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Simple Summary: In the medical area and beyond one of the most important biomaterials is the silk
fibroin (SF) produced by the Bombyx mori L. silkworm. This outstanding biopolymer has received
great attention from researchers due to its unique properties. Among them, the most important char-
acteristic of SF is the high level of biocompatibility with the human organism. The biocompatibility,
high mechanical strength, biodegradability and the biologically active properties have put SF in the
spotlight, and thus numerous biomaterials have been developed. Furthermore, by using genetic
engineering, biomaterials have been obtained that exhibit enhanced properties. In a wide range
of studies, SF was used in order to develop sponges, hydrogels, nanospheres and films. By using
SF-based biomaterials, tremendous progress has been made in tissue engineering and cancer therapy.
In the specialized literature, various methods have been described regarding both extraction and
processing of SF as a functional material. Moreover, SF-based biomaterials have been successfully
obtained by using ecological methods of processing. Therefore, SF is considered to be the foremost
green material.

Abstract: Silk fibroin (SF) is a natural protein (biopolymer) extracted from the cocoons of Bombyx
mori L. (silkworm). It has many properties of interest in the field of biotechnology, the most important
being biodegradability, biocompatibility and robust mechanical strength with high tensile strength.
SF is usually dissolved in water-based solvents and can be easily reconstructed into a variety of
material formats, including films, mats, hydrogels, and sponges, by various fabrication techniques
(spin coating, electrospinning, freeze-drying, and physical or chemical crosslinking). Furthermore,
SF is a feasible material used in many biomedical applications, including tissue engineering (3D
scaffolds, wounds dressing), cancer therapy (mimicking the tumor microenvironment), controlled
drug delivery (SF-based complexes), and bone, eye and skin regeneration. In this review, we describe
the structure, composition, general properties, and structure–properties relationship of SF. In addition,
the main methods used for ecological extraction and processing of SF that make it a green material are
discussed. Lastly, technological advances in the use of SF-based materials are addressed, especially in
healthcare applications such as tissue engineering and cancer therapeutics.

Keywords: silk fibroin; biocompatibility; green material; biomaterial; 3D scaffolds; cancer therapy

1. Introduction

In the past years, research in the biomaterials field has expanded considerably through
unprecedented progress and through the introduction of a significant number of innovative
materials [1]. As a result, biomaterials currently have a widespread application in medicine
due to their specific combination of resistance and biological compatibility. Their ability to
induce tissue and organ regeneration has made it an extraordinary option for therapeutic
treatments [2,3]. Moreover, modern medicine has been increasingly using various synthetic
or natural materials (generally called “biomaterials”) for improving the quality of life
and longevity of human beings. A biomaterial is intended to interact with biological
systems to evaluate, treat, enlarge, or replace any tissue, organ, or function of the body.
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Numerous biomaterials are used in the human body, including metals, ceramics, and
synthetic and natural polymers [4]. Of these, natural polymers (biopolymers) form the
largest class of biomaterials used in medicine, possessing a number of unique properties
covering a wide variety of clinical applications, especially in regenerative medicine and
tissue engineering [5]. At the same time, they are able to mimic the structure of human
tissue due to their physical and chemical resemblance, and most importantly, they are
less toxic to native healthy tissue and more biocompatible compared to most synthetic
materials [6,7].

Among biopolymers, silk fibroin (SF) has attracted more and more attention from life
scientists all over the world from various fields such as chemistry, physics, engineering,
biology, and last but not least, medicine. This protein is regarded as a remarkable bioactive
material for tissue engineering applications due to its biocompatibility, biodegradability,
and tunability [8], and it is studied in the production of 3D scaffolds mixed with various
materials (natural or synthetic polymers, drugs, nanoparticles, growth factors, bioactive
molecules, etc.) that together promote wound healing [9–14]. In addition, it can be pro-
cessed in a wide range of formats, including sponges, wafers, gauze, particles, hydrogels,
fibers, and films [15], being feasible for many other applications. SF as a biomaterial dis-
plays remarkable biological and mechanical properties such as controlled biodegradability,
high biocompatibility, optical transparency, flexibility, mechanical resistance and process-
ability. It is one of the main natural fibers produced by the Bombyx mori L. silkworm, and
the purification and further processing of this protein as regenerated silk fibroin (RSF)
can be obtained by eco-friendly methods that reduce or remove the need for chemical sol-
vents and energy-intensive equipment. These eco-properties combined with a water-based
extraction and purification process make SF a promising material for sustainable manu-
facturing, enabling it to partially replace synthetic, plastic-based and non-biodegradable
material [16,17].

In recent years, numerous studies have been conducted focusing on the widespread
use of SF as a functional biomaterial in the biomedical field. This review is expected to
provide information on superior mechanical and biological properties of SF, the processing
methods as a green material, recent advances in tissue engineering where SF plays a
major role in mimicking the microenvironment of cells, and the importance of SF-based
biomaterials used in drug delivery and cancer therapy. Figure 1 presents a schematic image
of the main SF application.
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Figure 1. Schematic representation of SF main applications.

2. SF—Overview

Silks, as natural polymers, play a pivotal role for insects, being involved in the pro-
cesses of survival and reproduction. Owning remarkable properties, silk has been the
subject of various studies for more than a century [18,19], and it is appreciated by the
scientific community in the field of biology, biotechnology and materials [20]. The main
sources for this outstanding natural protein biopolymer are the spider (Nephila clavipes)
and the silkworm (B. mori). N. clavipes exhibits certain behaviors that do not allow for the
spider’s large-scale harvesting [21]. Conversely, for more than 5000 years, silkworms have



Insects 2022, 13, 286 3 of 25

been domesticated and are currently being reared in numerous countries, such as China,
India, and Japan, etc. As anticipated, the silk obtained from B. mori has been the most
explored. Keeping this in mind, silkworms are the most feasible biological system in the
context of silk production [22–24]. In the past, the silkworms were reared in order to obtain
silk for textile applications; however, currently, silk receives considerable attention for its
various purposes in life science areas [25].

The silk produced by B. mori is composed of two proteins, fibroin and sericin. Of
the two proteins, fibroin (~400 kDa) is the core peptide. The silk fibers involve two
fibroin filaments banded together by sericin, which has a glue-like activity [26,27]. Every
fibroin molecule involves two chains, the fibroin heavy chain (FibH) and the fibroin light
chain (FibL). Between the two chains, there is a disulfide bond through which the two
proteins are linked. Besides FibH and FibL, SF also includes one more protein, namely
fibrohexamerin/P25. The FibH chain contains multiple repetitive sequences that are
involved in the development of anti-parallel structures. However, the FibL chain contains
non-repetitive sequences that are responsible for the chain’s hydrophilicity and fibroin’s
elasticity [28]. The molar ratio of FibH, FibL and P25 in fibroin molecules is 6:6:1 [29]. In a
recent study, it was shown that the genes that encode the three fibroin proteins are directly
regulated by the promoter-interacting proteins. Particularly, their data revealed that there
are numerous proteins of this type that impact the ribosome and metabolism pathways [30].
The architecture and mechanical strength of SF assembled by B. mori are defined by the
protein’s amino acid structure and sequence. With regard to the fibroin’s primary structure,
three main amino acids are described, namely glycine, alanine and serine [31]. However,
tyrosine, valine, histidine and tryptophan are also involved in fibroin’s structure, but
in smaller amounts. SF possesses crystalline domains, but it also contains amorphous
domains [32]. This outstanding protein, SF, displays three distinct polymorphs (I, II,
III) [26,33]. Silk I and silk II are the crystalline forms of fibroin. The first one represents the
structure of fibroin before spinning and belongs to the orthorhombic crystal system, and
the last one is the protein’s solid state obtained after the spinning process, as part of the
monoclinic crystal system. However, by treating silk I with potassium phosphate, it will be
converted to the second polymorph [28].

