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Musculoskeletal diseases are the leading causes of chronic pain and physical
disability, affecting millions of individuals worldwide. Over the past two decades,
significant progress has been made in the field of bone and cartilage tissue
engineering to combat the limitations of conventional treatments. Among
various materials used in musculoskeletal tissue regeneration, silk biomaterials
exhibit unique mechanical robustness, versatility, favorable biocompatibility, and
tunable biodegradation rate. As silk is an easy-to-process biopolymer, silks have
been reformed into various materials formats using advanced bio-fabrication
technology for the design of cell niches. Silk proteins also offer active sites for
chemical modifications to facilitate musculoskeletal system regeneration. With
the emergence of genetic engineering techniques, silk proteins have been further
optimized from the molecular level with other functional motifs to introduce new
advantageous biological properties. In this review, we highlight the frontiers in
engineering natural and recombinant silk biomaterials, as well as recent progress
in the applications of these new silks in the field of bone and cartilage
regeneration. The future potentials and challenges of silk biomaterials in
musculoskeletal tissue engineering are also discussed. This review brings
together perspectives from different fields and provides insight into improved
musculoskeletal engineering.
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1 Introduction

Musculoskeletal diseases (MSDs) are a group of complex conditions affecting bones,
muscles, joints, and other connective tissues in the body. MSDs may result in acute and
chronic pain, constrain mobility and dexterity, and cause burden in other health
domains. The substantial impact of impaired musculoskeletal health, characterized
by morbidity and mortality, is now globally recognized. Among various types of
mammalian musculoskeletal tissues, bone and cartilage display a limited self-repair
capacity, especially for large-scale defect repair. The intrinsic repair capacity also varies
with individual differences, such as age, metabolic condition, and disease severity
(Briggs et al., 2016). Currently, metallic cranial fixation devices and systems remain
the gold standard for bone defect repair because of their outstanding mechanical
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properties (Broaddus et al., 2002; Farah et al., 2016; Khader and
Towler, 2016). However, there exist some limitations in
consideration of the numerous disadvantages of metal alloys
including extreme stiffness, the potential risk of infection and
immunological rejection, and second surgical removal (Imola
et al., 2001; Zhang et al., 2012b). To overcome these limitations,
resorbable devices that are composed of poly-L-lactic acid and
polyglycolic acid have been utilized to reduce second surgical
removal and promote bone remodeling. However, conventional
resorbable materials are generally related to mild to severe
inflammation under the effect of degradation products,
osteolysis, and incomplete bone reconstruction (Eglin and
Alini, 2008b). On the other hand, the innate self-repairing
capacity of cartilage is limited due to its avascular and aneural
nature. Currently, conventional clinic treatments for cartilage
restoration include surgical procedures and conservative
treatments, of which the common ones are debridement and
continuous lavage under arthroscope, autologous chondrocyte
implantation (ACI), and other treatments (Hutmacher, 2000;
Emans et al., 2010; Abdel-Sayed and Pioletti, 2015). However,
their boundedness still remains to be resolved, including donor
deficiency, complications during the donor site recovery,
insufficient durability of implants, and low transplantation
success rate (Cheng et al., 2018). Despite recent advances in
surgical and medication treatments, it remains challenging to
fully restore the function of damaged musculoskeletal tissues.
Therefore, designing advanced functional biomaterials which can
provide support, promote healing, and restore function for
musculoskeletal systems has been paid increasing attention
(Vinatier et al., 2009; Wu et al., 2014; Docheva et al., 2015;
Wei et al., 2021).

Among the biomaterials and devices for musculoskeletal
tissue repair and regeneration, silk biomaterials are regarded
with great potential owing to their unique mechanical
robustness, chemical versatility, tunable biodegradation rate,
and favorable biocompatibility (Vepari and Kaplan, 2007).
Silks are a family of highly expressed fibrous proteins that are
secreted and used externally by insects and spiders. Natural
silkworm silk fibers are strong, flexible, and lightweight,
making them ideal for conventional raw materials in textile
industries. In recent decades, bioactive silk materials have
gained particular interest as a family of emerging biomaterials
in the field of tissue engineering (Huang et al., 2018). The main
motivations for using silks in the design of bioactive medical
materials are their versatility, along with their well-known
biocompatibility, biodegradability, low immunogenicity, and
availability in large-scale production. Silk proteins are mainly
composed of non-reactive amino acids, such as glycine and
alanine, and a relatively small percentage of reactive amino
acids, such as serine, cysteine, and tyrosine (Huang et al.,
2018). The presence of reactive amino acids in silks offers
active sites for chemical modifications, which serve as a
simple route for controlling protein structure, property, and
function to facilitate musculoskeletal system regeneration
(Murphy and Kaplan, 2009). With the emergence of genetic
engineering techniques, modular silk templates have been
further emulated and expanded with other functional motifs
to introduce new advantageous biological properties (Zhou et al.,

2015). Synergetic integration of multi-scale simulation at the
early stages of material design also provides a more rapid
solution to build bioactive materials from the molecular level
(Huang et al., 2017). In addition to silk sequence alteration and
modifications, silk biomaterials have also been reformed into a
variety of biomaterials formats to recapitulate artificial cell
niches using advanced bio-fabrication technology (Huang
et al., 2018). The characteristic features in silk biomaterials,
including tunable mechanical stiffness, surface
nanopatterning, and surface chemistry can strongly influence
cell behaviors, including cell adhesion, proliferation, migration,
differentiation, and cell signaling (Sofia et al., 2001; Altman et al.,
2003; Panilaitis et al., 2003; Kim et al., 2005; Wang et al., 2005).
Due to these advantages, silk has become a suitable candidate for
biomedical applications, especially in bone and cartilage
regeneration.

Recent reviews have extensively discussed the advances and
applications of silks in tissue engineering, which are usually
focused on the discussion of different silk formats, including
silk-based films, sponges, electro-spun and wet-spun fibers and
yarns, hydrogels, particles, etc., along with the specific fabrication
and functionalization methods. Applications of silk-based
materials engineering in a broad spectrum of tissues including
vascular, bone, neural, skin, cartilage, tendons, ocular, cardiac,
and bladder tissues have been summarized based on the
discussion of formats diversification of silk-based biomaterials
(Kundu et al., 2013). Diverse chemical and physical methods for
the fabrication of bio-mimetic architecture of silk-based
biomaterials along with their biomedical applications are also
highlighted (Kundu et al., 2014). Discussions of silks especially
for musculoskeletal tissue engineering also gained a wide range of
interest. Morphological diversification of silk-based material
formats for musculoskeletal tissue engineering including films,
electro-spun fibers, hydrogels, 3-D porous scaffolds, and particles
are of particular interest (Ma et al., 2018). Besides, processing
methods of silks such as freezing-drying, salt leaching, gas
foaming, electrospinning, and compositing for cartilage
regeneration are also discussed (Cheng et al., 2018). A review
of different formats of spider silk-based materials applied in bone
and cartilage regeneration is summarized, however, silks from
other sources like silkworms are not included (Bakhshandeh
et al., 2021). This review seeks to highlight recent basic and
translational progress in silk biomaterials with applications in the
field of musculoskeletal tissue repair and regeneration (Figure 1).
In the beginning, a brief description of bone and cartilage
biology, and the current synthesis method of silks are
presented. Next, a detailed summary of recent progress in
engineering natural and recombinant silk biomaterials is
presented, with an emphasis on applications in
musculoskeletal tissue engineering. At the end, the future
potentials and challenges are discussed. This review
differentiates itself from previous documents by focusing on
the novel design of silk-based biomaterials including natural
and recombinant silk biomaterials from diverse sources for
cell niche mimicking along with their applications in
musculoskeletal tissue engineering. It also highlighted the
special properties including the soft and adaptable properties,
mechanical performance, gradient biochemical and physical
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FIGURE 1
Bioactive natural and recombinant silk materials for musculoskeletal tissue regeneration.
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signal distribution, and functional motifs recordability of
different silk formats through advanced bio-fabrication and
genetic engineering methods.

