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Silk fibroin is an important natural fibrous protein with excellent prospects for tissue
engineering applications. With profound studies in recent years, its potential in tissue
repair has been developed. A growing body of literature has investigated various
fabricating methods of silk fibroin and their application in tissue repair. The purpose of
this paper is to trace the latest developments of SF-based scaffolds for tissue
engineering. In this review, we first presented the primary and secondary
structures of silk fibroin. The processing methods of SF scaffolds were then
summarized. Lastly, we examined the contribution of new studies applying SF as
scaffolds in tissue regeneration applications. Overall, this review showed the latest
progress in the fabrication and utilization of silk fibroin-based scaffolds.
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1 Introduction

Tissue engineering is a biomedical engineering discipline that combines living cells, suitable
biochemical (e.g., growth factors) and physical (e.g., cyclic mechanical loading) factors, and
biocompatible materials in rebuilding, preserving, improving, or replacing different types of
biological tissues. It usually involves implanting tissue construction into the body to fix an injury or
restore a failing function of the organ (Berthiaume et al, 2011). A suitable material for tissue
regeneration should conform to the following: biocompatible, nontoxic, controlled
biodegradability, proper architecture, mechanical properties, antibacterial properties
(Bhattacharjee et al, 2017; Xie et al, 2021). To date, synthetic materials such as metal,
ceramics, bioactive glass, polymers have been widely used for tissue regeneration. Compared
to synthetic materials, natural polymers offer better compatibility, which is a prerequisite for the
qualification of artificial implants. Also, their inherent bioactivity rendered positive attributes
towards graft regeneration. Hence, natural ECM proteins are prevalently decorated with cell-
binding sites, which assist in cellular adhesion and migration (Silk biomaterials for vascular tissue
engineering applications). From a clinical perspective, scaffolds for tissue engineering are a
combination of mechanical, chemical, and biological properties (Ma et al., 2003; Suesca et al., 2017;
Xu et al,, 2017). Therefore, in tissue engineering scaffold design, the properties of biomaterials
should be fully focused and regulated to satisfy the clinical requirements (Kundu et al., 2013).

Due to its outstanding mechanical characteristics and sheen, silk has been used in the
textile industry for over a millennium. It is biosynthesized in epithelial cells by more than
200,000 arthropods such as silkworms, spiders, lacewing, glowworms, and mites (Craig,
1997; von Byern et al., 2019). The most characterized silk was usually produced by B. mori
(Bombyx mori)(Sun J. et al., 2021). The natural biopolymer known as silk fibroin (SF),
which is derived from B. mori silk, is widely accessible and has been employed for many
years as sutures in the human body. It was exploited in many biomedical science areas due
to the constant development of its processing technology and outstanding properties,
including excellent mechanical properties, biocompatibility, slow degradation, and
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FIGURE 1
Structure of silk.

sterilizability (Vepari and Kaplan, 2007; Kundu et al., 2013). It has
been proven to be a promising ingredient for biomedical application.
Tissue-engineered scaffolds with highly repeatable shapes, including
sponges, films, fibers, and hydrogels, can be produced from SF
(Rockwood et al., 2011). It is possible to combine silk proteins with
other materials to enhance or achieve specific characteristics, such as
biomedical properties including cell adhesion, and biocompatibility
(Yang et al., 2014; Liu et al., 2019; Ullah and Chen, 2020). SF-based
scaffolds, imitating the extracellular matrix of the native tissue, serve
as a physical structure to interact with cells and vessels and
supported newly formed tissues. After implantation, cells and
scaffolds.  With
granulation tissue formation, the scaffold degrades continuously

vessels migrate and grow into holes in
and is replaced completely by reformed tissue.

A large number of published studies (e.g., Hodgkinson, 2014, Pg
and Bbmab, 2021) have reviewed SF-based scaffolds in bone, skin,
and nerve repair (Hodgkinson, 2014; Gupta and Mandal, 2021).
However, given the blooming attraction of silk in tissue engineering
and technology areas on the fabrication of silk constructs, a more
thorough and current review is necessary. This review summarized
the most recent research development in SF-based scaffolds for
tissue engineering involving skin, bone, blood vessels, cartilage,
ligaments, tendons, and nerves. Particular attention is given here
to some of the clinical and marketable advances in SF-based
scaffolds in recent years, which may provide some guidance for
laboratory research.

2 Physicochemical properties of SF as
biomaterials

2.1 Primary structure

Silk cocoon is a single fiber about 700-1,500 m in length and
10-16 um in diameter. It should be noted that the diameter of this
fiber varies greatly in different locations. The diameter of the coarsest
place was 2-3 times that of the thinnest place in a fiber. Additionally, the
diameter and mechanical characteristics of silk significantly varied in
different intraspecies and intraindividual (Zhao et al., 2007). As shown in
Figure 1, the single fiber (prepared by our group) consists of three main
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parts, the outer layer with a sericin coating and two inner fibroins with
irregular shapes, concordant with the previous report (Poza et al., 2002).

Sericin coating, also known as silk gum, accounted for 25%-30% of
raw silk. Sericin was a group of serine-rich glycoproteins whose molecular
weight ranged from 20 to 400 kDa, and it was produced in the middle
gland of B. mori (Kunz et al, 2016). It was highly hydrophilic and
composed of 18 amino acids (Sothornvit et al, 2010). The controversy
over the scientific evidence for the biosafety of silk gum has continued
unabated over the years. Sericin glue-like proteins were conjectured to
induce immunogenicity and hypersensitivity (Altman et al, 2003).
Contradictory findings about the function of sericin have been
reported in more recent literature (Ahsan et al., 2018; Xiachalati et al,
2024). To date, the biosafety of sericin has not been elucidated clearly.

2.2 Secondary structure

Secondary structures of SF, including silk I, silk II, and silk III,
determined the properties of biomaterials. Silk I and silk II were the
dominant crystalline structures of SF. Silk I, a metastable crystalline
structure with bound water molecules, was a liquid that contains a-
helix and even random coil structures (Wohlrab et al., 2012). When
exposed to methanol or potassium chloride, it could convert into a
silk II structure. Silk I was an unstable and insoluble state. It
consisted of antiparallel B-sheets that exhibited greater structural
compactness and stability in aqueous conditions. Concurrently, this
configuration exhibited stronger mechanical characteristics
compared to a-helices and random coils. At the air-water
interface, Silk III was a three-fold helical secondary structure that
distinguished the hydrophilic serine residues from the hydrophobic
alanine residues (He et al., 1999).

