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1 | INTRODUCTION

Hydrogels are typical water molecule-rich polymers with
three-dimensional (3D) and cross-linked network struc-
tures.' Such a network system possesses the ability to
absorb a large number of water molecules and swell
while maintaining a certain shape in a liquid environ-
ment for a long time.*” With a porous structure resem-
bling the extracellular matrix (ECM), hydrogels allow the
circulation and exchange of nutrients and wastes, thus
indicating positive implications for cell adhesion, prolif-
eration, migration, as well as delivery of small or macro-
biomolecules.®® Of note, through the design of the
polymer chain structure and the introduction of addi-
tives, various excellent properties such as high mechan-
ical strength, suitable degradation rate, and stimuli
responsiveness can be imparted to the hydrogels. There-
fore, hydrogels show unparalleled application potential in
multifarious fields, such as cell culture, tissue engineer-
ing, drug delivery, and other fields. Compared with syn-
thetic polymer hydrogels, natural polymer hydrogels
(such as collagen, alginate, chitosan, and cellulose)
possess unique natural properties similar to tissue
structures and satisfactory biocompatibility, thus
receiving extensive attention in biomedicine, especially
tissue engineering.””'? Although with promising applied
results, these polymer hydrogels still show some draw-
backs such as poor mechanical performances and high
cost.

Silk with abundant output and remarkable mechani-
cal properties has been utilized for thousands of years,
and Bombyx mori silkworms are deemed as the world's
leading producer.’**® Raw silk comprises two parallel
silk fibroin fibers with sericin glued to their surface. By
degumming raw silk (removing sericin), the obtained silk
fibroin as the natural green protein material exhibits
excellent biocompatibility, biodegradability, non-toxicity,
thermal stability, together with attractive mechanical
strength and toughness, which outperforms many natural
and synthetic fibers, playing a pivotal role in the
biomedical field."* Silk fibroin hydrogels can be manu-
factured by treating the dissolved degummed fibers with
various physical or chemical means. The resultant silk
fibroin hydrogels demonstrate positive interactions with
biological systems and advantageous performances for
cell activities. Particularly, the controllable molecular
structures impart tunable mechanical properties and
degradation rates to silk fibroin hydrogels, which enables
them to adapt to various biological applications flex-
ibly."*'® Furthermore, there is growing interest in intro-
ducing more functions to silk fibroin hydrogels while
retaining their inherent properties. Silk fibroin hydrogels,

Key points

e The remarkable physiochemical and biological
properties of silk fibroin hydrogels are
introduced.

e The various preparation strategies of silk
fibroin-derived hydrogels are comprehensively
summarized.

e The applications of silk fibroin-derived hydro-
gels in multifarious biomedical fields are
emphasized.

together with their derived composite hydrogels, are
endowed with improved mechanical strength, high elas-
ticity, injectability, and environmental sensitivity,
resulting in a series of satisfactory research results.

Herein, we summarize the recent research progress of
silk fibroin hydrogels in the biomedical field. First, silk
fibroin's structures and physicochemical properties are
outlined. Then, classified according to the cross-linking
mechanisms, two different gelation methods of silk
fibroin hydrogels are introduced. We highlight the cur-
rent application status of silk fibroin hydrogels for tissue
engineering, drug delivery, and as biosensors. Finally, we
propose the challenges and development prospects of silk
fibroin hydrogels in the biomedical field.

2 | STRUCTURES AND PROPERTIES OF
SILK FIBROIN

2.1 | Structures

Silk fibroin contains a heavy (H-) chain peptide (390 kDa)
and a light (L-) chain peptide (26 kDa) in a ratio of 1:1,
wherein the L-chain is linked to the C-terminus of the H-
chain through a single disulfide.”® Further, the H-L
complex connects with the glycoprotein (P25, 25 kDa)
by six to one through the hydrophobic interactions to
form a micellar unit.?* Notably, the formation of -sheet
crystallites, the fundamental structural components of
silk fibroin, is related to H-chains. H-chains consist of 18
types of amino acids, that is, glycine (G, ~45%), alanine
(A, ~30%), serine (S, ~12%), tyrosine (Y, ~5%), valine (V,
~2%), and other 13 amino acids.'® Structurally, H-chains
comprise 12 hydrophobic repetitive domains interspersed
with 11 hydrophilic non-repetitive domains (Figure 1A).
The hydrophobic domains containing glycine, alanine,
and serine can self-assemble into f3-crystallites through
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Native silkworm silk fibers have been utilized as sutures
in various biomedical applications for decades.***°
Inevitably, the silk fibers show reactions ranging from
delayed allergies to acute and chronic inflammatory
processes in practical application.’” Sericin was previ-
ously regarded as the main participant in inducing the

immune responses mounted against the fibers and ulti-
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FIGURE 1 (A) Schematic of silk fibroin chemical structure.
(B) Schematic illustration of repeating domain composition.

intermolecular and/or intramolecular interactions.'> In
detail, each repetitive domain comprises about five sub-
domains partitioned by tetrapeptides (GAAS), while each
subdomain comprises diverse repetitive units of hex-
apeptides (GAGAGX, where X could represent alanine,
serine, tyrosine, or valine) and terminates with a tetra-
peptide (Figure 1B).>* The n hydrophilic domains consist
primarily of charged or acidic amino acids assembled into
the random coils and helical structures in natural silk
fiber.”