2 Biology and regeneration of
musculoskeletal systems

The ultimate goal in musculoskeletal tissue engineering is to
fully restore the function of musculoskeletal tissues or organs. To
achieve this goal, bioinspired tissue engineering materials are
designed with similar mechanical stiffness, micro-nanostructure,
chemical component, as well as cellular components of biological
tissues to mimic the natural formations of musculoskeletal systems.
These biomimetic approaches involve building complex structures
of different tissue types with the aid of regenerative biomaterials.
Therefore, understanding the biology of musculoskeletal systems,
including structure, mechanics, and tissue formation, is
fundamental in musculoskeletal tissue engineering.

2.1 Bone biology

Bone, a metabolically active and mineralized connective tissue,
supports locomotion, protects soft tissue, harbors bone marrow,
stores calcium and phosphate, and regulates blood pH. Cortical and
cancellous bone are the two main structural types of bone. They

primarily differ in density, porosity, and metabolism which
influence their function and physiology. As a compact bone,
cortical bone is dense and solid, providing bending resistance
and compressive strength (Figure 2A) (MacIntosh et al., 2008;
Barth et al., 2011). In contrast, cancellous bone is spongy,
porous, and precisely arranged, allowing deformation and
absorption of loads. The internal structure and external
morphology are in accordance with their functions and biological
mechanics, and can be dynamically adjusted (Florencio-Silva et al.,
2015). In healthy adults, bone contains about 70% inorganic
minerals whose main content is hydroxyapatite
(HA) [Ca10(PO4)6(OH)2] and about 30% organic matrix mostly
composed of type I collagen (Brodsky and Persikov, 2005; Clarke,
2008). The inorganic mineral stores almost all calcium and
phosphorous in the body (Florencio-Silva et al., 2015). While
organic matrix gives elasticity and flexibility to tensile forces,
inorganic mineral provides mechanical rigidity and resistance to
compressive forces of bone. Hydroxyapatite crystals, measuring less
than 20 nm, within collagen fibrils can activate the expression of
alkaline phosphatase to promote the ordered deposition of minerals
(Clarke, 2008; Bhattacharjee et al., 2017).

Bone tissue possesses the intrinsic capacity to completely
regenerate in response to injury (Dimitriou et al., 2011). In terms
of the majority of fractures, the bone heals without scar tissue
formation and the fresh bone becomes indistinguishable from
nearby healthy bone (Einhorn, 1998). However, bone
regeneration may be impaired when facing oral and maxillofacial

FIGURE 2
Schematic diagrams of the hierarchical structure of (A) human cortical bone and (B) cartilage. Adapted with permission from ref (Barth et al., 2011;
Mansfield et al., 2015). Copyright 2011 Elsevier, 2015 Elsevier.
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surgery, large quantity defects, avascular necrosis, and so on.
Insufficient regeneration may lead to delayed union or fracture
non-union (Dimitriou et al., 2011).

2.2 Cartilage biology

Cartilage is a resilient and elastic connective tissue found in
joints, rib cages, noses, airways, intervertebral discs, and so on.
Cartilage can absorb impact, lubricate the joint, and form or support
some organs (Krishnan and Grodzinsky, 2018). Cartilage tissue
contains a low density of specialized cells, chondrocytes, that
synthesize and secrete ground substance and extracellular matrix
(ECM) which are rich in proteoglycan and collagen (Figure 2B)
(Mansfield et al., 2015; Naba et al., 2016). Cartilage can be classified
into three types: hyaline cartilage, fibrocartilage, and elastic cartilage.
Hyaline cartilage, containing abundant type II collagen fibrillar
networks, is the most common form and is mainly found on the
articular surface. It enables the movement of joints by providing
lubrication and reducing friction. Fibrocartilage is primarily found
in the intervertebral discs for its resilience and elastic cartilage makes
up the external ears and larynx (Umlauf et al., 2010).

In contrast to bone tissues, cartilage lacks vascular, neural, and
lymphatic systems, which results in the slow turnover of ECM and
the incapability of vascular system-invoked reparative processes.
Consequently, cartilage damage is hard to self-heal (Endisha et al.,
2018). Cartilage defects are classified into two types: partial
(chondral) or full thickness (osteochondral), according to the

depth of the lesion. Once cartilage defects occur, the limited self-
repair capability of cartilage tissue is insufficient for regeneration.

3 Silk: materials overview

3.1 Native silk

Silk protein is secreted from the gland of silk-producing
arthropods, such as spiders, silkworms, and bees (Farokhi et al.,
2018). Among various types of native silks, Bombyx mori silkworm
silks have been widely investigated in tissue engineering, because of
their remarkable mechanical properties, biocompatibility,
biodegradability, non-cytotoxic, and suitable processability. B.
mori silk consists of a core-shell structure with silk fibroin (SF)
as the inner core and sericin as the outer coating (Figure 3A)
(Rockwood et al., 2011; Huang et al., 2018; Pei et al., 2021).
Sericin in silkworm silks is usually removed at the first step of
silk material fabrication as it can elicit an allergreactionsion (Perez-
Rigueiro et al., 2002). After the degumming process to remove
sericin, SF can be directly processed into functional material forms,
such as films, hydrogels, porous sponges, and nanoparticles for
biomedical applications (Rockwood et al., 2011). SF consists of
3 major proteins: a light chain (~26 kDa), a heavy chain
(~391 kDa), and a glycoprotein, P25 (Rockwood et al., 2011).
The light chain is composed of a non-repetitive sequence with
stronger hydrophilicity and less differentiated amino acids. The
heavy chain is composed of repetitive hydrophobic blocks of (GA)

FIGURE 3
The hierarchical structure of (A) silkworm silk and (B) spider dragline silk fibers. Adapted with permission from ref (Giesa et al., 2011; Xu et al., 2014).
Copyright 2014 Royal Society of Chemistry.
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nGX of varying lengths and arrangements, which tends to form β-
sheet crystalline domains (Zhou et al., 2001). The hydrogen-bond β-
sheet content in SF biomaterials influences the mechanical
robustness remarkably (Gosline et al., 1999; Sponner et al., 2007;
Hedhammar et al., 2008; Keten et al., 2010).