3 Processing of SF biomaterials

3.1 Extraction of silk fibroin

To prepare SF-based biomaterials of different morphology, the
SF had to be extracted from the cocoons and dissolved into an
aqueous solution in the first place. Generally, the first step of
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extraction was degumming. It reduced the toxicity caused by sericin.
The following process normally was dissolution and dialysis. A
comprehensive summary of various aqueous or organic solvent-
processing techniques for SF extraction from B. mori cocoons, as
well as the procedures involved in manufacturing hydrogels, tubes,
sponges, composites, fibers, microspheres, and thin films, was
provided by Rockwood et al. (Rockwood et al, 2011). Here are
some general steps (as shown in Figure 2).

3.1.1 Degumming

The most common protocol for removing the immunogenic sericin
coating was to repeat boiling silk in 0.02 M sodium carbonate (Na,CO3)
for 30 min, a total of 3 times. Other chemicals such as Marseille soap,
soda, ethylenediamine, tartaric acid, H,O,, alkaline solution, and alkali
were used for degumming of cocoons (Gai et al., 2020; Anand et al,
2021). However, Na,CO; was still more effective and resulted in a
higher crystallinity index (Kim et al., 2017). Additionally, the enzymatic
degumming process was also an attractive method because silk yarn
treated with enzyme had a good texture and improved gloss (Sampaio
et al,, 2015; Wang et al., 2019; DeBari et al., 2021). For example, the
cocoonase is a mild enzyme that can retain the original color,
smoothness, and shine of silk (Rodbumrer et al., 2012; Unajak et al,
2015; Anand et al., 2021). Recently, Liu et al. investigated the efficiency
of several neutral proteases in the degumming of filipin and their effects
on the molecular weight of SF. It was discovered that neutral protease
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was able to both effectively remove silk gum and preserve the integrity
of SF. Furthermore, compared to the SF generated by sodium carbonate
degumming, the molecular weight of the resultant SF was noticeably
higher (Liu et al., 2023).

3.1.2 Dissolution

Degummed silk fibers were often dissolved first and then
reshaped to various morphologies for different applications. Silk
fibers might be dissolved in either aqueous or organic solvent (e.g.,
(HFIP), acid). The
aqueous solvent includes Ajisawa’s ternary solvent (CaCly/
ethanol/water), NaSCN/LiSCN solution (Saturated aqueous
solution), LiBr (9.3 M) or LiBr alcohol-H,O solution, and Nitrate
solution. The SF solution dissolved in these solvents can be used

1,1,1,3,3,3-hexafluoro-2-propanol formic

directly without dialysis (Wang et al., 2020). Aqueous SF solutions
could be lyophilized and then redissolved in HFIP for long-term
storage. However, it is exceedingly difficult to employ for large
manufacturing of SF due to its toxicity, high expense, and strong
corrosiveness (Lozano-Pérez et al., 2015).

3.2 Processing of SF scaffolds

Processing methods determined the physical structure and
morphology of scaffolds and thereby influenced the clinical
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lllustrations of four typical SF scaffolds fabrications. Reprinted with permission of ref (Bhattacharjee et al., 2017). Copyright 2017, Elsevier.

effects. Different components, parameters, and post-treatment
methods were introduced to modify the pore size, alignment, and
porosity of the porous 3D SF-based scaffold. In recent years, with the
development of technologies and the improvement of fabrication
equipment, the processing methods of SF were constantly being
optimized to meet more requirements. Figure 3 illustrates the
process of fabricating four typical SF scaffolds. In this section,
the most widely used techniques for SF-based scaffolds, including
electrospinning, freeze-drying, solvent casting, gas foaming,
particulate leaching, and 3D printing, have been summarized.

3.2.1 Electrospinning

Electrospinning is a spinning technique using an electrical input
to produce fibers from a polymer solution. Electrospinning enabled
the fabrication of non-woven mats with previously unobtainable
nanometric features in terms of pore size and structure (Belbéoch
et al, 2021). In comparison to conventional techniques, the
nonwoven nanofibrous mats produced by this technique were
closer to the extracellular matrix (Chen et al., 2023). The detailed
process can be found in the reviews by Pham et al., Zhang et al,,
Bhardwaj et al., and Garg et al. before 2010 (Pham et al., 2006; Zhang
et al., 2009; Bhardwaj and Kundu, 2010; Garg and Bowlin, 2011). To
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be simplified, the SF solution was poured into a syringe of a spinning
machine in the first and the syringe was fixed at some distance and
angle. The applied voltage could be adjusted between 10-35 kV. The
flow rate was then set between 0.2-4.0 mL/h. A Taylor cone formed
as a result of Coulombic forces at the droplet’s interphase when the
strong electric field caused an increase in electrostatic repulsion.
Whipping instabilities caused the charged jet to continue to extend
as it solidified since the solvent was evaporating. Ultimately, an
oppositely charged collector received the dry fiber (Humenik et al.,
2018). The morphology and diameter of SF fibers were affected by
the spinning dope (nanostructures, concentration, viscosity, and
solvent) and processing parameters (voltage, flow rate, temperature,
and distance between capillary tip and collector).

3.2.2 Solvent casting particulate leaching

Solvent casting particle leaching is a porous scaffold-producing
technology. Usually started with solution polymers into a volatile
organic solvent, then water-soluble salt particles were added into the
mixture. The following step was casting the mixture into a three-
dimensional scaffold mold. In the end, the scaffolds were soaked in a
solvent that dissolves the particles but not the polymer. Particles in
the scaffold were dissolved and left pores in the original place
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(Grinberg et al., 2010). Salt particles, sugar, glucose, paraffin, gelatin,
and ammonium chloride could be introduced to create pores or
channels (Raeisdasteh et al., 2017). The porous morphology can be
controlled by the shape, size and quantity of the added pore-forming
agent (Plikk et al., 2009). The number of articles involved in this
method has grown with an explosion trend since 2000. The
technology has been used to manufacture silk-based membranes
(Jabbari et al., 2019), hydrogels (Srisawasdi et al., 2015), and sponges
(Lee et al, 2018; Park et al, 2018). Casting solvents played an
important role in the properties of the SF-based scaffold by altering
the B-sheet content. The fibroin degradation rate was significantly
affected by the casting solvents (trifluoroacetic acid vs. water and
formic acid)(Park et al., 2018).