2.2 | Mechanical properties

Silk fibroin exhibits remarkable mechanical properties
over other biomaterials due to its unique hierarchical
structures, which are mainly determined by f3-sheet
crystallites. Native silk fibers have been reported to have
a large breaking strain (10%-30%), strength (600 MPa), as
well as toughness (70 MJ m™>), which are higher than
many synthetic fibers.>**® Benefiting from the
outstanding strength and toughness, an increasing
number of researchers have exploited silk fibroin as tis-
sue engineering scaffold materials.””*® However, it
should be noted that in most tissue engineering applica-
tions, silk fibroin-derived scaffolds are usually processed
from recombinant fibroin solution, and the resultant
scaffolds show weak and brittle performances. Such de-
fects could be ascribed to the chain hydrolysis of fibroin
during degumming and dissolution as compared to raw
silk fibers, thus leading to a lack of significant secondary
and hierarchical structures.”**” Recently, the mechanical
properties of recombinant fibroin have been significantly
improved by various processing approaches, such as
temperature adjustment, various agents' treatment, and
even blended or cross-linked with other polymer mate-
rials.>**2

mately leading to inflammations, such as T-cell-mediated
anaphylactic reaction.®® Therefore, braided sutures are
often degummed to reduce their inflammatory/immune
response for clinical practice. After degumming, silk fi-
bers can be processed into surgical nets, sutures, and
clothing for various skin diseases.> However, Kaplan
et al. have revealed that fibroin and sericin fibers were
immunoinert when co-cultured with macrophages in vi-
tro, while macrophages produced a stronger response
when being co-cultured with sericin-coated fibroin.*
Such results suggested that the activation of macrophages
was dependent on the physical binding of fibroin and
sericin, in which the sericin-coated fiber might provide
improved adhesion for macrophages or the conformation
of sericin changed during binding with silk fibroin that
stimulates the macrophages. Thus, the use of silk as a
biological material requires the separation of these two
kinds of proteins to make sericin and silk fibroin inde-
pendently possess great biocompatibility.

2.4 | Biodegradability

Silk fibroin hydrogels have shown excellent in vitro and
in vivo degradability.*” Enzymatic degradation promotes
silk fibroin to fragment into smaller polypeptides and
eventually become amino acids, so silk fibroin can also be
considered bioabsorbable.* Many proteolytic enzymes
can trigger the degradation of silk fibroin hydrogels, such
as protease XIV, proteinase K, a-chymotrypsin, and
papain, etc.*>** Among them, protease XIV is deemed as
the most effective protease so far, which can degrade
different silk fibroin-derived products, including sponges,
films, particles, as well as bulk materials, due to its many
cleavage sites on silk fibroin chains allowing for more
efficient degradation.*>** Therefore, protease XIV is
widely used for the evaluation of in vitro degradation of
silk fibroin.

Significantly, the degradation rate of silk fibroin
hydrogels is highly dependent on the presence of f3-sheet
structure.*” It is noted that the native silk fibers show a
lower degradation rate than regenerated silk fibroin fi-
bers, which is ascribed to the higher content of f3-sheet
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secondary structure of natural silk fibers than that of RSF
structure. Lu et al. proposed that the hydrophilic bulk of
silk fibroin was first degraded during the degradation
process, and then the hydrophobic crystallites got rid of
the surrounding and binding of the hydrophilic bulk to
become free particles, followed by the movement toward
the protease solution.’® Based on this degradation
mechanism, the degradation process of silk fibroin is
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FIGURE 2 Overview of cross-linking methods of silk fibroin
hydrogel

more controllable and flexible, making it a feasible so-
lution to control the degradation rate of silk fibroin
without sacrificing other excellent properties, which
extensively expands the application of silk fibroin mate-
rials in biomedicine. In addition, silk fibroin's in vivo
degradation behavior is related to the body's immune
response, in which foreign body giant cells and macro-
phages perform a critical role in the degradation.
Kaplan's team et al. revealed that 8 weeks after SF porous
scaffolds were implanted in nude mice and Lewis rats,
Lewis rats showed obvious signs of macrophage-
mediated degradation and lost structural integrity
compared with nude mice.*’

3 | GELATION OF SILK FIBROIN
HYDROGEL

Recently, increasing silk fibroin-derived hydrogel prod-
ucts have emerged for various biomedical applications.
According to the cross-linking method, they could be
classified into physically and chemically cross-linked
hydrogels (Figure 2 and Table 1).

TABLE 1 A summary of cross-linking methods of silk fibroin hydrogels

Classification Methods Advantages

Physical cross-
linking

Temperature
No toxic agents

Shear forces Simple operation

No toxic agents

Mild and easy condition

Disadvantages Ref

Slow gelation 4849,51,52

Relatively high gelation 33755

concentration

Directional gel structures

Ultrasound

Rapidity and controllability

High ultrasonic intensity 36-59

Environmental protection

No toxic agents

Polar reagents

pH Promoted gelation process

Carbon dioxide

No toxic agents

Electric field
linkers

Surfactants

Moderate reaction
Biocompatibility

Chemical cross-
linking

Enzymatic cross-
linking

Elastic gel structures

Chemical agents Rapid gelation
Photo cross-linking

Irradiation

Rapid and easy processing

Directional gel structures

Free of residual acids or chemical cross-

Accelerated gelation

Efficient, rapid and, mild process

Satisfactory rapidity

Cytotoxicity 60-63

. s 48
Acid condition

Cytotoxicity

Slow gelation 65.66

. . 67,68
Long processing time

Stiff gel

Release of surfactants 70.71

Time-consuming 727

Cytotoxicity (some agents) 76-82

Cytotoxicity 83-86

High energy consumption R
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3.1 | Physical cross-linking

Silk fibroin solutions are able to transform into a
hydrogel with 3D network structures via physical in-
teractions.”® Such interactions occur under mild condi-
tions dispensing with chemical cross-linking agents,
whose processing strategies include concentration
adjustment, temperature raising, shear force applying,
ultrasound trigger, pH change, organic solvent usage,
surfactants exposure, salt adding, and electric field
applying, etc.*>>

3.1.1 | Temperature

For protein-based materials, temperature is one of the
key factors of gel formation. During the temperature-
triggered gelation process, on the one hand, increasing
temperature promotes the frequency of effective molec-
ular collisions in the system and then enhances the ag-
gregation of silk fibroin molecules. Besides, the
hydrophobic segment of silk fibroin increases with the
temperature, thereby strengthening the hydrophobic in-
teractions between molecules.”>*>>" Together, these
events lead to the aggregation and self-assembly of silk
fibroin. In silk fibroin, the temperature-trigged transition
is irreversible because of the thermodynamically stable
property of formed f3-sheets. Generally, silk fibroin solu-
tions could be stored at 4°C for around a week, while
gelation occurs faster by placing solutions at room
temperature.*®>?

