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Silk is a functional protein biomaterial produced by a variety of insects like flies, silkworms, scorpions, spiders, and mites. Silk
synthesized by silkworms is extensively studied for its applications in tissue engineering and wound healing. Silk is
undoubtedly a natural biocompatible material with humans and has its role in medical treatments from ancient times. The silk
worm protein comprises two types of proteins namely fibroin and sericin. Silk fibroin makes up approximately 70% of cocoon
weight and has wide applications in textiles and in all biomedical applications owing to its biocompatible, nontoxic,
biodegradable, less immunogenic, and noncarcinogenic nature. It possesses outstanding toughness and mechanical strength,
while silk sericin possesses high defensive ability against ultraviolet light and oxidation. Silk fibroin has been known to induce
wound healing by increasing cell proliferation and growth and migrating various types of cells which are involved in different
stages of wound healing process. With several silk varieties like silk worm fibroin, silk sericin, recombinant silk materials, and
native spider silk have been investigated for its wound healing applications over the last several decades. With an objective of
harnessing the silk regenerative properties, plentiful strategies have been studied and applied to develop bioartificial skin grafts
and bioactive wound dressings in recent times. This review gives a detailed insight into the structure, general properties,
fibroin structure-properties relationship, and biomedical applications of silk fibroin.

1. Introduction

Silks are common protein polymers produced by various
insects such as silkworms, spiders, and bees. Silk fibres from
various species have varying fibroin sequences, structural
properties, and primary sequences. The major part of silk is
produced by two types of silkworm: nomulberry (wild variety)
and domesticated mulberry. Mulberry silk is produced by the
domesticated silkworm family Bombyx mori (B. mori). Eri
(Philosamia ricini/Samia ricini), Muga (Anthrraea asana/as-
samensis), and Tussar (Antheraea mylitta) are the primary
sources of wild variety/Saturniidae/nonmulberry silk [1]. Spi-
der silks have a highermechanical strength than silkworm silk.
However, because spider silks are in shortage, domestic Bom-
byx mori filaments are the most widely used in the commercial
silk business [2]. Only silk from silkworms has been manufac-

tured on a large scale in the past, and it has lately been
employed as a biomaterial due to its long-lasting characteris-
tics and availability [3].

1.1. Silk Fibroin’s Structure and Properties. Fibroin and seri-
cin are the two proteins found in silk from the Bombyx mori
silkworm: The former is found in the inside of the thread
and accounts for roughly 70% of the silk’s weight, while
the latter is located in the thin layer that surrounds the inte-
rior thread and accounts for the remaining 30% and also
possesses fat/wax (0.8-1%) and colour/ash (1-1.4%) [4].
Fibroin is produced by the silkworm’s posterior gland, while
sericin is released by the silkworm’s middle and anterior
glands, the morphology of which is shown in Figure 1.

Silk is a natural protein polymer that has been recog-
nized by the US Food and Drug Administration (FDA) for
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medical usage. Silk fibroin is m4ade from mulberry silk after
the outermost silk sericin is removed, which has the ability
to activate an immune response when combined with fibroin
[6, 7]. While spinning, the larvae releases two very thin
(10μm diameter) fibroin double strands through the spin-
nerets, simultaneously bonding them together with sericin
from the two exocrine silk glands (aligned on both sides of
the body). The protein fibre gets stronger and tougher in
the presence of air [8].

The major component of silk is fibroin, which serves as
the inner core and gives mechanical strength, whereas seri-
cin serves as the exterior glue-like coating. Two silk fibroin
filaments are covered with sericin in each silk fibre [9]. It
is already been postulated that silk fibroin filaments are
made up of 3.5 nm diameter nanofibrils, which are the build-
ing elements of silk.

