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Abstract: Silk is a globally renowned abundant biopolymer obtained from various sources of the Lepidoptera
family, among which the most commonly used and researched are spider silk and silk worm silk. All varieties
of silk have beneficial characteristics such as high tensile strength, biocompatibility, producing a reduced
immune response in a biological system, biodegradability, and the ability to withstand environmental stresses
as well. These features make silk suitable for a number of applications as a biomaterial. The vast potential of
silk and its proteins in cosmetics, oncology, tissue engineering, TOC screenings, for preserving food, cosmetic
product as a silk gel and bioremediation makes it a well-sought biopolymer among researchers. Experiments
over the years have revealed that biomaterials constituting silk are very potent but are yet to be scaled up for
commercial uses, but the various advantageous properties of silk biomaterial far overshadows the impeding
problems of production.

Keywords: silk; biocompatibility; reduced immune response; silk hydrogel; biodegradation;
biomaterial

1. Introduction

1.1. Silk and its Origin

Silk is one of the abundantly available natural fibrous proteins besides cellulose, chitosan and
collagen that are spun by the larvae of Lepidoptera, such as silk worms, spiders, mites, scorpions,
flies, and mites [1]. It is a common raw material that is considered to be luxurious by the industry of
textiles for more than a thousand years since it was first discovered by the Chinese and Indus cultures
in the early 2500 BC [2,3]. The Chinese legends state that the Empress His Ling Shi was the first to
have made the discovery of silk. The legend says that she was sipping tea under a Mulberry tree
when a cocoon fell into her cup of tea and untangled. The empress was in awe of the shining threads
and became the pioneer for sericulture, harvesting and cultivating silk worms and creation of the reel
and loom [4].

At the early stages silk was only to be used by the posh classes of the society and remained
monopolised only in China till the Silk Road was inaugurated and the use of silk gradually spread.
Even after this development China owned the silk trade for another millennium. Eventually the
luxury of silk spread to Japan (300 AD) and Arabia, followed by its introduction to the European
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countries of Italy and France by the Crusades in the 16% century. Soon after when the industrial
revolution began cotton became more preferable over silk for its cheap prices. At the same time
several diseases started occurring in silk worms that brought the markets for silk down. Finally, by
the 20t century Japan and China took over as the leading countries in the silk trade.

Silk occupies about 0.2% of the global industry of textiles and is produced by over 60 countries
worldwide. The continent of Asia is the major producer of Silk - about 90% of the silk extracted from
the mulberry species and 100% of silk extracted from non-mulberry species, after this industries of
sericulture have recently taken root in Brazil, Bulgaria, Egypt and Madagascar. China is the largest
silk producer in the world, followed by India close behind. The textile industry of silk also provides
a lot of employment opportunities and has employed more than 1 million labourers in China, 7.9
million people in India and 20,000 families in Thailand. Besides this, silk is consumed largely by the
countries of USA, Italy, Japan, India, France, China, UK, Switzerland, UAE, Korea, and Viet Nam [5].

Besides having a lustrous outlook it had properties of tactile, being durable, first class
mechanical strength, elasticity, Breathability and provided great level of comfort in both warm and
cold weather, earning the name queen of textiles. Silk is also biocompatible to different biological
systems and has been successfully used for suturing during surgeries since 150 AD. Still, we are
several steps away from discovering the actual potential of silk in different dynamic and versatile
developing fields, such as optics, electronics and biomedicine [6].

1.2. Organisms that Produce Silk

Different arthropod species that produce different variants of silk have existed for a long time
since the origin of life. The lists of the organisms producing silk are shown in the table below (Table
1). Goats have also been found to produce milk with silk proteins that can be extracted [7].

Table 1. depicting different classes of animals that produce silk.

Organism Stage at which silk is produced
Silkworms At the stage when the larvae undergoes metamorphosis to develop into an adult
Raspy crickets Produce silk to build their nests
Honeybee and bumblebee Silk is produced to make the wax cells in which they pupate to increase their
robustness
Bulldog ants Silk is produced during pupation to produce a cocoon for protection
Weaver ants Build nests by producing silks to connect the leaves
Web spinners They produce silk webs from silk glands present on their legs

Produce nests of silk under leaves of the trees they reside in, to protect them from

Leaf hoppers any predators
Caterpillars They create cocoons for shelter or attach to compounds while undergoing pupation
Parasitic wasps During pupation to produce cocoons
Spiders Produce spider silk for various purposes such as spinning webs, as protection for
their eggs, or for safety
Pseudoscorpions Produce silk chambers in which they molt
Pinna nobilis (mussel) Silk is produced to bind to rocks, this is also called sea silk

Among these the most commonly studied are the spider silk, dragline silk and mulberry silk
that are synthesized by the major ampullate glands in spiders and cocoon silk from Bombyx mori. The
complete properties and characteristics of silk fibres is based on the morphology of the structure and
the chemical composition. The structural morphology of silk originating from these species is very
similar on the macroscopic level, they both have a core-shell framework [8]. The properties of an even
texture, shine and robustness has made silk from silkworms a suitable material for various fashion
apparel, and those from spiders have been used for suturing and fishing.
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2. Components of Silk

