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Silk fibroin (SF) from Bombyx mori silkworm has been used as a textile fiber for centuries. In addition, for
decades, SF has been used as a suture material. SF's unique properties, such as exceptional host tissue
response, appropriate mechanical properties, tunable degradation, simple processing method, and low
cost, make it an attractive biomaterial. Accordingly, SF-based hydrogels have attracted much interest in
the past years for biomedical applications. The tendency of SF chains to associate and form physical

Received 20th May 2022, networks has been exploited very frequently in the last decade to prepare self-assembled SF hydrogels.

Accepted 30th July 2022 This review describes the methods to prepare self-assembled SF hydrogels focusing on gelation
DOI: 10.1039/d2ma00568a mechanisms and biomedical applications thereof. The advantages and limitations of the methods used

to induce SF assembly were discussed. In addition, the use of self-assembled SF hydrogels in
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interpenetrating network systems and the 3D printing applications were reviewed.

1. Introduction

The cocoons of silkworms have evolved over millions of years to
protect the larvae from predators as they metamorphose into
moths. The cocoon silks spun by the domestic silkworm
Bombyx mori (B. mori) have been used in textiles for thousands
of years." Silk has long been a vital textile stock due to its
unique feel, luster, dyeability, tensile strength, and elasticity.
In recent years its applications substantially increased,
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especially in the biomedical and cosmetics sectors. Nearly
1000 metric tons of B. mori silk are produced and processed
annually.”

The silk fibroin (SF) isolated from B. mori cocoons is a widely
investigated, natural silk protein used for numerous biomedi-
cal applications due to its biocompatibility, biodegradability,
and mechanical stability. In addition, it is also advantageous to
use silk for biomedical applications because of the available
large-scale processing infrastructure of traditional silk textile
industries. Regenerated SF has been approved by the U.S. Food
and Drug Administration (FDA) for clinical use in biomedical
applications.?*

Hydrogels are water-swollen three-dimensional viscoelastic
macromolecular networks, crosslinked through either covalent
bonds or non-covalent interactions such as electrostatic inter-
actions, hydrogen bonding, hydrophobic association, and
multivalent coordination.>® Hydrogels have attracted extensive
attention due to their versatility in composition, preparation,
and resulting tunable properties such as swelling capacity,
an interfacial affinity for target compounds, stimuli response,
degradability, viscoelasticity, and network architecture.”® Poly-
meric hydrogels have been used as functional materials in a
variety of applications. Biomedical applications can benefit
from the properties above, as hydrogels resemble biological
tissues because of their porosity, high water content, and
tissue-like elasticity.”'® Therefore, biocompatible hydrogels
have emerged as promising biomaterials in a variety of bio-
medical applications such as tissue engineering,"" and bio-
sensing."” They are also used as biointerface materials'® and
drug delivery systems."*

SF hydrogels have recently received significant attention
in the biomedical field. They have been used in various
applications, including bone-filling materials, sustained delivery
systems, and three-dimensional cell culture carriers as shown in
Fig. 1.">" For the preparation of SF hydrogels, several chemical
and physical crosslinking methodologies have been developed. SF
chains in aqueous solutions tend to associate and form physical
3D networks, leading to the formation of self-assembled
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hydrogels. The physical crosslinking approach is quite useful
for biomedical applications because it is cheaper, safer, and the
use of toxic chemical agents is not required. In addition,
the complete removal of residual chemical crosslinkers after
purification is not a concern. Furthermore, shear-thinning
platforms can be developed for minimally invasive operations
by utilizing the tendency of SF chains to associate in aqueous
solutions. Several excellent reviews regarding the preparation of
SF-based hydrogels for biomedical applications have been
published in recent years.'®*>° However, there is no compre-
hensive review article on self-assembled SF hydrogels to the
best of our knowledge. This report aims (i) to overview the
strategies to prepare self-assembled SF hydrogel-based bio-
materials, (ii) to investigate the principles of SF gelation in
aqueous solutions, and (iii) to describe the applications of self-
assembled SF hydrogels in the biomedical sector. For this
purpose, we will start with a quick explanation of the cocoon
formation process and chemical composition of cocoons. Then
we will overview the regeneration process of SF. The methods
used to induce the association of SF chains will be reviewed.
The use of self-assembled SF hydrogels in interpenetrating
network systems and bioink formulations for 3D printing
applications will be discussed.

1.1 Overview of the cocoon formation process

B. mori is the domestic silk moth that feeds on the mulberry
plants. These moths live for only several weeks. During that
span, moths pass through four development stages: egg, larva,
pupa, and adult, as presented in Fig. 2A. The life cycle begins
when the female silk moth lays eggs. The eggs hatch into larvae
that feed on the mulberry leaves. At this stage, the larva spins
silk threads around itself and forms a cocoon to protect itself
from predators while continuing its development into a pupa.
In the pupa stage, the silk cocoon can be collected by placing
the pupa in boiling water, so that the silk thread can be used for
industrial applications.

During the development of larvae, the silk gland grows to be
an organ over 15 cm long. Silk fibers are produced through
unique biomolecular machinery contained in these glands. The
silk glands of B. mori exist as two tubular structures (Fig. 2B).
According to its morphology and function, the silk gland
contains three compartments: the anterior silk gland, middle
silk gland, and posterior silk gland.>" First, SF components are
secreted into the posterior gland as an aqueous solution during
cocoon production. These components are fibroin heavy chain
(350 kDa), fibroin light chain (25 kDa), and P25 glycoprotein
(30 kDa). A disulfide bond links fibroin heavy and light chains
in a 1-1 ratio. The formed heavy-light chain complex also binds
glycoprotein P25 in a ratio of 6-1 via hydrophobic interactions
to form a high molecular mass elementary unit.>* This fibroin
unit is then transferred from the posterior to the middle gland.
In the middle gland, glue-like sericin proteins are produced.
As fibroin passes through the middle gland, it is coated via
sericins.”® Sericin-coated fibroin then flows through the narrow
anterior silk gland duct. The viscosity of the fibroin solution
increases as it passes through the anterior gland. At the end of
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Fig. 2 (A) The life cycle of B. mori. (B) B. mori silk gland organization. Reproduced with permission from Elsevier.2” (C) Chemical structure of common

repeat unit of SF.

the anterior gland, the tubules come together to form a
spinneret, from which silk fibers are pulled via larval head
movement. The spinneret consists of a silk press and a duct
where the fiber exits through a pore. The combined actions of
strain and shear, together with the dehydration and induction
of the ions, induce the conversion of viscous fibroin solution
into a solid filament at the spinneret.>* A fully grown cocoon
comprises a single fiber 1300-1500 m long and 10-20 pm in
diameter.>® The soluble silk proteins exist in a metastable state
within silk glands, and chains adopt disordered conformations.
During fiber formation, the protein chains undergo major
structural rearrangements, and chains are transformed from

6922 | Mater. Adv., 2022, 3, 6920-6949

largely disordered states to -sheet-rich conformations, serving
as the underlying basis for the high strength of silk fibers.>®

1.2 Chemical composition of the cocoons

In general, as produced cocoons are composed of fibroin
(>70 wt%) and sericin (25-30 wt%) proteins.”® The sericin
proteins located outside the fibroin proteins act as the glue
that brings the two fibroin units together. The chemical
composition of these proteins was characterized extensively.
The primary structure of a heavy chain consists of two flanking
hydrophilic blocks at C- and N-terminals.>® In between are
hydrophobic blocks intertwined by small hydrophilic domains.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The hydrophobic domains are mainly composed of dipeptide
units in the form of GX where X can be alanine, serine, tyrosine,
valine, or threonine. The most common repeat units include
GAGAGS, GAGAGY, and GAGAGVGY. The presence of these
repeat units is very critical for the self-organization of SF chains
into the well-defined B-sheet crystalline structures.*® Overall,
the heavy chain comprises 45.9% glycine, 30.3% alanine, 12.1%
serine, 5.3% tyrosine, 1.8% valine, and only 4.7% of the other
15 amino acids.’” The proportion of hydrophobic residues in
the heavy chain is approximately 79%. The heavy chains of SF
materials are generally responsible for the extraordinary
mechanical performance, as they can self-assemble into dis-
crete B-sheet crystallites.