These nanofibrils intertwine and have a strong interac-
tion with one another and form into bigger fibril units,
known as microfibrils that are 20-200 nm in diameter [10].
Parallel to the silk fibroin filaments, microfibrils and nanofi-
brils are arranged. The major structural protein of silk is silk
fibroin, which includes polypeptide chains with molecular
weights ranging from 200 to 350 kDa. Silk fibroin’s primary
structure consists of an H-L complex made up of a light- (L-
) chain polypeptide and a heavy- (H-) chain polypeptide
joined together by a single disulphide bond at the C-
terminus of the H-chain. Furthermore, glycoprotein P25
which is noncovalently connected to the H-L-chains is pres-
ent in the structure of silk fibroin and contributes to its over-
all integrity. The H-chain is primarily responsible for the silk
fibres fibrous properties. The most common amino acids
present in this chain are glycine (46 percent), serine (12 per-
cent), and alanine (30 percent) [11]. Isoleucine, leucine,
valine, and other acidic amino acids are mostly found in
the nonfibrous L-chains [12].

Because of its biocompatibility, gradual disintegration,
low immunogenicity, adaptability, and outstanding mechan-
ical qualities, silk fibroin is increasingly being studied for
biomedical applications [13–15]. Silk fibroin has a stronger
ability to modify in response to one’s biological surround-
ings, which could lead to better integration and possibly less
material-associated thrombosis [16]. This opens up the pos-
sibility of using silk motifs as the foundation for biomaterials
with specific characteristics. Historically, functional qualities
have been associated with specific amino acid patterns [17]
and can be genetically and/or chemically manipulated while
preserving important secondary structural traits, resulting in
recombinant silk polymers which control (i) chemical reac-
tivity, (ii) polymer size, and (iii) characteristics of bulk mate-
rials [18]. Silk fibroin has been proven to stimulate adhesion
of stem cells, propagation and differentiation in vitro,
enhance tissue healing, and inhibit pathological adherence
in vivo in various formats (fibres, films, nets, etc.) [19–21].
Silk fibroin (SF) is composed by alanine, serine, and glycine
in different percentages. Because of its hydrophobic regions,
silk fibroin is high in β-sheet patterns, which impact its
mechanical characteristics, biodegradation rate, and ability
to enhance cell adhesion and differentiation in mesenchymal
stem cells.

Silk fibroin is made up of both amorphous and crystal-
line domains. Gly-Ala repetitions are distributed throughout
the crystalline domains via motifs containing tyrosine and
serine amino acids. Amorphous domains are made up of
bulky side chain amino acids like aspartic acid. The noncrys-
talline part contributes to the fibre’s flexibility and elasticity,
while the crystalline part adds to its strength and toughness.
For Bombyx mori crystalline structures of silk fibroin, silks I,
II, and III are the three conformations which are considered.
Silk I is a water soluble version of silk fibroin that has a lot of
α-helix that can be easily converted into silk II having a β-
sheet structure that is antiparallel [22–24]. The unusual
structural conformation of silk fibroin provides mechanical
strength and flexibility [6]. Degradation studies of silk
fibroin in phosphate-buffered saline for 12 weeks have
shown the transition of construct from β-sheet to random
coil, lowering the adhesion force and Young’s modulus of
the construct [25]. The β-sheet crystallization has been stim-
ulated in silk-based scaffolds using a variety of approaches.
Ethanol and methanol are two popular inorganic solvents
that stimulate the development of β-sheets to a degree of
55% and 36%, respectively [26, 27]. Steam autoclaving at
high temperature and pressure, on the other hand, induced
the greatest β-sheet crystallinity (60 percent) [28]. Another
approach that generated β-sheet (30%) production when
mixed with a large proportion of silk I helical structure is
water annealing at ambient temperature [29]. A single sys-
temic procedure involving temperature-controlled water
vapour annealing from 4°C to 100°C was employed to fully
control the structure and properties of silk. Different kinds
of silk conformations like silk I and silk II with controlled
β-sheet may be made using this technology, and the degrad-
ability, mechanical strength, and biological response can be
regulated [26]. Heat treatment of silk films and fibres has
been examined in several lab studies. The colour, crystallin-
ity, and mechanical strength of the silk were all changed
when the temperature was raised [30, 31]. The crystallinity,
mechanical strength, and colour of the silk were all modified
when the temperature was raised. Several researchers have
studied at the thermal treatment of silk films and fibres
[30–32].