For producing silk in large quantities commercially the larvae of the Bombycidae (mulberry silk)
and Saturniidae (non-mulberry silk) have been frequently known to be used. Based on the lifecycle,
and feeding habits the silk can broadly be classified as mulberry silk and non-mulberry silk [9]. The
protein fibre silk is a combination of two parts — silk sericin (SS) and silk fibroin (SF) [10]. SF makes
up the core which brings the characteristics of robustness and the capability to bear weights, and SS
is the adhesive. SS is a class of glycoproteins that is soluble in water and forms about 25-30% (w/w)
of the entire cocoon. The habitat for feeding, type of nutrition and the biotic and abiotic factors
determines the variation in the amino acids of SF and the variability of the presence of flavonoids or
carotenoids in SS.

In order to comprehend the robustness and strength depicted by these fibres, it is required to
inspect the methods by which the two proteins are processed within the silk glands. The cells of the
lumen in the posterior silk glands secrete SF [10,11]. The secreted form of SF is in the a-helix-
dominated conformation that is coined as the silk-I form [12]. In the middle silk glands heterogeneous
SS molecules are attached to the SF being transported via the same. Finally the mixture travels
through the anterior silk gland, and drawn via the spinnerets.

|

Spinneret

Fillipi's gland

Anterior
silk gland

o ' {
Fibroin ~ Sericins

Middle
silk gland
. Sor-2

sar-1

Posterior
silk gland

H-fib
N ) ik
fhx

Figure 1. showing the structure of the silk glands.

On exposure to different forces and pH at the spinneret, the SF takes up an antiparallel-p-sheet
crystal structure, which is known as the silk —II form, a filamentous form that is not soluble in water.
Silkworms have in the process of evolution developed a unique method of folding and crystallization
of SF for efficient production of fibre, which was found to be conserved between both the families
[13-15]. The distinction in the different silks produced is caused by; (a) the variation in the presence
and assembly of the heavy chain (H-chain), light chain (L-chain) and the glycoproteins; (b) repetitive
sequences of polypeptides that result in the distinct properties of silk; and (c) the various sericin
segments present in different silk fibres.

2.1. Silk Sericin (SS)

SS is a glycoprotein produced in the middle silk glands that are mainly made up of serine,
aspartic acid, and minute amounts of other amino acids such as histidine, threonine, tyrosine, and
glutamic acid. Based on the level of solubility sericin is segregated into three segments, namely sericin
A, sericin B, and sericin C. The outermost layer of the cocoon has sericin A, which is not soluble in
water at high temperatures. Nitrogen and the amino acids serine, glycine, threonine, and aspartic
acid make up 17.2% of the same. The middle layer of the cocoon contains sericin B, which has the
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same composition of amino acids as in sericin A, as well as tryptophan. Nitrogen makes up 16.8%.
The innermost layer is sericin C, it is situated next to the layer of fibroin and cannot be dissolved in
hot water. It is made up of sulphur, 16.6% nitrogen, and the amino acids, serine, glycine, threonine,
aspartic acid, tryptophan and proline [16]. Furthermore, sericin has been classified into different
species on the basis of their relative solubility [11,17].

The conformation of sericin that is soluble in water is majorly a random coil, in contrast to this
the {-sheet conformation is not easily soluble. A study of the sericin structure using the y-ray by
Wang et al., [18] revealed that the outermost shell consisted of fibre direction filaments, the middle
layer showed cross-fibre direction filaments, and the innermost layer exhibits filaments that are
longitudinal. The temperature of casting is another important factor that determines how sericin will
conform. At a low casting temperature, sericin conforms into (-sheets. At high temperatures the
random coil structure of SS can easily dissolve in hot water, with the lowering of temperature, the
structure converts to a B-sheet which leads to the formation of a gel. This property also makes it a
sol-gel. The presence of a larger number of acidic amino acids brings the isoelectric point down to
about 4.0. It is found to have a molecular weight in the range of 17100 — 18460 Da [17,19].

Even though SS is observed mainly as a by-product and waste in the silk-textile industry, it has
gained a lot of fame in the cosmetic and pharmaceutical industry due to its antibacterial, antioxidant,
anti-coagulant, and wound healing characteristics [20].

2.2. Silk Fibroin (SF)

The SF filaments spun are in a group of two that is enveloped by SS that depicts a smooth
triangular cross-section when viewed under the microscope. A light (L) chain polypeptide and a
heavy (H) chain polypeptide when connected together by a single disulphide bond, at the C-terminus
of the H-chain making an H-L complex, constituents silk fibroin [21-23]. This complex also binds to
the glycoprotein P25 in a 6:6:1 molar ratio respectively through hydrophobic bonds, finally giving
rise to a primary micellar unit. Such units are responsible for the movement of large amounts of
fibroin via the lumen of the silk glands to the spinnerets before they are spun into fibres. The H-chains
arrange themselves into 3-sheets which makes up the crystalline region of the fibre. It comprises
mainly of glycine, alanine, serine, tyrosine, valine, aspartic acid, phenylalanine, glutamic acid,
threonine, isoleucine, leucine, proline, arginine, lysine, and histidine [24]. The chains mostly consist
of glycine and alanine along with other amino acids. Fibroin that is produced naturally has a very
high tensile strength of about 300-700 MPa, besides this it has a very high strain of breaking and
robustness [24,25].

