimi et al., 2006). Spider silk possess natural antimicrobial properties. Wright and Goodacre (2012) gave evidence for the antibacterial properties of Tegenaria domestica, common house spider (Wright and Goodacre, 2012). In another study the inhibitory effect of silk of spider Pholcus Phalangioides was observed against two bacterial species, Listeria monocytogenes and Escherichia coli (Roozbahani et al., 2014). A research has been carried where spider silk and silver nanoparticle composites were prepared using green synthesis method and the resultant product had great potential as an antimicrobial and biofilm-disrupting agent (Fei et al., 2013). Silk taken from Neoscona theisi demonstrated antifungal properties, as it inhibited the growth of fungi on bread (Tahir et al., 2015). The silkworm silk fibroin-chitosan blend films that were laden with plant extract demonstrated antibacterial property (Basal et al., 2010). Spider silk is antimicrobial due to the presence of 12-methyltetradecanic acid and 14-methylhexadecanoic acid (Saravanan, 2006).

			The effect of sericin concentration from eri silkworms was evaluated on the growth of gram positive (Staphylococcus aureus) and gram negative (E. coli) via disc diffusion and critical-dilution microdilution methods. Lesser the degumming time, more the sericin left on fibroin and hence more the silk has antibacterial activity against the microbes (Senakoon et al., 2009). Whereas silk fibroin blend films were prepared and it was found that they have a pronounced antibacterial effect on Staphylococuss epidermidis (Basal et al., 2010).

			Vitamin k

			Silk proteins react with the blood clotting cascade and aid in the formation of thrombin. Spider silk is a rich source of vitamin K that promotes the process of wound healing. The ancient Greeks and Romans used the cobwebs of spiders as bandages on their wounds, and fortunately it did help in healing (Roozbahani et al., 2014). The presence of vitamin k enhances blood clotting and hence prevents bleeding of wounds (Tie et al., 2016).

			The chemical composition of silk proteins in spider silk has been of immense importance for imparting various properties to it. Table 3 shows percentage composition various amino acids in spider silk proteins. Four motifs are present in all types of silk of all the spiders, which include Poly (Ala) or Poly (Gly-Ala), GPGGX/GPGQQ, GGX, and spacer sequences. These sequences help in the formation and structural alignment of silk fibers, and also provide surface for various interactions. The hydrophilicity of spider silk is due to the presence of two amino acids i.e. glutamine and glycine in the amorphous regions. The presence of glycoproteins, Sulphur containing compounds, amino acids, ionic forms of imines, and inorganic salts imparts the properties to silk that allows the retention and check of water content in it, protects it from microorganism, and allows the identification spider species (Saravanan, 2006).

			Antitumor 

			Sericin present outside the fibroin in silkworm silk has been studied to possess antitumor activity (Kato et al., 2000; Sasaki et al., 2000). In humans, it has shown to decrease the effect of colon tumor by increasing apoptosis in characteristic cells i.e. SW480 and FHC by increased activity of caspase-3 and decreased Bcl-2 expression (Kaewkorn et al., 2012). Similarly, silk fibroin irradiated with gamma-rays has also demonstrated antitumor effect in mouse model (Byun et al., 2010).

			Wound healer

			Silk from silkworm has been used as sutures since a long time (Gapurova, 1983). Membranes made from silk sericin act as good wound dressings due to their adhesiveness and biocompatible nature (Voegeli et al., 1993). They increase the regeneration of collagenous tissues and decrease inflammation by reducing lymphocyte infiltration (Min et al., 2004). All these properties make it a good wound healing material.

			Cosmetic applications

			Sericin obtained from silk has been used in different cosmetic products due to its moisturizing and antiaging effects (Joseph and Raj, 2012). They enhance the hydration of epidermal structures by increasing the amount of hydroxyproline in them (Padamwar et al., 2005).

			Tissue culture

			Silk proteins from both the spider and silkworm can be used as a biomaterial for engineering bone, nerve, cartilage and skin (Wang et al., 2006; Gellynk et al., 2008; Chirila et al., 2008; Wendt et al., 2011; Melke et al., 2016; Xue et al., 2018). Silk fibers support cell attachment and proliferation of cells. Injectable silk-based hydrogel when studied promoted bone healing in rabbits’ femur having critical defects, and 21 days later the regrown bone appeared similar to the normal one (Fini et al., 2005). Artificial nerve grafts were prepared using spider silk, accelularized veins and Schwann cells mixed with metrigel. The cells adhered quickly to the fibers, with normal survival and proliferation rate. As a result the cell completely ensheathed the fiber and the formed graft could be cultivated up to one week in vitro (Allmeling et al., 2006). Artificial nerve constructs containing spider silk promote regeneration of the peripheral nerves. Nerve conduits prepared from silkworm silk gave results that increased the possibility of their use as an alternative in nerve autografts (Xue et al., 2018). In a study, 3D aqueous-derived silkworm silk protein based scaffolds were used for generating cartilage tissue using adult human chondrocytes and mesenchymal stem cells (MSCs), separately. The cultured hCHs (adult human chondrocytes) attached and proliferated within the scaffold in a medium free of any serum. The constructs derived from hCHs were quite different from those derived from MSCs, thus diversifying the cell sources for cartilage tissue engineering (Wang et al., 2006). Mesenchymal cells proliferate rapidly with fusiform morphology when cultured on RGD-recombinant spider silk bilayer scaffold (Zhao et al., 2014). Chondrocytes respond to silk hydrogel in an excellent manner and exceptional cartilage constructs were obtained after 42 days of culturing of on silk hydrogel (Yodmuang et al., 2015).