The silk gland is the silk producing unit, with fibroin being assembled in the posterior
silk gland (PSG) and sericin synthesized in the middle silk gland. After being synthetized,
the proteins form an aqueous solution and are deposited into the silk gland lumen. When
the process of spinning occurs, the proteins proceed through the anterior silk gland (ASG)
duct [34].

3. SF Key Properties

SF exhibits numerous properties that convert this outstanding polymer into one of the
most appreciated biomaterials (Figure 2). Currently, there are various processing forms for
SF: scaffolds, sponges, or films, etc. [35–40]. It has been shown that the biocompatibility
feature is influenced by the purification method and the purification process. Numerous
studies have reported that SF’s biocompatibility is maximized after the removal of the
sericin [41,42]. However, by using sericin as a biomaterial, minimal inflammatory responses
have been reported, indicating that the immune system is active by the combination of the
two proteins [43].
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Figure 2. Schematic representation of SF properties.

3.1. Biocompatibility

The applicability of SF in the medical field dates to the 19th century. It has been
intensively used as sutures due to its high biocompatibility with the human organism.
There are numerous reports that have confirmed this extraordinary property of SF [44–51].

Burn wounds represent one of the most severe categories of injuries; they cause
massive loss of life worldwide. When a burn injury occurs, the patient exhibits great
vulnerability to numerous photogenic bacteria [52]. Through reoccurring bacterial infec-
tions, the healing process can be severely delayed. In order to prevent bacterial infections,
the scientific community is currently focused on developing advanced dressings that can
exhibit great protection against certain pathogens [53]. Yin et al. (2022) developed SF-based
hydrogels and incorporated rhein into its structure, due to the fact that rhein possesses cer-
tain antibacterial and anti-inflammatory properties. After developing the target biomaterial,
the authors determined the hydrogel biocompatibility by evaluating the hemolysis ratio ob-
served after the blood was exposed to the hydrogel for 1 h. Their results showed favorable
biocompatibility. Furthermore, the authors used mice as an animal model to demonstrate
in vivo the protective activity against infections, thus highlighting the feasibility of using
SF-based dressings for accelerated tissue healing [54].

One of the most common neurodegenerative disorders is Alzheimer’s disease. In
Alzheimer’s disease, the hippocampus is the most vulnerable are of the brain [55,56].
Tang et al. (2008) [57] performed an in vitro study in order to investigate the biocompat-
ibility of hippocampal neurons with SF biomaterials. The authors removed the sericin
from the silk fibers and developed an SF-based substrate in order to use it to culture the
hippocampal neurons. With regard to central nervous system therapy, one of the most
used biomaterials is polyglycolic acid (PGA). Their findings showed that by using SF as a
biomaterial, similar results with PGA fibers were observed, indicating that, in vitro, fibroin
displays the essential conditions for a biomaterial [57]. Another in vitro study evaluated
the biocompatibility of SF fibers and extract fluid, respectively, with rat dorsal root ganglia
and Schwann cells derived from sciatic nerves. The data indicated that SF did not exhibit
any cytotoxicity against either biological specimens. This progress is extremely important
for the development of artificial nerve grafts [46].

Skin represents the largest and one of the most important organs of humans. It
has numerous functions; thus, the wound healing process plays a pivotal role in human
health [58]. In this direction, Zhang et al. (2017) [59] explored the effectiveness of using SF-
based films in the skin repair process by using rabbits and porcine as animal models. This
study highlighted the high biocompatibility and the effectiveness of SF as a biomaterial [59].

Macrophages play a key role in the regulation of the host’s immune response. An
ideal biomaterial should exhibit great biocompatibility; therefore, it should not induce



Insects 2022, 13, 286 5 of 25

appreciable macrophage response. The macrophage response had to be evaluated in order
to confirm the biocompatibility of each biomaterial. In this direction, a research group
investigated the macrophage response by adhering SF films to L929 murine fibroblasts. By
performing this experiment, extremely low macrophage activation was observed, suggest-
ing the high biocompatibility of SF as a biomaterial [60].

Moreover, in a recent study, SF produced by B. mori was used to develop bioink for
three-dimensional (3D) bioprinting. Bioink is in the spotlight due to its applicability in the
area of tissue and organ engineering. In this study, the authors used glycidyl methacrylate to
chemically modify the SF in order to obtain the bioink. They acquired SF-based hydrogels by
employing 3D bioprinting and demonstrated its great biocompatibility by using NIH/3T3
fibroblasts. Furthermore, in order to investigate the long-term biocompatibility of this
specific biomaterial, the SF hydrogels were used for printing various complex biological
structures, such as cartilaginous trachea or lungs. This research highlighted the feasibility
of SF-based hydrogels for 3D bioprinting [61].

3.2. Biodegradability

Biodegradation is the process of disruption of natural polymers into numerous small-
scale compounds. Regarding the applicability of biomaterials in the medical area, one
of the most key requirements is biodegradability. Due to SF’s biodegradable behavior,
this natural biopolymer, together with chitosan or collagen, represents one of the most
used biomaterials for tissue engineering applications and beyond. There are three main
proteolytic enzymes that degrade SF, namely chymotrypsin, carboxylase and actinase. After
the process of biodegradation occurs, both the structure and the molecular mass of SF suffer
notable changes [62].

SF’s degradation behavior is impacted by several factors. The most important factor
that influences the degradation rate of SF-based biomaterials is pore size [63–65]. By
comparing the degradation rate of SF-based scaffolds with large and small pore sizes, it
has been demonstrated that the biomaterials that had large pores degraded faster than the
ones with smaller pores. Conversely, scaffolds with higher pore density deteriorated slowly
compared to the ones with lower pore density [66].

In a recent study, Sun et al. (2022) [67] developed SF sponges by using the ice-cold-
induced phase separation-based method. Moreover, the cryo-sponges contained exosomes
in order to obtain controlled delivery of the specific extracellular vesicles. Their data
showed that the encapsulated exosomes maintained their characteristics, and for two
months, the vesicles remained undigested. Furthermore, in vivo assessments showed that
the sustained release promoted cell migration activity, but also stimulated the development
of novel blood vessels. Moreover, their results showed that the SF sponges’ biodegradability
rate was correlated with the fibroin concentrations [67]. This study highlights the great
potential of SF as a biodegradable biomaterial for sustained drug delivery.

Catto et al. (2015) [68] successfully designed SF-based tubular vascular grafts. They
tested, in vitro, the degradation behavior of SF tubes and confirmed the fact that the
enzymatic activity impacted the SF’s crystallinity [68]. In another study, SF was associated
with chitin in order to develop scaffolds that harbor silver nanoparticles that exhibit
antimicrobial activity for wound dressings. The authors demonstrated the antimicrobial
effect of nanocomposite scaffolds against several bacteria. The biodegradability of the
obtained biomaterial was tested in vitro by using lysozyme. Their data showed that
scaffolds exhibit great biodegradable behavior; moreover, the degradation products did
not exhibit cytotoxicity [69].