The N-terminal is glycosylated having residues of mannose and glucosamine [26]. The regions
of the [3-sheet crystallite in silk consist the poly-repeats of glycine and alanine (GAGAGS, GAGAGY)
as repeat sequences. It has been observed that these regions are embedded between the regions of a-
helical structure. The strength that silk exhibits is due to the strong inter-chain interactions by
hydrogen bond formation between the crystallite regions.

In the non-mulberry type of silk fibre the L-chain of SF and P25 is absent. It is hypothesised that
the genes that code for P25 represent a paralog of gene/genes that may have developed new functions
besides the formation of fibres observed in the mulberry silk class. The H-chain undergoes
dimerization with itself forming homodimers, making up the core of the fibre. Another contrast, is
the presence of poly alanine repeat regions instead of the poly-alanine and glycine repeats. The twin
filaments of fibroin get disoriented while the fibre is formed, since the H-chains are unable to get
packed giving rise to a large number of bulky SF chains [27].

** Spider Silk — Spiders depend on the silk they produce for their entire lifecycle. Depending on
the type of web weaved, spiders are segregated into orb web spinners or non-orb web spinners. The
former trap their prey on the exterior part of the web, while the latter trap their prey in a complicated
maze of their web. The orb weaving spiders make use of six varieties of silks and glue that is like silk
generated in seven separate organs to spin a single orb [28]. All of these structural proteins of silk are
made up of repeating monomers called spidroins. Spidroin is made up of core that is unique and
different for each silk, adjacent to this lies amino residues that are not repeated and the carboxy
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terminals. The variation in the strength of the fibre is due to the repeating units in the core of the
spidroin.

A substance very similar to sericin is secreted to cause the silk fibres to adhere to each other by
the aggregate gland [29]. This coating is mainly made up of lipids, glycoproteins that are
phosphorylated, and low molecular weight compounds that are organic such as y-aminobutyramide,
choline, betaine, and isethionic acid. Dragline silk produced by orb weavers is made up of major
ampullate spidroins (MAS). The MAS complex constitutes two protein parts: (a) Major ampullate
dragline silk protein 1 (MaSp1l) and (b) Major ampullate dragline silk protein 2 (MaSp2) [30]. Both
these proteins are made up of domains rich in poly-alanine and poly-glycine. The major difference in
these two is that the latter has 15% of proline, while the former is free of proline [10].

3. Properties of Silk that Make it Suitable for Biomaterial Research

Silk is found to have different physical features that consist of the length of the silk filament,
fineness of the fibre, and density. Silk filaments are obtained from cocoons using the process of
reeling. While reeling is carried out, about 8 — 10 strands of silk filaments can be extracted from each
cocoon that can be used several silk yarns. For successful reeling, the amount of filaments that can
yielded from a cocoon should be known. A nonbreaking filament length (NBFL) is a silk filament that
is present in a cocoon without any breaks. The property of fineness of silk is expressed in the unit of
denier (this denotes the mass of 9 km of fibre length in terms of grams). Among all these, mulberry
silk is the finest, following this are eri, oak tasar, muga and tasar varities of silk. Tasar is the roughest
of the silks. It has been observed that the fineness of the fibre decreases gradually towards the inside
of the cocoon. Muga silk fibre has the lowest density, while mulberry has the highest density [31].

Silk is made up of a variety of amino acids, and its property as a protein is based on the
characteristics of its integral amino acids along with the characteristics that arise from the size of the
protein. Silk resists acidic substances to an extent, but heated acids are able to break the peptide bonds
causing damage to the fibre. In contrast when treated with weak acids the “scroop effect” develops
which is a well-renowned finishing treatment of silk creating a crackling sound when the fibres are
rubbed against each other. They show a low resistance to alkaline substances and are prone to
damage upon exposure to even weak alkalis that are heated. The presence of both acidic and alkaline
amino acids, the fibre becomes amphoteric in nature, this also makes it possible for the fibre to be
dyed by any class of dyes [31].

The basic to acidic amino acid ratio in both mulberry and non-mulberry classes of silk is
responsible for the variation in the hydrophilicity and hydrophobicity of the fibroin surface, and
corresponds to the property of surface variability in biomaterials that are obtained from the solution
of regenerated silk [32]. The crystalline property of SF plays a role in the biodegradation of the
regenerated SF based biomaterials, upon manipulating this factor using physico-chemical treatments
the rate of biodegradation and stability in water of biomaterials can be controlled [33,34]. The good
physical and chemical properties along with a high resistance to denaturation under heat adds an
advantage to silk based biomaterials, which is that they can withstand a majority of the sterilization
methods [10].

