#® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue

REVIEW

Challenges and opportunities of silk protein

".) Check for updates‘
hydrogels in biomedical applications

Cite this: Mater. Adv., 2022,

32291 ¢ Xiaodong Ge, (29 Liang Liu, €22 Wei Xu (2 *°¢ and

*xacC

Junwei Liu,
Rong Shao

In the context of this era of complementary interdisciplinary advances, the design and preparation of
hydrogel materials has been a hot avenue of research for a variety of applications. Silk proteins are an
important natural resource for the preparation of silk-based hydrogels: their remarkable biological
characteristics give them an important position in the field of biomedicine. The functional utilization of
silk protein can not only contribute great added value to natural resources, but also meets the needs of
green production, fully embodying the significant advantages of the
manufacturing industry. This review examines the relationship between silk protein structure—perfor-

‘atomic economization’

mance—function, systematically summarizes the latest research in the preparation of silk protein hydro-
gel materials, analyzes the important applications of silk protein hydrogel materials in biomedical fields

Received 17th October 2021, such as tissue engineering, controlled drug release, injectable hydrogels, and intelligent monitoring and

Accepted 9th January 2022 sensing, and finally evaluates their potential value as a new type of biomaterial in future clinical medical
applications. The introduction of genetic engineering and nanotechnology has brought huge challenges

and unlimited opportunities to scientific researchers. As one of the most widely researched biomaterials,
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the developmental research of silk protein hydrogel materials has been continuously expanded.

1. Introduction

The use of silk has thousands of years of history, and its rich
output, excellent mechanical properties, color sense luster, and
soft and delicate feel cause it to be known as the ‘Queen of
Fibers’. The functional properties and practical applications of
silk fiber are too numerous to count, especially as a natural
green protein material that has received extensive attention in
the field of biomedicine." Silk fiber plays a pivotal role in
biomedical materials, similar to biomaterials such as chitosan,
polylactic acid and collagen. The acquisition of natural silk
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fiber requires the production and maturation of mulberry
silkworms, silk spinning and cocooning, and artificial stripping
of raw silk from cocoons. A mulberry cocoon is a fibrous
composite material with a multilayer network structure mainly
composed of approximately 70% silk fibroin and 30% sericin.”
Silk fibroin, the most important component of silk fiber, has
become a focus of intense current research because of its
excellent biocompatibility, good permeability, nontoxicity,
non-irritation, and superior mechanical properties.*> Among
the many silk fiber-based biomaterials that have been
developed, silk protein hydrogels derived from silk have been
favored by researchers in the biomedical field due to their
excellent biological properties, internal structures such as
extracellular matrices and diversified gel methods. However,
basic research on and practical applications of silk fibers are
still in their infancy and the formation mechanisms of their
three-dimensional structure and functional units of biological
activity require further study.® With continuous in-depth
research on silk fibers, related problems have been gradually
solved and research on new products, biological activity and
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functional materials based on silk fibers will be greatly
accelerated.””® Research on the biocompatibility, stability, alter-
native mechanical properties and drug-carrying systems of
silk protein hydrogels will play an important role in further
improving the scale and benefits of treatment, reducing costs
and continuously improving human health.’

In recent years, research on hydrogel materials has achieved
breakthrough developments, penetrating many fields such as
flexible wearable electronic devices, tissue engineering, nano-
sensors, bionic materials and regenerative medicine. However,
different disciplines have diverse requirements for the physical
and chemical properties of hydrogel materials and functional
hydrogels and their composite materials still require in depth
study to meet diverse interdisciplinary needs.'”™"® Hydrogels
have become one of the most widely studied natural biomaterial
substrates in the field of biomedicine."* Hydrogels are typical
polymers that are rich in water molecules and have a three-
dimensional network cross-linked structure. They have the ability
to absorb a large amount of water, swell, and maintain stability in
water for a long time."® The hydrophilicity of the polymer molecular
chain can promote interaction between the chain and water
molecules, and the cross-linked structure can ensure that the
hydrogel network will not dissolve. Hydrogel materials generally
have a porous internal structure and small molecules can diffuse
well within and outside of gels."® Through the design of the
polymer chain structure and the introduction of different additives,
hydrogels can be given various properties such as high mechanical
strength, degradability and stimulus responsiveness.'®'” Therefore,
hydrogels have extraordinary application potential in many fields
such as water locking and moisturizing, sewage treatment, and
biomedical and electronic sensing.'®*" Compared with chemically
synthesized hydrogels, natural polymer hydrogels have particular
natural characteristics and good biocompatibility and are highly
similar to natural tissue structures. They have significant applica-
tion advantages in the fields of tissue engineering and regenerative
medicine and thus have attracted much attention.”***

As a typical representative of natural polymers, silk protein
has now been developed into a novel advanced biomaterial. Silk
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Fig. 1 Schematic diagram of the biomedical applications of silk protein
hydrogels.

protein aqueous solutions are obtained after dissolving silk
fibers, which can then be gelled to form silk protein hydrogels
through various physical and chemical or biological means.
The typical transformation process of a hydrogel based on silk
protein is presented in Fig. 1. And its biomedical utilities are
also summarized, including tissue engineering, controlled
drug release, injectable hydrogel construction and intelligent
monitoring/sensing. The preparation method and process flow
are simple and easy to operate, and large-scale fixed production
can be realized. In addition, silk protein hydrogels have a
controllable molecular structure, excellent mechanical properties
and biological properties and are expected to become advanced
model biomedical materials commonly used in the biomedical
field. With the unremitting efforts of many scientific researchers,
silk protein hydrogels and their composite hydrogel materials
have been endowed with unique and excellent properties, such
as injectability, high elasticity, high mechanical strength and
environmental sensitivity, and have achieved a number of
satisfactory research results.***® However, there is always a weak-
ness in the mechanical properties of materials, such as, how to
improve their mechanical properties to the greatest extent, urgently
requiring further exploration of regulation and optimization
strategies. As an increasing number of disciplines intersect, more
industrialized advanced hydrogel materials have been developed and
applied.

Against the strategic background of sustainable development,
exploration in the field of biomaterials has been continuously
promoted. Compared with synthetic materials, researchers are
paying increased attention to natural biomaterials.>**° The
continuous innovation and development of silk protein hydrogel
materials, as the core carrier of biomimetic and regeneration,
have greatly advanced the development process of biomedicine,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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created huge social and economic benefits, and opened up a new
path for the development of global medical practices. This
review mainly focuses on the preparation of silk-protein-
composite hydrogels, their structure-performance-function
relationships and applications in biomedicine, providing a use-
ful reference for further enhancing the natural silk industry and
promoting its biomedical and clinical applications. Besides, the
current dilemmas and future prospects of silk protein hydrogels
are also involved and elaborated in this review for its readers to
better comprehend this area.

2. Microstructure and properties of silk
protein

2.1. Structural composition and molecular conformation

The structure and properties of nanoscale silk fibers prepared
from cocoon silks of different silkworm species are quite
different. This research mainly explores the structure and
properties of silkworm and tussah cocoon silk. Tussah silk
fiber’s primary structure contains a special arginine-glycine—
aspartic acid (Arg-Gly-Asp, RGD) sequence distributed in a
variety of extracellular matrices, which can effectively promote
the adhesion and growth of cells on biological materials (Fig. 2,
left).*’ > However, compared with mulberry silk, tussah silk
has disadvantages: preparation of its silk protein aqueous
solution is difficult and it possesses poor processing and
molding performance, greatly limiting research on and
applications of tussah silk fiber-based biomaterials.*® At present,
the most widely used material is undoubtedly silk nanofibers
derived from silkworms (Fig. 2, right). Silk nanofibers mainly
refer to degummed silk protein components, accounting for
approximately 70-75% of silk and containing 18 different amino
acids. The sequence Gly-Ala-Gly-Ala-Gly-X, with X representing a
Ser residue or containing Ser residues of other amino acid
residues such as GAGAGS, GAGAGA, and GAGAGY, constitutes
the main body of repeated sequences which, through inter-
molecular hydrogen bonding and hydrophobic interaction forces
forms a protein secondary structure and then forms the crystalline
region of the hydrophobic polypeptide molecule.*"*”