The light chain has a standard amino acid composition and
a non-repetitive sequence. It contains a very different amino
acid composition of 15% aspartate, 14% alanine, 11% glycine,
and 11% serine.*” Light chains do not play a significant role
during the self-assembly of SF chains because of their small
size and the lack of repetitive sequences. So far, light chain
amino acid sequences are not observed in the B-sheet domains
of SF. The sericin proteins have a wide range of molecular
weights between 40-400 kDa. Sericin chains are mainly
composed of serine (25%), glycine (18%), aspartic acid (18%),
and threonine (7%) amino acids.*® Sericins are soluble in water
due to a high content of hydrophilic amino acids.
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1.3 Regeneration of fibroin from the cocoons

For a long time, sericin has been considered to induce allergic
and immunological reactions in humans.** However, it was
demonstrated that, sericin does not cause these reactions
itself.>* Instead, the immune response is induced only when
sericin and fibroin molecules are used together.>*®*” Therefore,
all sericin should be removed from fibroin intended for bio-
logical applications. This removal step is called degumming.
Since the hydrophilicity of sericin is much more excellent than
fibroin, it can be selectively removed from the cocoons. Various
degumming conditions are reported in the literature. For
example, selective dissolution of sericin can be conducted in
alkali (e.g., sodium carbonate), acids (e.g., citric acid), or high
concentration denaturant solutions (e.g., urea), or proteases.*®
The most commonly used degumming method is alkali treat-
ment. This process most commonly involves boiling cocoons in
an aqueous sodium carbonate for 10-60 min.*® Silk fibroin
regeneration process was presented schematically in Fig. 3A.
After degumming, the cocoons are rinsed with water several
times and dried. Fibroin in the cocoon is found in the B-sheet
structure, which is stabilized by the intermolecular hydrogen
bonds and hydrophobic interactions. Because of the strong
intermolecular interactions, fibroin cannot be solubilized in
the water right away. To solubilize fibroin in aqueous solutions,
chaotropic reagents are used to disrupt the hydrogen bonds
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(A) Schematic of silk fibroin regeneration process. (B) Sol—gel transition of silk fibroin solution.
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between fibroin chains (e.g., LiBr, LiSCN, CaCl,-ethanol).*’
Most commonly, extracted dry cocoons are dissolved in 9.3 M
LiBr aqueous solution at 60 °C. After that, the solution is
filtered or centrifuged. Filtered solution or the supernatant
are dialyzed continuously for several days in distilled water to
remove the salts and low molecular weight impurities. Depend-
ing on the conditions, the resulting fibroin solution (usually a
few weight percent) is stable at 4 °C for several weeks. To obtain
higher concentrations of fibroin, reverse dialysis can be per-
formed. For example, an aqueous solution of polyethylene
glycol (PEG) could be used instead of pure water during
dialysis.*" As-obtained regenerated aqueous fibroin solutions
can be processed into several forms, such as films,** meshes,**
sponges,** and hydrogels.**™’

1.4 Characteristics of SF as biomaterials

SF derived from the B. mori, as a natural protein biopolymer,
has been widely studied in biomedical applications, mainly due
to its mechanical performance, tunable degradation ability,
and its biocompatibility with various biological tissues such
as skin and cartilage."®*°

The proper balance of breaking strength, modulus, and
elongation makes SF ductile and tough.>® Naturally produced
SF fiber has a high ultimate tensile strength of 300-740 MPa. It
also has a large breaking strain and high toughness exceeding
those of synthetic fibers such as Kevlar. The strength-to-density
ratio of silk is up to ten times higher than steel.>" Considering
these outstanding mechanical features, the high tensile
strength of silk fiber is suitable for suture, while its flexibility
is appropriate for preparing load-bearing applications. The
strength and stiffness of silk are dictated mainly by B-sheet
crystallites due to intermolecular hydrogen bonds, van der
Waals forces, and hydrophobic interactions. These contribute
significantly to the stability of the structure. Whereas the
toughness of the material is attributed to the presence of
a semi-amorphous matrix. Therefore, collectively, the semi-
amorphous matrix and B-sheet crystallites govern the mechan-
ical behavior of SF-based materials.>

As a protein-based biomaterial, silk fibroin degrades in vitro
and in vivo by proteolytic enzymes such as protease XIV,
o-chymotrypsin, proteinase K, papain, and collagenase.>
During the enzymatic degradation, the hydrophilic amorphous
domains degrade firstly. These domains include the C-termini,
N-termini, linker segments in the heavy chain, and the light
chain. Subsequently, the more crystalline domains with packed
structures start to degrade.”® SF-based materials with higher
B-sheet contents degrade slower. In addition, the degradation
time of SF depends on some other factors such as external
pressure, concentration, treatment conditions, and charac-
teristics of the implanted site.>® The degradation behavior of
natural fibers is also different from regenerated silk materials.
The degradation rate of the natural fibers is much slower due to
their compact semicrystalline structure with a highly oriented
fibrous network.”® The biodegradation of SF can be investi-
gated both in vitro and vivo. In vitro, it can be studied based
on mass loss, morphological changes, and analysis of degraded
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by-products.’” In vivo, (i) mechanical characteristics tests fol-
lowing implantation in animal models for a specific time,
(ii) structural integrity analysis via histological examinations,
(iii) fluorescent staining and various biochemical assays can be
used to study silk biodegradability.>®

In terms of biodegradability, the use of SF in biomedical
applications has several advantages compared to other syn-
thetic and natural polymers. Even though the use of biodegrad-
able polyesters such as PLA, PCL, PGA is approved by FDA for
biomedical applications,** ®* the release of acidic by-products
during their degradation is an issue of concern. However, there
are no such issues associated with silk degradation. Because
the enzymatic degradation of SF leads to the formation of
smaller polypeptides and eventually amino acids, which are
easily absorbed or metabolized in vivo. Unlike other natural
polymers such as gelatin and collagen, SF-based materials can
retain their mechanical strength over a long time in vivo, which
is advantageous in tissue engineering applications where slow
degradation and load-bearing capacity are required.®® The
degradation of SF occurs via surface erosion, unlike that of
biodegradable polyesters, which undergo bulk hydrolysis
degradation.®® Owing to its slow loss of mechanical strength,
non-toxic by-products, and controllable degradation rate, SF
presents distinct benefits for biomedical applications com-
pared with other synthetic or natural polymers.

Apart from its robust mechanical properties and biodegrad-
ability, degummed SF has excellent biocompatibility. In some
studies, the presence of outer sericin coating was found to
cause immunogenic reactions. Therefore, removing sericin via
a degumming process is an essential step for SF processing. SF
is an FDA-approved biomaterial and is widely used as a suture
material. There are various SF-based commercial products in
the market such as Seri® and SeriACLTM ™.