The structure of silk was highly converted to β-sheet,
which is prevalent in Bombyx mori cocoon fibres, when the
casted silk films were heated to 100°C. Furthermore,
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Figure 1: Silk gland morphology in Bombyx mori [5].
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increasing the temperature of the oriented silk fibres above
the transition temperature resulted in the creation of β-sheet
conformation over α-helical structure [33]. At a temperature
of around 140°C, a solid-state conformational change from
an α-helical structure to β-sheet silk II structure happened.
The films exhibited that endothermic melting peak followed
an exothermic crystallization peak, both near 140°C, accord-
ing to modulated differential scanning calorimetry (DSC).
Following heating above the structural transition tempera-
ture, β-sheet fibres with a structure comparable to B. mori
cocoon fibres were generated (Figure 2) [32].

As a result, the structure and mechanical strength of silk-
based substrates may be controlled by varying the tempera-
ture. Silk fibroin has also been utilised in the manufacturing
of textiles and clinical sutures for generations [34]. Primary
cells and cell lines can attach to, proliferate in, and differentiate
in silk fibroin materials [35] and can be easily used to prepare
mats [36], porous scaffolds [37], gels [38], and films [39].

1.2. Compatibility of Silk Fibroin as a Wound Healing
Biomaterial. The human body’s skin serves as a barrier
against the infectious agents, dehydration, and environment.
Wound healing is a complex process including interactions
with many cells and matrices, as well as multiple overlapping
phases like inflammation, new tissue creation, and tissue
remodelling happening at the same time [41]. The initial
phase of wound healing is inflammation, which occurs
shortly after an injury and can persist up to two days. To
prevent further fluid and blood losses, remove dying and
dead tissues, and stop infection, the coagulation cascade,
inflammatory pathways, and immune system must all be
activated. Inflammatory cells like macrophages and neutro-
phils play a number of important roles in the repair process,
including phagocytosis and the production of many cyto-
kines and growth factors [42]. The second phase of wound
healing is new tissue development that is correlated with
deposition of collagen/matrix, reepithelialization, angiogene-
sis, and contraction of wounds [42, 43]. The remodelling or
maturation phase of the wound healing process, which can
last for a year or longer depending on the degree of the
injury, is combined with the rebuilding of the epidermis
and extracellular matrix [43, 44].

Skin regeneration is still the target of skin repair in order
to minimise the long-term effects of scarring on an individ-
ual [45]. Wound healing in mammals is a reparative process
that culminates in scar formation rather than a regenerative
process that replaces normal tissue architecture [46]. Scar
tissue is inferior to normal tissue in terms of function and
appearance. It is caused by an excess of extracellular matrix
(ECM) being produced following an injury [47]. Collagen I,
an important protein influencing the ECM architecture dur-
ing wound healing, is synthesized majorly by fibroblasts, and
its synthesis is majorly regulated by cytokine transforming
growth factor β1 (TGFβ)1 [48, 49]. (TGFβ)1 which is
secreted in inactive form is converted to active form enzy-
matically in order to execute its effect. (TGFβ)1 changes
the morphology of many cells like fibroblasts by stimulating
polymerisation of the globular form of active cytoskeleton to
filamentous form [48].

There really are numerous wound dressing biomaterials
on the market today, to mention a few are chitosan [50],
hydrocolloids [51], polyurethane [52], alginates [53], colla-
gen [54, 55], and hyaluronic acid (Figure 3) [56]. The most
widely revealed tissue engineering technique to date is still
Integra, a skin substitute, which is a mix of multiple ECM
proteins. The utilization of composite tissue engineering
skin could be considered to speed up the second stage of
repair using Integra [57].