In recent years, the molecular biology of silk protein has
been increasingly refined. It has been confirmed that silk
protein is composed of two polypeptide chains of the light
chain (L chain, ~26 kDa) and heavy chain (H chain, ~ 340 kDa)
through disulfide bonds. A complete silk protein molecule is
formed by binding to glycoprotein P25 (~24 kDa) through
noncovalent interactions such as hydrophobic bonds.*®*°
GAGAGS repetitive sequences mostly appear in the H chain
and easily form a stable and regular B-sheet conformation, the
main component of the crystalline region of silk fibers. In
contrast, the irregular and nonrepetitive polypeptide fragments
of the L chain tend to form amorphous regions, resulting in poor
structural stability.*® Silk protein has two typical conformations,
namely, water-soluble structure type I (Silk I) and B-sheet-
containing type II (Silk II). Different crystal types are arranged
alternately and associate to form a fibrous structure.*’ Among

Mater. Adv,, 2022, 3, 2291-2308 | 2293
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Fig. 2 The basic structure of tussah and mulberry silkworm cocoons. The primary structure of the tussah cocoon contains a special arginine—glycine—
aspartic acid (RGD) sequence which can effectively promote the adhesion and growth of cells on biological materials and is widely distributed in a variety
of extracellular matrices. The silkworm cocoon contains 18 kinds of amino acids, and the main body is the repetitive sequence GAGAGS forming the
secondary structure of the protein through intermolecular hydrogen bonds and hydrophobic forces and then forming the crystalline region of the

hydrophobic polypeptide molecule.

these, the conformation of Silk I is mainly a-helix and random
coil while the conformation of Silk II is anti-parallel f-sheets.****
Under specific processing conditions, the two can be transformed
into each other through physical and chemical means such as
ultrasound, shear force, energization and pH adjustment, and
their macroscopic appearance is mutual transformation between
different existing forms (solution, gel, film, ezc.). With the loss of
water from the solution, they can also transform irreversibly.**’

2.2. Structure-performance-function relationship

The size of the complex nanostructures of silk fibers can range
from a few nanometers to hundreds of nanometers, a ubiquitous
trait of animal silk endowing silk fibers with unique mechanical
properties and flexibility. At the same time, natural biological
properties make silk fibers different from synthetic fibers and
other natural engineering fiber materials.*® Some of the
strengths and ductility of silk fiber analogs have different
degrees of difference, and silk fibers can compensate for the
inadequacy of their analogs. Their fortuitous combination of
strength and ductility allows them to absorb much energy before
fracture, exhibiting a unique natural flexibility and to a
maximum extent reducing the embrittlement of silk fibers,
demonstrating that silk proteins have excellent mechanical
properties that can be exploited.’®>> Aramid fiber is a kind of
poly-p-phenylene terephthalamide whose strength and modulus
are significantly higher than those of silk and spider silk, but its
ductility is very poor: less than one-tenth of silk.”® In contrast,
the excellent mechanical properties of silk protein combined
with its processability have led to their preparation into
functional materials such as gels, scaffolds, sponges and films
to be used in various fields and markets, and its future
development prospects can be described as bright.>*>”

A typical feature of silk protein is the existence of nanoscale
pores or cracks, and the design of layered nanostructures can
effectively reduce brittle-type damage to silk fiber, improving its
flexibility.>® At the nanometer scale, the utilization of hydrogen
bonds is maximized as much as possible so that the stick-slip of
dissipated molecules can achieve the higher strength, stiffness
and flexibility of large nanocrystals.”® The cellular performance

2294 | Mater. Adv., 2022, 3, 2291-2308

of silk protein hydrogels has attracted much attention in the
field of bioregenerative medicine. The three-dimensional network
structure of silk protein hydrogels has a high permeability in the
body, which is conducive to the internal and external circulation
of nutrients, and can realize the material exchange with
metabolites. It is suitable for the loading and delivery of various
therapeutic cells. Therapeutic cells secrete growth factors and
successfully act on external cells and tissues through the porous
structure of silk protein hydrogels to achieve tissue repair.®® The
use of catechol with tissue adhesion properties to modify the
hydrogel, giving the hydrogel high bioadhesion, can promote
rapid wound healing.®" Therefore, silk protein hydrogels have a
certain ability to guide cell behavior. In addition, the hydrogel can
also be loaded with necessary activity-inducing factors to regulate
cell behavior. Feng et al.®® developed a unique cell-permeable and
injectable gelatin hydrogel, which is cross-linked by a weak and
highly dynamic host-guest complex, which is more conducive to
the interaction between cells and hydrogels. Therefore, silk
protein hydrogels can be used for cell delivery, provide a three-
dimensional environment required for cell culture, and support
cell adhesion, proliferation, and differentiation by means of
mechanical property regulation, chemical modification, and bio-
logical functional modification.

The survival rule of nature requires that the general use of
organic dyes should be avoided, so camouflaging structural
color is generated through periodic pore arrangement, another
interesting nanoscale pore structure in addition to the above-
mentioned typical fibrous nanofeatures.®® Compared with
gelatin and chitosan, which have been widely used in the field
of biomimetic materials and regenerative medicine, silk protein,
a natural protein material, possesses the great advantages of
excellent biocompatibility and controllable biodegradability.
Combined with its adjustable mechanical properties and the
low antigenicity of silk protein, the physiological safety of
implantation in the body can be better guaranteed.®* In vitro
enzyme degradation experiments have shown that various
enzymes such as elastase, collagenase and actinomycin protease
can degrade silk protein materials.®>*® The mechanism of
degradation is mainly enzyme-catalyzed breakage of the silk

© 2022 The Author(s). Published by the Royal Society of Chemistry
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protein molecular chain. Different silk treatment processes
result in highly varying molecular weights for silk proteins,
resulting in differences in the molecular chain breakage rate,
which regulates its biodegradation performance.

3. Silk protein hydrogel

3.1. Regenerated silk fibroin hydrogel

Silk fibroin is a natural protein substance extracted from silk
that is mainly synthesized and secreted by endothelial cells on
the inner wall of the silkworm and is rich in 20 amino acids
such as glycine (Gly), alanine (Ala) and serine (Ser).®” As a kind of
natural polymer biomaterial, silk fibroin has the advantages of
abundant sources, easy production and availability, good biocom-
patibility, low immunogenicity, and high safety performance.**®®
Research and application in the field of biomaterials has a long
history. For example, silk fibers have been used as surgical sutures
for hundreds of years due to their excellent properties. Silk fibroin
hydrogels are an important macroscopic form of protein materials.
They have flexibility and plasticity, are permeable to gas and some
small molecular substances and are the preferred choice for
the preparation of biological and medical materials such as
wearable sensors, flexible electronic skin, cell culture scaffolds,
enzyme immobilized carriers and drug slow-release carriers.”>”
Researchers continue to explore the mechanisms of formation of
silk fibroin hydrogels and carry out modification studies, combin-
ing silk fibroin with biological enzymes,”* hyaluronic acid,”
gelatin,”® drug particles”” and high molecular polymers™ to
prepare silk fibroin composite hydrogels, and use technical means
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such as genetic engineering to obtain silk-based elastic hydrogels.”
While retaining the original excellent properties of silk fibroin
hydrogel, they are endowed with excellent properties that broaden
their application value. However, silk fibroin hydrogels are mainly
suitable as soft tissue medical materials and their simple
preparation method results in weaker gel performance,
which needs to be strengthened and has no environmental
responsiveness.®’ Therefore, improving the mechanical
properties and functionality of the material is an important
factor in the real practicality of silk fibroin hydrogel materials.