3.2.3 Freeze-drying

Freeze-drying/lyophilization is one of the most common
methods for scaffold fabrication. The aqueous silk solution was
poured into a mold and then placed in an ultralow-temperature
freezer to cool the material under its triple point (Gaidhani et al.,
2015). In the second phase, frozen materials together with the mold
were transferred to a freeze dryer. Approximately 95% of the water
in the material could be removed in this phase. The rest ionic
bonded water was removed during the second drying phase.
Normally, the temperature is higher than the primary drying
phase to break the bonds between the material and the water
molecules. In the freeze-drying process, water molecules directly
sublimated from ice to steam. When all water molecules were
sublimated, a porous scaffold structure was formed. The porosity
and pore size of the scaffolds could be affected by polymer solution
parameters, including concentration, viscosity, and the amount of
aqueous phase dispersed in the system (Janik and Marzec, 2015).
Higher levels of polymers in the continuous phase led to lower
porosity and smaller pores (Grinberg et al., 2010). Consequently, the
size and structure of the micropores could be regulated by
controlling the polymer concentration or viscosity. One of the
newest attempts at freeze-drying was a facile two-step freeze-
drying technology. After being diluted, the carbodiimide-activated
SF solution was added to the porous SF scaffolds that had already
been constructed. Subsequent liquid nitrogen freezing and
lyophilization, the solution then formed into a micro/nanofibrous
network inside the porous scaffolds’ pore spaces. Fibers of the
network served as topographic cues in the 3D scaffold for cell
attachment, proliferation and migration (Li et al., 2016).

3.2.4 Gas foaming

Gas foaming is a method of making synthetic matrices by
avoiding solvents to produce pores. The advantages of this
method were that either hydrophilic or hydrophobic biopolymers
could blend with the polymer matrix (Costantini and Barbetta,
2018). Whenever the polymer was saturated with gas, a sudden
drop in pressure caused a thermodynamic instability in the polymer/
gas solution, which resulted in the initiation and expansion of cells/
pores (Kramschuster and Turng, 2012). It typically includes three
basic steps: 1) polymer/gas solution formation, 2) gas bubble
nucleation, 3) gas bubble growth and volume expansion (Jiang
et al, 2015). Maniglio et al. adopted a single-step method to
prepare a fibroin scaffold by applying N,O as the foaming agent.
In this approach, pore dimensions were directly correlated with gas
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pressure and inversely correlated with the initial protein
concentration (Maniglio et al, 2018). Rao et al. fabricated
acid (PLA)/SF nanofibrous scaffolds by
combination electrospinning and gas-foaming technique (Rao
et al, 2019). It was the first expanded 3D nanofiber-sponge
scaffolds with orientation and porosity by these combined
techniques. Chen et al. manufactured Poly (I-lactide-co-
caprolactone) (PLCL)/SF nanofibrous scaffolds and then soaked
them in a sodium borohydride solution to create three-dimensional

polylactic sponge

scaffolds by applying the techniques of freeze-drying and in situ gas
foaming. Following 20 min of foaming treatment, the porosity of the
scaffolds rose from 72% to 94%, according to the results (Chen et al.,
2021). One step further, Hajiabbas et al. combined electrospinning,
in situ gas foaming, in situ crosslinking, and freeze-drying methods
to prepare an SF-based composite scaffold. They found that the
physicochemical properties of scaffolds were greatly influenced by
the structure and degree of crosslinking (Hajiabbas et al., 2020).

3.2.5 3D printing

3D printing is a promising technology to recreate customized
and functional materials. The main factors, including rheology,
swelling ratio, and surface tension, should be carefully considered
when the scaffold was prepared by 3D printing (Holzl et al., 2016).
Silk fibroin, with its processability and tunable mechanical
properties, holds great potential for 3D printing of complex
tissue scaffolds that mimic the native tissue microenvironment,
thereby promoting cell growth and tissue regeneration. The
rheological property of SF bio-ink could be regulated by the
purification and concentrated process of SF(Wang et al., 2019).
However, SF solutions were usually hard to print individually due to
their low viscosity and inappropriate rheology (Sun et al., 2012; Lee
et al., 2018). With the SF solution’s excellent physical and chemical
properties, SF bio-ink was combined with other biomaterials to
fulfill different requirements of 3D printing, such as printability,
mechanical properties, shape fidelity, and cell viability (Chimene
et al,, 2016). Gelatin and hydroxypropyl methylcellulose (HPMC)
were suitable to adjust the printability and mechanical properties of
SE-based bio-ink (Xiong et al., 2017). The combination of SF and
gelatin properties and
degradation rate (Shi et al., 2017). For instance, Das et al.

significantly balanced mechanical

developed an SF-gelatin scaffold by 3D bioprinting with satisfied
mechanical property (Das et al., 2015). It was benefit for the growth
of wrapped mesenchymal progenitor cells with the degradation of
this scaffold. Dong et al. adopted a two-step procedure to print SF. In
the first step, the SF was mixed with HPMC aqueous solutions.
Subsequently, the combination was printed directly onto the pre-
established architecture, exhibiting an amazing thixotropic
characteristic derived from “the second network” After the
bioprinted SF/HPMC was ripened in ethanol, it presented
significant enhanced mechanical properties caused by improved
B-sheet domain (Dong et al., 2019). Compaan et al. also designed a
two-step process to promote the gelation of SF as a 3D printing
component. Calcium alginate was blended with SF to accelerate
gelation, and horseradish peroxidase was introduced to catalyze
cross-linking.  This allowed 3D

bioprinting of cell-loaded SF scaffolds suitable for long-term cell

covalent two-step  process

culture (Compaan et al, 2017). Kim et al. introduced glycidyl
methacrylate when preparing the SF solution. With the assistance
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of this processed SF bio-ink, extremely complex organ architectures
could be created with good structural stability and consistent
biocompatibility (Kim et al.,, 2018). More information about the
requirements, characteristics, and processabilities of SF bio-ink
could be found in some profound reviews (Wang et al, 2019;
Agostinacchio et al., 2021).