3.1.2 | Shear forces

Significantly, silk fibroin exhibits great sensitivity to
mechanical forces.>* Native fibroin solutions experience
only subtle tensile and shear flow forces in the silk gland
to prevent premature gelation of fibers prior to final
spinning.>® Therefore, applying shear forces to the silk
fibroin solutions in vitro can easily promote the f3-sheet
structure formation in silk fibroin hydrogels.”* Stirring
and flowing are both able to induce the conformation
transition of silk fibroin from disordered helical struc-
tures to ordered f3-sheet structures. In addition, vortexing
is a useful strategy to induce variation in shear gradients
of fibroin structures, during which gel dynamics can be
manipulated by changing the vortexing time and thus
various time-sensitive applications, such as cell encap-
sulation, are allowed.’® These properties lead to faster
gelation of silk fibroin, and such a gelation approach is
easily operated and requires no toxic reagents, making it
an attractive green method.

3.1.3 | Ultrasound

Ultrasound can accelerate the intermolecular interactions
of silk fibroin and induce its structural changes, thereby
promoting rapid gelation.’*>® The changes caused by
ultrasonication include local temperature rise, shear force
extension, and gas-liquid interface balance change.”
Natalia Gorenkova et al. treated silk fibroin solution with
ultrasound for 15-45 s to induce its gel formation.”
Benefiting from the advantages of rapidity, controlla-
bility, environmental protection, and nontoxic by-
products, the ultrasonic method is regarded as an effec-
tive physical method to prepare silk fibroin hydrogels. In
the process of applying this method, the pregel solution
concentration, ultrasonic output power, and action time
are the principal elements for the resultant hydrogels.

3.1.4 | Polar reagents

To accelerate the physical gelation process, alcohols can
usually be introduced to induce the f3-sheet formation in
silk fibroin hydrogels.®*"** The polarity of the solvent
plays a significant role during the gelation process of silk
fibroin using the mechanism that the polar reagents use
to capture water molecules from the silk molecular
chains, resulting in the formation of f3-sheet nucleation
sites.>> Notably, different alcohols show diverse induction
effects on fibroin gelation. Alcohols containing longer
fatty segments, such as n-butanol, induce f3-sheet for-
mation in a milder manner.*® Although with rapid and
easy processing, solvents' presence is one of the factors

limiting cell applications (especially in situ cell
encapsulation).
3.1.5 | Others

Adjusting pH value is also a familiar way to induce the
gelation of silk fibroin. When the pH of the silk solution
reaches its isoelectric point (pH 3.8-4.0), minimal charge
repulsion occurs, and the silk fibroin nanoparticles
remain on an unstable course, which is more easily
aggregating to form a hydrogel.** Particularly, adding
carbon dioxide into the silk fibroin solution can also
adjust the pH.®>*® Besides, it is worth mentioning that
applying an electric field can also act as an inducer for
fibroin gelation.®” Under the applied electric field, the
movement toward the anode of numerous protons in the
solution results in a lower pH compared with the iso-
electric point of the silk fibroin.® As a result, the silk
fibroin molecules show electronegativity so that they
aggregate near the anode and finally form a hydrogel
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network. In addition, various surfactants represented by
sodium dodecyl sulfate (SDS) can also be utilized to alter
the silk gelation rate.®®’® Adding surfactants can increase
the hydrophobic interactions between silk molecules, as
well as silk fibroin and surfactants, thus promoting the
formation of f-sheet structures and accelerating the
gelation process.”*

3.2 | Chemical cross-linking

Although the physical cross-linking method is simple to
operate, requires no chemical reagents and has a mild
reaction process, the physically cross-linked hydrogels
are often brittle and show poor mechanical properties. In
contrast, the chemical cross-linking method effectively
overcomes these limitations, and the performances of
derived hydrogels, such as mechanical strength, porosity,
swelling degree, together with biodegradability, can be
more flexibly tuned.

3.2.1 | Enzymatic cross-linking

Enzymatic cross-linked hydrogels have attracted consid-
erable interest in biomedical applications owing to their
moderate reaction conditions and remarkable biocom-
patibility. Commonly used enzymes include horseradish
peroxidase (HRP), glutaminase, and tyrosinase.’*’*7*
Among them, HRP is the most popular enzymatic cross-
linking agent. Adding HRP/hydrogen peroxide (H,0,) to
the silk fibroin solution can form a stable, highly elastic,
and transparent hydrogel, which is due to the fact that
HRP promotes the cross-linking of tyrosine residues in
fibroin molecular chains by forming free radicals in the
presence of H,0,.”> The concentrations of HRP and H,0,
can control the mechanical properties of resultant silk
fibroin hydrogels. Compared with physically cross-linked
and other chemical cross-linking agent-derived hydro-
gels, HRP/H,0, catalyzed cross-linking to prepare silk
fibroin hydrogels shows a series of advantages. One of the
significant features is the excellent biocompatibility and
tunable biodegradability. In particular, the enzymatic
cross-linking can regulate the fragility of silk fibroin
hydrogels while maintaining their elastic structures
similar to ECM.

3.2.2 | Chemical agents

Chemical cross-linking agents, such as genipin, glutar-
aldehyde, epoxide, and carbodiimide, can be covalently
combined with the hydroxyl, amino, carboxyl, and other

active groups in the silk fibroin molecule chains.”®
Genipin is deemed as an excellent natural cross-linking
agent with lower toxicity than other conventional
chemical cross-linking agents.”” The cross-linking reac-
tion between genipin and silk fibroin is mainly related
to lysine and arginine. Due to the low proportion of
lysine and arginine in the silk fibroin, the genipin-based
cross-linking process takes a long time.”® Glutaralde-
hyde can react with the e-amino and phenol group of
lysine and tyrosine in fibroin, respectively, and its cross-
linking reaction with silk fibroin molecules has been
confirmed.”” However, the cytotoxicity of glutaraldehyde
limits its wide application. As for epoxide, it undergoes
chemical cross-linking reactions with amino acid resi-
dues such as lysine, tyrosine, histidine, and arginine on
the side chain of silk fibroin.*® Additionally, 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDC) can react with amino acids of silk fibroin
with carboxyl side chains such as lysine, glutamic acid,
and aspartic acid, so EDC is able to be utilized for the
chemical cross-linking reaction of silk fibroin.*’ In
particular, more stable amine-reactive N-Hydroxy suc-
cinimide (NHS) ester intermediates can be generated
when adding NHS into the EDC reaction system,
thereby  improving the cross-linking reaction
efficiency.®?