3.1.1. Preparation and characterization. The silk protein
hydrogel is prepared from silk protein aqueous solutions
through different gel methods. Among these, preparation from
silk protein solution is a very mature method that has been
continuously optimized. The conventional method here is to
cut the cocoons or silk into degummed silk (such as in the
sodium carbonate secondary boiling method) and then use
different dissolution systems (lithium bromide solution is most
commonly used) to dissolve the degummed silk, dialyze it with
deionized water and concentrate it to obtain a stock solution of
silk protein aqueous solution (Fig. 3). Researchers have
compared different dissolution systems to explore and optimize
the dissolution and aqueous solution preparation of silk protein
to find a stable and efficient green channel preparation method.
As shown in Table 1, silk protein aqueous solution is processed
by concentration (or natural gel), heating and temperature
control,®" ultrasonic vibration,** vortex shear,® electricity gel®*
and acid (ionic liquid or surfactant) treatment,> and the
addition of cross-linking agents®®®® can transform the molecular
conformation of silk protein from o-helix and random coil to
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Table 1 Advantages and disadvantages of the different preparation methods of silk protein hydrogels

Method
classification Gelation method Advantages Main shortcomings Ref.
Physical Self-assembly Mild procedure Long gelation time 103 and 104
Temperature change  Shorter gelation time via heating Undesirable gel quality, higher gelation 49, 81 and
concentration, smaller pore size of networks 183
by increasing temperature
pH adjustment Uniform and stable gel-structure, high Decomposition of silk protein molecules 101, 108 and
mechanical strength without the addition of = under the acidic media 183
chemical reagents
Ultrasonic oscillation ~ Simple, efficient and environmentally friendly Disruption to silk protein structure 44,77 and 82
operation
Vortex shear Stimulus responsiveness Long gelation time and high gelation 45 and 83
concentration
Electric filed effect Intact structure of silk protein, retained bio-  Low water content, complicated operation 46, 84 and
compatibility, and forming directional compo- 184
site networks with a synergistic effect on the
nerve cell behavior
Solvent gel Remarkable stability, cellular adhesion Toxicity of organic solvent 89 and 180
Chemical Stereolithography High efficiency, excellent mechanical properties Loss of water component in the gel networks 181
Irradiation High efficiency, fast gelation process High energy consumption, structure 182
disruption
Chemical cross-linking Effectively improved mechanical properties and Toxicity, complicated operation 49, 86-88,
agent stability 100 and 172
Enzymatic cross-linking Effective cross-linking, stable structure, flexible Restricted enzyme types 14 and 119

and non-toxic process

B-sheet and further aggregate to form a spatial network structure,
thereby forming a stable silk protein hydrogel with controllable
mechanical properties.

In general, a hydrogel material must be characterized before
application to determine its basic characteristics, mainly micro-
structure and morphology,® porosity,’® water content,”" swelling
properties,® rheological behavior and mechanical properties,”®
biocompatibility®* and biodegradability.”> In applications using
silk protein hydrogels, whether these basic properties change or
the degree of change is an important factor that needs to be
considered. The basic properties and kinetic factors affect the
temporal and spatial dynamic behavior changes of silk protein
hydrogels, thereby controlling the actual utility of hydrogels in
specific applications.”® Hydrogel materials generally have shape
plasticity, which is convenient for later processing to obtain an
ideal hydrogel shape. Since the processing conditions will greatly
affect the properties of the hydrogel, it is desirable to strictly
control and optimize processing to maintain the characteristics
of the hydrogel while avoiding mechanical damage.”” The devel-
opment and improvement of the silk protein hydrogel micro-
fluidic system can provide assurance in terms of performance.”®

When bubbles are removed by ultrasound, the collision
between molecules in the solution will be accelerated, causing
the local temperature and pressure of the solution to increase.
The synergistic effect of hydrogen bonding, hydrophobic forces,
and static electricity leads to dehydration of the molecular
chains, causing the aggregation of silk fibroin molecules and
accelerating the “sol-gel” transformation.’® Wang et al.** used
the ultrasonic method to treat silk fibroin aqueous solution and
optimized the parameters to obtain degradable hydrogels with
elastic moduli up to 369-1712 kPa, with a treatment time of
0.5-2.0 h. After ultrasound, silk fibroin hydrogels of different
concentrations can achieve a three-dimensional uniform loading

2296 | Mater. Adv., 2022, 3,2291-2308

of human bone marrow mesenchymal stem cells (hBMSCs).
After 21 days of incubation, the cells maintained high survival
and growth rates. A swirling shear force is applied to the high-
concentration silk fibroin solution and the resulting rotational
stretching force causes the molecular orientation and chain
stretching to change, and the molecular chain spacing and
distribution to be affected, with the molecular conformation
tending to shift to B-sheets. Yucel et al.®* and Rockwood et al.*®
used the swirling shear method to explore the gelation conditions
of silk fibroin. The former used a speed of 3200 rpm to compare
the hydrogel under swirling shear for 2 and 5 minutes. The latter
conducted gel condition optimization experiments to determine
the correlation between the degree of silk fibroin gelation and the
action time of the shearing force. Similarly, electrification can
rapidly assemble metastable silk fibroin nanoparticles into larger
nanometers or microspheres ranging in size from tens of nan-
ometers to several microns, which promotes protein aggregation
and gradually forms silk fibroin hydrogels.**®** By adding the
crosslinking agent epoxy compound diglycidyl ether (PGDE),"*
the silk protein hydrogel can produce a dense and uniform
structure with high transparency and strong flexibility, with a
compression deformation rate greater than 60% and a pressure
greater than 100 g mm > Based on the above basic research, we
urgently need to develop a specific and controllable rapid proto-
typing method to improve the structural stability of silk protein
hydrogels.

Hydrogels with uniform structure and stability can be
formed by simple physical gelling methods such as pH adjustment,
cyclonic shear and ultrasonic oscillation. The preparation
process conditions are mild, without the incorporation of any
chemical cross-linking agent, and has an environmental
response (electrosensitivity, photosensitivity and temperature
sensitivity, etc.), which is widely used in injectable hydrogels for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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biomedicine.'”" However, the hydrogels prepared by physical
methods have great brittleness and poor elasticity, and often
have unsatisfactory mechanical strength and are easy to
collapse and break easily. The chemical cross-linking method
can effectively make up for this deficiency. The incorporation of
different chemical cross-linking agents can make the formed
hydrogel more stable, greatly improve the mechanical properties,
and can give the hydrogel special adhesion. The cell growth
factor and biological enzymes and other biologically active
substances are well fixed on the surface of the silk protein
hydrogel. The performance and function of the hydrogel
prepared by the chemical cross-linking method are impressive,
but the problems of biocompatibility and biodegradability have
to be considered.'® In order to overcome this difficulty,
researchers continue to try to prepare the hydrogel by using
the enzymatic cross-linking method. This method not only
avoids the possibility of reducing biocompatibility and enhances
the controllability of biodegradability, but also has physical and
chemical advantages and can be an in situ gel. However, enzymatic
methods tend to be more costly, but are safer and more effective.
Table 1 lists the advantages and disadvantages of different
preparation methods of silk protein hydrogels. In recent years,
the research trend is reflected in the preparation of different
functional composite hydrogels. No matter what method is used
in future research, hydrogels can be endowed with the corres-
ponding required characteristics to meet the realization of different
functions.

3.1.2. Formation mechanism and modification research.
Regenerated silk fibroin aqueous solution is a protein sol liquid
of natural origin in which the protein molecules mainly exist in
the form of amphiphilic ‘multiblock’ molecular chains which
can spontaneously aggregate or assemble to form gels when
affected by specific physical or chemical factors.'**'%* The silk
fibroin molecule is composed of three subunits: the L chain, H
chain and glycoprotein P25. It is rich in polar groups such as
hydroxyl, amino, carboxyl and amide bonds. The mole fraction
of the two hydrophobic residues of glycine and alanine in the
repetitive sequence GAGAGS accounts for approximately 79%,
making it relatively difficult to chemically cross-link silk fibroin
molecules, but very easy to change from random coils to
B-sheets under the action of physical factors. The physical
action of the hydrophobic region eventually leads to gelation of
the system.>*”'%>'% Infrared spectroscopy (FTIR) and circular
dichromatography (CD) analysis show that the -sheet content in
an aqueous solution of regenerated silk fibroin is very low.’ In the
initial stage of gelation, there are only weak interactions between
protein molecular chains and no change in the secondary
structure. At this time, the B-sheet content is relatively stable.
This stage is a reversible gelation process.'®® During the execution
stage of the gel process, the secondary structure undergoes
irreversible changes, and the B-sheet content increases signifi-
cantly, forming a three-dimensional network structure with a
large number of cross-linking points, and finally forming a stable
hydrogel.®”'°® Hydrogen bonding and electrostatic effects play
a stabilizing role in this network structure. Therefore, the
fundamental driving force for the formation of regenerated silk
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fibroin hydrogels is to promote the conformational transformation,
that is, to produce an interpenetrating network structure of -sheets
from a small amount to a large amount and from disorder to order.