The following characteristics should be present in an
ideal wound dressing: (a) preservation of a moist wound
area, (b) prevention of desiccation and excessive exudate
absorption, (c) permeability of gas, (d) avoidance of bacterial
infection and transmission of diseases, and (e) resistance to
water [58]. The creation of optimal wound dressings, on
the other hand, is still ongoing.

2. Different Forms of Silk Fibroin for Wound
Healing Operations

2.1. Silk Fibroin Solution. The silk cocoon was degummed in
an aqueous solution of 0.02M Na2CO3 for 40 minutes boil-
ing at 95°C, then washed with distilled water to remove the
glue-like sericin proteins yields silk fibroin solution
[60–62]. Degummed silk fibroin was then solubilized for
50 minutes at 98°C with calcium chloride, ethanol, and water
(at a molar ratio of 1 : 2 : 8). This solution was subsequently
filtered for three days over dialysis membrane to obtain silk
fibroin solutions. Silk fibroin solution greatly induced heal-
ing effect both in vitro and in vivo, according to Park et al.
[63]. Solubilized silk protein has also been used as an eye
drop to help rabbit corneal epithelial wound repair [64].

2.2. Nanofibrous Scaffolds from Silk Fibroin. Silk fibroin scaf-
folds are an intriguing type of skin substitute made from silk
fibroin. Electrospinning creates a pseudo-three-dimensional
structure for cell adhesion and growth [60, 65–67]. Two-
dimensional scaffolds produced through electrospinning
technique play an important role in the manufacturing of
skin substitute products which comprises all the qualities
for a successful skin regeneration and wound closure [68].
Only electrospinning may confer antimicrobial activity,
which is based on the movement of ionic species from the
fibres, and thus produces wound dressing scaffolds or mate-
rials for long-time controlled release [69]. Fabrication of
electrospun nanocomposite fibres by in situ silica gelation
in poly e-caprolactone solution serves as a promising multi-
bio functional material for orthopaedic applications [70].
The three-dimensional structure of nanofibrous materials
supports attachment of the cell and growth of the cell and
controls the cell differentiation functions [71]. The electro-
spun composite nanofibrous scaffolds increased the osteo-
genic differentiation and proliferation of mesenchymal
stem cells in human and human endothelial cells angiogenic
activity in vitro [72]. The biodegradable nonwoven poly (lac-
tic-co-glycolic acid) scaffolds developed using electrospin-
ning may improve the anisotropic and isotropic growth of
cardiomyocytes [73]. Hollow electrospun nanofibrous struc-
tures manufactured by coaxial electrospinning may be a
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Figure 2: Diverse characteristics of biomaterials based on silk protein fibroin (adopted from Naskat et al. [40]).
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Figure 3: Silk fibroin: applications in tissue engineering and regenerative medicine (adopted from Gholipourmalekabadi et al. [59]).
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promising method for drug encapsulation, which enables
high drug-loading capacity and augmented solubilization
of nonsoluble drugs [74].

The biological and mechanical properties of the electro-
spun silk fibroin (ESF) mat are directly influenced by the
concentration of silk fibroin in the spinning fluid. In an
in vitro and ex vivo wound model, electrospun silk fibroin
with smaller size nanofibres had a stronger effect on extra-
cellular matrix production and skin cell proliferation [75].
To develop electrospun scaffolds with biomechanical prop-
erties similar to natural skin, the fabrication process must
be optimised. Research findings established increased prolif-
eration of cells cultured on micron-sized fibres [76–78].
Cells may perceive these scaffolds as two-dimensional struc-
tures and may also allow rapid cell proliferation. Scaffolds
made of this morphology of fibres may cause cells to adopt
an artificial morphology, which may affect the expression
of cell adhesion and migration genes and tension-sensitive
expression pathways. These may be especially important in
preventing pathological scarring or contracture during cuta-
neous wound healing [78, 79]. Cells became elongated along
the fibre lengths, an aspect that may be useful to utilise for
other applications where this morphology may be beneficial,
including nerve tissue engineering [80, 81].