One major advantage of using silk proteins is that a large quantity of silk is produced, almost
more than 70% of the silk is produced by the continent of Asia. As compared to collagen which is
extracted from animals, the green method of extracting silk proteins from silk cocoons and silk glands
is much easier. Hence, the FDA has approved the use of silk proteins for drug delivery, surgical
sutures, and applications of tissue engineering [35]. Furthermore silk can be processed easily using
aqueous solutions unlike the use of acidic solutions for processing collagen and chitosan. The
presence of poly-alanine and poly-glycine repeats in mulberry silk, and poly-alanine repeats in non-
mulberry silk make them suitable for use in tissue engineering [36]. The simple processes of extraction
and processing make it easy for the process to be scaled up in biomedical research. The regenerated
aqueous SF solution is used to make several 2D films, 3D silk sponges, membranes that are
electrospun, nanoparticles, microparticles, hydrogels, surfaces that are micropatterned, 3D printed
constructs, micro-moulded, and microfluidic devices [10]. The sequence of silk fibres that are stored
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in databases can be used to design biomaterials in silico, this ensures the material design predicted
will suit the needs in the most appropriate manner. Such an example is seen in hydrogels formed by
silk proteins, where atomistic modelling is used to regulate the different degrees of hydrogen bond
formation [37]. The scaffolds of silk proteins have high antigenicity and compatibility to cells that
makes them suitable for use under in vitro conditions. Finally being a protein, it can easily be
degraded by proteolytic enzymes making silk protein based biomaterials biodegradable. This is vital
for tissue engineering as a biomaterial used needs to be resorbed so that a secondary surgical
procedure can be avoided.

4. Application of Silk Proteins as Biomaterials

4.1. Silk Hydrogels

Biomaterials have been playing a major role in the field of regenerative medicine its usage in
implants, sutures, contact lenses, hip joints, vascular grafts, wounds dressing materials, drug-
releasing stents, and many more biomedical devices. Recent advancements to develop suitable
material properties have provided a great opportunity in the field of tissue engineering and
therapeutic medicine [38]. The development of three-dimensional structure providing support called
Hydrogels have gained much attention in the biomedical field, these hydrogels are water-swollen
three-dimensional viscoelastic macromolecular networks, cross-linked through covalent bonds or
non-covalent interactions such as electrostatic interactions, hydrogen bonding, hydrophobic
association and multivalent coordination [39], hydrogels have attracted great importance due to
their ability to absorb a large amount of water along with the maintenance of structural integrity, and
high porosity allowing the rapid diffusion of small molecules resembling extracellular matrix of the
cell [40]. Various natural as well as synthetic polymeric materials have been used to prepare
hydrogels. Synthetic polymers include polylactic acid (PLA), polyurethane (PU), poly (lactide-co-
glycolide) (PLGA), and polycaprolactones (PCL), although these synthetic polymers had better
mechanical properties and decomposition rates than most this polymer’s by-products are dangerous
acidic chemicals causing undesired immunologic reactions. These limitations of synthetic polymers
turned scientists towards naturally producing polymers [41].

Silk proteins have attracted much scientific attention because of their potential to be designed as
a novel biomaterial for biomedical applications like drug delivery, tissue engineering, biosensors, etc
[42]. The unique feature of silk is its tenability in different morphological forms, economic
manufacturing processes, advanced mechanical properties, biodegradability, biocompatibility, and
bio-resorbability [41]. Various kinds of silk-based hydrogels and nanogels having high efficiency
have been designed to overcome the limitation of conventional polymers [42]. These hydrogels have
applications in drug delivery due to their control over the concentration, molecular weight, and
crystallinity of the silk protein which allows tuneable mechanical properties and release kinetic with
delivery systems. Their simple fabrication methods under mild conditions provide versatility to the
retention of bioactive characters of therapeutics being delivered [43].

Model drugs incorporated in the silk nanoparticles and silk hydrogels showed fast and constant
release indicating successful dual drugs release [44]. They have many other applications in the
injectable scaffold, gene therapy, tissue regeneration, and 3D bioprinting of cardiac tissue that could
recapitulate the native cardiac microenvironment, useful in the treatment of intervertebral disc of the
spinal cord [45,46], silk fibroin hydrogels of Bombyx mori have been widely used to regenerate
cartilage as it is found to be a promising alternative to the cartilage tissue [47]. In spite of the
promising application mentioned, there are still some important issues to be addressed in the future
focusing on the ability of a polymer to predict the possible toxicological reactions to the material and
on characterizing the structure and chemical properties of the polymer in the host to reduce the
immune response and chance of rejection in the patients.


https://doi.org/10.20944/preprints202301.0459.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 January 2023 doi:10.20944/preprints202301.0459.v1

4.2. Tissue Engineering

Tissue engineering is a biomedical field that makes use of the principles of engineering and life
sciences to produce 3D natural tissue with the help of cells, scaffolds and biomolecules to restore,
repair or maintain the functions of a tissue or an entire organ [10,48]. The kind of biomaterial used
and its design mechanism determines whether the resulting scaffold will function successfully or not.
Silk has a low rate of degradation and causes minimal inflammation, making it a good fit for scaffolds
that need to be biodegradable and which require a slower growth.