In previous years, many in vitro and in vivo studies con-
firmed the biocompatibility of SF-based materials. For example
biocompatibility of SF-based materials was confirmed by dif-
ferent research groups in vitro by using various cell cultures
such as osteoblasts, epithelial cells, fibroblasts, keratinocytes,
mesenchymal stem cells (MSCs), and hepatocytes.®®

Long-term in vivo biocompatibility of biomaterials based on
SF is also assessed by various research groups. For example,
after implantation of the silk fibroin films seeded with auto-
logous rat (MSCs) in Lewis rats, a very low inflammatory
potential was observed. Histological and immunohisto-
chemical evaluation after 6 weeks revealed the presence of
circumferentially oriented fibroblasts, few blood vessels,
macrophages at the implant-host interface, and the absence
of giant cells. In addition, the inflammatory tissue reaction was
less pronounced around the fibroin films compared to collagen
or PLA films.®”

In another study, various SF scaffolds were implanted sub-
cutaneously or intramuscularly in nude or Lewis rats. In order
to investigate the acute and long-term immunogenic potential,
gross observations, histological and immunohistochemical
evaluations, and real-time PCR analyses were conducted
throughout 52 weeks. And, it was found that all the scaffolds

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were well tolerated throughout the study without any abnor-
malities.®®

In addition to implantable systems, the biocompatibility
of injectable systems was also investigated. As an example,
the biocompatibility of SF hydrogels was studied in a rabbit
critical-sized distal femur defect model over 12 weeks. It was
revealed that the injected SF hydrogels did not elicit an
immunological reaction and promoted bone remodeling and
maturation. Surprisingly, the defects treated by SF hydrogel
were more similar to the native bone than that for PLGA-treated
defects.®

2. Self-assembled SF hydrogels

Fibroin molecules in the regenerated aqueous solution are
primarily found in helical and random-coil conformations.
However, this conformation is metastable because of the ten-
dency of fibroin chains to associate and form B-sheet structures
in aqueous solutions.”® The less stable helical and random-coil
conformations of fibroin are also called Silk I. The more stable
B-sheet-rich conformation of fibroin is called Silk II.”* With
time, the conformation of fibroin molecules transforms from
random-coil to B-sheet, then the B-sheet structures aggregate to
form physical crosslinks that organize into hydrogels (Fig. 3B).
Gelation kinetics is a function of several parameters, including
temperature, pH, concentration, and the presence of residual
chaotropic reagents (due to incomplete dialysis). The regener-
ated solution cannot be stored indefinitely, after some point it
can inevitably form a gel due to self-assembly and organization
of SF chains. However, it is known that at 4 °C, the regenerated
solution can be stored for several weeks depending on the
fibroin concentration.>

Nogueira et al. have studied the effect of dialysis time and
temperature on the gelation kinetics of the regenerated fibroin
solution.”® They used a CaCl,—ethanol system to solubilize
fibroin, and they conducted dialysis at different temperatures
to remove CaCl,~ethanol. They monitored the residual Ca>*
concentration and recorded the sol-gel transition time. The
presence of Ca ions in the fibroin solution decreased the
tendency of association. As the Ca®>" concentration decreased
during dialysis, intermolecular interactions between chains
became more and more favorable, and at some point, the
gelation took place. It was found that the gelation time gradu-
ally decreased with increasing temperature. When the tempera-
ture was increased from 10 to 25 °C, the gelation time was
decreased from 22 to 3 days. This decrease in gelation time is
due to the enhanced fibroin association at higher temperatures
due to increased mobility of SF chains. It was also found that
when the temperature increased from 10 to 25 °C, the residual
concentration of Ca ions increased from 5.70 to 11.09 mg mL "
at the time of gelation. Despite a significantly higher Ca**
concentration at 25 °C, the gelation time was only three days
which is significantly lower than the gelation time at 10 °C
(22 days). Therefore, it was evident that the effect of tempera-
ture on gelation kinetics is higher than that of residual Ca**

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration. Therefore, it can be concluded that the duration
and temperature of the dialysis process are critical parameters
during the regeneration process. Moreover, dialysis should be
stopped before the solution gels if further processing of the
fibroin solution is desired, which is generally the case.

Ma et al. studied the biomineralization of Calcite crystals
within SF hydrogels.”” For this purpose, 5, 10, 15, and 25 wt%
regenerated fibroin solutions were prepared. Then, CaCl, was
dissolved in each solution at a concentration of 20 mM. The
obtained solutions were incubated at 60 °C. Even though
the exact gelation time of each solution was not explicitly
mentioned, it was said that after 20 h, hydrogels were obtained
in all solutions. Obtained hydrogels were immersed in Na,CO;
solutions for 12 h to induce the mineralization of CaCO;
crystals. Furthermore, the effect of fibroin concentration on
the morphology of the crystals was analyzed.

Jin et al. studied the biomineralization of hydroxyapatite in
fibroin hydrogels for bone tissue engineering applications.”®
They prepared 5 wt% fibroin solutions with varying Ca®*
concentrations of 0, 10, 30, and 80 mM. Then, the solutions
were incubated at 60 °C for 24 h to induce gelation. The
obtained hydrogels were immersed in Na,HPO, solution at
pH 8.5 to promote crystallization and growth of hydroxyapatite
crystals. They investigated the effect of phosphate concen-
tration and mineralization time on osteoblast proliferation
and physicochemical properties of hydrogels.

Li et al. utilized a freeze-thawing approach to speed up the
thermal gelation of fibroin solutions.”* They prepared 1, 2, and
4 wt% fibroin solutions. Then, the solutions were frozen at
—7 °C to induce the association of fibroin chains. The solutions
were frozen for 6, 24, or 48 h. After thawing the solutions at
room temperature, the sol-gel transition of the solutions was
optically monitored. It was found that the gelation of 24 h
frozen 1 and 2 wt% solutions was observed after 12 and 6 h,
respectively. They analyzed the effect of freezing time on
gelation rate for 2 wt% fibroin solutions. When the freezing
time was decreased to 6 h, the gelation was significantly slowed
down, and it took more than two days for the system to gel.
When the solution was frozen for 48 h, the frozen solution
became insoluble after thawing due to a more significant
association of the chains. For the 4 wt% solution, the frozen
gel also became water-insoluble. It was suggested that slightly
associated chains form during freezing, which can act as
potential nucleation sites and facilitate the nucleation and
growth of B-sheet crystals, resulting in a decrease in gelation
time of the solutions. Due to extensive association, the frozen
solutions became water-insoluble and failed to form a gel when
the concentration was greater than 2 wt%, or the freezing time
was greater than 24 h. Therefore, this method is limited to
fibroin solutions with concentrations less than 2 wt%.

In all the examples provided above, the thermal gelation of
SF via self-assembly was observed. Regenerated fibroin mole-
cules exhibit strong intra- and intermolecular interactions,
facilitating their self-assembly into antiparallel B-sheets and
ultimately leading to physical gelation of the solution. However,
as seen from the examples above, the thermal gelation process

Mater. Adv,, 2022, 3, 6920-6949 | 6925
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can take several hours to days, depending on SF concentration,
solution compositions, and storage conditions. This long dura-
tion can limit its applications. Therefore, several strategies were
developed to speed up the physical gelation of fibroin via self-
assembly of SF chains as summarized in Fig. 4B.