3.2.3 | Photo cross-linking

Photo-cross-linking is a method that utilizes ultraviolet/
visible light to trigger the polymerization process of
materials. The first strategy to produce photo-cross-
linked silk hydrogel is the formation of covalent bonds
between reactive photoreactive groups (mainly tyrosine
residues) of fibroin with the addition of reductants.
Whittaker et al. first proposed a rapid and mild ruthe-
nium (Ru)-catalyzed photo-cross-linking strategy to
generate silk fibroin hydrogels.**** In fibroin solution,
under the catalysis of tris(2,2-bipyridyl) dichloro ruthe-
nium (II) hexahydrate (Ru(II)(bpy)s>*), visible light
induced the cross-linking of silk fibroin via di-tyrosine
links to form hydrogels. Similar to Ru, riboflavin-
mediated photo-cross-linking is also achieved through
the formation of di-tyrosine bonds.*>®® Besides, the
second photo-cross-linking strategy is a chemical
modification of silk fibroin chains. Methacryloyl allows
efficient and rapid free radical polymerization; so
methacryloyl modification has become a versatile pro-
cessing method for the photo-cross-linked silk fibroin
hydrogel. Recently, glycidyl methacrylate (GMA) has
been mainly studied for the introduction of meth-
acryloyl groups to silk fibroin.®”"*°
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3.2.4 | Irradiation

Irradiation technology has developed an advanced strat-
egy to prepare hydrogels, because the polymer chains can
easily undergo chemical cross-linking and copolymeriza-
tion under irradiation, and finally hydrogels are obtained.
Such a process is controllable and simple, requires no
additives such as initiators and cross-linking agents, and
shows satisfactory rapidity and economy. Gamma-ray (y-
ray) irradiation induces the generation of amounts of free
radicals from polymer chains and water molecules, whose
reorganization leads to intermolecular cross-linking and
forming of a hydrogel network.”" Recently, y-ray irradia-
tion has been used to generate the silk fibroin hydrogel.
From the research results of Kim et al., the secondary
structure of the fibroin hydrogel formed by y-ray irradia-
tion showed no change, which was still a random coil
conformation, indicating that the hydrogel was formed by
chemical cross-linking reaction.”?

It is worth mentioning that silk fibroin hydrogels can
also be prepared by combining physical and chemical
cross-linking strategies.”® Kim et al. prepared silk fibroin
hydrogels using photochemical cross-linking and
methanol-induced physical cross-linking.”® The pregel
solution was exposed to visible light for 60 s to gel and
then treated with 90% (v/v) methanol for 60 min. The
resultant silk hydrogel showed high elasticity as well as
outstanding structural stability. In another study, Su et al.
reported a dual cross-linked hydrogel by HRP/H,0, pre-
cross-linking and followed ethanol-induced physical
cross-linking.** Likewise, the resulting dual cross-linked
hydrogels were demonstrated to have enhanced me-
chanical properties and significantly increased stability.
The aforementioned dual cross-linked hydrogels consist
of only a single silk fibroin network, wherein both
chemical and physical cross-links are present. In addi-
tion, double-network hydrogels in which other material-
based hydrogel networks are introduced have also been
proposed. Xiao and colleagues used ultrasonic and
photopolymerization strategies to construct a double-
network hydrogel based on silk fibroin and methacry-
lated hyaluronic acid, showing high mechanical strength,
high water content, and slow degradation rate.’®

4 | SILK FIBROIN HYDROGELS FOR
TISSUE REGENERATION

Over the past decades, silk fibroin hydrogels have shown
significant potential in multifarious tissue engineering
applications, involving bone, cartilage, skin, nerve,
vascular, ligament, tendon, liver, cornea, eardrum,
dental, bladder, etc.’® In this chapter, we will focus on the

applications of silk fibroin hydrogel on bone, cartilage,
skin, and nerve regeneration applications.

4.1 | Skin regeneration

As the largest organ of the human body, the skin is
composed of the epidermis and dermis tightly combined
and is the body's barrier against infectious microorgan-
isms. Severe damage to the skin can result in loss of skin
integrity, disability, and even death in severe cases. Silk
fibroin hydrogels have been shown to support the
attachment and migration of fibroblasts and keratinocytes
and have been widely used for skin regeneration.”” Jing's
group reported a hybrid hydrogel containing silk fibroin
and tannic acid (SF-TA) with remarkable antibacterial
and antioxidant activity, which contributed to the accel-
erated wound healing of mice with full-thickness skin
defects (Figure 3A).”® Similarly, mixing silk fibroin with
carboxymethyl chitosan (CMCS) can also yield hydrogel
dressings with antibacterial properties. Silk fibroin/CMCS
hydrogel sustained a proper microenvironment for wound
healing and promoted re-epithelialization and granula-
tion tissue formation (Figure 3B).”” The development of
biomaterials that can mimic the natural cellular envi-
ronment in structure and function is also a primary
objective of tissue engineering. In a recent study, a novel
bioactive hydrogel comprising self-assembling peptides
and silk fibroin was designed for skin tissue engineering.
Amphiphilic peptide could trigger rapid gelation of silk
fibroin through cooperative self-assembly and confer
hydrogel ability to promote the adhesion, growth, and
migration of endothelial cells. When implanted into a
defected area, such a hydrogel could promote angiogen-
esis and epidermization, thereby achieving epidermal
repair (Figure 3C).'°° Furthermore, depending on the type
of wound, functionalizing the hydrogel dressing with
various signaling molecules or factors is another fasci-
nating alternative. For example, the asiaticoside (AC) was
loaded into silk fibroin nanofiber hydrogels to regulate
inflammatory responses and angiogenesis, achieving scar-
free skin regeneration after implantation into full-
thickness wound defects.'°® Furthermore, silver nano-
particles with antibacterial properties and glycyrrhizic
acid (GA) with anti-inflammatory properties were also
introduced into the silk fibroin hydrogel matrix to
generate a dressing for wound healing.'”