2.3. Hydrogels from Silk Fibroin. In an aqueous solution,
hydrogels are three-dimensional polymeric networks with a
high swelling ratio. Hydrogels are typically made from natu-
rally occurring polymers, such as chitosan [82], alginate
[83], collagen [84], hyaluronic acid [85], and silk fibroin
[86, 87] due to their relatively good biocompatibility. Hydro-
gels have been widely used in a variety of biomedical appli-
cations, including wound healing [88]. The beneficial
benefits of silk fibroin include not only inducing cell attach-
ment, development, migration, proliferation, and creation of
extracellular matrix but also improving the mechanical
strength of hydrogels made from other natural poly-
mers [89].

The wild silkworm fibre’s mechanical properties such as
toughness and extensibility of fibroin fibres are greater than
polymers such as Kevlar and elastin [6, 90]. Collagen and
silk fibroin fibrils possess a suitable interfacial adhesion,
and the combined scaffolds display enhanced mechanical
properties [91]. In order to couple the biological perfor-
mance of collagen and mechanical resistance of fibroin,

new scaffolds were designed for vascular tissue engineering
applications. The results highlighted that addition of silk
fibroin fibres in collagen hydrogel improved the mechanical
resistance of collagen hydrogel without any side effects [91].
Research evidences show that the inspiring mechanical
properties of silk are attributed due to its hierarchical prop-
erties [92, 93]. Simulation and experimental results of β-
sheet crystallites of silkworm silk show that the stiffness
and strength of silk are mainly due to the presence of β-sheet
crystallites. Hydrogen bonds along with intersheet hydro-
phobic and Van der Waals interactions significantly contrib-
ute to the stability of the structures. The exceptional strength
of spider silks and silkworm, which exceeds that of steel, is
due to beta-sheet nanocrystals. The remarkable strength of
silkworm and spider silks, which exceeds that of steel, is
due to beta-sheet nanocrystals composed of highly con-
served poly-(Gly-Ala) and poly-Ala domains [94].

In vitro, a biomimetic hydrogel containing silk and L-
proline showed a considerable improvement in wound heal-
ing [95]. The development of a pure silk fibroin hydrogel
with a high strength and aligned microgrooved topographic
structure has outstanding mechanical characteristics and is
extremely strong. The hydrogel biocompatibility also allows
them to sustain cell viability [96].

Table 1: Silk fibroin morphologic forms for different wound treatments.

Forms of fibroin Wound type References

Fibroin in solution

Skin wound with partial thickness

[63, 101, 102]Burn injury

Corneal epithelial wounds

Hydrogel
Burn injury

[86, 95]
Scrape wound

Film
Skin wounds with full thickness

[100]
Acute dermal wound

Fibroin sponge Skin wounds with full thickness [55]

Silk fibroin

Anti-apoptotic
pathway

Cell
survival

Wound healing

Proliferation
Migration

Cyclin D1
Vimentin

Fibronectin
VEGF

MAPKs
(JNK, Erk1/2)

pathway

NF-𝜅B
pathway

Figure 4: Biological pathways activated by silk fibroin to promote
wound healing via enhancing cell viability, cell proliferation, and
migration (adopted from Sultan et al. [110]).
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2.4. Silk Fibroin Sponges/Blend Films. Wound healing can be
enhanced with silk fibroin blends in the form of sponges and
films. Porous sponges are important tissue engineering
materials, and they have also been made with regenerated
silk fibroin solutions [97, 98]. Sponge scaffolds do provide
a network of linked pores with a large surface area inside a
predetermined three-dimensional volume, allowing for tis-
sue ingrowth and cell adhesion. The silk/duck feet collagen
hybrid sponge, according to Lee et al., could be employed
as a dermal substitute for full-thickness skin abnormalities
[60]. Liu et al. used a freeze-drying process to create a silk
fibroin sponge for the controlled release of neurotensin-
loaded gelatin microspheres in the treatment of diabetic foot
ulcers [99]. The neurotensin-releasing scaffold demonstrated
a good drug delivery system and wound dressingmaterial over
a 28-day posttreatment follow-up. This increased fibroblast
accumulation, wound closure, and granulation of tissues at
wound site, which expedited wound healing in diabetic foot
ulcers with little scar formation [99]. Padol et al. showed that
silk fibroin film, as a unique wound healing material, is
extremely effective when combined with epidermal growth
factor for acute wound healing [99] (Table 1). In rats, silk films
were used to cure full-thickness skin wounds, and they showed
faster healing and less inflammatory response than typical
porcine-based wound dressings [100].