2.1 pH-Induced self-assembly

The isoelectric point (pI) is the pH of a solution at which the net
primary charge of a protein becomes zero.”> Above pl, protein
molecules attain a net negative charge, and electrostatic repul-
sion of the chains can occur, which may decrease the tendency
of intermolecular association.”® It is known that lowering the
pH from neutral toward the pI reduces the electrostatic repul-
sion and may expose hydrophobic groups of the proteins. These
changes can lead to enhanced protein-protein interactions and
induce self-assembly.

In their studies, Hirabayashi et al. studied the effect of pH
on the gelation rate of 3 wt% fibroin solutions at 20 °C.”” It was
found that, when the pH was decreased from 6 to 4, the number
of days required for the gelation was decreased from 8 to 1.
Ayub et al. also studied the effect of pH on the gelation rate of
3 wt% fibroin solutions at 20 °C. It was found that when the pH
was between 6 and 13, the gelation time was around 7-8 days.
However, when the pH was between 2 and 4, the gelation took
place within one day. It was also reported that when the pH was
above 13 or below 1.5, gelation did not take place.”® The reason
for failing to form a gel was explained by the extensive repulsion
between fibroin chains. However, the hydrolysis of peptide bonds
might also contribute to the failure of gelation in these very acidic
or basic aqueous solutions. pI of silk fibroin is around 3.8;
therefore, when the pH is decreased near pl, carboxylate anions
become protonated, decreasing the fibroin chains’ net charge.
The resulting increased tendency for association leads to the
faster gelation of fibroin solutions in these studies.

Nagarkar et al. investigated the mechanism of sol-gel transi-
tion of fibroin solutions upon lowering the pH below its pI.
They performed rheology and light scattering experiments.
Upon lowering the pH from 8.2 to 2.0, 20 nm-sized aggregates
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(A) The structure of SF at different scales. (B) Chart representing the usage of methods to prepare self-assembled SF hydrogels.

consisting of an association of 3-4 fibroin chains formed
immediately. With time, these aggregates increased both in
size and mass. Moreover, at the time of gelation, the aggregates
rapidly agglomerated to form a heterogeneous structure. It was
found that the gelation proceeds in two steps. Initially, there is a
gradual increase in light scattering and elasticity until the gelation
point is reached. Then, these parameters start to increase rapidly,
suggesting a nucleation and growth mechanism.”

Fini et al. used fibroin hydrogels as scaffolds to promote the
healing of critically sized cancellous defects.®® Fibroin hydro-
gels were obtained by decreasing the pH of the regenerated
fibroin solution to 3.8 and incubating the solution overnight
at 50 °C. It was found that the hydrogels did not cause any
inflammation, and stimulation of 1 growth factors was
achieved. After 12 weeks, complete healing of defects in the
trabecular bone of rabbits was achieved. It was also found that
fibroin hydrogels significantly improved bone remodeling and
maturation compared to the synthetic poly(lactic acid)-PEG
hydrogels.

Kambe et al. assessed the use of SF hydrogels as implants to
treat ischemic tissue disorders.*® They produced fibroin hydro-
gels with or without vascular inducing peptide (VIP). During
preparation, they mixed aqueous solutions of SF and VIP with
citrate buffer at pH 3.0. After incubation at 37 °C overnight,
hydrogels were obtained. After the subcutaneous implantation
of SF hydrogels in rats for several weeks, it was revealed that
endothelial cells successfully migrated through the hydrogels,
leading to the infiltration of macrophage and fibroblast cells.
With time, macrophage and fibroblasts degraded the fibroin
network and produced collagen. Thus, the fibroin hydrogel was
gradually replaced by the regenerated tissue. For the hydrogels
containing VIP, it was observed that the cell infiltration was
accelerated, and the number of blood vessels in the regenerated
tissue was doubled compared to the native fibroin gels.

2.2 Additive-induced self-assembly

Gelation time of the aqueous fibroin solutions was decreased
from several days to less than a day by reducing the pH below

© 2022 The Author(s). Published by the Royal Society of Chemistry
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its pI. However, it is still quite long; therefore, various additive-
induced self-assembly approaches were undertaken to improve
the gelation kinetics of SF solutions.

2.2.1 Alcohol-induced. It was found that the addition of
alcohols to the SF solution decreases the gelation time even
further. It was proposed that the addition of alcohols which are
miscible with water, dehydrates the fibroin chains and accelerates
the formation of B-sheet domains by allowing chain-chain inter-
actions. After the gelation is completed, the alcohol is exchanged
with water to obtain hydrogels since the network becomes inso-
luble in water after extensive p-sheet formation.®%?

Numata et al. studied the effect of fibroin concentration
and ethanol content of the solution on the gelation behavior by
rheometry.®® They prepared a stock solution of fibroin at
6.3 wt% concentration. Then, they mixed this solution with
different volumes of ethanol. Furthermore, they obtained a
series of solutions with decreasing fibroin concentration and
increasing ethanol content. To determine the gelation point,
they analyzed the time evolution of storage modulus G’ and the
loss modulus G” of the obtained solutions. In Table 1, the
gelation time of each solution is presented. It was observed
that, as the ethanol content of the solution increases, gelation
time decreases significantly. For example, gelation time was
decreased from around 24 h to 5 s when the ethanol content
was increased from 10 to 50% (v/v). However, when the ethanol
content was increased further, the gelation time started to
level off and increase, presumably due to decreased fibroin
concentration.

Kaewprasit et al. systematically investigated the effect of
different alcohol types such as monohydric (methanol, ethanol,
propanol, and butanol) and polyhydric alcohols (1,3-propane-
diol, and glycerol) on the SF gelation at 25 °C (Fig. 5A).%* They
used 5 wt% fibroin solutions, and the alcohol content of the
solutions was fixed at 10 wt%. The gelation of the system was
monitored by optical density analysis. The gelation of fibroin in
the absence of alcohol occurred around 7-8 days. This time was
remarkably shortened by alcohol addition. For monohydric
alcohols, the gelation time of solutions containing methanol,
ethanol, and propanol was around 9.1, 8.7, and 8.2 h, respec-
tively. Interestingly, the addition of butanol resulted in signifi-
cantly faster gelation (0.7 h). As the polarity of alcohol
decreases, the extent of hydrophobic interactions between
alcohol and fibroin chains increases, leading to faster chain
association. In the case of polyhydric alcohols, presumably due

Table 1 Gelation time of different fibroin solutions. Reprinted with
permission from ref. 83. Copyright 2011 American Chemical Society

SF concentration (W/v%)  Ethanol content (v/v%) Gelation time (s)

5.7 10 8.6 x 10*
5.0 20 2.2 x 10*
4.4 30 1.2 x 10°
3.8 40 5.6 x 10>
3.2 50 5

2.5 60 4

1.9 70 15

1.3 80 6.6 x 10°
0.7 90 No gelation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to their higher polarities, the gelation time increased signifi-
cantly compared to their monohydric counterparts. In their
another study, Kaewprasit et al. prepared a series of SF hydro-
gels via alcohol-induced self-assembly.®> Methanol, butanol,
and glycerol were used as triggers to induce self-assembly. They
conducted cell attachment and proliferation tests with L929 cell
lines on hydrogels produced with different alcohol types.
Firstly, all the hydrogels were found to be non-toxic. L929 cells
were found to attach to the hydrogel surface one day after the
seeding and start spreading. The proliferation and differentia-
tion of the fibroblasts were also achieved within five days
throughout the hydrogel scaffolds.