4 Applications
4.1 Skin tissue regeneration

In vitro studies revealed that SF material has the same biosafety
performance as commercial graft gelfoam” and ologen” in tissue
repair (Bhardwaj et al,, 2015). Exceptional mechanical properties
and slower biodegradability of SF made it a remarkable component
for artificial substitute (Sultan et al.,, 2018). In the meanwhile, SF
scaffolds improved cell motility and expressions of extracellular
matrix production-related genes (Hashimoto et al., 2020).

SF scaffolds loaded with cytokines, bioactive components, cells,
and tissues could not only provide physical support also act as a
delivery system for wound care (Bazrafshan et al.,, 2014; Woltje et al.,
2018; Li et al., 2019; Lehmann et al., 2022). With the scientific work
on wound healing, researchers developed an SF-based fibrous
scaffold to deliver stem cells in burn wound rats. In this study,
SE containing stem cells offered a large surface area, cellular
behavior guiding, and scar reduction while closely imitating the
biophysical and biochemical characteristics of the native
extracellular matrix (ECM)(Huang et al., 2019). It can be inferred
from the study that the architectural features of SF provided a bio-
mimetic system for the differentiation of stem cells in advance.
Another study also demonstrated that collagen synthesis and skin
re-epithelization can be significantly accelerated by using an SF
nanofibrous scaffold loaded with mesenchymal stem cells (MSCs)
and epidermal stem cells; in addition, the histological features and
skin appendages of the reconstructed skins resembled those of
normal rat skin (Xie et al, 2016). Also, collagen/SF hybrid
scaffolds loaded with bone mesenchymal stem cells had excellent
skin affinity, air and water permeability (Cui et al., 2020).

In recent years, more and more research has been devoted to
developing SF scaffolds with antibacterial properties for wound
dressings (Babu et al, 2018; Tariq et al, 2021; Chizari et al,
2022; Dong et al.,, 2022; Dehghani et al., 2023; Li et al., 2024).
Interestingly, Sen et al. immobilized SF into the surface of
polyurethane (PU) scaffolds. The growth of K. pneumonia,
bacteria found in wound infection, could be inhibited by SF at
8 mg/mL (Sen et al, 2020). SF/Poly (l-lactide-co-caprolactone)
(PLCL) nanofibrous membrane loaded with oregano essential oil
(OEO) had been studied for wound healing. In this study, a relatively
high amount of OEO was loaded into a SF matrix relying on physical
interaction through electrospinning. Both in vitro and in vivo results
showed that the synchronization of SF membranes and OEO’s
bioactivity had a beneficial impact on the healing process (Huang
et al,, 2020). However, some antibacterial compounds loaded in SF
dressings may cause side effects. It is still a challenge to balance the
biocompatibility and antibacterial properties. For example, zinc
oxide (ZO) could be applied in the hyaluronic acid/SF/ZO
nanofibrous

wound dressing to improve the antibacterial
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property, nevertheless, high concentrations of ZO (>3 wt%) were
harmful to the cells, according to in vitro cytotoxicity experiments
(Hadisi et al., 2020). Zhang et al. found that doping Pluronic
polymers in SF films optimized their mechanical properties,
hydrophilicity, and light transmission. The obtained SF scaffold
can be used to encapsulate antimicrobial agents (e.g., curcumin, Ag
nanoparticles, and the antimicrobial peptide KR-12, etc.).
Additionally, in vitro tests revealed that this film had the ability
to continuously release antimicrobial agents, killing bacteria. In vivo
tests revealed that, independent of the antimicrobial agents loaded
within, the
Staphylococcus aureus from the wound area and reduced

film not only eliminated methicillin-resistant

inflammation, but also aided in angiogenesis and re-
epithelialization, hastening the healing process for infected
wounds (Zhang et al., 2024). Genetic engineering was applied to
develop SF-based wound healing materials with better performance
(Woltje et al., 2018). One study developed an SF-based film with
transgenic worms, which overexpressed the arginine-glycine-
aspartic acid (RGD) sequence. The results confirmed that the
transgenic SF-based film has more profound effects on wound
closure, granulation formation, and cell proliferation than
conventional ones (Baba et al, 2019). Genetically modified SEF-
based scaffolds allow the production of low-cost artificial skin
with additional functionality, which makes minimal scarring
possible. Moreover, SF is an FDA-approved material, and a
number of cosmetic and medical applications (Fibroheal™ Ag
Wound Dressing) based on SF are currently available. Four of
the clinical trials already available are on skin tissue, with two of
them nearing completion. SF scaffolds are promising for skin tissue
engineering, especially for wound dressings and skin grafts, due to

their superior biocompatibility and bioactivity.

4.2 Bone tissue regeneration

For bone tissue regeneration, SF is a good option due to its
outstanding biocompatibility, favorable cell attachment, growth,
differentiation, and migration, as well as its capacity to promote
osteogenesis and oxygen transport (Kuboyama et al, 2013; Melke
et al, 2016; Choi et al, 2018; Ghanbari et al., 2023; Li et al, 2023).
Maraldi et al,, 2011 assessed the mineralization ability of amniotic fluid
stem cells cultured in different porous scaffolds, including collagen, poly-
D, L-lactic acid (PDLLA), and SF. The results showed that mineralization
of stem cells was enhanced substantially on the SF scaffolds compared
with collagen and PDLLA scaffolds, which means silk scaffold was more
favorable for osteogenic differentiation (Li et al, 2019). In vitro
osteogenic development of human adipose-derived mesenchymal
stem cells (hASCs) might be greatly enhanced by SF scaffolds. In a
mouse critical-sized calvarial defect repair experiment, Riccio et al. found
that the SF scaffold could repair calvarial defects whether or not human
stem cells were pre-seeded in the SF scaffold, even though the higher
bone quantity were found in the SF scaffold group which pre-implanted
with stem cells (Riccio et al., 2012). Wu et al. recently manufactured
PLLA/SF composite nanofiber mesh via electrospinning, and coated
osteoblast-derived extracellular matrix (O-ECM) on the nanofiber
scaffold. The novel nanofiber scaffold (O-ECM/PLLA/SF) has been
shown, through in wvitro testing, to significantly enhance the
osteogenic differentiation of cultivated stem cells (Wu et al,, 2022).