4.2 | Bone regeneration

Bone, as a special connective tissue, is mainly composed of
type I collagen and hydroxyapatite, the nanocomposite
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FIGURE 3 (A) Schematic illustration of silk fibroin and tannic acid (SF-TA) hydrogel with high biocompatibility and bactericidal

activity and its application as a wound dressing in a mouse model.”® (Reproduced with permission: Copyright 2019, American Chemical
Society). (B) (I) Schematic illustration of the wound healing process with silk hydrogel treatment; (II) wound images of rats with different
treatments after 21 days; (III) relative wound size change of different groups; (IV) hematoxylin-eosin (H&E) staining of the wounds at 7 and

14 days; and (V) statistics of the epidermal gaps.”®

(Reproduced under terms of the CC-BY license: Copyright 2020, The Authors, published

by Ivyspring International Publisher). (C) Immunofluorescence staining images of CD31 and a-SMA by human umbilical vein endothelial
cells (HUVECs) and bone marrow mesenchymal stem cells (BMSCs) that were planted on the different substrates.'® (Reproduced with

permission: Copyright 2021, Elsevier).

structure of which contributes to the strength and hier-
archical structure of bone tissue.'® Benefiting from their
high toughness, robust mechanical strength, excellent
biocompatibility, and slow biodegradability, silk fibroin
hydrogel-derived bone tissue engineering scaffolds have
been developed as a very popular choice. Meinel et al. re-
ported that porous silk fibroin-based scaffolds precultured
in a bioreactor for 5 weeks were implanted into defects of
the mouse skull and successfully induced bone formation
within 5 weeks.'** In addition, silk fibroin hydrogels can
be combined with other biomaterials and therapeutic
agents to enhance osteogenic properties.'*>™% Jiang and
coworkers presented silk fibroin/gelatin hydrogels with
controllable strength and degradation rate, together with
good biocompatibility and the capability to promote the
proliferation and differentiation of BMSCs (Figure 4A)."'*
It was demonstrated that 12 weeks after being implanted
into the skull defect, the silk fibroin/gelatin hybrid
hydrogel could improve the bone regeneration quality and
enhance the bone regeneration rate with less tissue
response. In another study, Kim et al. used y-ray irradia-
tion to fabricate hydroxyapatite nanoparticle (HAP NP)-

containing silk fibroin hydrogels for bone regeneration.
They verified that the resultant silk fibroin/HAP NP
composite hydrogel promoted osteogenic differentiation
compared with pure silk fibroin hydrogels.* It is impor-
tant to note that thorough and fast vascularization is
necessary to improve bone regeneration efficiency. Zhang
and colleagues proposed an in situ formed silk hydrogel
encapsulated with bone morphogenetic protein-2 (BMP-2)
and vascular endothelial growth factor (VEGF165), aiming
to promote new bone formation and angiogenesis
(Figure 4B)."™ These two elements showed synergistic
effects on new bone formation, while an injectable silk
hydrogel matrix was applied in a minimally invasive way
to fill irregular bone defects.

4.3 | Cartilage regeneration

Cartilage is a supportive avascular connective tissue
composed of chondrocytes and intercellular substances.
Severe joint trauma, biomechanical imbalances, and
degenerative changes can cause cartilage damage. Due to
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FIGURE 4 (A) (I) Schematic of the preparation of double-cross-linked silk fibroin hydrogels; (II) photographs of prepared hydrogels;
and (III) representative micro-CT images of the rat skull.'*® (Reproduced with permission: Copyright 2019, John Wiley and Sons).

(B) (I-IV) 3D reconstruction images of augmented sinus at 12 weeks postoperatively, which were treated by pure silk hydrogel (I), silk

hydrogel loaded with VEGF (II), silk hydrogel loaded with BMP-2 (III), and silk hydrogel loaded with = VEGF and BMP-2 (V), respectively;
(V, VI) Statistics of the bone formation (V) and new vessel area (VI).!*! (Reproduced with permission: Copyright 2011, Elsevier). BMP-2,
bone morphogenetic protein-2; VEGF, vascular endothelial growth factor.

the limited self-repairing ability of cartilage, these injuries
often result in progressive damage and degeneration. Us-
ing the appropriate biomaterials as tissue engineering
scaffolds is emerging as a potential alternative clinical
strategy for cartilage repair. Among the numerous bio-
materials used for osteochondral tissue engineering, silk
fibroin hydrogels have attracted much attention owing to
their outstanding physicochemical and biological perfor-
mances. Researchers found that the silk fibroin hydrogel-
derived constructs showed functional properties matched
with agarose-based engineered cartilage.''> Subsequently,
microfiber silk and ultrasound-induced silk fibroin

hydrogel were combined to develop a mechanically
enhanced hydrogel for cartilage tissue engineering, which
was observed with satisfactory chondrocyte response
(Figure 5A).""* In particular, combining functional agents
helps to improve the cartilage repair effect. Shen et al. used
injectable silk fibroin hydrogels containing chondrocytes
and exosomes to repair cartilage defects, effectively pro-
moting cartilage regeneration in vivo.'"”” Zhang et al. pro-
posed a multifunctional hydrogel composed of silk fibroin/
TA for relieving oxidative stress and enhancing osteo-
chondral regeneration, and bone marrow mesenchymal
stem cells (BMSCs)-specific affinity peptides were
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FIGURE 5 (A)(, II) SEM images of prepared hydrogels without (I) and with (II) silk microfibers; (III, IV) live/dead images of cells
cultured on the prepared hydrogels without (IIT) and with (IV) silk microfibers.** (Reproduced with permission: Copyright 2015, Elsevier).
(B) Schematic of the fabrication process and application of silk fibroin hydrogel.** (Reproduced with permission: Copyright 2022, The
Authors, published by Elsevier). (C) (I) Sketch of 3D printing process based on GMA-modified silk fibroin hydrogels; (IT) Histological detection
of cartilage tissue treated with cell-laden silk fibroin hydrogel.?® (Reproduced with permission: Copyright 2020, Elsevier). GMA, glycidyl

methacrylate; SEM, Scanning electron microscope.

incorporated into hydrogels to recruit endogenous BMSCs
(Figure 5B).'** As engineering technology develops, 3D
printing technology has inspired a new wave of tissue en-
gineering."'* "7 Lee and workers constructed intact ear
cartilage using silk fibroin and polyvinyl alcohol (PVA)
composite hydrogels."'® The glycidyl methacrylate-
modified silk fibroin hydrogel prepared by Hong et al.
based on 3D printing technology promoted the viability,
proliferation, and differentiation into the cartilage of
encapsulated cells for up to 4 weeks (Figure 5C).*® In the
study by Li et al., 3D-printed silk fibroin and gelatin
hydrogel scaffolds were proposed, and enzymatic cross-
linking and methanol-treated hybrid hydrogels combined
with encapsulated cells could promote articular cartilage
regeneration after 12 and 16 weeks of implantation.'"”