Mechanical analysis shows that regenerated silk fibroin
aqueous solution is a dynamically stable but thermodynamically
unstable sol system, and the lowest energy effect causes it to
finally form a relatively stable three-dimensional network porous
hydrogel. However, the types and morphological structure of
regenerated silk fibroin hydrogel materials are unitary at pre-
sent, and their mechanical properties often fail to reach the
desired value, not meeting the practical requirements for bio-
materials. This inevitably requires a more in-depth exploration
of the structure, morphology, performance and function of
the hydrogel, with the corresponding modification research
gradually maturing, developing and improving.'” The surface
chemical properties of natural silk fibroin fibers are relatively
stable, and their main constituent amino acid sequences do not
have strong active residues. The relevant modification studies
are mainly devoted to coupling or modifying the amino,
carboxyl, hydroxyl and guanidine groups of the side chains in
the amorphous zone,"'®'"* such as through phosphorylation,
amidation and graft copolymerization methods. Alternatively,
silk fibroin can be mixed with other polymer materials in
different proportions to improve the mechanical and biological
properties of hydrogel materials."'*> Gotoh et al'" coupled
polyethylene glycol (PEG) molecules with a degree of polymer-
ization of approximately 210 to the tyrosine side chain residues
of silk fibroin through a melamine chloride coupling reaction,
making the modified silk fibroin more easily form a B-sheet
structure and enhancing the hydrophilicity of silk fibroin.
Huang et al.'** used gelatin and dopamine to prepare a kind
of macroporous gel with an interpenetrating network structure
through covalent cross-linking, giving it good compressibility
and mechanical properties. This gel has good biocompatibility
and biodegradability, making it suitable for application in living
animals. Its biodegradability eliminates the harm caused by
repeated opening of wounds. As an intelligent drug delivery
system, an injectable temperature-sensitive hydrogel composed
of a sodium alginate/poly-N-isopropylacrylamide graft copolymer
continuously releases drug-containing micelles, with great
potential for overcoming multidrug resistance in tumor cells
during cancer treatment.'*

3.2. Silk protein composite hydrogel

Silk protein itself has excellent biocompatibility and biodegrad-
ability, but compared with its excellent biological properties, its
mechanical properties are often not ideal, with the disadvantages
of low mechanical strength, poor gel quality, low molding effi-
ciency, insufficient water retention performance, poor antibacterial
properties, and defects in soft tissue repair. To compensate for and
reduce such defects, the general approach adopted by scientific
researchers has been to dope some functional nanomaterials or
functional polymers into silk protein aqueous solutions for
modification to obtain functional silk protein composite hydrogel
materials (Table 2). Through a combination of quaternization
and mechanical homogenization peeling, cationic silk nanofibers
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Table 2 Preparations, performances and functional applications of several silk protein composite hydrogels
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Silk protein

composite Specific
hydrogel Method Purpose Mechanical properties  conditions Existing shortcomings Ref.
SF-HA Blending and Mechanical properties and The modulus is ~21 kPa ~pH 9.0 The modulus (21.2 kPa) is 13
stirring organic-inorganic components and the stiffness is large inferior to other artificial
similar to natural bones are bone materials
achieved while maintaining
injectable properties
SF-gelatin Ultrasonic treat- Explore nature-derived hydro-  High storage modulus 37 °C May affect stem cell 51
ment & Genipin- gels as active substrates to guide differentiation
crosslinked pluripotent cell proliferation
and differentiation into the
neural lineage
SF-PEG2 Chemical mod- Enhance hydrophilicity Not involved 37 °C, boric acid No filaments of SF-PEG2 113
ification with buffer attached to cells were
actPEG2 found
SF-GO Mechanical Improve mechanical strength ~ High tensile strength Concentrated High SF ratio will lead to 117
vortex (221 + 16 MPa), failure ammonia solution the decrease of SF-GO
strain (1.8 £ 0.4%) (25 wt%), room mechanical properties
temperature
SF-Silk Ultrasound Construct the best mechanical The highest Young’s 70% ethanol, PBS  Fiber-gel composite system 140
induction strength structure modulus (500 pm fibers, needs to be further
34.0 £ 3.1 kPa), highest improved
dynamic modulus at 1 Hz
(357.2 + 45.7 kPa)
SF-LCG All-aqueous LCG Obtain a hydrogel with con- The compressive mod-  Hydrogen LCG process is highly 166
processing trollable porosity and sufficient ulus (0.35-0.091 MPa),  peroxide (final dependent on the silk
method mechanical strength the tensile modulus concentration concentration
(0.27-0.074 MPa) 0.3-2.4%)
SF-PU In situ New hydrogel for nuclear Young’s modulus Room temperature Lack of further evaluation, 170
crosslinking prosthesis (0.2-4 MPa), high (25 °C), atmospheric such as fatigue testing and

strength and elasticity

SA-RSF-C18M Hydrophobic
interaction and

ionic interaction
crosslinking

PSB Mechanical Develop novel hydrogel iono-
stirring tronic devices

Design a self-healing HA hydro- The mechanical strength 37 °C, degassing
gel based on strong hydrophobic increases with the
increase of C18M
concentration
Maximum strain
(>5000%), elastic
modulus (100 kPa)

conditions, PBS,
BaSO,

animal experiments

Properties are affected by 172
C18M (the content should
not be too high)

under vacuum

Rhodamine

(0.5 mg g ), 25 °C,
65% relative
humidity

Sensitivity needs to be
improved

175

HA: Hydroxyapatite; GO: graphene oxide; LCG: liquid crystalline gelating; PU: polyurethane; SA: sodium alginate; C18M: stearyl methacrylate; PSB:

polyvinyl alcohol-RSF-borax.

(SilkNFs) with a thickness of 4 nm and an aspect ratio of up to 500
were successfully peeled from natural cocoons.''® These positively
charged cationic SilkNFs can be combined with different types of
negatively charged biological nanofibers to obtain membranes or
gels with an asymmetric structure. This green cationic biomass
fiber stripping method is an effective method for the preparation of
biological nanomaterials, and can be applied to the fields of ionic
flexible electronic devices, renewable energy and sustainable nano-
technology. Studies have shown that blending with graphene oxide
can increase the mechanical strength of silk fibroin hydrogels. For
example, graphene oxide can be blended into silk fibroin to prepare
a silk fibroin/graphene oxide composite hydrogel system and the
results show that controlling the blending ratio of graphene oxide
can increase the breaking strength of a composite hydrogel system
to 5 times that of a pure silk protein hydrogel.""”

Among the many silk protein biomaterials that have been
developed, silk protein hydrogels have good affinity with cells,
do not cause immune rejection when implanted in the body,
are biodegradable and easy to absorb, and their internal
structure and advantages of a similar extracellular matrix

2298 | Mater. Adv, 2022, 3, 2291-2308

structure have attracted the wide attention of researchers,
and have gradually been developed into a new type of cell
scaffold material.’ The team of Prof. David L. Kaplan from Tufts
University in the United States used a vortex oscillator to
conduct high-speed swirling shear on the silk protein
solution.®> The rapid movement and entanglement among
the silk protein molecular chain segments accelerated the
transition from a random coil state to B-sheet state and
accelerated the gelation process of silk protein. The research
group of Prof. Zhengzhong Shao of Fudan University treated the
regenerated silk protein solution with an ethanol-water mixed
solution to prepare a new type of silk protein-ethanol gel.*® The
team of Prof. Baoqi Zuo from Soochow University rationally
designed an ion conductive hydrogel (named PBST) by mixing
polyvinyl alcohol (PVA), borax, silk fibroin and tannic acid (TA)
in proportions. The PBST hydrogel has both antibacterial
properties and good biocompatibility, which provides a safety

118
Lv

guarantee for its use as a flexible wearable strain sensor.
et al.*® heated the collagen to 40 °C to dissolve it in silk protein

solution, and then added different contents of carbodiimide
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(EDC) to it to promote the chemical cross-linking reaction
between collagen and silk protein molecules. A hydrogel with
a strength of 3-10 kPa and a high temperature resistance of
80 °C was prepared. Li et al.'*® first prepared tyrosine-modified
pullulan polysaccharide, and then cross-linked it with silk
protein with horseradish peroxidase and H,O, to obtain a silk
protein-pululan polysaccharide hydrogel. Mandal et al'*°
mixed silk fibroin and polyacrylamide to prepare a semi-
interpenetrating network hydrogel. By changing the proportion
of the two components, important parameters such as mechan-
ical strength, water content, swelling rate and porosity could be
obtained, so as to control the characteristics of the hydrogel to
meet the specific needs of tissue engineering. The results show
that the hydrogel has excellent mechanical properties and
good biocompatibility. Partlow et al.'* successfully prepared a
covalent cross-linking hydrogel based on silk fiber with significant
elasticity through the use of a biological cross-linking agent
(horseradish peroxide, HRP), but it still failed to reach the desired
high mechanical properties in terms of its mechanical properties.
Therefore, the combination of excellent mechanical properties
and biocompatibility required by biomedicine to develop a
novel and robust hydrogel material has great potential in tissue
engineering and other biomedical fields.