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1381838

Ma et al.

SE-hydroxyapatite (HAp) nanocomposite has shown greater
mechanical strength and cytocompatibility than the pure fibroin
scaffolds (Baldino et al., 2015). During the formation of SF/HAp, the
B-sheets crystal in the SF act as a nucleation site for the deposition of
HAp nanocrystals (Vetsch et al., 2015). Bi et al. modified a silk-
collagen scaffold with HAp at both ends. The results exhibited
massive formation of more mature bone at the tendon-bone
interface, more collagen I and osteocalcin deposition, bone
mineral formation, and better osteoarthritis prevention in the
modified group than the silk-collagen group (Bi et al, 2015).
Chop fiber (CF), nanohydroxyapatite (n-HA), and silk fibroin
(SF) porous hybrid scaffolds (SHCF) were produced by Jin et al.
utilizing freeze-drying. The mechanical properties of composite
scaffolds can be improved significantly by doping CF and n-HA.
The scaffold can stimulate the growth and osteogenic differentiation
of BMSCs by upregulating the expression of Capnsl and controlling
calcium signals, which in turn promotes bone repair, as
demonstrated by experiments conducted on cells and mice (Jin
et al.,, 2023).

Compared with pure alginate and alginate/HAp, alginate/HAp/
SF composites showed significantly higher new bone formation and
decreased relative TNF-a levels (Jo et al., 2017). Similarly, in the 3D
porous HAp/SF/sodium alginate scaffold, a higher ratio of SF/HAp
to sodium alginate resulted in improved cell proliferation and
enhanced alkaline phosphatase activity. In another study, the
graphene oxide-modified SF/nano-HAp scaffold loaded with
urine-derived stem cells could promote bone regeneration and
had immunomodulatory effects (Sun et al.,, 2021). Furthermore,
aluminum oxide nanoparticle-containing SF composite scaffolds
increased the expression of osteogenic markers in rabbit adipose
stem cells (Zafar et al., 2020). Besides HAp, alginate, graphene oxide,
and some other substances, such as Ca", Ti and Mg*, were added to
the SF scaffold for a better bone repair effect (Tiirkkan et al., 2017;
Gao et al.,, 2018; Johari, Madaah Hosseini and Samadikuchaksaraei,
2020; Pandey et al,, 2021; Li et al., 2024).

4.3 Cartilage regeneration

The research of SF used in cartilage repair started decades before
(Cheng et al., 2018; Ribeiro et al., 2018; Farokhi et al., 2019). Aoki
et al. confirmed the proliferation and differentiation phenotype of
chondrocytes in the SF sponge (Aoki et al, 2003). Pore size and
porosity significantly affected cell attachment and penetration in SF-
based scaffolds for cartilage and osteochondral tissue regeneration.
The pore size below 300 pm helped endochondral ossification,
whereas the size greater than 300 um increased osteogenesis
(Rasheed et al., 2019).

SF scaffolds could act as a release system to promote cartilage
differentiation. Wu et al., 2020 designed an Rb1/TGF-B1 loaded SF-
gelatin porous scaffold (GSTR). It created a microenvironment for
cartilage regeneration to promote chondrogenesis, suppress the
inflammation levels in vivo and enhance hyaline cartilage
regeneration in vitro. TGF-B3 was also wrapped in SF scaffolds
(S/D) to expedite the chondrogenic differentiation of adipose-
derived stem cells in vitro (Yang et al, 2017). Li developed SF
hydrogel scaffolds incorporated with bone morphogenetic protein-2
(BMP-2). The scaffold enhanced BMSCs’ capacity to produce
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cartilage both in vivo and in vitro (Li et al, 2021). Chen and
colleagues synthesized an SF scaffold loaded with tanshinone ITA
(TAN). The release of TAN can augment the transcription of genes
linked to chondrocyte activity in chondrocytes and mitigate
oxidative stress, hence fostering cartilage regeneration (Chen
et al., 2020).

SF has been blended with other biomaterials to improve the
required properties. MSCs seeded on chitosan/SF(CH/SFF) porous
scaffold showed significantly higher sulfated glycosaminoglycan
deposition and enhanced expression of collagen type Il and
aggrecan in comparison to the pure chitosan scaffold (control)
(Singh and Pramanik, 2018). Agrawal et al. discovered that the
chondrogenic differentiation of hMSCs progressed more quickly in
dynamic culture than in static culture after being seeded on silk-
fibroin (SF)/chitosan (CS) scaffolds (Agrawal et al., 2018). Scaffolds
with a blend ratio of SF/CS (80:20), pore size in the range
71-210 um, and a porosity of 82.2% + 1.3% were found to be
superior in supporting cell attachment and viability cell
proliferation, and glycosaminoglycan secretion (Vishwanath et al.,
2016). Composite scaffolds of filipin protein (SF), gelatin (G),
chondroitin sulfate (C), hyaluronic acid (H), and aloe vera (A)
were prepared by freeze-drying by Wuttisiriboon et al., 2023 This
scaffold has an interconnected porous structure with a pore size of
approximately 209 pum. In addition, it has a high absorption rate and
good mechanical strength, and can retain its structure for up to
21 days. Cellular experiments also demonstrated that the
proliferation of human bone marrow mesenchymal stem cells
(BM-MSCs) with this scaffold was significantly higher than that
with the SF scaffold. Significantly, Sharafat-Vaziri et al. employed
engineered tissue made of autologous chondrocytes and collagen/SF
scaffold to do a pilot clinical investigation on two patients with
in the knee.
demonstrated the safety and effectiveness of the SF-based scaffold

osteochondral lesions Clinical evidence has
in the healing of large chondral lesions (Sharafat-Vaziri et al., 2020).
Although extensive research has been carried out in the laboratory
and has demonstrated that SF is a promising material or ingredient
for cartilage repair. However, lack of adequate clinical evidence was
still the main limitation of its realistic application. Therefore,
randomized controlled trials on those materials are required to
gather more reliable data about their long-term effects and
complications.