4.4 | Nerve regeneration

The human nervous system can fall into the central ner-
vous system (CNS) and peripheral nervous system (PNS).
PNS with minor injuries shows self-repairing capability,
while larger peripheral nerve injuries require autologous

transplantation. In contrast, the repair of CNS injury is a
complicated process due to endogenous factors inhibiting
repair. Therefore, bioengineering approaches for PNS
focus on replacements for nerve grafts, while solutions for
CNS repair focus on creating a suitable environment to
allow nerve regeneration. Silk fibroin hydrogels have
been used to repair peripheral and central nerve injuries.
Our recent work presented a novel silk fibroin hydrogel
nerve conduit with great biocompatibility and suitable
biodegradability, enabling targeted delivery of nerve
growth factor (NGF) and efficient nerve repair
(Figure 6A)."*° Zhou et al. synthesized basic fibroblast
growth factor (bFGF)-loaded methacrylate-silk fibroin
hydrogels, which promoted neurite regeneration, inhibi-
ted glial cell proliferation, and improved neuronal mito-
chondrial function (Figure 6B)."*' Furthermore,
conductive hydrogels have emerged for nerve tissue
regeneration due to their ability to mimic the biochemical
and biophysical cues of the natural ECM, thereby
enhancing the function of Schwann cells (SCs) and neu-
rons.'** Zhao et al. fabricated the conductive bio-
composite hydrogels containing silk and graphene oxide
(GO) nanosheets. It was proved that the soft matrix
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FIGURE 6 (A) () Schematic of fabricating silk nerve scaffolds with inverse opal structures, wherein GSI refers to the silk hydrogel
conduit and NGF-GSI refers to the NGF-loaded silk hydrogel conduit; (II) representative images of transplanting surgery; and (III-V)
immunofluorescence staining images (IIT) and statistics (IV, V) of S-100 (Schwann cell-specific marker) and NF200 (neurofilament marker)
expressed by regenerated nerves.'?° (Reproduced with permission: Copyright 2022, Elsevier). (B) Schematical illustration showing the

modification of silk fibroin and the application of derived hydrogel on the repair of spinal cord injury.'*' (Reproduced with permission:
Copyright 2022, The Authors, published by Elsevier). (C) (I) Diagram of the fabrication process of micropatterned hydrogel; (II)
immunofluorescence staining images of dorsal root ganglion (DRG) neurons cultured on the different substrates.’*® (Reproduced with

permission: Copyright 2021, American Chemical Society).

contributed to SC survival and proliferation, while the
increased conductivity favored the functional behavior of
SCs.'** Importantly, topological microstructure design is
also the focus of the nerve regeneration scaffolds. Gu et al.
reported a pure silk fibroin hydrogel with a high-strength
and arrayed microgroove topography, showing a strong
ability to promote directional outgrowth of axons and
guide axonal sprouting.'** Tang et al. developed a silk-
based light-triggered gel system with anisotropic topog-
raphy and adhesion ligands, which achieved enhanced
cell recruitment and myelination (Figure 6C)."*> Besides,
silk nanofiber hydrogels with aligned microstructures and
NGF loaded provided dual physical and biological cues
for promoting spinal cord regeneration (Figure 7A).'%°
More interestingly, Lin et al. fabricated a smart silk
fibroin/gelatin hydrogel scaffold integrating topographic,
biological, and synergistic effects of electrical stimulation
to enhance neuronal activity. Such a multifunctional
hydrogel device offered a predictable opportunity to
develop novel nerve grafts (Figure 7B)."*

5 | SILK FIBROIN HYDROGELS FOR
DRUG DELIVERY

In the aspect of drug delivery, silk fibroin hydrogels are
widely employed as drug delivery carriers due to their self-
assembly, processing flexibility, biocompatibility, biode-
gradability, as well as abilities to capture, retain, protect,
and deliver therapeutic payloads.'®'**'*! Zhang et al.
presented an in situ formed silk fibroin hydrogel as a car-
rier to encapsulate bifactors. In vitro experiments pre-
sented that both of the loaded two factors showed no
obviously explosive release, while in vivo tests proved an
additive effect of VEGF165 and BMP-2 released from the
silk hydrogel on promoting angiogenesis and bone regen-
eration (Figure 8A)."'! Sustained and slow delivery of the
therapeutic payloads contributes to reducing the dosing
frequency in clinical patients, thereby increasing their
compliance.'** The processing parameters of silk fibroin
hydrogels, such as the silk number, influence the silk
vehicle performance. By reducing the content of silk fiber
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FIGURE 7 (A) (D) Schematical diagram of the aligned silk hydrogel applied for spinal cord injury treatment; (II-IV) representative
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cord 6 weeks after surgery.'*® (Reproduced with permission: Copyright 2022, American Chemical Society). (B) Sketch of the preparation
process and application of smart nerve scaffold.'>” (Reproduced with permission: Copyright 2020, American Chemical Society).