Based on the basic theory of molecular diffusion and the
in situ formation of polymer phases, Daelemans et al.'*'
proposed a new method that makes full use of mutual diffusion
to adjust the adhesion between electrospun nanofibers and the
matrix, and applied this method to thermoplastic nanofibers
and a thermosetting matrix. It should be noted that the
inherent size of the nanofibers is a limiting factor. When the
curing temperature is too high, poly(e-caprolactone) completely
dissolves into epoxy resin, thereby making the nanofiber
morphology disappear. A silk protein/hydroxyapatite composite
hydrogel system can be prepared by combining hydroxyapatite
with silk protein. The blend of hydroxyapatite effectively
simulated the composition of bone and was more conducive
to the culture of osteocytes."**'** Due to this special multi-level
micro/nano composite structure and flexible material composi-
tion, electrospinning technology provides an effective way to
prepare super-infiltrated surfaces. For example, Hou et al.'**
prepared multi-level structured micro/nano composite fibers
based on electrospinning, which were used in self-cleaning, oil-
water separation, emulsion separation, organic liquid separation,
directional water collection, liquid unidirectional penetration,
and intelligent response. In-depth research has been conducted
on material applications in other fields, and progress has been
made to a certain extent. In summary, due to certain associated
defects in silk protein, the application of pure silk protein
hydrogel materials in biomedicine is often limited. Therefore,
current and future research seeks to combine silk protein hydro-
gels with one or even multiple functional materials.

3.3. Genetically engineered silk-elastin-like protein hydrogels

The development of biochemistry and molecular biology has
provided a reliable foundation for silk protein genetic engineering
projects. Among these, gene recombination technology is an
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effective way to obtain proteins with similar composition, struc-
ture and function to natural animal silk fibers."*” The demand for
new personalized biomaterials continues to increase, and genetic
engineering provides a new way to design new biopolymers to
match the specific functions of biomaterials."*® Using genetic
engineering technology to modify silk protein at the molecular
level, we can obtain biomaterials with new functions, such as
genetically engineered functional silk protein hydrogel, so that the
application scenarios are diversified to meet the needs of modern
biomedicine.

It has been reported that genes promoting calcium ion
binding were introduced into silkworm eggs by microinjection,
and silk proteins with strong calcium ion binding ability were
obtained through expression, which can be used for the
preparation of bone repair materials.">” However, robust elastic
animal silk fiber hydrogels with biocompatibility have rarely
been reported, and these new biomaterials often have
important applications in the field of biomedicine, and are in
high demand. Therefore, nanotechnology based on a bottom-
up design method has been widely favored in the application of
self-assembled polypeptides in biomimetic structures and bio-
logical nanomaterials.”®'*®'* In addition, we can design bio-
based materials with desirable properties by utilizing the
chemical diversity hidden in various amino acid residues."*”
Current research prominently uses genetic engineering methods
to design and develop a new type of stimulus-responsive hydrogel,
that is, genetically engineered silk-elastin-like protein polymer
(SELP) hydrogels with coding enzyme cross-linking sites.
Hydrogels basically possess all the elasticity of soft tissues,
meeting the special requirements of regenerative medicine materials
and equipment.””’ Among these, silk elastin-like protein is mainly
composed of silk fiber repetitive blocks (GAGAGS) and mammalian
elastin-like blocks (GVGVP),”® which provide flexibility to the
protein and ensure high cross-linking density inside the hydrogel.
The structure of SELPs can be controlled at the level of a single
amino acid residue. For this purpose, the addition of different
functional amino acid residue sequences can achieve hierarchical
self-assembly of the microstructure, triggering stimulus sensitivity
and biometric recognition. Affected by temperature regulation,
incubation at normal body temperature or slightly higher ambient
temperatures can result in the formation of hydrogen bonds
between filamentous units and cause crystallization of the silk
protein solution, thereby promoting the formation of hydrogels in
the SELP solution system, which is advantageous for injectable
biomedical applications.**>

As a starting point for understanding the elastic dynamic
protein system, Urry et al'®® performed a groundbreaking
study, on the aggregation of elastin-like proteins in solution,
laying a theoretical foundation for peptide sequence chemistry
and stimulus response. SELP-47K, SELP-415K and SELP-815K
are typical examples of protein hydrogel formation. The cross-
linking density of the hydrogels corresponding to these three
types of silk elastin follows the order of SELP-47K > SELP-815K
> SELP-415K."** This shows that the length of the silk elastin
block is an important factor in controlling the spacing of the
hydrogel cross-linking network, and that the stiffness of the
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three-dimensional structure of the hydrogel is regulated by the
length of the silk elastin block. Chemotherapeutic drugs of
doxorubicin and sorafenib were incorporated into the SELP-
815K solution of liquid chemical embolization agents for the
clinical treatment of metaphase hepatocellular carcinoma.'?
Among these, the repeat unit body of SELP-815K includes 8 silk
(S) units, 15 elastin (E) units and 1 lysine (K)-modified elastin
unit. After genetic engineering modification its molecular weight
is ~65 kDa and the complete amino acid sequence is:"*"**

MDPVVLQRRDWENPGVTQLNRLAAHPPFASDPM[GAGS(GA-
GAGS),(GVGVP),GKGVP(GVGVP), (GAGAGS)5GAGA]MDPGRY-
QDLRSHHHHHH.

Injectable SELP-47K and SELP-815K hydrogels have also
been studied and prepared, and they have mainly been used to
selectively prevent tumor blood clogging as a new chemotherapy
strategy."*® Swelling of the SELP-47K hydrogel is not affected by
physical factors such as external temperature, pH value and ionic
strength and has good mechanical stability."*” In contrast, SELP-
415K hydrogels exhibit swelling properties that are sensitive to
temperature and ionic strength*® and in some special cases, it is
still desirable to have stimulus-sensitive swelling and release
properties. Although research on SELP hydrogels is still in the
preliminary stages, it is possible to prepare silk elastin
copolyprotein hydrogels with the help of various mechanical
properties, noise reduction and biological activity signals. The
application prospects of the multi-stimulus response hydrogel
design of integrated modeling and genetic engineering silk
elastin in the biomedical field cannot be underestimated.'*

4. Biomedical applications of silk
protein hydrogel

Natural polymer materials such as gelatin, chitosan, hyaluronic acid
and sodium alginate have problems such as an unstable structure,
poor plasticity and difficulty in controlling the degradation rate.
In addition, their extraction process has high requirements, and the
residue of surfactant and the cross-linking curing agent added in
the preparation process will produce toxicity and side effects on the
body. In contrast, among natural polymers, silk protein has an
adjustable molecular structure and mechanical properties, as well
as excellent biocompatibility and biodegradability, so it is selected
as one of the most ideal raw materials for high-performance
hydrogel materials.***** Based on the prominent advantages of silk
protein in natural polymers, researchers are increasingly interested
in the low-toxic/non-toxic material of silk protein with excellent
biocompatibility, which has greatly promoted the development of
biomedicine. In this section, the biomedical applications of silk
protein hydrogels are classified into four fields, including tissue
engineering, controlled drug release, injectable hydrogel construc-
tion and intelligent monitoring/sensing, as shown in Fig. 1.