Fan et al. (2009) [70] used pigs as an experimental model in order to evaluate the
potential of employing SF scaffolds for clinical applications. By using an SF scaffold in pigs,
the authors aimed to regenerate one of the key players for the strength of the knee joint,
namely the anterior cruciate ligament. Furthermore, they developed mesenchymal stem
cells-seeded SF-based scaffolds and implanted them in the experimental animal model.
After 24 weeks, the mesenchymal stem cells displayed fibroblast morphology; moreover,
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great scaffold degradation was perceived. Conversely, after 24 weeks, the ultimate tensile
load of the repaired anterior cruciate ligament was sustained [70].

In another study, 3D porous SF scaffolds were obtained by using two different pro-
cessing methods, aqueous or organic solvent-based techniques. Additionally, the impact
of several processing variables on SF scaffold behavior was investigated; specifically, the
authors explored how the SF concentration and scaffolds’ pore size influenced short- and
long-term in vivo behavior of this biomaterial. As an animal experimental model, two
types of rats were used, nude and Lewis. The aqueous-derived scaffolds compared with
the organic solvent (hexafluoroisopropanol)-derived, exhibited more homogeneous degrad-
ability. However, the hexafluoroisopropanol-derived scaffolds were more impacted by the
SF concentration and pore size; more specifically, a slower degradation rate was observed
by using a higher SF concentration and smaller pore size [71].

3.3. Mechanical Properties

Silkworm SF has a toughness of 80–78 MJ m-3 and exhibits an ultimate tensile strength
(UTS) of 300–740 MPa. The breaking strain of this natural polymer is 4–26%, and the Young’s
modulus of SF is 10–17 GPa. The presence of β-sheet crystallites determines the strength and
stiffness of SF; thus, these structures impact the stability of this polymer [33]. Conversely,
by removing the sericin, the UTS is impacted. In the biomaterial area, the mechanical
strength and the elasticity of SF are remarkable properties. However, the properties of SF
are impacted by several parameters, for instance the processing techniques and β-sheet
patterns [72]. Nevertheless, it was reported that by influencing the molecular weight of
SF, and its solvent composition, the stiffness of this polymer is impacted [73]. There are
several studies that explored the impact of temperature on SF properties. By applying
heat treatment on this natural polymer, its mechanical features changed, specifically the β-
sheet patterns became predominant [32]. Conversely, numerous studies described complex
strategies to improve the properties of SF by blending it with other polymers [74–76].

The extraordinary mechanical strength, elasticity and resistance of SF produced by
B. mori are essential, especially for regenerative medicine and tissue regeneration applica-
tions [77]. Keeping this in mind, Chen et al. (2018) [78] developed 3D SF-based scaffolds in
order to explore the potential of this biomaterial for tracheal defect repairing. They tested
in vitro and in vivo the performance of SF scaffolds by analyzing the regeneration process
of tracheal epithelium. Their data showed that SF scaffolds sustained tracheal mucosa
regeneration within four weeks [78]. Another research group developed SF scaffolds by
using high concentrations of SF aqueous solutions. Two different methods were combined
for preparing the scaffolds, namely the salt-leaching and freeze-drying techniques. It
was observed that the concentration of SF directly impacted the mechanical properties
of the scaffolds. The authors revealed that after 30 days the biomaterials maintained
their initial structure, suggesting that SF scaffolds are an appropriate choice for cartilage
regeneration [79]. Table 1 points out the mechanical differences between several polymers.

Table 1. Comparison between the mechanical properties of several polymers.

Polymer Source UTS (MPa) Modulus (GPa) Breaking Strain (%) References

SF B. mori 300–740 10–17 4–26 [33]

Silk B. mori 740 10 20 [80]

Silk N. clavipes 875 10.9 16.7 [33]

Polylactide Corn 69.8 ± 3.2 1777 ± 42 5.7 ± 0.3 [81]

Polyethylene-terephthalate Synthetic 56 2.2 7300 [82]

Polypropylene Synthetic 34.5 1.7 400 [82]

Cellulose Bacteria 11.6 ± 0.8 180.3 ± 10.6 8.2 ± 0.6 [83,84]
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3.4. Biologically Functional Properties

One of the most complex processes in the human body is wound healing. This process
consists of four different phases, specifically hemostasis, inflammation, cell proliferation
and resolution. However, there are numerous factors that affect this process [85]. In
consequence, major efforts are being made for the development of biomaterials that promote
wound healing, such as oxygenation, infections, or age and gender [86]. SF’s extraordinary
properties are continually being studied for numerous applications in the medical area,
including the process of wound healing. Mrowiec et al. (2012) [87] investigated the impact
of fibroin and sericin in the wound healing process. Furthermore, they explored the
molecular basis of biological functional properties of the two proteins. For this purpose, the
authors used breast cancer (MDA-MB-231) and epithelial (Mv1Lu) cells and performed the
wound healing scratch assessment. Their results confirmed that the silk proteins induced
cell migration. Moreover, they determined that fibroin and sericin are involved in two
signaling pathways, namely ERK and JNK, which are members of the family of mitogen-
activated protein kinases. By phosphorylating the c-Jun, the two kinases activate and
upregulate it [87].

Besides the fact that SF promotes cell migration, it has been shown that this protein
improves cell adhesion. Nikam et al. (2020) [88] investigated the impact of SF nanofibers
on fibroblast-like cells. After culturing the target cells on silk nanofibers for one week, their
data showed that SF significantly improved cell adhesion [88].

Due to SF’s great characteristics, it has been shown that it is a promising biomaterial as
a coating agent in terms of drug delivery [89]. In a recent study, SF was used by Kwon et al.
(2021) [90] for coating probiotic strains. The aim of this study was to improve the stability
of probiotics in the human body. By performing this experiment, the authors observed that
the survival rate of the target probiotics that were SF coated was improved. Furthermore,
by using SF as a biomaterial, cell adhesion was significantly increased [90].

3.5. Enhanced SF by Genetic Engineering

Aiming to meet the high demand of the medical field of biomaterials, numerous
efforts have been made by the scientific community. For this purpose, in the last decades,
genetic engineering has made extraordinary progress. In this direction, various studies
have reported the development of enhanced SF fibers (Table 2) [91–93].

Spider silk exhibits superior mechanical properties that could be extraordinary in the
biomaterials branch. It has been shown that the great toughness and elasticity of spider silk
are determined by the presence of major ampullate silk protein (MaSp). The MaSp protein
has a large and highly repetitive sequence, and due to this fact, it could not be obtained by
using bacteria, yeast or plants [94]. Conversely, B. mori possesses the ability of spinning
highly repetitive proteins. Xu et al. (2018) [24] obtained SF with enhanced mechanical
properties by genetically manipulating the B. mori genome. The authors simultaneously
knocked-out the FibH gene and knocked-in the major ampullate spidroin-1 gene from N.
clavipes. On the same page, Kuwana et al. (2014) [94] obtained transgenic B. mori that
expressed an altered dragline spider protein from Araneus ventricosus. By performing this,
they obtained a tougher silk; furthermore, this mechanical property was improved by
53% [94].
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Table 2. Advances in genetically manipulated B. mori for obtaining enhanced SF.