Owing to the mechanical robustness, tunable biocompatibility,
and controllable enzymatic biodegradation, new biomedical
materials based on silk have been explored. Perrone et al.
designed new silk-based screws which exhibit high
biocompatibility and promote bone remodeling (Perrone et al.,
2014); a silk-based cranial fixation system has been established
for skull bone fixation (Liu et al., 2018). Also, silk has been
utilized in the form of 3D-printed SF hydrogel and SF scaffolds
in cartilage defect repair (Chen et al., 2020; Hong et al., 2020).
Furthermore, native SF materials have shown extraordinary merits
as a carrier for bioactive growth factors and drug delivery such as
Tanshinone IIA and microRNAs, which has been demonstrated in
the research of Hong et al. and Chen et al. (Sui et al., 2018; Chen
et al., 2020). Various studies have proved silk materials effective in
cell survival, migration, proliferation, and differentiation, and these
advantages make SF materials suitable for bone and cartilage
regeneration. However, the osteogenic capacity is limited,
especially in large bone defect repair (Farokhi et al., 2018).
Hence, blending SF and other materials offer a strategy to
combine the useful advantages of both materials for improved
bone and cartilage regeneration. Shi et al. (2017) developed
functionally and structurally optimized SF/gelatin scaffolds,
which provided a benign microenvironment supporting BMSC
proliferation, differentiation, and ECM production. Besides,
scaffolds composed of SF and other materials such as
nanohydroxyapatite, carbon nanofiber, and cellulose have been
designed and evaluated in bone and cartilage repairing (Shen
et al., 2016; Naskar et al., 2017; Begum et al., 2020).
Furthermore, appropriate bioactive molecules such as stromal
cell-derived factor-1 (SDF-1) and bone morphogenetic protein-2
(BMP-2) and cells including human mesenchymal stem cells
(hMSCs) are loaded at SF composites to further improve
differentiation potential (Shen et al., 2016; Begum et al., 2020).
Overall, SF and composite SF materials have served as ideal
biomimetic materials for bone and cartilage regeneration.

3.2 Recombinant silk

The rational design of recombinant proteins has emerged as a
powerful strategy for investigating the intricate relationships
between protein sequence, structure, and function, offering a
“bottom-up” approach for protein-based biomaterial design.
Complex protein systems can be deconstructed into fundamental
functional modules that govern structural motifs, providing insights
into biomaterial function. Recent advances in genetic engineering
have paved the way for the production of monodisperse and well-
defined silk-based proteins, which serve as a fundamental building
block for fabricating biomaterial systems that closely mimic the
biological and mechanical properties of native tissues. Silk can be
precisely tailored to meet the specific requirements of
musculoskeletal tissue engineering materials through a diverse
range of techniques, including the incorporation of non-natural

amino acids, the introduction of specific structural domains and
functionalized sequences, the development of hybridization
strategies, and the generation of stimuli-responsive systems. The
synergistic combination of structuring and functionalization of silk
proteins presents innovative approaches, such as the design of novel
drug delivery systems, biomineralized surfaces, tissue regeneration
matrices, and mechanical support structures, which hold great
promise in addressing the current challenges in musculoskeletal
tissue engineering.

Spider silks are remarkable biomaterials when considering their
light density and excellent mechanical properties due to their
hierarchical structures (Figure 3B) (Huang et al., 2011). However,
harvesting spider silk from natural sources is challenging, because
spiders are solitary and territorial animals. One way to produce
spider silk proteins in large quantities is through the expression of
natural spider silk genes in different host organisms, such as
prokaryotes, eukaryotes, and even transgenic animals (An et al.,
2015; Huang et al., 2017). The construction of recombinant silk
proteins includes three steps: plasmid construction, protein
expression, and protein purification. To construct expression
plasmids, a variety of cloning strategies have been used toward
this goal, including step-by-step directional ligation, recursive
directional ligation, and concatemerization (Dinjaski et al., 2018).
Once the expression plasmid is successfully constructed, it is
transformed into E. coli host for expression, then the expressed
recombinant silk proteins are purified using affinity
chromatography and size exclusion chromatography based on
their affinity tags and molecular weight.

Among various types of spider silks, the dragline silk of the N.
clavipes spider has served as a template model for basic structure-
sequence-function relationship studies (Huang et al., 2011; Lin et al.,
2015) and tissue engineering applications (Aigner et al., 2018). With
the recent advance in genetic engineering techniques, silk proteins
have been further optimized with functional peptide motifs to
introduce new advantageous properties. N.clavipes dragline silks
were cloned and expressed to include RGD cell-binding domains to
introduce selective cell interactions (Bini et al., 2006). The
recombinant silk-RGD proteins enhanced the differentiation
hMSCs and bone-related outcomes, such as calcium deposition.
Moreover, silk-VTK recombinant proteins have been designed to
facilitate biomineralization, and support hMSCs growth and
proliferation (Dinjaski et al., 2017). The recombinant silk
proteins can be structurally and functionally engineered to meet
the demands of different mechanical robustness, biodegradability,
biocompatibility and the potential of osteochondral differentiation.

4 Engineering silks for musculoskeletal
regeneration

Recent advances in the design and fabrication of nanostructured
biomaterials have opened up new opportunities in musculoskeletal
tissue engineering. Conventional strategies to manufacture silk-
based materials include freeze-drying, gas foaming, and salt
leaching (Rockwood et al., 2011). Recently, developments in
micro- and nano-scale biotechnologies pave the way to integrate
physical and biological cues in silk materials and devices for
improved bone and cartilage regeneration (Funda et al., 2020).
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Compared with conventional strategies, advanced bio-fabrication
and genetic engineering methods have displayed unique advantages,
such as tunable porosity for growth factor delivery (Wang et al.,
2012), mechanical enhancement in nano-scale, customized micro-
nano patterning, gradient mechanical strength (Guo et al., 2017; Shi
et al., 2017; Guo et al., 2020), and integration of biological cell niche
in materials design (An et al., 2015; Zhou et al., 2015).

4.1 Soft and adaptable materials

Hydrogel is an efficient three-dimensional material for tissue
engineering because of its high water content and flexibility, which
allows it to mimic native ECM. Hydrogels are in general fabricated
by crosslinking methods to combine two or more functional groups
through covalent or non-covalent bonding to form a polymeric
network, usually employed to complement each other in many
features (Thakur et al., 2018; Krishnakumar et al., 2019). To
endow ideal features to silk, it is essential to choose proper
crosslinkers and approaches. Broadly, crosslinking approaches are
classified into three main categories: physical, chemical and
enzymatic crosslinking methodologies (Krishnakumar et al.,
2019). Physical crosslinking is a safe, inexpensive, non-toxic and
biocompatible procedure with the formation of β-sheets, including
UV irradiation, shear force, and dehydrothermal treatment (Huang
et al., 2018). For example, ethanol treatment of silk fibroin promoted
the formation of β-sheets and enhance the mechanical strength (Shi
et al., 2017). However, physical crosslinking lacks crosslinking
degree and chemical bonds strength, and is relatively more
difficult to control the reaction kinetics (Thakur et al., 2018). In
contrast, chemical crosslinking provides stronger bonds by
connecting different substances with ionic and covalent bonds. In
addition, chemical crosslinking makes it possible to introduce some
functional groups which are absent in silk fibroin (Kim et al., 2018).
For instance, glycidyl methacrylate (GMA) was covalently
immobilized with silk fibroin to form pre-hydrogel. GMA
donated a vinyl double bond that acted as the site of UV-
crosslinking (Kim et al., 2018). On the other hand, the products
should be washed to get rid of the toxic residual crosslinkers, but the
residues would be left more or less (Thakur et al., 2018). Enzymatic
crosslinking features with high crosslinking efficiency and mild
reaction conditions with the help of catalysts. Significantly, a
large quantity of the catalysts has no cytotoxicity or
immunogenicity (Krishnakumar et al., 2019), and the reaction
can be easily controlled due to the sensitivity of enzymes to
external conditions such as temperature and pH. Hasturk et al.
(2020) developed the HRP/H2O2 mediated crosslinking methods to
form SF composite hydrogels and successfully meliorated gelation
kinetics and bioactivity.