4.4 Blood vessel tissue regeneration

It is possible to replace or avoid a blocked or damaged blood
artery with vascular transplants. Research has confirmed that SF
scaffolds supported the growth, adhesion, survival, and expansion of
three vascular cells: Human Coronary Artery Endothelial Cells,
Human Aortic Smooth Muscle Cells, and Human Aortic
Adventitial Fibroblasts (Zhang et al, 2008; Alessandrino and
Chiarini, 2019). It was discovered that the benefits of SF-based
vascular grafts included their propensity to generate thin luminal
layers and their quick reendothelialization (Yamamoto et al., 2016).
In vivo silk scaffolds have the potential to support blood vessel cell
growth, however biological cues are typically required for the cells to
penetrate past the surface and into the scaffold’s core (Thurber
et al., 2015).
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The ability of blood vessels to grow within silk scaffolds varies
based on different SF processing and scaffold morphology. Diameter
and porosity are common influencing factors for cell behavior, such
as cell infiltration, attachment, and proliferation (Ghasemi-
Mobarakeh et al., 2015). Sun et al. fabricated SF tubular scaffolds
with different pore sizes, the micropores of 30-50 um were found to
be suitable for the growth and proliferation of human umbilical vein
endothelial cell (HUVEC) (Sun et al., 2016). Polytetrafluoroethylene
(PTFE, Teflon) and ethylene terephthalate (PET, Dacron) grafts
performed well for large vessels but had less than 50% patency for
small vessel occlusions due to acute thrombosis (Thurber et al.,
2015). Compared with traditional PTFE vascular grafts, the SF-
based scaffold led to better reendothelialization and higher patency
rate (94.7% in the SF group vs. 80.0% in the PTFE group) at 4 weeks
after replacing the inferior vena cava of a rat (Kiritani et al., 2020). A
vital barrier against thrombosis-confluent endothelium was created
by smooth muscle and endothelial cells migrating into and
multiplying within the silk grafts (Lovett et al., 2010). Compared
to SF vascular grafts (inner diameter 3.5 mm) and ePTFE grafts
(inner diameter 4 mm) on the carotid artery in beagles, there was no
significant difference in vascular repair effect between the two
groups at 3 months, the patency rates of the SF and expanded
PTEE grafts were 7.8% and 0% at 6 months, respectively (Haga et al.,
2017). SF grafts with a smaller inner diameter (1.5 mm) also had
significantly higher patency rates 1 year after implantation than
expanded PTFE grafts (85.1% vs. 30%)(Enomoto et al.,, 2010). Both
materials have their advantages: the rapid reendothelialization of
expanded PTFE graft reduced intimal blockages, while SF’s
hydrophilicity and cytocompatibility improved the proliferation
of HUVEC. Yan et al. functionalized the ePTFE graft with SF
hydrogel and obtained improved proliferation of HUVEC as SF
is cytocompatible and hydrophilic. The complementarity of the two
materials obtains better effects (Yan et al., 2021). Tanaka et al. also
developed a porous SF coated polyethylene terephthalate (PET) graft
with a diameter of less than 6 mm. The results of in vivo and in vitro
experiments demonstrated that the porous SF-coated PET grafts
degraded rapidly in vivo and facilitated remodeling to their own
tissues compared to gelatin-coated PET grafts, making them perfect
candidates for commercial grafts (Tanaka et al., 2020). In addition,
micro-vessel substitutes (150-300 pm in diameter) made from SF
and polyethylene oxide showed cell proliferation and attachment,
demonstrating the ability of SF to produce microvascular grafts
(Bosio et al., 2017). Apart from the well-known polymers previously
described, Yang et al. recently developed a composite scaffold of SF
and fibronectin that mimics natural blood vessels, prepared by
electrostatic spinning. With a smooth and uniform fiber structure
and small fiber diameter, this scaffold exhibited excellent
hemocompatibility and an appropriate biodegradation rate, and
most importantly, it increased MSC proliferation and adhesion,
making it a potentially ideal material for artificial vascular scaffolds
(Yang et al., 2024).

Asakura et al. have studied the application of SF materials in
vascular repair for many years. The main difference between SF and
polyester fibers or expanded PTFE grafts was the unique remodeling
function of SF. They coated the knitted SF graft with SF solution and
a cross-linking agent poly (ethylene glycol diglycidyl ether), to
prepare a small-diameter vascular graft with a diameter of
1.5mm and a length of 10 mm. The graft exhibited superior
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physical strength, meanwhile the coating on it can also prevent
blood leakage and increase the elasticity (Yagi et al., 2011). In rat
abdominal aorta, they later confirmed that the optimum
concentration of SF coating was 2.5% (Fukayama et al, 2015).
Recently, they conducted in vivo experiments with large animal
Beagle dogs: SF grafts with a length of 4 cm and inner diameter of
3.5 mm were implanted into the femoral arteries of 6 dogs, and 5 of
them showed a high patency rate (Tanaka et al., 2021).

4.5 Ligament and tendon regeneration

One important component of the knee joint is the anterior
cruciate ligament (ACL). Improper sports and excessive external
force can lead to an ACL injury, which causes instability and
progressive damage to the knee joint. Artificial ligaments may
reduce the danger of disease transfer or morbidity at the donor
site associated with autografts or allografts. SF has been confirmed
the ability to support adult stem cell differentiation toward ligament
lineages (Altman et al., 2002; Bhattacharjee et al., 2017; Bi et al,,
2021a; Chen et al., 2021; Sun et al., 2021). SF/collagen composite
grafts showed great application potential due to many supportive
results. Knitted silk-collagen sponge scaffolds enhanced the
expression of ligament matrix genes and promoted collagen fiber
assembly, thereby improving the structural and functional repair of
ligaments (Chen et al., 2008; Bi et al., 2021b; Saab et al., 2023). Shen
et al. investigated the long-term repair effect of silk-collagen
scaffolds in a rabbit model of anterior cruciate ligament injury.
Migration and adhesion of spindle-shaped cells to the scaffolds were
observed 2 months after surgery. After 6 months, a better
microstructural morphology was observed. In addition, the
knitted silk-collagen sponge scaffold effectively protected the
articular surface cartilage and preserved the joint space for
18 months after surgery (Shen et al., 2014). Recently, Geng et al.
prepared a SF/collagen three-phase scaffold characterized by a
compositional gradient that mimics the natural tendon bone
structure, which showed good biocompatibility in cellular
experiments while promoting tendon formation (Geng et al,
2024). Another method applied for ligament regeneration was
incorporating cells in the SF-based scaffold before implantation
to direct ligament bone insertion. The mechanical needs of daily
activities could be satisfied by the tensile strength of MSCs and
scaffolds (Fan et al, 2008; 2009). Ribeiro et al. presented a
scaffold
peroxidase crosslinked SF hydrogels, containing ZnSr-doped -

biomimetic composite consisting of horseradish
tricalcium phosphate particles. This scaffold possessed sufficient
structural integrity, swelling capacity and tensile strength and
exhibited cell adhesion, viability and proliferation after 14 days of
in vitro culture (Ribeiro et al., 2022).