4.1. Tissue engineering

Recently, researchers have focused on the development of a
suitable tissue engineering scaffold material for bone tissue
and cartilage tissue repair. First, silk protein hydrogels can be
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used as a model for the study of cartilage formation mechanisms.
At the same time, they can effectively maintain the phenotype of
chondrocytes without triggering the dedifferentiation of chondro-
cytes to form fibroblasts, so they can be used as a new degradable
scaffold cartilage material.'> To accurately simulate the structure
and composition of the extracellular matrix of natural cartilage,
Yodmuang et al.**° obtained silk micron fibers by an alkaline
hydrolysis method and prepared a fiber-reinforced bionic
hydrogel with mechanical properties similar to those of natural
cartilage by combining it with a silk fibroin protein hydrogel. The
hydrogel has the equilibrium modulus simulated to natural
tissue, and provides a good mechanical microenvironment and
tissue structure framework for mature chondrocytes, which is
convenient for the deposition of the extracellular matrix of
chondrocytes and is very suitable for cartilage tissue engineering.
Articular cartilage is difficult to recover after trauma. For this
reason, Bonaldar et al.**' used electrospun fibers to mix chitosan/
glycerophosphate hydrogels to enhance the mechanical properties.
At the same time, the results of cell inoculation and culture showed
that the glycosaminoglycan (GAG) and collagen content was signifi-
cantly increased, meeting the requirements for maintaining the
formation of a chondrocyte phenotype. This result can be used as
proof of artificial cartilage tissue preparation. At the same time, silk
protein hydrogel composite materials reinforced by silk microfibers
have outstanding performance in promoting the growth of
chondrocytes, providing a new idea for preparing silk protein
composite hydrogel materials based on excellent interfacial
properties."** The scaffold has an extremely important effect on
osteochondral regeneration and is the core component of tissue
engineering.

Based on 3D printing technology, Zhang et al.”® designed
and successfully prepared a gradient scaffold with a three-layer
structure for the first time, which can accurately imitate the
structure of cartilage, calcified cartilage and subchondral bone,
promoting the application of hydrogel scaffolds in the field of
osteochondral tissue engineering, and having important reference
significance for the development of silk protein hydrogels in
cartilage tissue engineering. Second, the limitations of autologous
or exogenous bone have stimulated the development of many
different bone substitutes and have caused many adverse social
and economic effects."®® In previous work, Diab et al.'** estab-
lished a rat femoral segment defect model to study the BMP-2
delivery system composed of electrospun polycaprolactone nano-
fiber mesh tubes and silk fibroin hydrogel, which can obviously
promote the formation of new bone and significantly improve the
biomechanical properties of new bone and provides an effective
theoretical foundation for the functional repair of large bone
defects. The inherent fragility of some biomaterials has greatly
restricted the repair methods of bone regenerative medicine, so
the repair of osteoporotic irregular bone defects is still a difficult
challenge facing clinical medicine."*>'*® In response to such
problems, SiO,-CaO glass nanofibers with good flexibility and
biological activity can be prepared by adjusting the molecular
conformation and crystalline state of SiO,-CaO, and flexible SiO,-
CaO nanofibers can be further combined with chitosan solution.
After homogeneous dispersion and freeze-drying, a self-expanding

1.78
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Si0,-CaO nanofiber/chitosan (SiO,-CaO NF/CS) three-
dimensional scaffold was prepared.'*® The micro/nano multi-
level structure of the SiO,-CaO NF/CS scaffold closely mimics
the extracellular matrix of bone tissue, can promote the
proliferation and migration of mesenchymal stem cells, and
exhibits good biocompatibility and biological activity in vitro.
Therefore, an elastic porous scaffold based on flexible bioactive
glass nanofibers, meeting the minimally invasive implantation
requirements will become a new type of bone scaffold to
replace the bone defects associated with osteoporosis with
irregular shapes. Lee et al.'*’ inspired by the nature of plant-
derived phytochemicals and inorganic-organic analogs of bone
extracellular matrix, developed a nanoclay-organic hydrogel
bone sealant (NoBS) system, which can be used for the healing
of damaged bones. In view of this, Ding et al'® used the
thixotropic properties of silk protein hydrogels to construct
an injectable nanoscale system and designed and prepared silk
protein nanofiber-hydroxyapatite composite hydrogels, which
can both repair irregular bone defects and promote bone tissue
repair. These hydrogels can be used for in situ bone tissue
repair. Finally, summarizing the abovementioned cartilage and
bone tissue engineering scaffolds and other high mechanical
strength bearing materials used in human tissue engineering
research, we know that giving hydrogel materials self-repairing
capabilities can greatly improve their service life and functional
reliability."*”

In recent years, scientists have continuously explored the
potential uses of silk protein and its composite hydrogel
materials in the field of biomedicine and have made achievements
in tissue engineering applications such as nerve and blood vessel
reconstruction. Trauma, such as brain injury and stroke, is often
difficult to cure, causing adult nerve cell regeneration to be
weakened or even lost. A silk protein hydrogel modified by
covalently bound IKVAV polypeptide can promote the proliferation
and differentiation of nerve cells and enhance their cell viability
and is an ideal material for the repair of brain nerve tissue.’’'*®
Sun et al.>' used a combination of ultrasonic treatment and genipin
chemical crosslinking to prepare gelatin-silk fibroin composite
hydrogel systems in different proportions. Mouse embryonic stem
cells cultured on the composite hydrogel were used for 15 days.
After that, they maintain vitality and proliferate, and the composite
hydrogel can induce embryonic stem cells to differentiate into
epithelial ectoderm. Furthermore, the silk fibroin hydrogel
modified by the laminin core sequence IKVAV polypeptide shows
higher cell activity and upregulated neuron differentiation ability
and has been successfully applied to medical scaffold materials for
repairing or rebuilding brain damage. Silk fibroin hydrogels have
excellent mechanical strength and blood flow resistance for blood
vessel transplantation, and the degradation products will not cause
inflammation in the body, showing great potential for vascular
tissue engineering applications. Cheng et al.**® used short peptide
gel agents (such as NapFF) to induce rapid gelation of silk fibroin to
obtain structurally stable silk fibroin hydrogels and functionalized
silk fibroin hydrogels using a novel peptide gelling agent
(NapFFRGD) with an Arg-Gly-Asp (RGD) sequence. Encapsulating
vascular endothelial growth factor (VEGF) and subcutaneously
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injecting it can effectively promote the regeneration of new blood
vessels in mice. The potential uses of silk protein hydrogels in other
tissue engineering applications are continuously emerging. For
example, transparent silk protein hydrogels with excellent optical
properties can be prepared, regulating the nanostructure of silk
protein hydrogels by adding polar volatile organic solvents such as
acetone, which may be applied to artificial corneas.>

Nanotechnology allows silk proteins to be transformed into
nanoscale silk fibers that mimic the structure of the natural
extracellular matrix (ECM) to the greatest extent, facilitating cell
adhesion, proliferation and differentiation.">® Compared with
large-size repair materials, nanomaterials have unique and
adjustable physical and chemical properties such as particle
size, charge, and hydrophobicity.”®* In addition, a larger
specific surface area gives it unique biological properties.'
For example, nanoparticles can increase the probability of
interaction with the wound site and enhance the penetration
of the wound surface, so as to achieve sustained and control-
lable sustained-release therapy, and ultimately accelerate
wound healing.'®® Min et al.’>* prepared silk protein nanofiber
nonwovens for cell culture of keratinocytes and fibroblasts
from heathy people by using electrostatic spinning technology
and using formic acid to dissolve the silk protein, and studied
its promoting effect on early wound healing. The results show
that the nanofibers can be used as a preferred material for
wound dressings and tissue engineering scaffolds in the
biomedical field. With the rapid development of tissue
engineering and the continuous maturity of nanotechnology, it
has become possible to develop tissue engineering materials with
good biocompatibility and degradability for skin wound repair.