A tissue scaffold generated by tissue engineering should be able to recruit cells, adhere cells,
proliferate, and differentiate in vivo. These can generated using a number of traditional techniques
namely, freeze-dry method, fibre bond process, self-assembling, casting of solvent, foaming of gas
method, electrospinning, and leaching of porogen. Even though they produce good scaffolds these
methods have some limitations such as the pore size and distribution cannot be controlled, the
seeding and the cell proliferation is not uniform. To deal with this mechanism of rapid prototyping
(RP) can be used. This method uses computer aided design (CAD) softwares and high end imaging
procedures to construct a 3D model of the desired tissue, which is then mimicked by selective lase
sintering (SLS) [49], fused deposition modelling [50], pressure-assisted micro-syringe [51] and 3D
bioprinting. Different kinds of tissue scaffolds generated have been listed below in Table 2.

Table 2. Different types of Scaffolds used for tissue engineering.

Type of Scaffold and

E 1 Ref
Construct xamples eferences

. . . . 52
> SFisused to construct osteoin-ductive functional grafts of bone 521

due to its great physico-chemical and biological features, which is
very similar to Collagen I
»  Porous forms of the scaffolds made from Antheraea mylitta have (53]
Bone Grafts been able imitate the natural bone tissue used with a combination of
bone marrow mesenchymal stromal cells (BMSCs)
»  Several studies have been carried out on a combination of
Bombyx mori silk fibroin and hydroxyapatite (HA) to treat several

defects of the bone. [54,55]

>  The properties of biocompatibility, low immunological
response, biodegradation, and feasibility of extraction make SF a
suitable material for skin grafts and wound dressing. Also, SS
isolated shows a good property of gelling which is a good fit for
scaffold formation.

Skin Grafts and Wound >  Electrospun combinations of polyvinyl alcohol (PVA) and

Dressings nanofibrous mats of silk reduced the time of wound healing through

tissue granulation generation that gets activated when growth
factors are combined.
>  Potential use of a blend of SS and human platelet lysate (hPL)
for producing a bio-bandage that reduces the period of wound
healing. [19]

>  The cells of the cartilage (chondrocytes and chondroblasts)
ahould be able to grow and develop successfully over the developed
grafts

>  SF scaffold in a blend with dexamethasone and transforming
growth factor (TGF-B3) has successfully managed to improve the
development of cartilage cells.

>  Knee and Joint flaws can be corrected using SF sponge scaffolds
and grafts that are able to stimulate cartilage cells to mature

Cartilage Tissue Repair [56]

[10]
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»  The ability to vascularize and formation of endothelial are vital

to determine whether a tissue graft will function for a long time

»  SF microtubules are able to cause endothelialisation at an

improved rate [57]
> Vascular grafts with three layers of silk, elastin, collagen, and
polycaprolactone (PCL) in substitute autografts.

Vascular Grafts

[58]
» Inorder to carry out successful engineering of cardiac tissue the
natural extracellular matrix should be perfectly imitated so that it
can substitute any damaged cardiac muscle.
»>  The easy manipulation of the thickness of the silk matrix to
Patches of cardiac tissue match that of the desired tissue makes it suitable for such replicating
such kind of tissues. [59]
> Scaffolds of silk from Bombyx mori and Antheraea mylitta have
been able to treat myocardial infaction (MI) by stimulating the
cardiac muscle cells (myocytes) to proliferate and develop. [60,61]
»  People having unhealthy habits and lifestyles has led to the
. e e . . . [62]
degradation of their liver’s condition, causing medical problems like
liver cirrhosis.
Liver tissue grafts > A combination of silk-chitosan-heparin used to make scaffolds
has been able to stimulate the proliferation of hepatic cells.
»  Ablend of polylactic acid (PLA) and SF scaffold was found to
improve the adherence, division, and maturation of hepatocytes.

[63]

[64]

>  Engineering of muscle tissues needs biomaterials that are tough
and can provide the necessary mechanical strength

Repair of Muscle Tissues> An electrospun composite film of fibroin and melanin efficiently
encouraged myogenesis and the generation of myotube of the C2C12

cells. [65]

»  These are generally used to repair damage to the ligaments and
tendons that happen while playing sports. Tissue engineering is an
important approach to rehabilitate the function, as these tissues have
a very low ability to regenerate.
> Silk has a very high tensile strength which makes it suitable for
Ligament and Tendon fabricating scaffolds for tendons and ligaments

Grafts > A matrix of SF was entwined that was similar to the human
anterior cruciate ligament (ACL). It was found to have mechanical
strength that was at par with the natural tissue and promoted the
division of the human bone marrow mesenchymal stromal cells.
»  Bundle sutures made up of spider silk have the required tensile
strength and elastic apparatus to restore the functions of tendons.

[66]

[67]
>  The degeneration of the IVD during lower back pains,
radiculopathy, and stenosis leads to changes in the posture and the
Intervertebral Disc (IVD)spinal cords stability.
restoration »  Anideal biomaterial for this purpose should be biocompatible,
extremely tensile, be able to imitate the components of the natural
cells: the nucleus pulposus (NP) and the annulus fibrosus (AF).
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» A biphasic scaffold that was a hybrid of silk, fibroin, fibrin, or
hyaluronic acid successfully imitated both NP and AF.