Exogenous Gene Enhanced SF Reference

Insulin-like
Growth factor-1

Displays improved strength, elongation
and tenacity [95]

Human acidic fibroblast growth factor Promotes cell proliferation [96]

Human basic fibroblast growth factor and transforming
growth factor-b1

Promotes cell proliferation and exhibits
anti-inflammatory activity [97]

Cecropin B and moricin Antimicrobial activity [98]

Green fluorescent protein and cecropin Antibacterial activity and fluorescence [99]

Enhanced green fluorescent protein, DsRed monomer
fluorescent protein and monomeric Kusabira orange Exhibits fluorescence [100]

Laminin and fibronectin peptide adhesive fragments Exhibits increased adhesive activity [101]

Polyalanine motifs Displays improved mechanical properties [102]

Collagen and fibronectin Improves cell adhesive properties [103]

4. SF as a Green Material

SF is a protein produced by the silkworm B. mori, and it is an extensively researched
material with applications in various fields, including the cosmetics industry, biomedicine,
and biomaterials [104,105]. Despite having a natural origin and being a biocompatible,
mechanically superior, biodegradable and functionalizable material [33], the processing
methods of SF oftentimes include highly complex processes that can have a damaging
impact on the environment. This disadvantage comes in contradiction with one of the
main motivators of researching SF’s potential as a biomaterial, which is its eco-friendly
origin and properties (Figure 3). Moreover, the way that processing techniques can affect
its microstructure and properties is still not fully understood.
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The classical regeneration of SF largely includes the use of toxic organic solvents,
including calcium chloride/formic acid [106–109], hexafluoroisopropanol (HFIP) [110–112],
lithium salt solutions such as lithium thiocyanate (LiSCN) [113] and lithium bromide (9.3 M
LiBr-H2O) [114] and calcium nitrate/methanol (Ca(NO3)2)/CH3OH) mixtures [115]. Un-
fortunately, these solvents are hazardous and tend to be environmentally unfriendly [116].
Furthermore, they can directly affect the characteristics of SF and particularly impact the
mechanical properties of the resulting silk biomaterials in subsequent processing [117,118].
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Along with legislation and evolving attitudes toward environmental issues, new (eco-
logical) alternative solvents that are used for SF processing have appeared. These include
0.02 M sodium carbonate (Na2CO3) [114], N-methyl morpholine-N-oxide (NMMO) [119],
ionic liquids [120–122] and the so-called Ajisawa’s reagent consisting of calcium chlo-
ride/water/ethanol (CaCl2/H2O/C2H5OH) [123].

Water-based solvents have a lower environmental impact, and interest in their poten-
tial use in the processing of SF has gradually increased. Reizabal et al. (2021) [124] analyzed
the effect of two dissolving techniques (CaCl2/H2O/EtOH ternary and LiBr/H2O binary
solutions), three regeneration approaches (gas foaming, lyophilization, gelation), and one
post-processing method (ethanol—EtOH) on porosity, macro- and microstructure, molecu-
lar and structural conformation, thermal behavior, water uptake and stability, and last but
not least, heavy metal adsorption. Their results were promising, showing that it is possible
to control SF properties through processing and that the green processing methods have
the potential of expanding, even further, the applicability of SF-based biomaterials [124].

Bae et al. (2020) [125] prepared a water-soluble SF derivative by the methacrylation
(introduction of glycidyl methacrylate—GMA) of SF’s reactive side chains (−NH2, −OH,
−COOH). Through a green, eco-friendly electrospinning process using distilled water as a
spinning solvent, GMA-modified SF water-soluble ultrathin fibers were obtained. Next,
a structural change from random coils to b-sheets was facilitated by the treatment with
an aqueous ethanol solution in order to insolubilize the fibers, and chemical crosslinking
improved the water resistance. Electrospinning is a suitable alternative for the green
processing of SF without the use of toxic substances [125]. Another study by Yang et al.
(2017) [10] reported the feasibility of developing natural green composite matrices based on
SF and MN (Manuka honey), used as an antimicrobial dressing in wound healing (ulcer).
The SF was dissolved in a ternary solvent system of a CaCl2/H2O/CH3CH2OH solution
(1:8:2 in molar ratio) and was mixed with various amounts of MH over 12 h to obtain stable
spinning solutions. Subsequently, the mixtures loading with different amounts of MH
were manufactured by a process of green electrospinning, where the ecological damage
associated with solvents used is often overlooked [126]. In this regard, SF played a key role
in indicating permeability of these membranes and in biocompatibility.

Freezing-induced silk I crystallization is another entirely green alternative for obtain-
ing a water-insoluble SF material with the silk I crystalline structure from an SF aqueous
solution. Crystallization induction allows for the obtainment of a water-insoluble silk I
structure without any highly processing approaches or the use of organic solvents. Through
a freezing-generated concentration and thermodynamically driven assembly, the silk I crys-
tallization process can be controlled and can be environmentally friendly [127].

Yang et al. (2016) [128] improved the strain performance, up to 120%, of a green electro-
spun SF nanofiber through an eco-friendly 24 h process of hyaluronic acid (HA)/1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS)-crosslinking.
Not only did their SF nanofibrous matrices have better tensile performance than the ma-
trices treated conventionally (ethanol soaking or fumigating), but the hydrophilicity was
higher, and the cytocompatibility was good. Thus, HA/EDC/NHS-crosslinking might be
an eco-friendly option to improve the mechanical properties of SF nanofibers, which are
the main restriction in their use as tissue engineering scaffolds [128].

Fei et al. (2013) [129] used SF as a biotemplate to produce silver nanoparticles in situ
under light (both incandescent light and sunlight) at room temperature. The composite
solution (RSF-AgNPs) was prepared by an ecological method where the AgNO3 powder
was added to RSF solution and mixed until a transparent RSF-AgNO3 solution formed. The
mixture solution obtained was then exposed under the light with an incandescent bulb and
was incubated at room temperature for 24 h to produce an RSF-AgNPs composite solution.
In this case, SF serves as the reducing agent of silver and the dispersing and stabilizing agent
of the resulting silver nanoparticles. As the reaction does not need any other chemicals and
only uses light as a power source, the synthetic route of silver nanoparticles reported here
is environmentally friendly and energy saving.
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Raho et al. (2020) [130] used a green synthesis approach to create a composite hy-
drogel (CoHy) of carboxymethylcellulose-Na (CMC-Na) stabilized and loaded with Ag-
NPs. An RSF solution was obtained by dissolving the fibroin with a solution of CaCl2
(CaCl2/CH3CH2OH/H2O) instead of LiBr and mixing it with a CMC-Na aqueous solution.
The silver nitrate (AgNO3) was weighed and slowly added to the solution. For a great
crosslinking, the composite solution was sonicated and exposed to UV radiation (for green
synthesis of AgNPs). In this work, the synthesis of the hydrogel (CoHy) was based on a
green process with ecological methods and natural components such as SF that served as a
reducing agent in the green synthesis of AgNPs [129,131].

Switching toward eco-friendlier processing techniques of SF has gained popularity
in materials science research and has raised the awareness of the negative impact of more
environmentally toxic approaches. More research is necessary in order to find the ideal
methods for maximizing SF’s potential as a biomaterial, with the lowest impact on the
environment.