Moares et al. prepared self-assembled SF hydrogels via
ethanol-induced self-assembly.?® They investigated the gel for-
mation process in solutions with different ethanol contents.
It was found that the gelation time decreased with increasing
ethanol content. Without ethanol, it took 72 h for the regene-
rated fibroin solution to form a gel at 37 °C. The addition of
ethanol significantly decreased the gelation time. Depending
on the ethanol content, gelation of the solutions took place
between 8 min and 7 h. The drug release profile of the
hydrogels was also studied by using diclofenac sodium as a
model compound. The drug compound was both soluble in
water and ethanol. And it was loaded either by dissolving it in
the regenerated fibroin solution directly or in ethanol prior to
the induction of self-assembly. It was found that the presence
of drug molecules did not alter the gelation kinetics signifi-
cantly. A sustained release profile was obtained for hydrogels
loaded in both ways.

Li et al. prepared curcumin functionalized SF hydrogels for
enhancing adipogenic differentiation of bone marrow-derived
human mesenchymal stem cells (hBMSC).*” Curcumin is a
natural phenolic compound obtained from Curcuma longa.
In various studies, it has been shown that curcumin has
antioxidant, anti-inflammatory, and anticarcinogenic effects.
To prepare the composite material, curcumin was dissolved in
ethanol, and the resulting solution was mixed with the regene-
rated SF solution. Then the mixture was incubated overnight to
obtain hydrogels. Curcumin was distributed homogenously in
the SF matrix. The strong binding of curcumin molecules to the
hydrophobic -sheet domains of SF resulted in the entrapment
and stabilization of curcumin molecules. Therefore, the curcumin
release from the SF matrix was very low, and the composites
retained the high antioxidant ability for at least one month.
It was found that the SF film-associated curcumin significantly
inhibited the proliferation of hBMSC while promoting adipo-
genic differentiation. The effect was dose-dependent, with
a critical curcumin concentration of 0.125-0.250 mg mL.
However, the presence of free curcumin in the cell culture
medium inhibited both the proliferation and the adipogenesis
of hBMSCs at a concentration range of 5-10 uM, which is
almost 1000 times higher than the released curcumin from the
composites. These findings showed that the curcumin delivery
mode differentially affects the adipogenic differentiation of
hBMSC, thus providing a tool to functionalize biomaterial
scaffolds with antioxidants for tissue regeneration.
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Fig. 5 (A) Schematic illustration of silk fibroin gelation via monohydric and polyhydric alcohols. Reproduced with permission from Elsevier,2* (B) the
proposed mechanism of SF gelation induced by sophorolipid molecules. Reproduced with permission from Wiley-VCH, copyright 2015.5*

Ribeiro et al. prepared SF-nanohydroxyapatite (nano-HA)
composite hydrogels for bone tissue engineering.®® The regen-
erated fibroin solutions were found to gel within 67 and 48 h, at
37 and 50 °C, respectively. This time was too long to prepare
nanocomposites without hydroxyapatite aggregation. There-
fore, ethanol was used to disperse nano-HA and facilitate the
gelation via self-assembly. During the composite preparation,
the use of 70% ethanol was found to be optimum. Because,
at higher ethanol concentrations, fibroin precipitation was
observed. At lower ethanol concentrations, hydroxyapatite
deposition was observed due to increased gelation time. To
prevent deposition, gelation should be achieved within 15 min.
Aggregation was observed when hydroxyapatite content is
greater than 15% relative to SF. Therefore, the composites were
prepared with 10 and 15% hydroxyapatite. The incorporation of
hydroxyapatite decreased the swelling degree of SF hydrogel.
And compressive properties of the hydrogels were improved
with increased hydroxyapatite content. The metabolic and alka-
line phosphatase activities of osteoblastic cells were improved
by incorporating hydroxyapatite into the SF matrix, making this
composite a promising material for bone tissue engineering.

Rojas et al. prepared SF-porphyrin composite hydrogels for
photodynamic therapy applications.®® Ethanol was used to
induce SF hydrogelation. Porphin was dissolved in ethanol,
and this solution was mixed with the regenerated SF solution to

6928 | Mater. Adv., 2022, 3, 6920-6949

produce composite hydrogels. Rheological studies were per-
formed with hydrogels with and without porphyrin. It was
found that the presence of porphyrin did not interfere with
the gel formation. In addition, the encapsulation of porphyrins
in the self-assembled polypeptide network prevented their
aggregation, thereby significantly increasing the generation of
singlet oxygen. It was also shown that porphyrins could diffuse
out of the hydrogel and permeate the outer skin layers. There-
fore, these composite hydrogels are suitable platforms for the
sustained release of photosensitizers for photodynamic therapy
applications.

Tomoda et al. produced a controlled-release device composed
of SF microparticles embedded in SF hydrogel.”® First, they
produced SF microparticles by an atomization method. Then
dye molecules were incorporated into the microparticles by
adsorption. The loaded microparticles were then mixed with
regenerated SF solution. After treatment with 1-1 ethanol
solution, gelation of the system was achieved. They studied
the kinetics of dye release from the loaded microparticles and
hydrogels containing loaded microparticles. It was found that
the dye release from the microparticles reached equilibrium in
approximately 90 min. Whereas for the hydrogels containing
the loaded microparticles, the release persisted for 900 min,
exhibiting a release 10 times longer. The dye release from
the microparticles followed a Fickian diffusion mechanism.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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However, SF hydrogels containing SF microparticles followed
an anomalous diffusion mechanism, showing that the release
was correlated with the network degradation. Therefore, the
used strategy holds the potential for developing prolonged-
release devices, especially for drugs and bioactive compounds.

2.2.2 Surfactant-induced. The use of surfactants was also
found to induce the self-assembly of fibroin molecules in
solution.”®> Wu et al. used sodium dodecyl sulfate (SDS) as a
gelling agent to produce fibroin hydrogels.”® It was found that
the gelation can be induced by SDS in minutes, based on
hydrophobic interactions and electrostatic effects (Fig. 6). Such
interactions induce the unfolding, self-assembly, and asso-
ciation of fibroin chains, thus leading to the gelation of the
mixture. In the absence of SDS, gelation of 4 wt% fibroin
solution took place at 37 °C in 8 days. With increasing SDS
concentration, the gelation time significantly decreased. The
fastest gelation (15 min) was observed when the SDS concen-
tration was between 8-12 mM. However, with a further increase
in SDS concentration, the gelation process slowed down. For
example, the fibroin solution formed a gel in 40 min at 33 mM
SDS. With increased surfactant concentration, hydrophobic
interactions between the tails of the surfactant molecules and
hydrophobic Gly-Ala repeats of fibroin chains can trigger faster
fibroin unfolding and association into mixed micellar nano-
particles and clusters. These structures serve as the nucleation
sites of the gel skeleton. The subsequent assembly of fibroin
molecules into stable B-sheet structures may lead to the for-
mation of B-sheet-rich hydrogel networks. Due to the accumu-
lation of negatively charged micelles, electrostatic repulsions
occur at higher surfactant concentrations, hindering the formation
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of hydrophobic microdomains and decreasing the gelation
rate. The release rate of SDS from the fibroin hydrogels was
very slow and below the lethal oral dose for humans, owing to
the strong hydrophobic interactions between surfactant and
fibroin molecules.