[68]

»  The meniscus tissue is responsible for absorbing shock and
giving mechanical stability to the knee so that it can move efficiently.
» A scaffold of SF with human BMSCs was able to closely imitate
the efficient functioning of the meniscus.

> A tri-layer of SF scaffold loaded with fibroblasts and
chondrocytes was able to perfectly imitate the meniscus both
function and structure wise.

Repair and substituition
of Meniscus Tissue

»  Nerve grafts are the only way to completely treat large nerve
injuries.

>  The peripheral nerve has been effectively repaired by an
elctrospun SF — nerve guided conduit.

> Majority of the people in the world suffer from diabetes. A large
spectrum of hydrogels, nanoparticles, and microspheres have been
constructed to make sure insulin gets released for a longer duration.

Neural Conduits
[71]

Bio-artificial Pancreas » The islet cells covered in a shell of a silk hydrogel combined
with laminin, collagen, and mesenchymal stromal cells was able to
make sure that the graft survived for a longer duration of time,

72
ensuring a longer period of insulin release. [72]

4.3. Drug Delivery

The field of drug delivery is gaining a lot of popularity, specifically at a nanoscale so that the
delivery of different therapeutic drugs can be released efficiently and regulated. For an ideal drug
carrier system, the materials used should be such that: (i) they are not toxic under in vivo conditions;
(ii) have the desired properties required to survive within the bodys; (iii) biodegradation.

SF has been used a lot in the biomedicine field as it is compatible in biological systems, has
exceptional mechanical properties, and a property of biodegradation that can be manipulated. The
rate of SF degradation can be easily controlled by altering the molecular weight, the level of crystallite
formation, or the formation of cross-linking [73,74]. Some of the methods commonly used for
developing such drug delivery systems are aqueous based procedure of preparation, salting-out
method, using a co-flow capillary device, and coaxial electrospraying. A blend of PVA was used in
the aqueous-based method of system fabrication to develop nanospheres of silk, whose size and
shape could be regulated. The spheres exhibited that the distribution of the drug and efficiency of
loading the drug was correlated to the hydrophobicity and the charge on the system, giving rise to a
spectrum of profiles for the release of the drug [75]. Magnetic SF nanoparticles were fabricated by the
salting-out method, for which the loading of the drug could be controlled by manipulating the
concentration of the magnetic nanoparticles of ferric oxide [76]. SF spheres developed by the co-flow
capillary device method makes use of PVA as the mobile phase and the silk as the unattached phase.
Upon regulating the polymer concentration, ratio of the different rates of flow, and the molecular
weight of the polymer, the diameter of the sphere generated could be changed accordingly. The drug
release by the spheres could be further controlled by manipulating the diameter of the spheres [77].
Silk nanoparticles produced by coaxial electrospraying can have different properties depending on
the requirement, and can be a blend of both natural and synthetic materials. In nanoparticles of SF
and with PVA as the core, the profiles of drug release could be changed by adjusting the ratio of PVA
in the core. Furthermore, the targeted release can be achieved by modulating the pH [78].

4.3.1. Drug-delivery System for Cancer
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The major problems faced by cancer therapeutic drugs are that the release of the drug does not
occur for a longer duration of time, as a result requiring more doses. Silk as a biomaterial can aid in
overcoming this due to its properties of compatibility, degradability and no rejection possibility by
the immune system in a biological system. Formulations like silk hydrogels, silk-coated liposomes,
capsules, and nanoparticles can be used as systems for drug delivery. Also, the rate of drug delivery
can be modulated by making changes in the silk film crystallinity [78]. A lot of research has been
done on mice models, by entrapping the drugs doxorubicin and paclitaxel, which showed that the
rate of the drug release as well as efficiency of accurate target delivery had improved significantly
[79,80].

Another application of SF in oncology, is that it can be used to depict the cancer in vivo by
replication in three dimension. This helps to understand what treatments would be better and how
it can be dealt with [81]. This has been done to study models of breast cancer, mammary
adenocarcinoma, and liver cancer.

4.4. Tissue-on-chip for High Throughput-screening

There is a growing requirement for novel technologies that will reduce the number of lack of
successes in the pre-clinical trials of drug-carrier systems. A high-end technique called tissue-on chip
or organ-on-chip (TOC/OOC) was developed to combat this major issue [82]. This technique attempts
to replicate the actual active systems for the drug development and screening, so that there is minimal
chance of failure. Several such TOCs for the heart, skin, lungs, kidneys, and arteries have already
been constructed. In the recent years, hydrogels of silk have gained popularity for this purpose, as
scaffolds of silk can easily mimic the functional tissues present in vivo. SF has used to make a
microfluid device that can mimic a functional liver, it was observed that the hepatocytes generated
by this device exhibited functions and structure similar to the natural tissue. This high-end
technology is a boon for the biomedical field as it will help in the better comprehension of the
behaviour, functioning, and the physiology of cells.