5. SF and Tissue Engineering

The purpose of tissue engineering is to combine cells with scaffold materials and
growth factors in order to help the regeneration of or even replace damaged tissue and/or
organs. The need for a biomaterial matrix that could aid in the development of viable and
biologically active tissue, either in vivo or in vitro, has increased in the last few years [132].
It has been proven that SF stimulates the attachment and growth of human cells [133];
thus, it is not surprising that it became a Food and Drug Administration (FDA)-approved
biomaterial that can successfully be used as a scaffold in tissue engineering due to its
unique properties and complex structure [2].

In order for it to be successfully used in tissue engineering, SF has to undertake a
dissolution process, with different morphologies of the regenerated SF observed according
to the different solvent systems used [134]. SF has a tightly packed structure; thus, it is
insoluble in most of the solvents used for the dissolution of polymers for biotechnology
applications, including water. Obtaining an SF solution requires the use of near-saturated
bromides or thiocyanates and dialysis, after which the solution is unstable and hard to
store for a longer time [135].

Additionally, multiple techniques have been used to process SF, including chemi-
cal (surface modifications only, entire material modification, and sonochemical methods)
and enzymatic approaches (surface/bulk material modifications) [135]. From gas plasma
treatments [136] and UV irradiation to more complex systems where SF films were first am-
inated by ammonia, NH3, and then covalently sulfonated by sulfur dioxide [137], chemical
modifications of SF are still of interest, despite their disadvantages. Biochemical enzy-
matic treatments of SF that have been studied include protease XIV and a-chymotrypsin
treatment of SF for corneal regeneration [138], proteinase K for a porous network by a
co-precipitation process with hydroxyapatite solution [139], and collagenase IA [140]. Fur-
thermore, the enzymatic grafting of biomolecules such as lactoferrin [141] and chitosan was
also described [142], and they are beginning to reveal their potential in tissue engineering.

Among the multiple and complex applications of SF in tissue engineering, SF dressings
are a viable and promising option for the improvement of wound healing strategies through
tissue engineering techniques [14]. Through the use of SF in developing sponges [143],
hydrogels [144,145], SF micro- and nanoparticles [146], nanofibrous matrices [147], scaffolds,
and composite films [148], SF and its potential applications in tissue engineering have been
intensely studied in the last few years.

SF dressings can also improve the management of chronic wounds, as shown by
Li et al. (2017) [149]. They prepared a functionalized SF dressing with topical bioactive
insulin release by coaxial electrospraying of aqueous SF solution under mild processing
conditions. This was based on the ability of insulin to stimulate cell migration and certain
wound recovery methods [150]. The encapsulated insulin in the inner layer of the SF
microparticles could thus be gradually released up to 28 days. The therapeutic effects
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of these microparticles loaded into an SF sponge (obtained by multilayer loading and
freeze-drying method) was evaluated in vivo on dorsal full-thickness wounds of diabetic
Sprague–Dawley rats. The degree of wound healing by measuring the area of wound
closure showed the promotion of wound healing through accelerated wound closure and
stimulation of vascularization and collagen deposition [149].

Moreover, processed SF after extraction of silk–sericin was also studied as a potential
material for tissue engineering of the anterior cruciate ligament (ACL). A six-cord silk
wire-rope matrix was designed that, based on ultimate tensile strength, linear stiffness,
yield point, and percent elongation at break, had similar mechanical properties with the
human ACL cells. This silk matrix supported both the attachment, as well as the expansion
and differentiation, of adult human progenitor bone marrow stromal cells [132].

A highly porous 3D silk scaffold was designed by Wang et al. (2005) [151] and was
combined with autologous adult mesenchymal stem cells (MSCs) in an attempt to perform
in vitro cartilage tissue engineering. After 3 weeks of cell cultivation, RT-PCR analysis for
cartilage-specific ECM gene markers and histological and immunohistochemical evalua-
tions of cartilage-specific ECM components showed that the MSCs took the chondrogenic
pathway with zonal architecture, including spatial cell arrangement and type II collagen
distribution similar to native cartilage tissue [151]. Since cartilage has a limited self-repair
capacity, and the current approaches for treating cartilage damage are not good enough for
restoring the lost functionality, the potential of silk scaffolds in cartilage tissue engineering
is of great importance and should be further evaluated in vivo. More recently, a 4D bio-
printing system including SF was designed by Kim et al. (2020) [152]. Their system was
based on digital light processing 3D bioprinting technology and photopolymerizable SF
bioink. After obtaining a 4D-bioprinted silk hydrogel and using it to make trachea mimetic
tissue, they successfully implanted it in the damaged trachea of an 8-week-old rabbit and
proved the applicability of this new bioprinting system in vivo [152].

In another study, Mallepally et al. (2015) [153] used CO2-assisted acidification for
the synthesis of SF hydrogels that were subsequently converted to SF aerogels using the
salt-leaching method [154]. Moreover, these SF aerogels were structurally, mechanically and
in vitro biologically characterized using human foreskin fibroblast cells. The results showed
that the aqueous SF concentration plays an important role in tuning the morphology and
textural properties of the SF aerogels. These presented a significantly higher surface area
and pore volume compared to the freeze-dried SF scaffolds. Furthermore, the SF-aerogels
presented are highly porous with an interconnected network of nanofibrils, contributing to
the success of cytocompatibility with human foreskin fibroblasts cells and their propagation.
The SF aerogel scaffolds obtained by supercritical CO2 have the potential for applications in
tissue engineering, and the method of their synthesis can be used as an alternative method
for 3D scaffold preparation.

Pacheco et al. (2020) [155] reported the use of several biopolymers in the development
of SF/CS/SA multilayer membranes as a system for controlled drug release in wound
healing. In this regard, the aim of the paper was to combine, in a single-composite material,
the mechanical and biocompatibility properties of SF, the antimicrobial action of chitosan
(CS) and the ideal exuded absorption of alginate (AS), thus achieving a synergistic effect.
The membranes were prepared by pouring, where diclofenac sodium was incorporated as
a model drug, into the chitosan solution before the solvent evaporated, which was stored in
the middle layer of the membrane. The results showed that the incorporation of the drug
did not affect the mechanical, thermal or barrier properties. Drug release was evaluated
in vitro using a simulated solution of a wound exudate at 37 ◦C, where Fickian diffusion
behavior was shown to be the dominant release mechanism. The results supported the
idea that these multilayer membranes (SF/CS/SA multilayer membranes) could serve in
biomedical applications as high-performance wound dressings.

Among the varieties of materials tested in the field of tissue engineering, SF continues
to be of increasing interest in the medical field, this being a promising material in scaffold
(3D) fabrication, mimicking the natural extracellular matrix (Figure 4). Furthermore, the
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ease of processing, the excellent biocompatibility, the remarkable mechanical properties and
the personalized degradability of SF make it a competitive material in tissue engineering
and regenerative medicine.
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6. SF Involved in the Treatment of the Eye, Bone and Skin Regeneration
6.1. SF Involved in the Treatment of the Eye

The cornea is a half-millimeter thick structure with three types of tissues: corneal
epithelium (anterior to an acellular area—Bowmann’s layer), avascular corneal stroma with
mesenchymal cell types (keratocyte), and an innermost single layer of corneal endothelial
cells (posterior to an acellular zone—Descemet’s membrane).