Sun et al. prepared fibroin hydrogels using a cationic
surfactant, Dodecyltrimethylammonium bromide (DTAB), as a
gelation agent and studied the antimicrobial activity of the
hydrogels.”* In the absence of surfactant, gelation of fibroin
solution took place over 10 days at 37 °C. Upon surfactant
addition, the gelation took place within an hour. To assess the
antibacterial activity, zone of inhibition tests were performed
with Escherichia coli and Staphylococcus aureus bacteria. The
inhibition zone increased with the DTAB content of the hydro-
gels for both bacteria types, and virgin hydrogels failed to
produce an inhibition zone.

Park et al. studied the effect of various surfactant types on
the gelation of fibroin solution through self-assembly.®® They
used neutral Triton X-100, anionic sodium dodecylbenzene
sulfonate (SDBS), and several cationic alkyl ammonium bromide
surfactants. In the absence of any surfactant, the fibroin gelation
took place within 70 h. In the presence of neutral surfactant, the
gelation time was gradually decreased with increasing surfactant
concentration up to 50 mM. At 50 mM surfactant, the solution
gelled in 15 h. With further increase in surfactant concentration,
the gelation time was leveled off. At 100 mM, the gelation time
was around 12 h. In the presence of anionic surfactant, the
gelation was significantly faster, and at 100 mM surfactant, the
solution was gelled within an hour. They used three different
cationic surfactants: octyltrimethylammonium bromide (OTAB),
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dodecyltrimethyl ammonium bromide (DTAB), and hexadecyltri-
methyl ammonium bromide (HTAB). HTAB is the most hydro-
phobic one among these three, and it was not soluble in the
fibroin solution beyond 20 mM. The aggregate formation was
observed at concentrations lower than 20 mM instead of gelation.
Fibroin chains have an overall negative charge at neutral pH
values, and the strong electrostatic interactions between surfac-
tant and fibroin molecules are believed to cause this precipitation.
In the case of DTAB, which has a shorter alkyl tail, at concen-
trations higher than 20 mM, aggregate formation was observed.
However, below 20 mM, gelation took place, but aggregate
formation and phase separation of the solution were also
observed. When OTAB was used, which has the shortest alkyl
chain, above 20 mM gelation was accompanied by aggregation
and phase separation. Below 20 mM, gelation was achieved
without aggregate formation or phase separation. However, the
gelation time was very long, around 60 h. In the study men-
tioned previously, the authors obtained different results when
the DTAB surfactant was used to induce gelation. This might be
due to the difference in SF concentrations and the purity of the
fibroin solution after the dialysis process. Anionic surfactants
were the mostly used surfactants to induce fibroin gelation in
general.

Zhang et al. used anionic sodium N-lauroyl sarcosinate (SNS)
surfactant to produce SF hydrogels.®® It is an amino acid-based
surfactant, and it is widely used in a variety of cosmetic and
medical applications. They systematically studied the effects of
fibroin concentration, surfactant concentration, and tempera-
ture on gelation behavior via optical density measurements.
The native SF solution took 8-10 days to form a gel at 37 °C.
At increased SNS concentrations, the gelation time decreased.
A distinct reduction appeared at SNS levels below 4 g L™, while
a steady curve was observed for SNS concentrations above
4 g L', The shortest gelation time (20 min) was observed when
the SNS concentration was 3-5 g L%, and the SF concentration
was 10-15 g L™ *. And, at a given fibroin and SNS concentration,
the gelation time decreased with increasing temperature. L929
cells were cultured on the surface of hydrogels for seven days.
The cells grew and proliferated steadily on the surfaces.
However, it was observed that the viability of cells was lower
in hydrogels containing SNS compared to native fibroin gels
due to the low oral toxicity of SNS.

Dubey et al. used sophorolipid (SL) as a gelling agent.”" SLs
are carbohydrate-based amphiphilic biosurfactants derived
from the non-pathogenic yeast Candida bombicola. SLs have
several advantages over other surfactants. SLs are natural
compounds derived using a completely biological process.
Thus, SLs have improved biocompatibility and reduced envir-
onmental impact. The addition of SL to fibroin solution accel-
erated SF’s gelation near physiological pH, and gelation time
was reduced from a few weeks to a few hours (Fig. 5B). Fibroin
hydrogels thus obtained were lyophilized to form 3D scaffolds.
Moreover, it was shown that 1929 cells were successfully
adhered to and proliferated on these constructs.

In their follow-up study, Dubey et al. investigated the mecha-
nism of SL-induced gelation of fibroin solutions.”” SLs are
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extracellularly produced by the yeast as a mixture that com-
prises two forms: acidic and lactonic form. When the carboxylic
end of the fatty acid tail remains free, it is known as acidic SL
(ASL), whereas internal esterification of this carboxylic group
with the 4’ OH of the sugar molecule results in a closed ring
structure, that is, lactonic SL (LSL). It was found that upon
mixing fibroin solution and SL, the gelation time and mecha-
nism differed depending upon the type of ASL and LSL content
of the sophorolipid. For example, when the fibroin solution was
mixed with ASL, the gelation started after 10 h, prior to which
both the components were found to exist in the solution with-
out any interaction. The shift in equilibrium between the ASL
micelles and non-associated molecules led to the diffusion-
dependent onset of gelation. However, in the presence of LSL,
the fibroin gelation was faster. NMR studies confirmed that the
reason for faster gelation was the preferential binding of LSL to
fibroin chains, leading to the unfolding of the protein and
eventual formation of B-sheets.

Li et al. produced SF hydrogels with improved mechanical
properties.”® They used SDS as the surfactant to induce gela-
tion, and the compressive and tensile modulus of the hydrogels
were as high as 3.0 and 3.3 MPa when the fibroin concentration
was about 15 wt%. It was shown that the mechanical properties
mainly depended on the fibroin concentration, while the type
and concentration of the surfactant had little effect. They also
prepared virgin fibroin hydrogel and ethanol-induced fibroin
hydrogel and compared their conformation and morphology
with SDS-induced one. It was found that, although the total
B-sheet content in the hydrogel almost did not change, the
surfactant speeded up the formation of B-sheet structures,
more importantly, confined their size. This confinement
resulted in smaller average pore size and a more homogenous
morphology, which were thought to contribute to the enhanced
mechanical properties. In the same study, they also used
neutral and cationic surfactants. In the presence of SDS, the
gelation time was 35 min. When Triton neutral surfactant was
used, the gelation time increased to 2 h. In the presence of
cationic surfactants, gelation was not observed. Instead, aggre-
gation or precipitation took place. Through in situ nanoparticle
formation, they produced Fe;O,4-loaded fibroin hydrogels. With
this material, they efficiently catalyzed H,O,-related reactions.

Phosphorylglycerols are negatively charged amphipathic
lipids. They are biologically important as pulmonary surfactants
in mammals and as membrane components in microorganisms.
They can induce conformational changes in several proteins, such
as a-lactalbumin, and B-lactoglobulin. Laomeephol et al. used a
natural sodium salt (DMPG), to induce fibroin assembly.'®
Electrostatic and hydrophobic interactions between the DMPG
and SF chains induced the structural transition of SF chains to
B-sheet, and consequently, a rapid gel formation was observed
within 50 min. The gelation time was controlled by varying the
lipid concentration. To assess the potential of the hydrogels as cell
carriers, several mammalian cell lines, including 1929, NIH/3T3,
Sa0S-2, and CaSki, were encapsulated into the hydrogel. The SF-
based hydrogels supported the normal growth of fibroblasts,
corroborating their cytocompatibility. In addition, inhibition in
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the growth of cancer-derived cell lines was observed. Therefore,
these DMPG-induced fibroin hydrogels were shown to be suitable
for 3D platforms for biomedical applications, such as cell thera-
pies and tissue regeneration.