Compared to traditional hydrogels, injectable hydrogels can fill
irregular defects and form stable 3D polymer networks in situ. This
non-invasive injection method can avoid implantation surgery,
which is convenient and efficient. Silk fibroin has been widely
used for injectable hydrogel owing to its biocompatibility,
controlled biodegradability and ease of manufacturing. Moreover,
growth factors were usually incorporated into silk fibroin based
injectable hydrogels. Growth factors were widely used in tissue
engineering since they can inhibit or promote cellular adhesion,

spreading, proliferation, differentiation, and gene expression.
Growth factors can be added directly into the scaffolds during or
after fabrication. They can also be delivered into scaffolds through
some carriers like nanoparticles. Hydrogels were beneficial for
carrying growth factors since their 3D structures can hold growth
factors and maintain their stability. Moreover, hydrogels can control
the release of drugs through diffusion or degradation mechanism.
The co-delivery of angiogenic and osteogenic growth factors (GFs)
has emerged as a promising strategy for bone regeneration. Silk
fibroin, owing to its excellent biocompatibility and high-water
content, has gained attention as an attractive carrier for GF
delivery. Angiogenic platelet-derived growth factor-BB (PDGF-
BB) loaded chitosan/silk fibroin (CS) hydrogel was incorporated
with osteogenic bone morphogenetic protein-2 (BMP-2)-
functionalized MgFe-2D layered double hydroxide (MgFe-LDH)
for repairing bone defects (Figure 4A) (Lv et al., 2022). The GF-
loaded hydrogel demonstrated good injectability and rapid thermo-
responsiveness below physiological temperature (37°C) due to the
presence of silk fibroin and LDH. Furthermore, the sequential
release of dual GFs was achieved, with the burst release of
PDGF-BB from CS hydrogel and the sustained release of BMP-2
fromMgFe-LDH. In vivo tests revealed that this composite hydrogel
can improve bone regeneration by considerably increasing bone
volume and mineral density when compared to other groups. This
temperature-responsive injectable hydrogel exhibited excellent
gelation properties and sequential GF-releasing behavior, offering
a promising minimally invasive approach for bone repair. In other
research, silk nanofibers (SNF) hydrogel was obtained by pre-culture
silk fibroin solution at 60°C, which was injectable using syringes by
hand while remaining solid hydrogel state after injection.
Deferoxamine (DFO) and bone morphogenetic protein-2 (BMP-
2) were loaded on SNF and HA for introducing angiogenic and
osteogenic cues. This injectable hydrogel mimics multiple
biophysical and chemical cues including the fiber-matrix
morphology, organic-inorganic chemical content, and regulating
of growth factor, showing good bone regeneration (Cheng et al.,
2020). Chitosan (CH)/silk fibroin (SF)/glycerophosphate (GP)
composites were also fabricated as injectable hydrogel with
thermal-triggered gelation at physiological temperature and
pH (Figure 4B) (Wu et al., 2019).

4.2 Mechanical enhancement

Over the years, thermal processing technology has been used as a
rapid and low-cost fabrication method in the plastic industry.
However, under elevated temperatures, native silk fibroins with
relatively high β-sheet content tend to degrade before melting,
limiting the application of thermal remolding. Recently, Guo
et al. (2020) have developed a novel, significantly more efficient
fabrication method for thermoplastic molding silks into high-
density and tough medical devices such as bone screws, plates,
and ear tubes. Guo et al. reconstructed regenerated silk fibroins into
amorphous silk nanomaterials (ASN) in powder form with low β-
sheet content (<1.0%) and high random coil or helix content. These
ASN underwent structural transitions into viscoelastic liquid at
defined glass-transition temperature (Tg’), allowing the remolding
procedure. Moreover, at higher processing temperatures (about
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145°C) and pressure (632 MPa), β-sheet content would increase and
ASN would self-assemble into more homogenous and densified bulk
silk-based biomaterials such as bone screws. The whole procedure

was time- and cost-effective and can be tuned to incorporate
bioactive molecules at mild temperatures by adjusting the
absorbed moisture content in silks. The bone screws implanted

FIGURE 4
Injectable silk protein-based hydrogels. (A) Angiogenic PDGF-BB loaded chitosan/silk fibroin (CS) hydrogel incorporated with osteogenic BMP-2-
functionalized MgFe-LDH. (B) Injectable chitosan (CH)/silk fibroin (SF)/glycerophosphate (GP) composite hydrogels triggered by temperature. Adapted
with permission from ref (Wu et al., 2019; Lv et al., 2022). Copyright 2019 Elsevier, 2022 WILEY-VCH.
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in rat femurs had no surficial inflammation, indicating their
favorable biocompatibility (Guo et al., 2020).

Hydrogels are regarded as having great potential owing to their
high water content, three-dimensional cell culture capacity, tunable
porous framework and robustness, and good biocompatibility.
Mechanical reinforcements in hydrogels have also been achieved

by using silk microfibers with other biomaterials to form a “steel bars
reinforced concrete” structure (Figure 5). Since silk has high elastic
modular and toughness, under loading, silk microfibers can be
stretched and dissipate stress fast in the composite hydrogels and
then achieve mechanical enhancement of silk protein composites.
Silk microfiber-reinforced silk hydrogels were fabricated by

FIGURE 5
Mechanical reinforcement of silk protein hydrogels. (A) Silk microfiber reinforced silk hydrogels and their equilibrium and dynamic moduli with
different silk fiber lengths. (B) Two kinds of silk fibers either from Bombyx mori (Bm) or Antheraea pernyi (Ap) and PLLA microspheres co-reinforced
hydrogels for auricular cartilage tissue engineering. (C) SEM images of silk nanofiber (top left), chitosan/glycerophosphate hydrogels (CS/GP) (top right),
degummed chopped silk fibers reinforced CS/GP (CS/GP-D) (bottom left), electrospun silk mats reinforced CS/GP (CS/GP-L) (bottom right) and
their modulus. (D) Laponite (LAP) reinforced silk hydrogels for osteochondral regeneration. Adapted with permission from ref (Mirahmadi et al., 2013;
Yodmuang et al., 2015; Yang et al., 2021; Zhang et al., 2021). Copyright 2013 Elsevier, 2015 Elsevier, 2021 Elsevier.
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FIGURE 6
Mechanical gradient of silk protein hydrogels. (A) Electric field and gelation of ASNF-induced gradient distribution of BSNF. (B) Gradient distribution
of polylactic acid (PLA) and calcium peroxide (CPO) microparticles in silk fibroin hydrogel through a gradient mixing chamber. (C) Integrated tri-layer
osteochondral tissue engineering scaffold composed of the upper SF layer with oriented structure, dense intermediate SF/HA layer, and bottom SF/HA
layer with porous structure through paraffin leaching. Adapted with permission from ref (Ding et al., 2014; Xu et al., 2020; Khorshidi et al., 2021)
Copyright 2021 Elsevier.
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mimicking the fiber and proteoglycan composite structure of
biological cartilage. This hydrogel showed reinforced equilibrium
moduli within the range of stiffness of native cartilage (Yodmuang
et al., 2015). Two kinds of silk fibers either from B. mori or A. pernyi
and PLLA microspheres co-reinforced hydrogels are also developed
for auricular cartilage tissue engineering (Yang et al., 2021).
Moreover, silk electrospun membranes can also reinforce the
stiffness of the composites through layer-by-layer sandwich
structures. It was reported that the electrospun silk mats
reinforced chitosan/glycerophosphate hydrogels showed better
robustness than degummed silk fibers (Mirahmadi et al., 2013).
Furthermore, other fillers like nanoparticles can also reinforce the
silk protein hydrogels (Zhang et al., 2021).