Harkin et al. (2011) [156] hypothesized that, among the complex eye structures that
SF could be used as for a bioengineered tissue replacement would be the corneoscleral
limbus, the corneal stroma, the corneal endothelium, and Ruysch’s complex (the outer
blood-retinal barrier). For the corneoscleral limbus, they believe that a composite material
such as a prosthetic basement membrane could be used to grow epithelium on, which
would support the exchange of nutrients and regulatory substances that must be present
for the maintenance of the stem cells. Overlying this prosthetic basement membrane, they
proposed a 3D scaffold that is more biomimetic for the stromal cells [156]. Although, for
the corneoscleral limbus, transplant from a deceased donor has been associated with a
high rejection rate [157], this type of procedure seems to be highly successful for corneal
stroma reparation. The risk of transmission of different diseases through a transplant
makes it desirable that viable alternatives from bioengineered tissues should be available.
In order for a biomaterial to contribute to corneal stroma regeneration, it should support the
growth of an epithelial layer and provide a vehicle for the transplantation of keratocytes.
However, they should also maintain a high level of transparency, unlike corneoscleral
limbus reconstruction.

Two of the methods currently used for obtaining SF films for corneal applications are
the centrifugal casting technique and the dry casting method. Lee et al. (2016) [158] used
both of these methods and compared the results. Their results showed that the centrifugal
method offers more benefits, with less surface roughness of the films, increased growth of
corneal fibroblasts (primary human corneal keratocytes) and better tensile strength and
transparency [158]. Thus, the centrifugal casting technique is a promising method in tissue
engineering of SF films for corneal regeneration.

The potential of SF as a biomaterial for corneal epithelial cell sheet generation has
further been evaluated by Liu et al. (2012) [159], who compared the biological cell behavior
of human and rabbit primary and immortalized corneal epithelial cells on SF and denuded
human amniotic membrane (AM). The cells adhered to and proliferated on both SF and AM,
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and expression of DNp63a, a progenitor cell marker [160], and keratin 3/12, a differentiation
marker [161], existed on both cell culture types. Moreover, after being cultured at the air–
liquid interface for 7 days, cells on the SF formed a stratified graft with a 2- to 3-cell layering
with compact columnar cells on the basal layer and squamous cells present on the apical
layers [159]. Since no cytotoxic response or inhibition of cell growth was observed in the
SF cultures, their study strongly supports the high biocompatibility of SF biomaterial to
corneal epithelial cells and their potential for corneal regeneration.

Lawrence et al. (2009) [162] designed 2-micromillimeter thick, surface-patterned silk
films with 0.5–5.0-micromillimeter pores and demonstrated human and rabbit corneal
fibroblast proliferation, alignment and corneal extracellular matrix expression in both 2D
and 3D cultures on these films. The thickness was carefully chosen to imitate corneal
collagen lamellae dimensions, whereas the surface pattern was meant to guide cell align-
ment. Pores were used for the enhancement of translamellar diffusion of nutrients and
promotion of cell–cell interactions [162]. Their results further strengthen the potential of SF
in bioengineered tissues for corneal injuries and pathologies.

The eye is an extremely complex organ, and its functionality in normal parameters
highly influences the quality of life. Multiple research branches are currently performing
joint work with the sole purpose of improving the regeneration of eye components. In this
context, SF has proven to be a suitable candidate for a biomaterial that can be used for
tissue engineering of eye components, especially for the cornea. Despite the enthusiasm
that SF has seeded, more research is needed in order to better understand the interaction of
its properties as a biomaterial and the human living organism, especially within the eye.

6.2. SF Used in the Treatment of the Bone

Bone is a rigid tissue with the essential propriety of providing structural support and
protection of certain internal organs while supporting muscular contraction and serving as
a deposit for certain minerals [163]. While it heals and remodels without leaving gross scars,
efficient therapeutic strategies are needed for the efficient management of bone injuries.
Bone grafts were the main option for a while, but their multiple disadvantages [164,165]
have encouraged further research for viable alternatives.

For this purpose, in a recent study, Zhao et al. (2022) [166] developed SF-based
scaffolds. One of the key players when it comes to bone repair and healing processes is
hydroxyapatite. Being the foremost mineral element in bones, the authors combined SF
with hydroxyapatite and obtained porous scaffolds. Moreover, they developed poly(lactic-
co-glycolic acid) (PLGA)-based microspheres for controlled release of naringin, which is
known for its ability to promote stem cell differentiation into osteoblasts. The microspheres
were attached to the developed scaffold. First, the authors used human bone mesenchymal
stem cell cultures in order to investigate the impact of the developed biomaterial on stem
cell differentiation potential. Their data showed that the microspheres inlaid into the
developed scaffolds have great potential in promoting osteogenic differentiation of target
cells. Second, they used rabbits as a model organism to evaluate the bone repair process;
more specifically, they surgically induced significant lesions of distal femoral epiphysis. The
results indicated that the obtained biomaterial has great potential in the bone regeneration
area by promoting bone defect healing [166].

A study conducted by Meinel et al. (2005) [167] used SF to form porous scaffolds
on which human mesenchymal stem cells (hMSC) were cultured for 5 weeks. Afterward,
they used the tissue as an implant for mouse critical calvarial defects. After another
5 weeks, multiple analyses including gene expression analysis, biochemical assays, and X-
ray diffractometry demonstrated that SF successfully induced advanced bone
formation [167].

The properties of SF of providing an osteogenic environment for bone-related out-
comes was also proven by Zhao et al. (2009) [168]. They used apatite-coated SF scaffolds
seeded with osteogenically induced autologous bone marrow stromal cells (bMSCs). The
graft was used to repair inferior mandibular border defects in a canine model in comparison
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with bMSCs and SF scaffolds (no apatite-coating), apatite-coated SF scaffolds alone, SF
scaffolds alone, autologous mandibular grafts, and untreated blank defects. Four weeks
after the operation, new bone formation was detected through histological and radio-
graphic examinations, with the defects being completely repaired for the bMSCs together
with the apatite-coated SF group [168]. Their favorable results suggest that SF scaffolds
could successfully be used with an apatite coating in combination with osteogenically in-
duced autologous bone marrow stromal cells for the management of bone defects through
tissue engineering.

Hydroxyapatite-coated SF composites were proven through fluorescence microscopy
and scanning electron microscopy (SEM) to sustain cell adhesion and proliferation of
mesenchymal cells derived from EGFP-expressing transgenic rat bone marrow in 10-day
cultures. The results were comparable to the adhesion and growth of the cells seeded on
tissue culture polystyrene dishes, which are standard scaffolds for the culture of cells, and
which strongly support the use of SF scaffolds for regenerative medicine with applications
in bone-related pathologies [169].

Another novel nanocomposite containing SF that might be used as tissue engineering
scaffold or bone replacement was obtained by Cui et al. (2007) [170]. During its synthesis
in an aqueous solution containing SF, hydroxyapatite (HA) nanocrystallites nucleated and
grew preferentially along the plane (002) of the HA crystal, suggesting that SF might have
an essential role in the mineralization of HA nanocrystallites. Moreover, the resulting
nanocomposite had a compression strength of 97.6 MPa, which is higher than that of woven
bone [170]. This compression strength was much higher than the one found in the case of
the SF-chitosan/nano-hydroxyapatite porous scaffolds by Wen et al. (2007) [171]. Although
their scaffold had good bioactivity, proven in the simulated body fluid experiments, when
a layer of bone-like apatite crystals that were randomly oriented formed on the scaffold
surface, their compressive strength varied only from 0.26 to 1.96 MPa. Both the porosity
and the compressive strength seemed to change in relation to organic phase concentration
and pre-freezing temperatures, and the authors concluded that a pre-freezing tempera-
ture of −80 ◦C and 5% organic concentration would be the best choices for bone tissue
engineering [171].