2.2.3 PEG-induced. Due to toxicity issues of alcohols and
surfactants, these additives need to be extracted prior to their
use in biomedical applications. To overcome this issue, Wang
et al. explored the use of low-molecular-weight poly(ethylene
glycol) (PEG) to induce SF self-assembly (Fig. 7)."*" PEG300 and
PEG400 are commercially available and FDA-approved com-
pounds for oral, topical, and parenteral drug administration. In
that study, they investigated the PEG-SF gelation kinetics via
optical density and rheology measurements. Their preliminary
screening studies showed that only low-molecular-weight PEGs
(<1500 Da) induced SF gelation. PEGs with higher molecular
weights caused the formation of aggregates in the forms of
fibers and particles. Therefore, they focused on SF gelation
induced by low-molecular-weight PEGs, especially PEG300 and
400, due to their viability as pharmaceutical-grade additives
and the mixing efficiency and gel homogeneity. They kept the
concentrations of PEG300 and 400 in SF hydrogels below 45%.
Thus, toxicity would not be a concern because it is known that
the highest concentration of PEG 300 and 400 used in drug
formulations for parental injection can approach 50% without
any toxic effects. PEG300 and 400 can induce fast and con-
trollable SF gelation. Gelation was controlled to take place
within 30 min for SF at both low (2-5%) and high concentra-
tions (8-15%) by varying the concentration of PEGs. This
enabled in situ preparation of SF hydrogels for clinical applica-
tions where thin needle injection is needed. The PEG-SF
hydrogels exhibited high content of crystalline B-sheet struc-
ture. PEG is a highly hydrophilic molecule that binds water. The
presence of PEG in the SF solution may force the hydrophobic
domains on the SF molecules to assemble due to the excluded
volume effect and further form crystalline B-sheets. PEG-SF
gels injected subcutaneously in rats, showed a minimal inflam-
matory response and slow degradation (>20 days for 5% gel),
indicating that the gel may be suitable for drug delivery and
tissue regeneration needs. Cytotoxicity of PEG-SF hydrogel was
assessed using hMSCs. PEG-SF gels were unfavorable for initial
hMSCs attachment and proliferation, likely due to the initial
presence of a high concentration of PEG. However, the gels
supported cell functions over longer time frames as the PEG
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dissipated from the hydrogel. This is an interesting observation
because, for many medical applications, acute inflammation
initiated by the binding of protein and recruitment of macro-
phages and fibroblasts occurs in the first few days after
material implantation.

The same group further investigated the anti-adhesion
ability of PEG-SF hydrogels."®> They evaluated the adhesion
prevention of these hydrogels after laminectomies in New
Zealand rabbits. Laminectomy is a standard operation in spine
surgery to reduce spinal cord and nerve pressure. However,
scar tissues often form in the spinal canal and adhere to the
dura surface, resulting in low back pain post-surgery. For this
reason, anti-adhesion materials are needed to isolate the sur-
face of dura from the surrounding tissues physically. They
demonstrated that the hydrogels reduced scar tissue formation
around the dura and thus reduced epidural adhesion in rabbit
models. The hydrogels fully degraded within 8 weeks post-
surgery, but the adhesion prevention effect persisted past
8 weeks. The unique material properties of SF and the local,
temporal release of PEG were thought to be responsible for this
effective adhesion prevention.

The most used additives for the induction of SF assembly
were summarized in this section. In addition, tannic acid,***%
peptide gelators,’**™% carbon dioxide,"***'® and various
copolymers''"'** were also employed as additives for the pre-
paration of self-assembled SF hydrogels in various biomedical
applications.

2.3 Shear-induced self-assembly

Shear forces are known to stretch polymer chains in solution.'*?
The stretching of the chains can dissociate intramolecular
interactions and make chains more available for intermolecular
interactions. Shear-induced gelation has been reported for
amphiphilic or associating polymers in poor solvents."** For
associating polymers, increased intermolecular interactions
between self-associating chains that undergo non-Gaussian
stretching due to flow were argued to lead to shear-induced
gelation. The SF protein is an amphiphilic block copolymer
that consists of segments with predominantly hydrophobic
domains that are phase-separated in the nanometer scale to
enable solubilization in water. Therefore, in the regenerated
fibroin solution, the chains are found in a metastable state. The
shear gradient may cause the unfolding of SF molecular

30 min

S

20 min

=

Fig. 7 Gelation process after mixing equal volume of SF and PEG400 solutions at room temperature. Reproduced with permission from Elsevier.*
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domains and the formation of macromolecule clusters rich in
B-sheet content due to increased exposure of hydrophobic
domains to water. The subsequent increase in the concen-
tration and overall lifetime of inter-cluster crosslinks and the
physical entanglements between dangling fibroin chains could
eventually lead to a percolation-like transition into a perma-
nent, physical hydrogel network. Sonication- and vortex-
induced self-assembly of fibroin solutions have emerged as
practical and gentle methods for preparing SF hydrogels.

2.3.1 Sonication-induced. Ultrasonication generates high
shear forces via acoustic cavitation, which occurs when high-
power ultrasound is coupled with liquids."*> As a result of this
cavitation, the media may experience extreme local effects such
as heating, high pressure, and high strain rates. These physical
phenomena have been exploited in various applications,
including self-assembly and gelation of N-isopropylacryl-
amide/acrylic acid copolymer,"'® organic fluids with metalated
peptides,’” and synthetic self-assembling peptides."'® Aside
from peptides, proteins such as human serum albumin and
myoglobin have been studied with sonication to characterize
their aggregation and self-assembly behavior related to disease
states.

Sonication-induced gelation method of SF solutions was
firstly introduced by Wang et al.**® It was shown that the sol-
gel transition of fibroin solution was accelerated by ultra-
sonication as illustrated in Fig. 8. Since its introduction, this
method has found extensive use for various biomedical appli-
cations because of several advantages compared to other
methods to induce self-assembly. The gelation time can be
controlled from minutes to hours based on the sonication
parameters such as energy output, duration, and SF concen-
tration. In the time frame between the end of sonication and
the onset of gelation, cells or biomolecules such as drugs and
growth factors can be mixed with the fibroin solution, and after
the gelation, 100% encapsulation can be achieved.'>***!
This approach is sufficiently gentle to maintain cell viability
during encapsulation and avoids the use of harsh chemical
treatments.'*>"** It allows accurate cell seeding and homoge-
nous distribution of cells throughout the hydrogel. The use of
harsh chemical treatments is avoided. Very importantly, injec-
tion into the target tissue or site is possible as shown in Fig. 9.