			Limitations and how to overcome these limitations

			Different organisms naturally produce silk but the most commonly it is harvested from silkworm and spiders. It is impractical to breed spiders due to their territorial and cannibalistic nature, and as a result, enough amounts of silk can never be obtained for fabricating different materials. Furthermore, almost seven different types of silk with varying physical properties and composition can be produced by some spider species (Volrath, 2000). Consequently, any material made from such a silk would add inconsistencies between different batches of the material, due to the presence of various types of silk proteins in them. While the dragline silk can be obtained in pure form but the method used to do so is comparatively inefficient, and factors such as diet given to spider and the rearing temperature and humidity effects the quality of silk produced (Heim et al., 2009).

			One more loom for obtaining silk is via the processing of cocoons belonging to silkworm. Two fibroin proteins coated with an adhesive sericin protein makes the structure of these cocoons. Sericins impart stability to the structure of cocoon (Chen et al., 2012). Degumming is the thermochemical process through which sericin can be removed (Wray et al., 2011). Sericin in combination with fibroin elicit immunological response and that is why its removal is important (Aramwit et al., 2009). Even though the production of silk via regeneration is efficient and cheap, but still the materials fabricated form such a silk need additional changes and processing to make them appropriate for use as biomaterials (Acharya et al., 2008; Shahbazi et al., 2015). The tools of biotechnology can be used to surmount several of these drawbacks related to the use of silk. These tools allow one to produce synthetic genes that code for bioengineered silk. The hitch of silk accessibility can be overcome by such bioengineered silk. Additionally, silk biomaterials can be functionalized or modified via genetic engineering. This can be done by adding a fragment that codes for a particular function or by managing the amino acid composition. Such alterations can enlarge the existing brilliant properties of silk and offer a prospect to further modify silk materials for more customized uses.

			Future Prospects

			Several biotechnological techniques are developing for producing recombinant-spider silk proteins, for providing sufficient spider silk; and for combining spider silk proteins with other molecules, thus resulting in enhanced chemical, physical and biological features (Vendrely and Sheibe, 2007). Various strategies have been developed to produce recombinant and chimeric spider silk in various heterologous hosts systems including mice and goat (in milk), transgenic silk worms, and transgenic plants (Wen et al., 2010; Chung et al., 2012).
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Abstract | Silk is harvested from spiders and silkworms throughout the world. Spider
silk varies in types and functions according to the gland producing them. The silk
in mulberry and non-mulberrys silkworms also varies from each other. Spidroin is
the protein found in spider silk while silkworm silk is made up of an inner core of
fibroin and outer layer of sericin protein. After the removal of sericin, silk is non-
immunogenic and non-allergic. It is a renowned biomaterial due to its biocompatible
nature. Silk proteins have been found to possess antibacterial properties and application
in culturing tissues including skin, bone, cartilage and nerves. Sericin has been hailed
to have antitumor activity and has also been widely used in different cosmetics. The
major hindrance in using spider silk for different purposes is due to its small obtainable
amount. Efforts are being made to overcome this problem by modern biotechnological
techniques including of making transgenic organisms.
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Introduction

he extracorporeal, protein-based, structural material

made by the arthropods is known as silk. Although
spiders and silkworms are the most well-known silk-
producers but many of the insects, arachnids and
myriapods also produce silk (Sutherland ez a/, 2010).
There are many types of silkworms around the world that
synthesize natural silk as indicated in the Figure 1. Spiders
seem to have made the most substantial use of silk, but
the most diverse use of it is made by the orb-weavers. The
hind end of the spider’s abdomen possesses different silk
glands and spinnerets that work together to produce and

spin seven different types of silk (Tokareva ez al., 2014).
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'The different types of silk produced by spider have been
described briefly in Figure 2. Differences in the properties
of spider silk and silk of mulberry silkworm are given in
Table 1. However, differences between the properties of
spidroin and fibroin have been depicted in Table 2. Silk
spidroin and silk fibroin are the two prime silk protein
families. The former one is present in spider silk while
the later constitutes the silk of silkworm. The fibroin in
silkworm silk is then further coated with a protein named
sericin (Hakimi e 4/., 2007). Table 3 enlists the major
differences between them.

Biomaterial is an extensive term and it covers a
range of materials with many uses including implants,
scaffolds, conduits and other for cell culture systems.
These applications require materials with different and
occasionallywithintricate properties. Fortunately,hundreds
of biomaterials are in use and also undergoing the process of
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