The multiple properties and functions that bones have in the body make it necessary
to have more than one viable option for bone regeneration, especially in the context of the
high frequency of accidents involving bony structures. Considering the disadvantages of
bone grafts and the impact that post-traumatic bone lesions can have on the quality of life
through the impairment it causes, SF research as a potential tissue engineering biomaterial
for bone-replacement structure synthesis has recently gained popularity. Although this
potential still has to be tested in vivo, the properties of SF in current research, as well as
the in vitro experimental work that has been performed, suggest that this is the proper
direction to go.

6.3. SF Involved in the Treatment of Skin Regeneration

Skin has a complex function, including protection, thermo-regulation and a barrier be-
tween the outside of the body and the underlying tissues. Because skin lesions are frequent,
over time, multiple approaches have been suggested for the proper treatment of injuries
and pathologies developed at this level. Skin grafts have multiple classifications (based on
thickness, donor origin, etc.), and each has different advantages and disadvantages. Their
limitations of size, donor site availability and tolerability make skin grafting an imperfect
option, and they have encouraged the search for a bioengineered skin equivalent [172].

A complex SF-based formic acid-crosslinked 3D nonwoven scaffold was studied by Dal
Pra et al. (2006) [173] and was proven to be a great candidate for human tissue engineering.
Among the methods they used was scanning electron microscopy (SEM) and differential
scanning calorimetry, as well as thermogravimetric and tensile strength studies. These
showed that the scaffolds are a composite material with anisotropic SF fibers enclosed
within an isotropic matrix of SF in film form. They also obtained fibers, which as well as
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films, were firmly crosslinked and water insoluble. The crosslinking was hypothesized
to have been induced by formic acid treatment and the lack of water solubility to their
ß-sheet crystalline structure. Both human embryonic kidney cells and human dermal
fibroblasts were attached to the scaffolds within 3 h and started proliferating and colonizing
the scaffolds after 24 h. The cultures kept growing, with an active metabolism and no sign
of protein catabolism, for at least 15 weeks [173].

A chitosan/SF blend film was evaluated as a biomaterial for skin tissue engineering by
Luangbudnark et al. (2012) [174]. Chitosan appears to have enhanced β-sheet conformation
of fibroin as well as increased flexibility, enzyme degradation, and swelling index. Fourier
transform infrared spectroscopy and differential scanning calorimetry analysis showed
intermolecular interactions between chitosan and SF. Furthermore, XTT assay showed no
toxicity of the chitosan/SF blend film on fibroblast cell cultures, which showed proliferation.
The blend films had a percentage of elongation at the break between 6.4% and 14.4%, which
seemed to increase proportionally with the chitosan content, while the tensile strength was
between 52.8 and 58.3 MPa, independent of the chitosan proportion. Conversely, increasing
the fibroin content of the CS/SF blend films led to lower flexibility [174].

Another type of recently studied blended scaffold of SF was in combination with
human hair keratin with a potential use as a dermal substitute [175]. Three-dimensional
(3D) blended scaffolds were fabricated by freeze-drying and were tested on the L929
mouse-fibroblastic cell line. Functional fibroblasts showed good biocompatibility and
proliferation on the 3D scaffolds, with a greater expression of collagen type I proven
by immunohistochemical staining methods. Cellular compatibility evaluated through
MTT assay showed good cell viability for 14 days of culture. Further, these composite
scaffolds supported cell attachment and proliferation along with intact extracellular matrix
(ECM) deposition, specifically for Col I. These results demonstrate that SF–keratin blended
scaffolds are promising substrates for dermal reconstruction, wound healing, and other
biomedical applications [175].

Although, for the treatment of skin injuries, skin grafting has been studied and used
for a long time, they have a limitation of size, are dependent on donor size availability,
and have the potential to be rejected by the host organism. These limitations cannot be
overlooked, especially in complex and extended burn-cases that require additional support
and special care. The biocompatibility of SF, as well as its natural origin and abundance,
give it the potential to overcome certain issues of skin grafts (Figure 5). Besides its potential
use for bioactive wound dressings, SF might become an important resource for in vivo
regeneration of the skin.
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7. SF in Cancer Therapy

Globally, cancer is the leading cause of mortality [176]. Currently, chemotherapy is
the standard therapy for numerous types of cancer. However, there are numerous disad-
vantages when it comes to chemotherapy, the most important being its high toxicity [177].
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Keeping these aspects in mind, there is a major need for the development of drugs that
exhibit reduced toxicity. Due to its extraordinary properties, SF has great potential as a drug
delivery system. Another great advantage of using SF is its great feasibility of modification
and the ease of processing [178,179]. Being extremely versatile, SF has been used to de-
liver numerous compounds, such as vaccines, proteins, therapeutic compounds and so on.
Sun et al. (2019) [180] encapsulated doxorubicin in SF-based nanoparticles for exploring its
feasibility in target cancer therapy. In addition, on the nanoparticles’ surface, the authors
covalently grafted folic acid in order to target the tumor cells. Their results showed that
the prepared SF nanoparticles did not affect cell viability or proliferation. This approach
displayed promising results, as the particles were able to target the tumor cells. Moreover,
the doxorubicin was controllably released [180].

In a recent study, Saqr et al. (2021) [181] developed SF nanoparticles that were loaded
with docetaxel to target breast cancer cells. Their data revealed that the developed nanopar-
ticles exhibited an enhanced cytotoxic effect against the targeted cancer cells [181]. Mot-
taghitalab et al. (2017) [182] encapsulated gemcitabine in SF nanoparticles in order to target
lung cancer cells. As an experimental model animal, the authors used mice. The results
of this approach showed that SF nanoparticles were able to reduce the side effect of gemc-
itabine. Furthermore, the therapeutic activity resulting from this formulation was higher
than other approaches [182]. In the same year, Moin et al. (2021) [183] developed both nano-
and micro-fibroin-based particles as drug delivery systems to encapsulate doxorubicin.
The authors used two types of cancer cell lines, specifically MCF-7 and SAOS2, and one
normal human cell line, namely HFF. By using the MTT assessment, they evaluated the
toxicity exhibited by micro- and nanoparticles on cell lines. Their data showed that cell
growth was inhibited. Furthermore, the impact of SF-based particles on p53 expression was
evaluated. Numerous studies have highlighted that p53 overexpression plays a key role
when administering doxorubicin to cancer patients; specifically, the overexpression if this
gene is linked to higher sensitivity of malignant cell sensitivity to this chemotherapy agent.
By using the real-time PCR method to evaluate p53 expression, the doxorubicin-loaded SF
nanoparticles induced higher p53 expression in the malignant cell lines and decreased its
expression in the normal cell line. Conversely, the doxorubicin-loaded SF microparticles
decreased p53 expression in the SAOS cell line and significantly increased it in the MCF-7
and HFF cell lines. Moreover, the authors investigated the reactive oxygen species levels
after treating the cell lines with the developed biomaterials and observed that the reactive
oxygen species levels were lower in two cell lines, namely MCF-7 and HFF. These findings
highlight the great contribution of SF-based biomaterials in cancer therapy [183].