4.3 Gradient within materials

Bone and cartilage have different biochemical components and
mechanical stiffness. Therefore, integrated repair of osteochondral
defects requires scaffolds with mechanical gradients simulating the
native integrated structure of bone and cartilage. Recently, an
electric field was used to form silk fiber reinforced mechanical
gradient hydrogels. Beta-sheet rich silk nanofibers (BSNF) moved
from cathode to anode in the matrix of amorphous silk nanofiber
solutions (ASNF) under the driving force of electric field. When the
ASNF gelation occurred, the formed aligned and gradient
distribution of BSNF was solidified. By adjusting electric field
intensity and gelation time of ASNF, the velocity of BSNF
movements can be tuned and tunable mechanical gradient silk
hydrogels can be obtained (Figure 6A) (Xu et al., 2020).
Fabricating materials with gradient concentrations is another
efficient way to induce gradient in biomaterials. Hydrogel/particle
scaffold with a gradient of the oxygen-releasing microparticles were
fabricated by adding polylactic acid (PLA) and calcium peroxide
(CPO) microparticles in silk fibroin precursor through a gradient
mixing chamber (Figure 6B) (Khorshidi et al., 2021). The increase in
microparticle content promoted osteogenesis, whereas the parts
with low microparticle content encouraged chondrogenesis of
mesenchymal stem cells.

3D printing is an emerging bottom-up technology, by which 3D
biomimetic architecture can be established. According to the
predesign assisted with computer-aided design (CAD), custom
microstructure can be obtained by printing materials layer by
layer with a microstructure that is precisely controlled to the
nanoscale (Zhu et al., 2016a; Włodarczyk-Biegun and Del
Campo, 2017; Huang et al., 2018). Therefore, 3D printing can
also be used for designing scaffolds with gradient architecture
and mechanical signals. Digital light printing (DLP) is one of the
widely used ways for creating layered scaffolds with synthetic
complexes with desirable structures and ideal cell types in tissue
or organ regeneration (Grogan et al., 2013; Lin et al., 2013; Zhu et al.,
2016b; Zheng et al., 2016). Parathyroid hormone (PTH) grafted silk
fibroin (SF-PTH) and methacrylic anhydride chemically modified
silk fibroin (SF-MA) were mixed with gelatin methacryloyl (GM) as
two bio-inks (Deng et al., 2021). Biphasic scaffolds composed of a
layer of SF-PTH/GM hydrogel and a layer of SF-MA/GM hydrogel
were fabricated using these two bio-inks through 3D bioprinting
technology. SF-PTH/GM layer and SF-MA/GM layer exhibited

different mechanical stiffness resulting in the mechanical gradient
of these biphasic scaffolds. To further mimic the gradient
mechanical and structural properties of osteochondral, a novel
integrated tri-layered scaffold was created by combining
directional crystallization and pore-forming technologies
(Figure 6C) (Ding et al., 2014). The upper SF layer with a
longitudinally oriented structure was generated by directional
freezing, while the bottom layer with a subchondral bone mimics
porous structure was composed of SF and HA and produced
through paraffin-sphere leaching, and the intermediate layer was
dense SF and HA that serves as the boundary between the two layers
and enhances the mechanical strength of this gradient scaffold.

4.4 Encoding function motifs

The natural cellular niche can affect cellular activities through
the stimulation of specific cell-materials interaction. Generally
speaking, there are two classes of stimuli: physical cues, such as
cell-adhesive sequences, and soluble cues, such as growth factors.
Grafting and direct mixing of bioactive molecules into biomaterial
matrices are conventionally used methods to incorporate biological
cues. Mineralization is a process to introduce minerals into the bone
structure, organized by osteoblasts after the deposition of the
organic matrix, including calcium and phosphate. They will
transform into crystalline calcium phosphate that provides
stiffness. Bone remolding involves the formation of new bone
and the absorption of old bone due to the orchestrated
coordination among osteoblasts, osteoclasts, and osteocytes. It is
essential for regulating calcium homeostasis and repairing the
damaged bone. Silicification peptide grafted SF hydrogel was
fabricated to mimic the natural gradient distribution of minerals
in the extracellular matrix, and the mineralized SF hydrogels can
induce osteogenic differentiation (Guo et al., 2017). The ion
diffusion method was also utilized in biomimetic mineralization
in silk hydrogels. Ca2+ was added to silk hydrogels for providing
nucleation sites of hydroxyapatite crystals and further regulating
their oriented growth (Jin et al., 2015). By varying the Ca2+

concentration and mineralization time, morphology and
aggregation status can be controlled.

Genetic engineering technology provides an advanced tool to
integrate cell niches at the beginning of material design from the
molecular level. VTKHLNQISQSY (VTK) has proven
biomineralization properties with both bonelike minerals and
hydroxyapatite (Addison et al., 2010). Dinjaski et al. combined
silk domain
(SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT)15, which
is obtained from the common silk domain of N. clavipes
dragline, and the hydroxyapatite binding domain
VTKHLNQISQSY (VTK) to constructed silk-VTK fusion
proteins. Five forms of silk-VTK fusion proteins were generated
based on different positions and numbers of the VTK domain and
were further made into films for mineralization test. Results showed
the presence of the VTK domain enhanced osteoinductive
properties up to 3-fold compared to the control (Figure 7A)
(Dinjaski et al., 2017). Neubauer et al. engineered recombinant
spider silk proteins with different mineralization and collagen
binding tags. The variants were found to distinctly induce
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mineralization and increase the adherence of pre-osteoblasts
(Figure 7B) (Neubauer and Scheibel, 2020).

5 Applications of silks in
musculoskeletal regeneration

5.1 Bone tissue engineering

Bone defects normally arise from trauma, congenital
malformations, tumor resection, and reconstructive surgery
(Majidinia et al., 2018). In comparison to scar tissue that was
incompletely repaired by collagen, entire healing of bone defect
can be available due to cellular regeneration and matrix

mineralization (Marx, 2007). Mesenchymal stem cells (MSCs)
play a key role in the healing process. MSCs, with the
characteristics of self-renewal and pluripotency, mainly exist in
the bone marrow and can migrate around the clot, differentiate
down osteogenic lineages, and activate downstream networks to
facilitate bone induction and conduction (Shao et al., 2015;
Majidinia et al., 2018).