to 1% (wt), the drug release could be increased by a factor of
4.5 compared to the 6% (wt) hydrogel, which was attributed
to the increased adsorption behavior of doxorubicin (DOX)
on the silk hydrogel network structure with increasing f3-
sheet content in the hydrogel. This result indicated the
controllable drug release behavior influenced by the silk
content.'*® In addition, the deferoxamine (DFO)-loaded
silk nanofiber hydrogels proposed by Kaplan's group ach-
ieved a sustained release of DFO over 40 days, which
improved skin tissue repair by stimulating the formation of
the vascular network (Figure 8B)."**'*° Besides, the
modification of silk hydrogels shows an impact on their
overall performance.*®"*” Atterberry et al. prepared
hydrogels with ordinary silk fibroin and sulfonic acid-
modified silk fibroin."*®* Compared with plain silk

hydrogels, the modified hydrogels showed minimal burst
and sustained release, which might be ascribed to the
electrostatic interactions and hydrophobic effects
(Figure 8C). Furthermore, many strategies have also been
reported to improve the performance and drug delivery
capacity of silk fibroin-based hydrogels. For example, some
other polymers or functional elements were involved in
improving the physicochemical properties of silk fibroin
hydrogels, or the drug-loaded nanoparticles were intro-
duced to further delay drug release (Figure 8D).!331397142
Notably, microneedle (MN) technology provides a prom-
ising approach for drug delivery using noninvasive
percutaneous treatment.'***> Chen et al. reported a
glucose-responsive MN composed of silk fibroin and phe-
nylboronic acid/acrylamide for smart insulin delivery
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FIGURE 8 (A)(I)Photographs of silk hydrogel gelation process; (II) diagram of gelation mechanisms of silk hydrogel under
ultrasonication; and (III) cumulative release of two drugs from hydrogel.''! (Reproduced with permission: Copyright 2011, Elsevier).
(B) Diagram of generating silk hydrogel loaded with DFO and MSCs."** (Reproduced with permission: Copyright 2022, John Wiley and Sons).

(C) (I) Modification of silk with sulfonic acid; (II) cumulative rug release percentage from pure silk and modified silk hydrogels.

138

(Reproduced with permission: Copyright 2015, American Chemical Society). (D) (I) Schematic of application of injectable carbon nanotube-
integrated silk hydrogel for on-demand drug delivery; (II) cumulative drug release percentage from silk hydrogel under near-infrared light
trigger.*” (Reproduced with permission: Copyright 2019, American Chemical Society). (E) (I, IT) Schematic representation of the fabrication
process (I) and SEM image of smart MN (II); (IIT) schematic illustration of glucose-responsive release of insulin; and (IV) fluorescence intensity
change of FITC-labeled insulin released from silk MN.'*® (Reproduced with permission: Copyright 2019, American Chemical Society). DFO,
deferoxamine; MSCs, mesenchymal stem cells; FITC, fluorescein isothiocyanate; MN, microneedle; SEM, Scanning electron microscope.

(Figure 8E)."*® The prepared MNs autonomously released
insulin adapted to the glucose level changes.

Hitherto, Zhao's group has conducted numerous
studies on the construction of drug delivery vehicles based
on silk fibroin hydrogels. In 2019, we firstly reported silk
fibroin hydrogel microspheres with inverse opal struc-
tures for drug delivery and postoperative treatment of
tumors."*” On this basis, we combined the temperature-
responsive hydrogel (poly (N-isopropylacrylamide), PNI-
PAM) with silk fibroin inverse opal microcarriers,
achieving the controllable and sustained release of loaded
drugs from carriers."*® Later, the introduction of func-
tional elements, black phosphorus quantum dots,
endowed silk fibroin inverse opal microspheres with
photoresponsivity, while the secondary filling of gelatin

with reversible phase transition capability enabled the
sustained release of loaded drugs.'*’ The composite silk
fibroin microcarriers have been demonstrated with the
controlled drug delivery ability triggered by near-infrared
light, showing gratifying effect in wound repair. In addi-
tion to microspheres, we integrated inverse opal struc-
tures with tubular scaffolds to construct nerve conduits
with localized delivery of growth factors, and in vitro and
in vivo experiments confirmed their long-term drug de-
livery ability."*® Overall, the silk fibroin hydrogels loaded
with various therapeutic agents in different forms have
shown positive outcomes on sustained, controllable, tar-
geted, safe, and efficient delivery. We believe these works
will provide new ideas for constructing silk fibroin-based
hydrogel delivery systems.
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6 | SILK FIBROIN HYDROGELS AS
WEARABLE SENSORS

Wearable electronic devices have shown broad applica-
tion potential in movement monitoring, personal medi-
cal and health care, as well as food hygiene and safety
inspection, attracting people and increasing attention in
recent years.'>>'>! Wearable sensors are one of the key
elements of flexible wearable electronic devices. With the
rapid development of biomaterials and manufacturing
processes, silk fibroin has become a promising substrate

or sensing element for wearable sensor applications due
to its remarkable biocompatibility, degradability, ease of
processing, together with brilliant mechanical properties.
Silk fibroin hydrogel-based wearable sensors include
mechanical (strain and pressure) sensors, humidity
sensors, temperature sensors, electrophysiological sen-
sors, and so on."”**! In a 2021 study, He et al. prepared
a composite silk fibroin hydrogel strain/pressure sensor
by mixing with polyacrylamide, graphene oxide, and
poly(3,4ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT: PSS) in proportions, which showed a wide
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FIGURE 9 (A)(I) Schematic of composite silk fibroin hydrogel fabrication procedures; (II) electrical resistance changes under different

pressures; and (III, IV) electrical resistance changes under different strains.'®®> (Reproduced with permission: Copyright 2020, American
Chemical Society). (B) Electrical resistance changes in real-time during different human motions: (I) finger bending; (II) wrist bending; (III)
smiling; and (IV) frowning."*® (Reproduced with permission: Copyright 2022, Elsevier). (C) (I-III) Electrical resistance change under
various treatments: pressure (I), tension strain (II), and bending (IIT); (IV) schematic diagram of silk-based sensor integrated with silk

microneedle as a smart drug delivery patch; (V) photograph of integrated silk patch; and (VI) detection and treatment of epilepsy according

to the electrical resistance change.'®® (Reproduced under terms of the CC-BY license: Copyright 2020, Shanghai Institute of Microsystem
and Information Technology, Chinese Academy of Sciences, published by John Wiley and Sons). (D) (I) Optical images of silk hydrogel
under different bending angles; (II) reflection peak changes of silk hydrogel under different bending angles; and (III) relative resistance

changes of silk hydrogel under different bending angles.'** (Reproduced under terms of the CC-BY license: Copyright 2021, The Authors,