Natural-source silk protein hydrogel materials have become
one of the most important materials for replacing or repairing
tissue and organ damage in tissue engineering due to their
good mechanical and excellent biological properties."*® In
addition, silk protein hydrogels have various forms of gelation,
and chemical modification is simple and easy to achieve. They
can be blended with a variety of other biopolymer materials to
prepare composite hydrogel materials, showing excellent syner-
gistic effects."® Tissue engineering (cartilage tissue, artificial
hard tissue, nerve tissue, etc.) applications have shown great
potential for development. Fig. 4 shows the future prospects of
tissue engineering hydrogels. One of the current challenges is
how to achieve a high degree of fitting of the tissue structure
and functional properties of silk protein and its composite
hydrogel, as well as the effective construction of the dynamic
chemical mechanical environment in vivo.

4.2. Controlled release of drugs

With the advancement of social science and technology and the
improvement of living standards, the average human life
expectancy has been extended, but it inevitably requires avoidance
of the frequent medical problems caused by chronic diseases of
aging. Many patients with chronic diseases who take medicines
throughout their lives assume heavy mental and economic
burdens for themselves and their families. In addition, there are
always adverse phenomena in the process of taking drugs such as
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poor stability, low efficacy, high toxicity and side effects. To solve
the problems of frequent drug delivery, low utilization of drug
active ingredients, high toxicity and side effects in the treatment
of chronic diseases of middle-aged and elderly people it is
particularly important to develop a controlled release system for
drugs with stable drug performance, good curative effect and
high biological safety.’>”'*® The release of drugs in silk protein
hydrogels is closely related to the secondary structure of silk
protein. The controlled release of drugs can be achieved by
changing the content of B-sheets. The controlled drug release
system can effectively slow down the release, absorption, meta-
bolism and excretion of drugs in the body, reduce toxic side
effects, and maximize drug efficacy,"”® the focus of current
research in the medical field. Controlled drug release systems
are composed of a large number of preparation materials which
can be divided into natural preparation materials'® (mainly poly-
saccharides and their derivatives and proteins) and synthetic
preparation materials'®" (polyester, polylactoacetic acid copolymer,
etc.) according to their sources. The silk protein hydrogel described
in this section is a protein preparation material with the properties
of non-toxicity, non-irritation and drug function retention. By
changing its composition, crystal type, hydrophobic region content
and cross-linking density, the drug loading and drug release
amount of the carrier can be controlled. It is expected that it can
be used as a drug carrier material to carry proteins such as
polypeptides, enzyme antibodies, and large and small molecule
drugs in the treatment of diseases. Aqueous solutions of silk
protein can be affected by factors such as pH, temperature, ionic
strength and cross-linking agent to form hydrogels with different
properties.”>” Changing these influencing factors can control the
release properties of hydrogels. However, the release of drugs from
hydrogels is restricted by many factors such as the inherent
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properties of drugs, cross-linking density, pore size and swelling
degree.”®*"%* Injectable silk fibroin hydrogels have been prepared
by blending silk fibroin protein with low molecular weight poly-
ethylene glycol (PEG300 or PEG400). The gelation time (<30 min)
depends on the PEG concentration (40-45%) and molecular
weight. Subsequently, synthetic insulin was added to the silk
fibroin—polyethylene glycol hydrogel and the silk fibroin hydrogel
was induced by ultrasound. A comparative study found that the
former (containing a higher B-sheet content) is more effective than
the latter. The sustained release effect of insulin is more marked,
and the silk fibroin-polyethylene glycol injected subcutaneously
into rats shows minimal inflammation and slow degradation,
indicating that the hydrogel may meet the needs of drug delivery
and tissue regeneration.'®® Park et al'® controlled the gelation
time of silk fibroin aqueous solution by adding methyl cellulose
(MC) during the experiment and investigated the relationship
between the drug release performance of the hydrogel and the
amount of MC added. The results of the study showed that the
gelation time was prolonged with increasing the MC content, and
the release rate of 5-aminosalicylic acid decreased. The method of
adding MC to control the sol-gel transition of SF hydrogels can
serve as a new model for the design and customization of novel
biomedical materials. The use of thixotropic silk fibroin/hydroxy-
propyl cellulose hydrogels as a carrier successfully overcomes the
shortcomings of low water solubility and poor drug loading effect
of curcumin, providing new opportunities for topical anticancer
drug delivery.'® Seib et al.”” successfully prepared a biodegradable
injectable drug-loaded silk fibroin hydrogel by means of ultrasonic
oscillation, with no obvious swelling phenomenon in PBS buffer, in
a water environment, by adjusting the proportion of adriamycin
and silk protein to achieve a sustained release effect in the short
term, effectively inhibiting the proliferation of tumor cells and the
metastasis and spread of cancer cells, laying a theoretical founda-
tion for the research and development of cancer treatment drugs
and it is expected to become an advanced drug carrier material for
a new generation of cancer treatments. Although the control of
drug release using silk protein hydrogels can be achieved at
present, the release rate is difficult to accurately control, the start
is late, and there are many shortcomings. Relevant research is only
carried out on the basis of laboratory feasibility analysis. The major
future challenge is realizing the industrialization of drug-loaded
silk protein hydrogel materials. There is still a gap preventing real
clinical treatment applications.

4.3. Injectable hydrogels

In recent years, injectable biomaterials have become one of the
most discussed keywords in the field of biomedicine, and
hydrogels are one of the most promising injectable biomaterials.
Combining the advantages of silk protein degradability in vivo and
excellent biocompatibility,’®® hydrogel injectable biomaterials can
minimize pain and adverse reactions in the process of medical
implantation,'®’ tissue regeneration'®® and wound repair'® by
using the thixotropy of the hydrogel itself. The injectable silk
protein hydrogel transforms from a flowing liquid to a gel before
and after injection and forms a solid substance at the injection
site, such as muscle or epithelial tissue, due to the change in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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molecular conformation in a physiological environment. In view
of the excellent 3B properties of the injectable hydrogel and its
similar and stable structure and organization, this provides a
microenvironment for cell adhesion and growth that can be used
as a clinically effective drug carrier and as a common method for
inducing the regeneration of defective tissues. Hu et al'”®
proposed a method to prepare injectable silk fibroin/polyurethane
(SF/PU) composite hydrogels through chemical cross-linking
under physiological conditions. The SF/PU composite hydrogel
was injected through a small incision for one week. Posterior
bone marrow stromal cells proliferated significantly and showed
good cell viability. In addition, the SF/PU composite injectable
hydrogel can completely fill the degenerative area, reduce the risk
of implant migration and subsequent disc height loss, and
minimize surgical defects; thus, injection hydrogel therapy is a
new minimally invasive therapy for the effective treatment of
degenerative disc disease. Liu et al.'®® simulated the formation
mechanisms and processing of natural silk and successfully
prepared an injectable type with good porosity (pore size 62—
580 pm), and high mechanical strength and elasticity (elastic
modulus 0.074-0.69 MPa). Silk protein bio-scaffold gel materials
have made significant progress in improving the mechanical
properties, porous properties, bio-controllable degradation and
tissue regeneration performance of injectable hydrogels. The
material is expected to have broad application prospects in the
areas of local controlled drug release, tissue defect filling, and
tissue-induced regeneration. A new type of injectable hydrogel has
been generated from the supramolecular assembly of synthetic
glycopeptides and is used to simulate the highly glycosylated
microenvironment of the extracellular matrix (ECM), promote
the adhesion and proliferation of endothelial cells, and
further incorporate deferoxammonium (DFO) injected into the
subcutaneous tissue of experimental mice to trigger the production
of new blood capillaries in the body."””* Among these, the glyco-
peptide hydrogel encapsulating DFO plays an important role as an
effective matrix. The construction of the functional vascular
network of regenerated tissue requires matrix materials with
excellent biocompatibility and cell affinity. Silk protein hydrogels
are natural biobased alternative matrix materials that are worthy of
choice. Fig. 5 shows a schematic diagram of the injectable hydrogel
simulation and its preparation requirements. Developing injectable
silk protein hydrogels and broadening their application in the field
of biomedical materials is of great significance.