The excellent mechanical strength, tunable biodegradation rate,
and favorable biocompatibility make silk fibroin suitable candidates
for bone regeneration, especially when silk fibroin is composited
with other bioactive macromolecules or cells. For instance, porous
silk-based scaffolds seeded with human MSCs have been widely
utilized in bone tissue engineering (Meinel et al., 2004; Meinel et al.,
2006). Besides, adipose-derived stromal cells (ADSCs), isolated from

FIGURE 7
Mineralization and cell adherence of genetically engineered silks. (A) Silk-VTK fusion proteins and films for enhanced mineralization. (B) Spider
silk–SIBLING hybrids showed enhanced calcium phosphate formation and preferentially adherence of pre-osteoblasts along the gradient toward the
variant with a collagen-binding motif. Adapted with permission from ref (Dinjaski et al., 2017) (Neubauer and Scheibel, 2020) Copyright 2017 Elsevier,
2020 American Chemical Society.
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adipose tissue, also demonstrate multiple differentiation potential.
Under osteogenic culture conditions, ADSCs can undergo
osteogenic lineages with similar morphological and biological
properties (Ribeiro et al., 2017). Importantly, it has been shown
that ADSCs keep an abundant supply, because they can be harvested
from lipoaspirate (Levi and Longaker, 2011). Therefore, ADSCs are
a promising source for bone regeneration. Ribeiro et al. developed a
porous 3D biotextile composed of weft-knitted silk fibroin (SF)
yarns and polyethylene terephthalate (PET) monofilament which is
seeded with ADSCs (Ribeiro et al., 2017). SF-PET scaffold showed
expression of osteogenic-related markers, osteocalcin, and
osteopontin, and represented strong extracellular matrix
mineralization. A combination of osteogenic factors such as bone
morphogenetic protein (BMP) and hydroxyapatite (HAp) can
augment and encourage mineralization and bone integration
ability (MacIntosh et al., 2008). It has been confirmed that BMP-
2 can facilitate the recruitment and osteogenic differentiation of
MSC (Kimura et al., 2010). HAp shows great chemical similarity and
biological affinity to the natural bone inorganic matrix (Zhou and
Lee, 2011). In the study of Shen et al., a cell-free silk fibroin (SF)/
nano-hydroxyapatite (nHAp) scaffold was designed, loading BMP-2

containing SF microspheres and physically absorbed stromal cell-
derived factor-1 (SDF-1). The main function of SDF-1 is to recruit
MSCs to injury sites. The sequential release of SDF-1 and BMP-2
was achieved due to the burst release of SDF-1 and sustained release
of BMP-2, which made the best use of these two molecules and
ensured sequential migration and differentiation of MSC. In vitro
study showed that this scaffold exhibited a significantly upregulated
secret of calcium and osteocalcin than the concomitant released
scaffold. Further, MSCs were labeled by D-Luciferin and the result
showed the excellent cell migration and proliferation of this scaffold.
After 12 weeks of implantation into the rat model with a critical size
calvarial defect, the defect was completely bridged (Shen et al., 2016).
Cells can sense their surroundings and translate them into cellular
events. Recent studies suggest cell microenvironment plays an
important role in bone repair (Guimaraes et al., 2022). Hu et al.
(2023) designed and fabricated bone microenvironment–specific
electroactive hydrogel using SF and MXene nanosheets
(Figure 8A). SF bio-encapsulates MXene and inhibits the
restacking and oxidation of MXene. This electroactive hydrogel
promoted direct osteogenesis, leading to a re-established electrical
microenvironment for efficient bone regeneration, and it also acts as

FIGURE 8
Silk hydrogels and devices for bone tissue regeneration. (A) SF-MXene hydrogel re-established the electrical microenvironment and promoted
direct osteogenesis. (B) Silk-based orthopedic devices with osteoinductive functionality. Adapted with permission from ref (Li et al., 2016; Hu et al., 2023).
Copyright 2016 Elsevier, 2023 Elsevier.
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a piezoresistive pressure transducer, which can potentially be
utilized to monitor the electrophysiological microenvironment.

In addition to bone tissue engineering, silk-basedmaterial can be
utilized to generate ameliorated orthopedic devices. In terms of
unstable fractures, such as intraarticular fractures severe multiple
fractures, open reduction, and internal fixation are common
treatments in clinical. Attributed to the robustness, low price,
and ease of accessibility, metals, such as titanium alloys and
stainless steel, keep the most frequently used source of
orthopedic devices. However, as foreign implants, metallic
devices have a risk of infection, delayed healing, soft tissue
irritation, and discomfort. Even worse, the invasive second
surgical removal may cause severe complications (Zhang et al.,
2012a). These limitations necessitate advanced absorbable screws
which avoid surgical removal. Poly-L-lactic acid and polyglycolic
acid have been utilized as absorbable materials, whereas their
potential osteolysis effect, adverse degradation products, and
incomplete bone remodeling hinder their translation (Eglin and
Alini, 2008a; Li et al., 2016). Silk is a unique candidate for orthopedic
devices due to its strong mechanical properties, tunable
degradability, favorable biocompatibility, and permission to
modify. After the proper treatment, silk-based material can be
properly machined (Li et al., 2016) or remold (Guo et al., 2020)
to meet the morphology and structure requirements of orthopedic
devices. In order to preclude the negative impact of organic solvent,
an aqueous and “green” process strategy inspired by the natural
spinning process was developed to realize self-assembly. Li et al.
(2016) fabricated a solid silk blank with excellent machinability
(Figure 8B). The machined screw had a glossy surface and sharp
edges. In terms of mechanical strength, the maximum bending
modulus and structural stiffness were greatly improved compared
to those solvent-based devices. On the other hand, the blending of
dopants and delivery of bioactive compounds also became easier and
more effective because of the mild process. Hence, this study not
only successfully incorporated nano-hydroxyapatite to reduce the
swelling ratio and enhanced mechanics in the hydrated state, but
also functionalized with P24, a synthetic BMP2-related peptide, to
promote osteoinductive effect. This research proved silks can be
developed into molding and machinable biomaterials through a
mild and green strategy, paving the way for the development of a
new class of silk-based resorbable orthopedic devices.

5.2 Cartilage tissue engineering

Conventional clinic treatments for cartilage defects, such as
arthroscopic debridement/lavage, microfracture/drilling, and ACI,
are facing some inevitable limitations. To overcome these shortages,
cartilage tissue engineering (CTE) has been proposed to seek new
and effective treatments by optimizing conditions, such as the source
of seed cells, scaffolds, and indispensable stimulating factors (Makris
et al., 2015).

The seed cells used most frequently in CTE are the mature
chondrocytes isolated from animal or human articular cartilage and
MSCs. Chondrocytes obtained from articular cartilage tissues are
generally regarded as an ideal candidate for seed cells, which exist
only in cartilage and can directly secrete cartilage-specific matrix
without external stimulus (Man et al., 2016). Chondrocytes can

generate hyaline cartilage possessing similar characteristics to native
cartilage through pellet culture (Zhao et al., 2020). Though tissue-
engineered cartilage can be formed by culturing chondrocytes in a
bioreactor (Zhao et al., 2016), the isolation of autologous
chondrocytes is greatly restricted as it causes secondary injuries;
on the other hand, the chondrocyte phenotype decreases and
chondrogenic markers cease, which leads to insufficient cartilage
repair (Zhao et al., 2020). Maintaining the primitive characteristics
of high differentiation of chondrocytes thus becomes a fundamental
target of CTE. MSCs with the capability of multidirectional
differentiation potential to bones and chondrocytes, have been
proposed to be loaded on silk fibroin-based hydrogels, providing
many advantages as chondrocytes. For example, MSCs have
extensive sources including bone marrow and adipose, and can
be isolated more easily than chondrocytes (Nejadnik et al., 2010).
Besides, MSCs have been proven to secret multiple paracrine factors
such as interleukin-7, 8, 11(IL-7, 8, 11), enhancing cartilage
regeneration and repair (Eltoukhy et al., 2018).