published by John Wiley and Sons).
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sensing rage with 2%-600% strain and 0.5-119.4 kPa
pressure (Figure 9A).'°* Such a composite silk fibroin
hydrogel sensor has been confirmed to monitor different
human body signals. Through using silk fibroin, PVA,
borax, and TA, Zheng et al. designed an ionically
conductive hydrogel sensor, which can monitor changes
of large strain movements, such as bending of finger joins
and wrists, and could be utilized for sensitive and quick
detection of micro-deformation behaviors such as smil-
ing, frowning, and breathing (Figure 9B)."*° Uniquely, a
type of mechanical sensor presented by Zhang et al. could
not only detect variation in mechanical signals but also
be integrated with drug-loaded silk microneedles,
showing satisfactory effects in continuous monitoring
and treatment of epilepsy (Figure 9C).'®® Remarkably, in
our recent work, we combined silk fibroin hydrogels with
inverse opal scaffolds to construct a composite hydrogel
showing bright structural color and good electrical con-
ductivity, stretchability, and flexibility (Figure 9D).'®*
The prepared hydrogel exhibited distinct structural color
changes and resistance variation during the bending
process, enabling it to be a visually wearable sensor with
real-time color sensing and electrical signal reporting
capabilities.

In addition to the mechanical response, the real-time
feedback to the temperature variation of the body and
surrounding environment is another vital ability of sen-
sors.'®>1%® Chen et al. embedded silver nanowires on the
surface of silk fibroin hydrogels to prepare a pressure/
temperature dual-responsive sensor with excellent per-
formances (Figure 10A).'® The temperature response test
showed the high sensitivity and durability of the sensor
from —30 to 50°C. In another report, Seo et al. proposed a
calcium (Ca**)-modified silk fibroin hydrogel-derived
biosensor for electrophysiological signal monitoring
(Figure 10B).'®” Due to the incorporation of Ca®*, the
mechanical interlocking of the interface between the silk
fibroin hydrogel and the biological surface was enhanced,
resulting in the robust adhesive property. Besides, its
stretchability, electrical conductivity and reusability have
also been confirmed. These properties make the resultant
silk hydrogel useful as a multifunctional sensor. Partic-
ularly, the electrocardiogram (ECG) signals measured
with silk fibroin adhesive were not distorted even while
undergoing repeated bending and maintained comfort-
able contact with the skin, and thus ECG signals could be
continuously and accurately recorded. In contrast, metal
electrodes using commercial hydrogels (with lower peel
strength) exhibited fluctuations in the measured signal
during the bending process. In a recent study, Wahab
et al. proposed a type of photoresponsive, self-healing,
and conductive optoelectronic (OE) skin using silk fibroin
hydrogel and melanin nanoparticles (Figure 10C).'°®
Melanin nanoparticles with special photosensitive

conductivity were incorporated into silk fibroin hydrogels
and exhibited enhanced conductivity triggered by light
irradiation. Such a novel OE skin showed humidity-
dependent conductivity, making it possible as a humidi-
ty sensor. In addition, illuminating the hydrogel region
with a 532 nm green laser produced a higher current,
which could be captured so the laser irradiation path
could be derived to read out the encoded signal. Inter-
estingly, OE skin could also be used as body-integrated
ultraviolet sensors to detect harmful ultraviolet rays, as
the photocurrent ratio increased with the irradiated po-
wer density.

7 | CHALLENGES AND PROSPECTS

Silk fibroin hydrogels possess excellent biocompatibility,
tunable mechanical properties and degradation rates,
thermal stability, and easy chemical modification, all of
which make them extremely promising in biomedical
fields. With the continuous deepening of researches on
silk fibroin, the research process of new products based on
silk fibroin hydrogel has been greatly accelerated. How-
ever, there are still some key issues that need to be
explored in depth.

First, pure silk fibroin hydrogels have shown poor
ability to attach and proliferate certain cells, and 3D cell
cultivation has been limited. Therefore, a more compre-
hensive view of the relationship between silk fibroin
hydrogels and various cells and tissues is required. Re-
searchers need to consider combining silk fibroin with
bioactive peptides or other ECM components, or modi-
fying silk fibroin to enhance its applicability in biological
applications. Various physical and chemical cross-linking
strategies have been outlined, but it is necessary to fully
consider the influence of different gelation strategies on
the viability of encapsulated cells and to optimize suitable
processing tactics. In addition, the latest engineering
manufacturing technologies, such as 3D printing, nano-
technology, genetic engineering, and even 4D printing
technology, should be focused on exploring new silk
fibroin hydrogel-based biomaterials, aiming to meet
specific needs in different situations. By regulating the
secondary structure of silk fibroin, its mechanical per-
formance and degradation rate can be optimized. For
tissue engineering, it is especially necessary to design
secondary silk structures so that the mechanical proper-
ties and degradation rate can match the new tissues. Most
importantly, the current researches on silk fibroin
hydrogels focus on cell and small animal models instead
of large animal models, resulting in the slow clinical
translation process. Therefore, more research studies are
needed to develop products based on this excellent
biomaterial, leading to clinical trials and FDA approval.
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FIGURE 10 (A) (1, II) Pressure and temperature response of silk-based sensor: (I) hot water, (II) cold water; and (III, IV)
corresponding current response to pressure (III) and temperature (IV).'®> (Reproduced with permission: Copyright 2021, Elsevier). (B) (I)
Pictures of traditional electrodes (left) and ECG signals (right) measured with adhesive silk hydrogel; (II) photographs (top) and ECG
signals (bottom) measured during bending and relaxing process with silk hydrogel.’*” (Reproduced with permission: Copyright 2018, John
Wiley and Sons). (C) (I) Schematic of working principle of prepared silk-based OE skin; (II) real-time current response of light connected to
the silk-based OE skin at different relative humilities; (III) schematic diagram of silk hydrogel array for laser-lettering reading; (IV) real-
time current response to the letter writing process; and (V) photocurrent ratio of silk hydrogel under ultraviolet illumination with different
irradiances.'®® (Reproduced with permission: Copyright 2022, John Wiley and Sons). ECG, electrocardiogram; OE, optoelectronic.
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