In the clinic, a commercially accessible product for posterior
cruciate replacement is the advanced
reinforcement system (LARS) composed of polyethylene
terephthalate (PET). However, the disadvantages of LARS still

exist. For example, it had the complication of arthrofibrosis and

ligament ligament

heterotopic ossification (Smith et al., 2014; Ranger et al., 2018). Jiang
et al,, 2016 employed SF to modify the surface of PET to change its
hydrophilicity and biocompatibility. A series of in vitro experiments
confirmed that SF coating enhanced cell adhesion and proliferation
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and improved the biocompatibility of the material and its process of
“ligamentization”. A silk hybrid on the ligamentization was
developed for a canine ACL reconstruction in another study. The
regenerated ligament showed a compact structure in the silk/PET
hybrid group, and there was more regenerated autologous tissue and
collagen than PET artificial ligament (Zhi et al., 2019). A stepwise
deposition method was used to introduce a multilayer SF coating on
the surface of PET artificial ligaments, which was loaded with
heparin and bone morphogenetic protein-binding peptide. This
triple-coated scaffold not only facilitates the biocompatibility of
PET grafts, but also modulates the early inflammatory response in
the joint cavity, promotes and improves graft-osteointegration, and
shows great potential in improving the clinical efficacy of ACL
reconstruction (Chen N. et al,, 2023). Silk fibroin could fill up a
deficiency in PET to induce the ingrowth of the autologous tissue.

4.6 Nerve tissue regeneration

For short gap injuries (<5 mm), the current gold standard in
nerve repair surgery was the tension-free end-to-end suture. An
autologous nerve graft was a compensatory scheme. However, it was
limited by the availability of autologous donor tissue and would lead
to lower sensitivity in donor sites, adherent scars, and neuroma
formation (Ray and Mackinnon, 2010). Artificial nerve guidance
conduits (NGCS) are an alternative strategy for peripheral nerve
defects <3.0 cm (Kornfeld et al., 2019).

Many researches were devoted to exploring better nerve defects
repair devices by combining SF with other materials such as PLGA
(Rao et al., 2017; Namini et al., 2023), polypyrene (PPY)(Sun et al.,
2016; Wang et al., 2020), polyethylene oxide (Rajabi et al., 2018) and
Collagen (Jiang et al., 2020). Tang et al., 2012 co-cultured dorsal root
ganglia and Schwann cells in an SF-based scaffold to form the nerve
equivalent of a nerve graft in vitro. The graft induced better nerve
regeneration and functional recovery than the SF-based scaffold at
12 weeks after nerve grafting. Furthermore, a compelling study
evaluated functional and histologic assessments 12 months after
implantation of an electrospun SF catheter used to bridge a 30-
mm sciatic nerve gap in dogs; the findings demonstrated that SF-
based neural scaffolds had acceptable regeneration results,
comparable to those of the autografts group (Xue et al, 2018).
SilkbridgeTM, a three-layer silk-based 3D tubular architecture for
nerve defects repair, was systematically studied and would be the
first commercialized silk-based nerve repair product (Alessandrino
and Chiarini, 2019; Alessandrino and Fregnan, 2019; Fregnan et al.,
20205 Biagiotti et al., 2022; Freddi et al., 2024). The structure of this
product is two electrospun layers (inner and outer) and one textile
layer (middle), which optimized the mechanical properties and
maximized the biological characteristics of the material; it
provided a supporting structure to the regenerate axon optimal
mechanical properties. Excellent functional and morphological
recovery of the median nerve, as well as the absence of
inflammation and scar formation, were observed in short-term
(2 weeks) and long-term (12 and 24 weeks) animal trials
(Fregnan et al., 2020). Before the first-in-human clinical trial, the
researchers assessed the mechanical properties, toxicological
analysis, and biological safety of Silkbridge. The results confirmed
the suitability and biosafety of the device (Bassani et al., 2022). While
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preclinical trials have yielded positive findings thus far, clinical
outcomes are still required to validate safety, effectiveness, and
long-term problems in the clinical setting. SF scaffolds have
shown promise in promoting nerve regeneration by providing
structural support and guidance for axonal growth. Future
research may focus on refining scaffold architecture and
incorporating neurotrophic factors to enhance nerve regeneration
outcomes, particularly in cases of spinal cord injury or peripheral
nerve damage.

4.7 Other tissue regeneration

In addition, SF has also been explored for some niche tissue
repair such as dental, gastrointestinal, urethra, and so on. Xu et al.
found that silk scaffolds with 550-micron pore RGD-containing
could guide the formation of robust mineralized osteopontin (Xu
etal., 2008). However, in their following study, they found that there
was no mineralized tissue formation, although silk scaffolds proved
to support soft tissue dental pulp formation (Zhang et al., 2011). Pre-
seeding cell treatments or sorting and enrichment methods would
benefit dental hard tissue regeneration. SF scaffolds loaded with
dental pulp stem cells attracted vessels which are crucial for
successful healing and regeneration (Woloszyk et al, 2016).
Composite scaffolds of SF with PLGA and ketoprofen showed
superior anti-inflammatory properties in the treatment of
(Chachlioutaki et al., 2022). More
interestingly, recent research has shown that SF scaffolds coated

periodontal  disease
with both graphene oxide and reduced graphene oxide can
differentiate  human dental pulp stem cells by promoting
mineralization of the extracellular
et al., 2023).