4.5. Silk-based Biosensing and Biomedical Imaging

Different kinds of bio-inks can be developed using SF, which can further be loaded with
compounds to generate functional devices which are printable by inkjet for sensing, regenerative
medicine, and therapeutics [10]. Inks that are silk-based can be loaded with compounds like
antibiotics which are active therapeutically and then this can be placed in antimicrobial assays [83].
SF has been used to detect pesticides by producing traditional biosensors that use amperometry [84].
SF has also been incorporated into several consumable food biosensors to detect when the get spoiled
[85].

Bioimaging procedures using silk has progressed a lot by conducting studies on the construction
of fluorescent SF nanospheres [86], luminescent carbon dots made of silk [87] and graphene oxide
magnetic fluorophore [88].

4.6. Food Technology

Globally more than a third of the food that is produced gets wasted or damaged, rather than
consumed as per several reports. This does not only cause damage to the quality and safety of food
but also significantly affects the economy and resources. Silk proteins have been proved to aid in
dealing with this problem to a large extent. SF has been used as a consumable sensor in cheese and
fruits to detect ageing and ripening respectively [10]. The shelf life of food was increased by dipping
food in a SF protein suspension that was based on water. The suspension was found to stick as an
eatable coating on the food and worked by reducing the respiration rate and loss of moisture in the
cell [89]. A live hybrid composite of a single celled fungi and silk nanofibrils that are regenerated
from fermenting yeast was constructed. The hybrid microbes with increased cellular activity
decreases the permeability of water and improves the shelf life of the food as well. A method in which
the packaging of food can be improved is by transferring this composite to the parafilm substrate, as
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a result the conditions of food storage are improved remarkably [90]. SS from Bombyx mori has been
found to ease constipation, reduces the development of gastrointestinal tract cancers, and increases
the absorption of different minerals [91]. Proteins of silk have also been used in producing food for
babies and has been attested that it can prevent and reduce atopic asthma and atopy [92]. It has been
also claimed that when added into healthcare food can be used to prevent and manage Parkinson’s
disease [93].

4.7. Electronics

Presently biomedical devices with electronic parts for therapy purposes or performing functions
like regulation of cardiac signals, drug delivery, and improving the biological structures are being
developed. These devices have been produced so that they can function from within the live tissue
[94]. Such devices that are implantable have a degradation rate that is degradable, and function in an
efficient manner without causing any inflammatory response or any kind of rejection. Silk has special
properties of having tough mechanical strength, degradation that can be regulated, and can be
constructed into several forms. The Food and Drug Administration (FDA) has given the approval for
the use of silk in the electronic devices that play a major role in healthcare and biomedical sectors
[95]. A degradable implant based on silk was developed, and was found to successfully fight
infections of Staphylococcus aureus. After the infection was over in the body the implant would get
resorbed automatically. It was made up of a serpentine resistor and a coil that acquired the power
through a substrate of silk. The device was created to treat S. aureus infected areas with heat [96].

4.8. Biomedical Textiles

For a long time materials for biomedical sector have been produced to be used for first aid,
clinical aids, and hygiene requirements. Textile materials that cannot be implanted include wound
dressings, while those that can be implanted consist of vascular grafts, heart valves, polymer-based
sensors, and sutures [97,98]. These materials can be segregated into materials that cannot be
implanted, implants, extracorporeal implants, and materials of healthcare.

Wound dressings, garments for applying pressure, orthopaedic bandages, prosthetic socks, and
several other varieties. Silk has been used a lot for dressings of the wound, constructing fibre mats
by electrospinning and techniques of non-weaving [99]. It was found combinations of silver (Ag)
nanomaterials and SF, and titanium dioxide and SF was used to make dressings with good
antibacterial properties [100]. In the present days. A wound dressing of two layers was constructed
with SF that was wax coated, SS sponge, and a glutaraldehyde layer of cross-linked SF gelatin was
showed a decrease in the size of the wound, epithelia and collagen formation [101]. Besides these silk
has been used for the production of masks, gowns, caps, drapes and cover cloths for patient especially
for surgical operations in the healthcare sector.

Wound closures during skin surgeries, vascular implants, for artificial ligaments and tendons,
and prosthetic heart valves are some commonly used textiles that can be implanted. Sil sutures have
been used for a long time. The elasticity and robustness of SF was increased by 50% PVA by weight,
making them appropriate for sutures [102].

Extracorporeal organs are organs that are artificially created to purify blood. The organs that are
usually used are artificial kidneys, artificial livers, and lungs. An artificial kidney system was created
by making use of a urease enzyme immobilized SF-based membrane and a spherical polymer carbon-
based adsorbent for peritoneal dialysis. It was able to efficiently elude toxins from the system [103].
Mulberry and no-mulberry SF were used to make a functioning artificial liver that was able to
efficiently function as well as stimulate the growth of the hepatocytes [104].