2.5. Wound Healing Mechanism of Silk Fibroin. The NF-κB
signalling pathway is used by silk fibroin to speed up wound
healing [103]. Through complicated signalling pathways,
NF-κB governs different cell behaviours such as prolifera-
tion, adhesion, clearance of reactive oxygen species, and
inflammation. As a result, NF-κB signalling is thought to
be important in the healing of diverse wounds such as cor-
neal epithelial wounds [104]. In the silk fibroin-induced
cells, there was an increase in the expression of tumour
necrosis factor receptor (TNFR) and Toll-like receptors
(TLRs), two critical mediators of NF-κB. They also mediated
a varied range of protein expression which regulate the heal-
ing of wounds and affected by NF-κB like epidermal growth
factor (EGF), fibronectin, vascular endothelial growth factor
(VEGF), vimentin, IL-10 (interleukin-10), IL-1b, transform-
ing growth factor (TGF), and cyclin. David. Park et al.
(2019) determined that silk fibroin enhanced wound healing
by altering the expression of proteins involved in the remod-
elling and proliferation phases by stimulating NF-κB signal-
ling (Figure 4) [103].

According to Aykac et al., silk fibroin had a protective
effect in a rat model of burn injury by inactivating the apoptotic
pathway [101]. Several complex cellular signalling pathways like
Wnt and Notch signalling [105], transforming growth factor
beta (TGFβ) signalling [105, 106], mitogen-activated protein
kinase (MAPK) signalling [107], and AKT/mTOR signalling
[108] take place in a tightly coordinated cascade to heal the
wound during the wound healing process. MAPK signalling
[109] and AKT/mTOR signalling [108] are two cellular path-
ways that play a role in wound healing.

2.6. Summary and Future Perspectives. Silk fibroin, due to
their credible biocompatibility, significantly lowers biodeg-

radation rates compared to other materials, is of user-
friendly nature, is easily available, and has least immune
response to host tissue which has attracted intense interest
in recent decades for various amazing biomedical applica-
tions including wound healing. In various wound healing
applications, it has been found to be a potential biomaterial
in several forms, including solution, films, electrospun silk
fibroin nanofibre mats, hydrogels, hydrocolloid dressings,
and sponges. Because of the favourable findings obtained
in vitro and in vivo, the prospects of employing fibroin alone
and in blends in wound healing are highly promising. Elec-
trospun silk fibroin techniques loaded with or without anti-
bacterial agents are predicted to be the most effective silk
fibroin-based skin substitute in future clinical trials. To con-
struct a novel array of silk fibroin-based biomaterials for
treatment of different types of wound healing, further study
is required to investigate the mechanistic basis for silk
fibroin on the wound. According to Belda Marin et al.
[111] in a review, the behaviour of the biomaterials with age-
ing and liberating the inorganic phase is detrimental to find
out the long-term stability of the scaffolds. Furthermore,
more studies on the interaction between organic and inor-
ganic phase is warranted. Only very few studies are available
depicting the secondary structural changes of silk fibroin fol-
lowing after the inorganic phase interaction, which has to be
studied in detail to elucidate the mechanism. The functional
groups present in silk fibroin could be utilized for covalent
bond formation with inorganic phase, which may give
insight on scaffold designing with specific patterns.
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