SF scaffolds are also demonstrated to stimulate small intestinal

matrix  (Lopez-Garcia

smooth muscle cells, colon smooth muscle cells, and esophageal
smooth muscle cell attachment and contractile differentiation.
Hence, the scaffolds were just as effective as tiny intestine
submucosa scaffolds at encouraging the adhesion and growth of
gastrointestinal epithelial cell lines (Franck et al, 2014). An
experiment in a rat model of onlay esophagoplasty suggested that
SF scaffolds served as acellular grafts with less inflammation and
fibrosis than traditional small intestinal submucosa implants
(Algarrahi et al., 2015). However, the result contrasted with an
in vitro result performed in a porcine defect model for tubular
esophagoplasty. In general, bilayer SF graft combined with
temporary stenting supported the reformation of tubular neo
tissues with contractile and relaxation function. Nonetheless, it
appears that BLSF is with  direct
esophagoplasty due to the 60% stricture rate and additional

incompatible tubular
problems, such as inadequate innervation and sparse peristaltic
function (Gundogdu et al., 2021).

In addition, SF has been applied in urethra repair (Sack et al.,
2016). Studies investigated SF scaffold used in a rabbit model for
onlay urethroplasty; results showed it promoted smooth muscle and
epithelial tissue regeneration with reduced acute inflammation
compared with SIS and maintained urethral function for
3 months after implantation (Chung et al., 2014; Algarrahi et al,,
2018). Niu et al., 2022 successfully prepared a bionic tubular HA-SF
nanofiber scaffold by electrostatic spinning and cross-linking
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TABLE 1 List of in vitro/in vivo assessments for silk fibroin-based scaffolds.

Animal models References
used in the in vivo

studies

Cells used in
the in vitro
studies

Type of Scaffold composition

engineered
tissue

Skin SF, SF/growth factor, SF/stem cells, Fibroblasts, Rats, albino mice Babu et al. (2018), Wéltje et al. (2018), Li et al.
collagen/SF, SF/PCL/HAM, SF/PU, SF/ Endothelial cells, (2019), Cui et al. (2020), Hadisi et al. (2020)
PLCL, SF/ZO, SF/HA/ZO adipose tissue-
derived
mesenchymal stem
cells
Bone SF/PDLLA/collagen, SE/HAp,SF/HAp/ Sem cells Mouse Maraldi et al. (2011), Riccio et al. (2012)
alginate, SF/HAp/graphene oxide
Cartilage SF, SF/gelatin, SF/chitosan Chondrocytes, Stem | Rats Vishwanath et al. (2016), Yang et al. (2017),

cells

Agrawal et al. (2018), Singh and Pramanik
(2018), Wu et al. (2020), Li et al. (2021)

Blood Vessel SF, ePTEE/SF

cells,
aortic

adventitial

Human coronary
artery endothelial

Rats, Beagle dogs Zhang et al. (2008), Sun et al. (2016a),
Alessandrino and Chiarini (2019), Kiritani et al.

(2020), Tanaka et al. (2021)

Human
smooth

muscle cells, and
Human aortic

fibroblasts, Human
umbilical vein
endothelial cell

Ligament/tendon SF, SF/collagen, PET/SF Stem cells

Nerve SF/PLGA, SF/PPY, SF/Polyethylene oxide,

SF/collagen

processes, whose structure, morphology, and mechanical properties
were close to those of the natural rabbit urethral tissue. The
nanofiber surface of this scaffold is more suitable for the growth
of UC to form new urinary tract epithelial tissue.

5 Conclusion and future outlook

SF scaffolds are widely used in tissue engineering by scientists
due to their biocompatibility, biodegradability, mechanical strength,
and structural tunability. Scientists have investigated the use of
various techniques to fabricate different types of SF scaffold,
including thin films, porous scaffolds, and hydrogels, to achieve
the desired properties for clinical applications (as shown in Table 1).
Researchers are continuously exploring ways to modify silk fibroin
to enhance its properties for specific tissue engineering applications.
This included surface modifications, blending with other polymers
or materials, and functionalization with bioactive molecules to
improve cell adhesion, proliferation, and differentiation. The
advent of 3D printing technologies has enabled precise control
over the architecture and geometry of tissue scaffolds. Although a
large number of research articles have been published on the
application of SF scaffolds in tissue engineering, however, only a
few have reached clinical trials. The U.S. Food and Drug
Administration (FDA) has now approved 91 medical devices
made from B. mori silk. Very few of them are related to SF, and
most of the silk-based medical devices are designed for surgical
sutures. There are only 7 clinical trials on SF, 4 of which are for
wound healing and skin aging applications, and only 2 clinical trials
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Schwann cells

10

Rabbit Shen et al. (2014), Zhi et al. (2019)

Dogs Rao et al. (2017), Xue et al. (2018), Jiang et al.

(2020)

have been completed. There are still issues that need to be addressed
before SF scaffolds can be used in clinical trials and commercialized
for tissue engineering. Regulatory approvals and expanded
manufacturing processes would be important considerations in
bringing SF scaffold-based tissue engineering products to market.
On one hand, it is difficult to standardize raw materials and their
processing procedures. In fact, sericulture is primarily a manual
operation. The seasonality and origin of mulberry leaves could have
an impact on the batch nature of SF. It seems challenging to
manipulate the properties of silk fibroin by controlling these
complex variables. On the other hand, new technologies still
need to be developed to solve the storage problem in preparation
for future commercialization and mass marketing, as SF is difficult
to stabilize for long-term preservation. Moreover, the limitations of
clinical trials have similarly restricted SF scaffolds. Most of the
current clinical trials are confined to skin tissue engineering, while
other aspects such as bone tissue are rarely addressed. Meanwhile,
very few trials have been conducted for short-and long-term results
in large animals (e.g., dogs) and humans, and the current trials have
mainly focused on small animals (e.g., rats), which are more
compelling and direct evidence. The scientists still need to
explore new technologies to transition more SF scaffolds from
the laboratory to the clinic in the future. Also, scientists could
further focus in the future on generating multifunctional SF
scaffolds capable of integrating multiple tissue types or functions
within a single scaffold to engineer complex tissues or organs with
hierarchical structures and diverse physiological functions. Overall,
the future of SF scaffolds in tissue engineering is promising, and
investigations are underway to leverage their unique properties to
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meet a wide range of clinical needs and to advance regenerative
medicine towards personalized, functional tissue substitutes.
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