4.9. Cosmetics

Several studies indicate that silk has been used as a major ingredient of cosmetic products for a
long time. Combinations of SS and SF are used in products for the hair, skin, and nails. SS based
lotions, creams, and ointments show effects of elasticity, anti-wrinkling and anti-aging on skin. The
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amino acid residues present in SS is responsible for its properties of retaining and absorbing moisture,
making it suitable for skin products that maintain the skin’s moisture, elasticity thereby keeping it
soft and smooth. SS was also reported to stop the activity of tyrosinase and formation of
melanochrome, making it ideal for products to whiten the skin. A scanning electron microscopy
(SEM) study also revealed that SS improves the quality of hair and helps to repair it as well [105].

A study conducted on sericin gel revealed that the concentration of hydroxyproline had
significantly increased in the stratum corneum, and the impedance of skin reduced drastically.
Images of SEM demonstrated that the cracking and flaking of skin decreased as well [106].
Experiments on cosmetic products created using cellulose fibres saturated with dispersed SF and
aqueous SS showed a good adsorption efficiency of sweat and sebum [10]. Several lotions, foundation
creams, eyeliners have been created by depositing a coat of sericin hydrolysate on talc, nylon, mica,
titanic, and iron oxide. Sericin based sunscreens have shown an improved screening effect of UV light
specifically [107]. Several cosmetic products for nails having about 0.02 — 20% sericin have inhibited
nail brittleness, chapped nails, and retained gloss for longer durations [108]. Hair care products such
as shampoos and conditioners, having sericin as an ingredient can be used for the purpose of
maintenance and repair [109].

4.10. Bioremediation

Anthropogenic activities have led to severe pollution of the environment, thereby reducing the
quality of land, air and ground-water, making this a major global concern at present. Hence,
remediation of the environment to revive it is very vital. Several polymers combined with silk have
been used to remove hard metals from the aqueous solutions, to purify water [110,111], as toxic dye
adsorbents, and as air filters [112,113].

5. Challenges and Benefits

The increasing population has brought about a growing demand for healthcare and biomedical
requirements. Biomaterials that are a blend of silk and other polymers produced have different
clinical and healthcare applications. Silk has made drawn its path into the healthcare industry due to
its properties of biocompatibility, degradability, simple processing, and high tensile strength. The
possibility to alter the fibre and its reduced immunogenicity are factors that make it suitable for tissue
engineering, drug delivery, cancer therapy, and biomedical imaging. Silk is able to replicate the
functioning of the natural extracellular matrix of different tissues since it can be easily altered when
engineered making it ideal as a biomaterial. It has a huge potential as a biomaterial in the domains of
healthcare and biomedical imaging, but whether it will be able to match the surplus demand of the
future is a matter of concern. The fields of electronics and sensors are undergoing development at
exponential rates in order to produce counterparts for silk that bring out maximum efficiency of the
products or devices. The production of silk-protein based products with negligible or no side effect
will prove advantageous for the food and cosmetics industry. Finally, silk is able to provide solutions
for remediation of the environment that are feasible and affordable in areas with severe pollution.

6. Conclusion

Silk as a polymeric fibre has several beneficial properties such as biocompatibility, low immune
response generation, mechanical strength that can be regulated, biodegradability, along with the
production of bio-products that are not toxic. In several Asian countries it is a major source of income
and due to it being abundantly available and affordable it is a prominent material for research. By
exploiting the non-mulberry silks available endemically new employment avenues will open up,
thereby helping the local people involved in the silk textile industry and maintain the biodiversity.
Silk having a broad spectrum of suitable characteristics has several applications in the production of
healthcare products and methodologies. Since the olden times silk has been used as a fibre for
dressing wounds, for suturing, and as textiles. Its immense potential in various other sectors such as
cosmetics, oncology, tissue engineering, TOC screenings, for preserving food and bioremediation
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makes it a beguiling biopolymer for researchers. There are still a few impediments in regulating the
products and technologies for producing silk-based products, but the large number of advantageous
properties silk has exceeds the problems of the production of silk-based products.
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LIST OF ABBREVIATIONS

BC - Before Christ

AD - Anno Domini

SS - Silk Sericin

SF - Silk Fibroin

w/w — weight by weight

H-chain - heavy chain

L-chain - light chain

Da - Dalton

MAS - Major ampullate spidroins
MaSp1 - Major ampullate dragline silk protein 1
MaSP2 - Major ampullate dragline silk protein 2
NBFL - Non-breaking filament length
FDA -Food and Drug Administration
3D - Three dimension

RP - Rapid Prototyping

CAD - Computer aided design

SLS - Selective laser sintering

BMSCs — Bone marrow mesenchymal stromal cells
HA - Hydroxyapatite

PVA - Polyvinyl alcohol

hPL - Human Platelet Lysate

TGEF-B3 — Transforming Growth Factor
PCL - Polycarprolactone

MI - Myocardial Infarction

PLA - Polylactic acid

ACL - Anterior Cruciate Ligament
IVD - Intervertebral Disc

NP - Nucleus pulposus

AF - Annulus fibrous

TOC - Tissue on chip

OOC - Organ on chip

Ag - Silver

SEM - Scanning Electron Microscopy
UV - Ultraviolet
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