Simultaneously, scaffolds play an equal role as seed cells in
cartilage defect repair. Mechanical properties of scaffolds such as
tensile strength and stiffness affect cellular functions significantly
(Cheng et al., 2018); also, porous size and the three-dimensional
structure of the scaffolds are pivotal elements in inducing,
accelerating, and enhancing cell proliferation, differentiation, and
ECM production of newly formed cartilage (Shi et al., 2017).
Hydrogel scaffolds have shown great potential for encapsulating
cells, growth factors, and other cell signaling factors for cartilage
regeneration application. Agarose is a conventional and commonly
accepted hydrogel that has been widely utilized for maintaining
long-term chondrocyte cultures (Chao et al., 2010). However, the
biomedical application of agarose hydrogels is restricted for agarose
is immunogenic and nondegradable and the mechanical stiffness of
agarose is difficult to modify (Chao et al., 2010). Therefore, SF
materials, which show little to no inflammatory or immune
response, have been fabricated into hydrogels for their tuned
structural and mechanical properties, biocompatibility, and
biodegradability. Digital light processing (DLP) is a promising
3D printing technology for scaffold fabrication in biomedical
applications due to its high resolution, rapid printing efficiency,
and capacity to maintain cell viability. Recently, Hong et al.
fabricated silk fibroin and glycidyl-methacrylate (Silk-GMA)
hydrogel with chondrocyte laded using 3D DLP printing for
cartilage regeneration. Here the Silk-GMA act as bioink,
providing powerful biocompatibility, tunable biodegradability,
excellent mechanical stiffness to resist the physical stress during
the DLP printing process, and various ways for crosslinking (Kim
et al., 2018). The fabricated Silk-GMA sponge was loaded with cells
of either chondrocyte or NIH3T3. And the photoinitiator, LAP, was
added to induce a photopolymerization reaction when exposed to
UV light. Integrating all evaluating results, the fabricated Silk-GMA
showed excellent biocompatibility and remarkable biomechanical
properties and provided great cartilage regeneration efficacy both
in vitro and in vivo implantation (Figure 9) (Hong et al., 2020). This
research proposed an approach for generating microenvironment-
mimic scaffolds for cartilage regeneration using DLP and silk-based
bio-inks, which is also promising for other tissue regeneration. Shi
et al. designed a composite scaffold combining SF with gelatin using
3D printing technology to optimize the structure and function,
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giving the scaffold an appropriate mechanical stiffness and
biodegradation rate balance for better chondrogenic
differentiation. 3D printing was utilized to optimize the structure
of the scaffold and silk fibroin along with gelatin acted as the
structural matrix. Besides, BMSC affinity peptide E7 was added
to the composite scaffold to functionally modify the BMSC homing
ability. In vitro, BMSCs showed good growth on the SF-Gel-
E7 scaffold, and the content of hydroxyproline (HYP) and
glycosaminoglycan (GAG) increased statistically significantly,
indicating a superior chondrocyte differentiation ability than the
other scaffolds. In vivo, the SF-Gel group possessed better-formed
neo-cartilage and showed superior performance in cartilage defect
repairing, especially the SF-Gel-E7 group (Shi et al., 2017).

Besides, stimulating factors have been verified to be involved in
supporting the formation of functional neo-cartilage and enhancing
the quality of cartilage repair. Several growth factors are playing a
regulating role in the homeostasis of mature functional cartilage,
including Transforming Growth Factor-β (TGF-β), Fibroblast
Growth Factors (FGFs), Insulin-Like Growth Factors (IGFs),
Wingless (Wnt) Family, Notch Signaling Family and Hedgehog
Family (Hh). For example, Hung et al. used water-based 3D printing
materials polyurethane (PU) incorporating bioactive TGF-β3 to
fabricate compliant scaffolds. These scaffolds induce MSCs to
differentiate towards chondrocytes, thus accelerating the
formation of cartilage and promoting cartilage repair (Hung
et al., 2016). Tanshinone IIA (TAN), a traditional Chinese
medicine extracted from Salviamiltiorrhiza Bunge (danshen), is
easily redox, thus having a potential anti-inflammatory, anti-
oxidant, and anti-apoptotic effect (Gao et al., 2008; Fan et al.,
2009; Yin et al., 2012). In addition, it is previously verified that
TAN can prevent cartilage degradation by inhibiting apoptosis and

inflammatory factor expression levels (Jia et al., 2017), and TAN can
significantly ameliorate rheumatoid arthritis (RA) by targeting
neutrophils (Zhang et al., 2017). Based on these, Chen et al.
designed and fabricate a novel TAN delivery silk fibroin scaffold
to promote cartilage defect repairing, where TAN was used as a
stimulating bioactive factor. TAN solution was mixed with SF
solution followed by a certain ratio, and the expected SF-TAN
scaffold was prepared by freeze-drying and self-assembled
proteins. Then the efficacy was evaluated both in vitro and in
vivo. After incubating with chondrocytes, the SF-TAN scaffold
group showed hyaline-cartilage-like tissue and high content of
cartilage-specific ECM. Furthermore, in the rabbit cartilage defect
model, neo-cartilage was formed and showed perfect integration
with surrounding tissues. And the newly formed cartilage possessed
similar analogous biomedical mechanical properties and cartilage-
specific ECM content. Hence, the TAN delivery silk fibroin scaffold
can effectively and significantly promote cartilage defect repairing
and thus can be potentially explored in clinical trials of cartilage
defects.

5.3 Osteochondral interface tissue
engineering

The natural osteochondral tissue widely existing in our joints
contains both osteo and chondral components. The articular
cartilage, subchondral bone, and the connected interface are the
three main parts of osteochondral tissue. Besides, the connected
interface is heterogeneous, gradient varying, and stable, which
unifies osteo and chondral components as a single and complex
whole (Nukavarapu and Dorcemus, 2013; Ribeiro et al., 2018). The

FIGURE 9
Chondrocyte-ladened silk-GMA bio-ink for DLP 3D printing technology has great potential in cartilage regeneration. Adapted with permission from
ref (Hong et al., 2020) Copyright 2020 Elsevier.
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defect or damage of osteochondral tissue can occur in any joint and
impact all three parts. The osteochondral interface is particularly
susceptible since there is no continuous collagen fiber. Even worse,
this process is hard to reverse naturally because of its insufficient
regenerative potential and complicated structure (Nukavarapu and
Dorcemus, 2013). Hence, osteochondral tissue engineering is urged
but confronts great challenges that the substitute should meet the
structural and biological requirements of both articular cartilage and
subchondral bone and ensure the compatibility and stability
between these phases (Ribeiro et al., 2018). For this purpose,
biphasic (Da et al., 2013), multiphasic (Levingstone et al., 2014)
or stratified scaffolds have been developed. However, most of these
are composited by inorganic phase and additional substrate, which
leads to nonhomogeneity (Guo et al., 2017). To overcome this
limitation, Guo et al. developed novel gradient silicified silk/
R5 composites which are similar to the natural osteochondral
interface. The R5 peptide is a bioinspired analog that can
selectively promote the intermolecular interactions between
biosilica particles and peptides. The R5/silk peptide solutions
with different R5/silk molar ratios were separately added into a
cylindrical container and gelled in sequence. Then, the biosilica
particles were introduced and their concentration varied along the
longitudinal R5/silk molar ratio, which resulted in gradient
mechanical properties. Besides, the composites had varied pore
sizes and can seed hMSCs. The in vitro study showed that
silicified silk/R5 composites that encapsulated hMSCs had
elevated calcium deposition and osteogenesis in comparison to
unsilicified silk controls, indicating a promising approach in
osteochondral tissue engineering (Guo et al., 2017).