In 2022, a group of researchers successfully developed SF-based double-layer micronee-
dles. The authors developed the delivery devices in order to encapsulate and administer
triptorelin in a controlled released manner. Triptorelin is widely used in the treatment of
prostate gland carcinomas due to its inhibitory effect on testosterone; however, it is an
injectable suspension that exhibits certain disadvantages such as cold-chain storage or
the administration method. After developing the SF-based microneedles and successfully
encapsulating triptorelin in the microneedles’ tip, the authors subcutaneously implanted
the devices in rats in order to evaluate its therapeutic effects. The authors showed that by
encapsulating triptorelin into SF microneedles, its half-life was extended compared with
the half-time obtained after directly subcutaneously injecting the drug. In order to confirm
the inhibitory effect of encapsulated triptorelin on testosterone concentration, as controls,
castrated and healthy rats were used. Their results showed that by using the developed
microneedles to administer triptorelin, the testosterone levels were the same as the levels
observed in the castrated rats, and the inhibitory effect was maintained for more than seven
days. Conversely, by subcutaneously injecting the target drug, the repressive action of
triptorelin was maintained for less than one day. These findings suggest that SF-based
microneedles are a promising approach for delivering triptorelin [184].

Furthermore, SF is currently being used as a tumor model to investigate cancer biology.
By using a tumor model to mimic the tumor microenvironment, valuable insights could
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be observed. Dondajewska et al. (2018) [185] used an SF-based scaffold to construct a
breast cancer model. The model provided insights into the interactions between the stromal
fibroblasts and cancer cells. This complex model represents a promising approach for
expanding the understanding of tumor biology [185]. In another study, scaffolds were
developed that contained both SF and chitosan to mimic a tumor’s microenvironment.
These scaffolds allow for the investigation of tumor drug resistance mechanisms and
provide insights for the evaluation of therapeutic agents [186]. Table 3 shows numerous
studies that successfully used SF in cancer therapy, and Figure 6 illustrates the use of SF in
cancer therapy.

Table 3. SF-based biomaterials used in cancer therapy.

Biomaterial Type of Cancer Reference

SF hydrogels Hepatocellular carcinoma [187]

SF–Thelebolan matrix Soft tissue carcinoma [188]

Doxorubicin loaded SF nanoparticles Brain cancer [189]

SF–Sodium alginate nanocarriers Colorectal cancer [190]

SF-based metastasis model Breast cancer [191]

Triptolide–Celastrol-loaded SF nanoparticles Pancreatic cancer [192]

Alpha-mangostin loaded SF nanoparticles Colon cancer; Breast cancer [193]

SF rods Breast cancer [194]

Quercetin loaded SF nanoparticles Breast cancer; Lung metastasis [195]

Biliverdin–SF hydrogel Glioma [196]

Floxuridine-loaded SF nanospheres Digestive tract cancer; Lung
cancer [197]

Curcumin-loaded SF nanoparticles Breast cancer [198]

Insects 2022, 13, x    18  of  26 
 

 

Figure 6. SF‐based drug delivery and the production of 3D SF scaffolds for the growth of cancer 

cells. 

8. Conclusions 

SF represents the major structural element of the silk produced by B. mori. Numerous 

studies have demonstrated  the unique properties of  this protein. One of  the most  im‐

portant characteristics is the great level of biocompatibility with human organisms. More‐

over, SF has great mechanical properties and biodegradable behavior. Due to its unique 

properties, this protein has an extraordinary potential in the medical field and beyond. It 

has been used for a long time as a suture in surgeries, but currently, it is the main compo‐

nent of numerous biomaterials. Great advances have been made in the medical area due 

to  SF’s  ability  to  generate  numerous  biomaterials,  such  as  scaffolds  or  nanoparticles. 

Moreover, by applying different techniques, SF’s features can be controlled and remod‐

eled. In recent years, SF has gained attention due to the fact that it can be considered a 

green material. 
SF is currently being used in various areas, and a wide range of techniques has been 

employed for obtaining different types of SF‐based biomaterials. There have been numer‐

ous types of scaffolds obtained by using this natural polymer, such as hydrogels, films, 

nanospheres, sponges and coatings. With the current progress that is being made for a 

better understanding of SF’s structure, properties, and processing methods, there are new 

opportunities for its applicability. Moreover, SF has been associated with a wide range of 

compounds  in  order  to maximize  its mechanical  and  biological  functional properties. 

There have been various studies that have used SF for the cornea, bone, and its applica‐

tions. Beside SF’s extraordinary contribution to tissue engineering, this biomaterial has a 

great input in cancer therapy. It is currently being used as a coating agent in the treatment 

of several types of cancers, for instance in lung and breast cancer. Furthermore, molecular 

engineering has been applied in order to obtain enhanced SF for biomedical applications. 

Author Contributions: Conceptualization, G.‐M.B. and C.L.; resources, A.‐A.C., C.L. and D.S.D.; 

writing—original draft preparation, C.L., G.‐M.B., A.‐A.C. and D.S.D.; writing—review and editing, 

A.‐A.C., C.L. and G.‐M.B.; supervision, G.‐M.B. and C.L. All authors have read and agreed to the 

published version of the manuscript. 

Funding: The publication was supported by funds from the National Research Development Pro‐

jects to finance excellence (PFE)‐14/2022‐2024 granted by the Romanian Ministry of Research and 

Innovation. 

Figure 6. SF-based drug delivery and the production of 3D SF scaffolds for the growth of cancer cells.

8. Conclusions

SF represents the major structural element of the silk produced by B. mori. Numerous
studies have demonstrated the unique properties of this protein. One of the most important
characteristics is the great level of biocompatibility with human organisms. Moreover, SF
has great mechanical properties and biodegradable behavior. Due to its unique properties,
this protein has an extraordinary potential in the medical field and beyond. It has been
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used for a long time as a suture in surgeries, but currently, it is the main component of
numerous biomaterials. Great advances have been made in the medical area due to SF’s
ability to generate numerous biomaterials, such as scaffolds or nanoparticles. Moreover,
by applying different techniques, SF’s features can be controlled and remodeled. In recent
years, SF has gained attention due to the fact that it can be considered a green material.

SF is currently being used in various areas, and a wide range of techniques has
been employed for obtaining different types of SF-based biomaterials. There have been
numerous types of scaffolds obtained by using this natural polymer, such as hydrogels,
films, nanospheres, sponges and coatings. With the current progress that is being made
for a better understanding of SF’s structure, properties, and processing methods, there are
new opportunities for its applicability. Moreover, SF has been associated with a wide range
of compounds in order to maximize its mechanical and biological functional properties.
There have been various studies that have used SF for the cornea, bone, and its applications.
Beside SF’s extraordinary contribution to tissue engineering, this biomaterial has a great
input in cancer therapy. It is currently being used as a coating agent in the treatment of
several types of cancers, for instance in lung and breast cancer. Furthermore, molecular
engineering has been applied in order to obtain enhanced SF for biomedical applications.
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