How to ensure the biological safety of injectable silk protein
hydrogels and their composite hydrogel materials, how to
improve the cell loading efficiency of injectable hydrogels, and
how to ensure excellent injection performance for hydrogels
are important challenges in the development of regenerative
medicine. To solve the above problems, Meng et al.'”> proposed
a surfactant-free hydrophobic association (HA) hydrogel design
strategy by dissolving the hydrophobic monomer octadecyl
methacrylate (C18M) in amphiphilic silk fibroin (RSF) solution
to form a hydrophobic association, and introduced the material
as a sacrificial bond into the sodium alginate ion cross-linking
network to prepare a multifunctional silk protein-based natural
polymer hydrogel with high compressive strength, self-healing,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Properties of desirable injectable hydrogels for biomedical utility.

injectability and biocompatibility. Mixing an injectable silk
protein hydrogel with DFO'”* to form a continuous drug delivery
system for optimizing vascularization is a feasible research
strategy. This strategy greatly increases cell load efficiency,
induces a wound healing effect, is faster, and can be used to
support a variety of organizations forming new blood vessels in
the functional repair of their environment.'” The formation of
new blood vessels in damaged tissues can be controlled by
strategic research to provide an effective solution. In the future,
it will be necessary to combine and improve the knowledge of
existing injectable hydrogels and their development (such as the
silk protein/LAPONITE® nanoplatelet hybrid injectable hydrogel
materials used in the repair of irregular bone defects'’*), and to
dedicate attention to natural high polymer material modification
and more functional synthetic polymer material research and
development, as well as more in-depth research on the mechanism
of the interaction between silk protein and the organism environ-
ment, in order to further satisfy the application requirements of
injectable silk protein hydrogels in the field of regenerative
medicine, contributing to the clinical application and transforma-
tion of injectable hydrogels.

4.4. Intelligent monitoring and sensing

With continuous development and progress in understanding
biology-based materials and related manufacturing technologies,
flexible wearable electronic sensing products based on silk
protein-based advanced materials have received widespread
attention, providing new opportunities for human disease
diagnosis and treatment, health monitoring, medical care and
intelligent nanomachines. Yang et al.'”> successfully prepared a
biocompatible hydrogel strain sensor using polyvinyl alcohol
(PVA)/regenerated silk fibroin/borax (PVA/RSF/borax, PSB). In the
PSB hydrogel, PVA and borax provide high stretchability and
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conductivity, respectively, while RSF can improve the stability of
the hydrogel and increase the water intake through the gel, which
has good water retention. The PSB hydrogel demonstrated ultra-
high stretchability (withstanding a strain limit of 5000%), good
water retention, self-healing properties, and adjustable conductivity
and adhesion. At the same time, it can be used as a sensing
platform for human motion monitoring and medical and health
management, as well as interactions between soft robots and the
human-machine interface. Seo et al.'”® developed a biocompatible
and strong adhesive based on transparent calcium (CA)-modified
silk fibroin which can be used as an epidermal electronic
device (including multiple functional properties: repeatability,
stretchability and electrical conductivity), and reported the physical
mechanism between its interface and adhesion properties, which
make it suitable for actual skin applications. At the same time, four
custom-designed epidermal systems, capacitive touch sensors,
resistive strain sensors, hydrogel-based drug delivery systems, and
electrocardiogram monitoring sensors can be firmly adhered to the
surface of biological skin through silk fibroin adhesives. Compared
with some modified polydimethylsiloxane (PDMS) elastomers'’”
and polyvinyl alcohol-based hydrogel'”® materials, this adhesive
is expected to be a popular candidate material for the next
representative skin biomedical sensor. Jo et al.'”® used silk protein
and gold nanowires (AgNWs) to successfully prepare stretchable,
shape-stable and well-permeable flexible electronic devices. At the
same time, the incorporation of glycerol and Ca®* can produce
polycrystalline crystal protein membranes with the required physi-
cal properties. The protein film provides it with high stretchability
(up to 400%) and skin adhesion in the living environment and can
be effectively applied to artificial electronic skin (like real skin).
Electronic skin devices can accomplish continuous monitoring of
important signals such as strain, electrochemistry, and electrophy-
siology in daily life conditions and have achieved pioneering
achievements in practical applications such as monitoring human
health and environmental conditions, as well as preventing and
treating diseases. With the rapid development of epidermal and
implantable flexible electronic products, enhancing the strong
interface between the sensor and the biological surface is both a
major challenge and an opportunity to be grasped. Silk protein-
based flexible wearable biosensors have only appeared in recent
years. For this reason, we can expect the emergence of new
intelligent sensors with higher sensitivity, durability and portability.

5. Challenges and future prospects

With the continuous research on silk protein, related problems
are gradually solved, and the research process of new products
based on the biological activity and functional materials of silk
protein will be greatly accelerated. Through the joint efforts of
researchers, the mechanical properties of silk protein-based
hydrogel materials have been significantly improved,® but the
poor mechanical properties of renewable hydrogels based on
natural polymers are still the bottleneck that limits their
applications in biomedicine. Natural silk protein itself has
inherent defects. If there is no functional composite factor
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(functional nanomaterials or functional polymer materials),
pure silk protein hydrogels will be restricted in their practical
application.”””® Physical and chemical or biological methods
can further improve their performance and improved application
in the field of biomedicine.®®**''°"'> The chemical cross-linking
method is the simplest conventional method for preparing hydro-
gel materials, which can effectively improve the mechanical
properties of hydrogel materials. However, considering the safety
of chemical cross-linking agents in the preparation process, the
application of chemical cross-linking methods is limited to some
extent.'® Therefore, seeking an efficient, environmentally
friendly, and safe cross-linking method is very important for the
preparation of biocompatible hydrogel medical products with
high mechanical properties. At the same time, silk protein-
based biomaterials are currently stagnating at the level of cells
and small model animals in terms of tissue engineering, drug
delivery, intelligent diagnosis and treatment, and genetic engi-
neering. It is impossible to ensure a safe and effective transition to
a large animal evaluation system and medical clinical applica-
tions. Much research work is still needed in this area. In addition,
the large-scale commercial production of recombinant silk
protein and genetically modified silk protein is still a difficult
challenge. With the rapid development of genetic engineering
techniques, we need to meet the challenge and conduct more
experiments and explorations to fully discover the potential
value of silk protein, a natural biopolymer material with unique
properties, so that it can shine in biomedical applications.'*

The construction of a new type of biomedical material with a
controllable structure and plastic performance based on silk
protein is an important subject. Research on this will explore
and develop whole bio-based silk fiber biomaterials. Through
rational design of the polymer chain and hydrogel structure,
a hydrogel with high strength in an in vitro environment, non-
swelling in a physiological environment, and mechanical
stability during degradation can be obtained. Systematic
optimization and characterization of its material preparation
process and physical and chemical properties, research and
evaluation of its potential applications and value in the field of
biomedicine, provide a new idea for the construction of high-
strength medical hydrogels closer to practical applications.

For this reason, in future research of silk protein hydrogels
for applications in biomedicine, it is recommended that the
research is conducted with the view of the following five
aspects: (1) improve comprehensive mechanical properties to
meet its application requirements in tissue engineering; (2)
ensure the biosafety of injectable hydrogels and improve their
cell loading efficiency; (3) composite modification research
based on advanced new functional materials and silk protein
hydrogels to obtain more excellent properties; (4) combining
new molding methods, such as rapid 3D printing technology,
genetic engineering and nanotechnology, to prepare new silk
protein hydrogel materials to meet the personalized needs of
biomedical applications; and (5) clinical applications require
more experimental exploration and attempts.

In the long evolution of human society, the development of
biomaterials requires scientific and technological means to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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effectively solve many problems in its development leading to a
deeper understanding of the nature of biomaterials and the
laws governing their development. From the perspective of the
dialectics of nature, the methodology of science and technology
plays an important role in guiding the development of
biomaterials. Scientific and technological research have played a
key role in the development of biomaterials. Finally, we emphasize
here that nanoscience and technology have penetrated the field
of biomaterials and people have gradually realized the huge
development potential of biomaterials,” providing unlimited oppor-
tunities for relevant scientific researchers. With the continuous
in-depth development of science and technology, the design and
preparation of biological functional materials has become one of the
most prominent and active directions in the field of life science and
medical research and has attracted increasing interest and attention
from interdisciplinary researchers and clinicians. This future
development trend should not be underestimated.
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