6 Summary and outlook

Musculoskeletal degenerative diseases affect millions of
individuals worldwide. To stimulate or augment the impaired or
insufficient bone regeneration capacity, the current clinical practice
includes distraction osteogenesis, bone substitutes, and bone-
grafting methods, such as autologous and allogeneic grafts
(Aronson, 1997; Giannoudis et al., 2005). However, the effect of
osteogenesis keeps less than satisfactory. Similarly, the main
strategies of osteoarthritis (OA) are conservative treatment, such
as moderate exercise and pain management (Taruc-Uy and Lynch,
2013). There are rare disease-modifying drugs to alter or halt the
pathological progression of OA (Karsdal et al., 2016). If conservative
treatment fails, surgery, such as osteotomy and arthroplasty, is the
only adoptable approach (Taruc-Uy and Lynch, 2013). Therefore,
there is a growing consensus that novel treatments need to be
developed and tissue engineering and regenerative medicine
(TERM) suggest a promising solution (Bhattacharjee et al., 2017).
TERM is an interdisciplinary field in which living cells, suitable
biochemical and physio-chemical factors, and biocompatible
materials are combined to ultimately repair or replace the
damaged location (Berthiaume et al., 2011). TERM has been
considered as a substitute to compensate for the limited supply
of donor tissue and organ transplants. At the same time, the
rejection reaction and mortality can be well-controlled (Nerem
and Sambanis, 1995). Whilst challenges remain, advanced

biomaterials, especially silk materials, and customized processing
methods enable new frontiers for TERM.

Silk fibroin has emerged as a promising biomaterial for bone and
cartilage tissue engineering due to its exceptional toughness,
strength, biocompatibility, and versatility. Silk-based scaffolds are
designed to mimic the in-vivo physiological microenvironment,
regulating the fate of stem cells. To mimic the morphology of
bone tissue, porous silk scaffolds are widely used, prepared by
various processing methods such as freeze-drying, gas-foaming,
and 3D printing. To obtain good biological outcomes, composite
silk scaffolds are usually developed by incorporating osteogenic
growth factors along with angiogenic growth factors or
hydroxyapatite (HAp) in bone tissue engineering. Silk hydrogels
are also good carriers for chondrogenic growth factors and some
stimulative bioactive factors for maintaining the high differentiation
characteristics of chondrocytes or guiding the differentiation
potential of MSCs to chondrocytes. Additionally, BMSC affinity
peptides and growth factor-related peptides were also grafted or
encoded on the silks through some chemical methods or DNA
recombinant technology for better functionality. Furthermore, the
mechanical stiffness of silks has been well tunned. Silk-silk fiber
composites are extensively prepared with enhanced mechanical
properties to promote the development of osteogenesis. Besides
providing an appropriate microenvironment for cells, silk is a
rational choice for developing orthopedic devices due to its
remarkable strength, toughness, ductility, biocompatibility, and
biodegradability. Silk screws are promising resorbable fixation
devices that address potential problems of osteolysis and adverse
degradation product formation associated with metallic fixation
devices.

Silk fibroin has high mechanical robustness, tunable
biodegradation, and controlled biocompatibility, being attractive
in biomedical applications especially musculoskeletal tissue repair
and regeneration. Native and recombinant silks can be easily
fabricated through aqueous-based bio-fabrication methods,
including thermoplastic molding, crosslinking, and genetic
engineering to integrate pre-designed cell niches. For improved
regeneration efficiency in musculoskeletal tissue repair, a few new
trends in silk material designs have emerged including designing soft
and adaptable functional materials or enhancing mechanical
properties to match the modules of native tissue, inducing
gradient in materials for interfacial tissue regeneration, and
genetic engineering protein sequence to incorporate cell niches.
These functional designs of new silks aim to simulate multiple
physical and biochemical cues of native bone and cartilage. For
example, injectable silk protein hydrogels can fill and repair irregular
shape defects, while mechanical enhancement and gradient stiffness
silk protein hydrogels focused on the integrated repair of
osteochondral defects. Induced mineralization in silk protein
hydrogels was beneficial for mimicking the biochemical
components of biological bones, promoting cellular
differentiation. Growth factors were incorporated into the
hydrogels to further regulate cell behavior while enhancing
angiogenesis and osteogenesis. Overall, silk is one of the most
capable biopolymers for tissue engineering with great translation
potential. Up to now, there are already quite a few silk materials have
been translated into FDA-approved biomedical devices, such as silk
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sutures (Surusil®, Suru; Sofsilk™, Covidien) and soft tissue scaffolds
(Seri® Surgical Scaffold, Allergan).

However, there are still some challenges in the design of silks in
tissue engineering: 1) Despite many silk scaffolds emerging with a
wide spectrum of formats including solutions, films, sponges,
hydrogels, and particles, the only use of silks in clinical use is
surgical mesh, sutures, and clothing which are all based on silk
thread (Holland et al., 2018). Few silks were applied in clinical trials
and commercialization of silks is still in the early stage. Most
research on silks for bone and cartilage tissue engineering is still
in the preclinical stage and has only developed as a model for small
animal tests. The performance of these bioactive silks in humans
cannot be predicted. 2) In in vitro experiments, silks are only a
model for studying the osteogenic differentiation and
chondrogenesis differentiation of MSCs considering their related
gene expression and ECM deposits. Greater knowledge of 3D co-
culture systems is required to generate dynamic tissues that can
remodel like bone and cartilage. 3) Despite many efforts that have
been done on the mechanical enhancement of silk-based scaffolds
through a series of possessing methods, most of these regenerated
silks still do not restore the excellent mechanical properties of native
silks, due to the lack of suitable secondary and hierarchical structure.
Tunning the secondary structures during the regeneration of silks
and combining appropriate processing methods may offer the
advantage of manipulating silk mechanical properties to the level
of native silks in the future. 4) Diverse silk formats have been
developed through a wide range of processing methods to meet the
specific demand of particular tissue engineering. However, no silk
protein-based formats can fully mimic the physical and biochemical
cues of native musculoskeletal tissue. A “bottom-up” approach
through DNA recombinant technology for rational silk design is
promising. The structures and functions of silk-based materials can
be tuned at the sequence level by incorporating non-natural amino
acids, specific structural domains, and functionalized sequences.

In the future, efforts should be made to tailor silk properties for
more precise tissue requirements. We expect further development
and widespread utilization of high throughput material screening
platforms to explore different material formulations, combinations
of mechanical cues, biological niches, and growth factors, to improve
regenerative outcomes. Moreover, we expect to see an expansion in
the research to synergistically incorporate genetic engineering
technology with machine learning and AI to rationally design
and predict the properties of silk materials. With natural and
recombinant silks receiving increasing attention from
interdisciplinary researchers, further development of silk
materials for musculoskeletal tissue engineering, taking them up

to and beyond the stage of human trials, is hoped to be achieved in
the near future through a cross-disciplinary coalition of material
scientists, biomedical engineers, biologists, and medical doctors.
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