Ultrasound Waves

Silk fibroin
(Solution state)

. Silk fibroin molecule

Fig. 8 Schematic illustration of sonication-induced SF gelation.
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In their pioneering study, Wang et al. investigated the effects
of sonication parameters, fibroin concentration, ion type, and
pH on gelation kinetics of fibroin solutions.’*® They used 1, 2,
6, and 20% (w/v) fibroin solutions, and sonication was per-
formed at 20% amplitude for 5, 10, or 30 s. Gelation time
decreased with increasing concentration and duration of soni-
cation, except for the 20% case where the gelation was slower
compared to 6% due to the solution’s high viscosity, which may
hinder the propagation of sound waves. For example, gelation
time decreased from around 40 h to less than an hour, when
sonication time increased from 5 to 30 s for 6% SF solution.
It was also found that lower concentrations of K ions (20-50 mM)
and low pH (4) accelerated gelation, whereas the presence of Ca**
ions and higher concentrations of K' ions slowed down the
gelation process. The mechanical properties of the gels were
improved with increasing concentration. For instance, the
modulus rose from 500 to 1500 kPa, when concentration
increased from 4 to 12%. Cell culture studies were performed
using hMSCs. Hydrogels with less than 4% fibroin concentration
were found to be too weak to be manipulated during the cell
culture studies. Sonicated fibroin solutions at 4, 8, and 12% (w/v)
were mixed with hMSCs. Proliferation and differentiation of the
cells were assessed by histological analysis and DNA quantifica-
tion. The cells grew rapidly and proliferated over 21 days in the
4% hydrogel. However, the survival was lower in the gels with
higher concentrations, likely due to limitations in the mass
transport due to decreased mesh size of the hydrogel."**

SF hydrogels produced via this method are popular bio-
materials for bone and cartilage tissue engineering applica-
tions. Ding et al. used fibroin hydrogels as scaffolds to deliver
rat bone marrow stem cells into bone defects."*® 4 wt% fibroin
solutions were sonicated at 25% amplitude for 30 s. Then, cell
suspensions at different final concentrations of 1.0 x 10, 1.0 x
10° and 1.0 x 107 cells per mL were mixed with sonicated
fibroin solution before gel formation. The osteogenic potential
of the as-obtained cell/fibroin constructs was investigated by
in vitro and in vivo studies. The 1.0 x 10” group exhibited the
highest ALP activity, the most calcium deposition, and the
strongest osteogenic-related gene expression in vitro. That
group also showed a clear increase in bone formation in vivo
with superior performance with respect to both new bone

Silk fibroin
(Sol-gel transition)

Silk fibroin
(Gel state)

MM B-Sheet structure
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Fig. 9 Preparation and administration of self-assembling SF hydrogels into rats with established focal cerebral ischemic stroke. Reproduced from

ref. 132.

volume and trabecular number in the defect area. More impor-
tantly, only in the 1.0 x 10’ group, the function of the
encapsulated stem cells guaranteed a continuous bone for-
mation process in the long term. In their another study, the
same group utilized fibroin hydrogels as a delivery vehicle for
rabbit maxillary sinus floor augmentation.'®® 5 wt% fibroin
solutions were sonicated at 25% amplitude for 30 s. Then the
solutions were mixed with (i) vascular endothelial growth factor
(VEGF165), (ii) bone morphogenic protein-2 (BMP-2), and
(iii) both. Prior to gelation, the solutions were injected into
elevated cavities. It was found that SF gel alone did not promote
sufficient bone formation alone in the rabbit model. Never-
theless, angiogenic and osteogenic factors released from SF gel
promoted tissue invasion and new bone formation. At the same
time, the delivery of a single angiogenic agent was not sufficient
for bone regeneration.

Roohaniesfahani et al. studied the effects of simultaneous
release of Mg, Sr, and Si ions from injectable SF hydrogels
to treat bone defects in mouse models.'*” For this purpose,
a triphasic ceramic, MSM-10, was used as a delivery agent.
Ceramic powders were manually mixed with 4 wt% SF solutions
at various concentrations. The solutions were sonicated at 45%

© 2022 The Author(s). Published by the Royal Society of Chemistry

amplitude and 25 Hz frequency. The sonication time was
adjusted to achieve gelation within 5-10 min. Because faster
gelation (<5 min) was impractical for handling and longer
gelation (>10 min) resulted in phase separation of MSM-10
particles and SF. The presence of Mg, Sr, and Si ions signifi-
cantly increased the gelation time of SF solutions and
decreased the B-sheet content of the resulting gels. However,
the presence of those ions improved the injectability and
in vitro osteogenic properties of the gels. The implantation of
ceramic/SF hydrogels into subcutaneous defects of mouse
models showed reduced immune reaction and increased neo-
vascularization compared to pure SF hydrogels.

Yodmuang et al. prepared SF microfiber-reinforced SF
hydrogels as scaffolds for cartilage repair.'*® 4 wt% SF solutions
were sonicated at 12% amplitude for 15 s and then mixed with
SF fibers and chondrocytes. In addition, SF fiber-reinforced
agarose gels were also prepared for comparison since agarose
has been labeled as the gold-standard biomaterial for in vitro
cartilage tissue formation. It was found that, while the addi-
tion of microfibers significantly increased the moduli of SF
hydrogels, it contributed to a lesser extent for agarose hydro-
gels, likely due to weaker interfacial bonding between the SF
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microfibers and agarose. Fiber-reinforced SF hydrogels exhi-
bited a 50% improvement in equilibrium modulus and a 60%
increase in dynamic modulus at day 42 compared with SF
hydrogels without fibers. In addition, higher glycosaminogly-
can staining around the fibers was revealed after histological
evaluation of fiber-reinforced SF hydrogels. This suggested that
newly synthesized proteoglycan was localized to SF microfibers.
In contrast, glycosaminoglycan staining was not localized to SF
microfibers in fiber-reinforced agarose hydrogels since SF
microfibers failed to form a physical bond with the agarose
matrix. Excellent chondrocyte compatibility, glycosamino-
glycan and collagen matrix deposition make these materials a
feasible alternative to agarose for cartilage tissue engineering.
Self-assembled SF hydrogels have also found use in brain
repair and regeneration applications. Nieto et al. examined the
short- and long-term compatibility of injectable SF hydrogels in
the striatum of mouse brains."®® Their preliminary studies
showed that a gelation time of 10 min after sonication is
required to inject the solution into the target area successfully.
Therefore, several sonication conditions were screened by
changing the amplitude, sonication time, number of sonication
pulses, and concentration. Desired gelation time was obtained
when 2 wt% fibroin solutions were subjected to two sonication
pulses of 30 s at 60% amplitude. In vivo studies indicated that
the animals reasonably tolerated the striatal injection of SF.
Because, similar to the saline group, the survival rate exceeded
90%. After the injection, fibroin hydrogels exhibited acceptable
biocompatibility with the brain tissue. The gradual degradation
of hydrogel resulted in minor immune system activation. After
two weeks, hydrogel deposits did not elicit immune reactions or
behavioral deficits at all. The degradation of SF was also
histologically confirmed in the brain parenchyma of rats one
month after intracerebral injection due to the action of brain
proteases or myeloid cells and microglia. One month after
transplantation, cognitive and sensorimotor deficits were not
evident by behavioral or electrophysiological analysis. Overall,
the analysis of cell death, inflammatory response, and brain
function examined by behavioral tests and electrophysiological
analysis confirmed the tolerability of SF by the brain tissue.
Osama et al. explored the use of self-assembling SF hydro-
gels as a matrix for the minimally invasive delivery of MSCs to
the brain."* In that study, they tried to optimize the conditions
for efficient delivery of MSCs. To induce self-assembly, fibroin
solutions (1-5 wt%) were exposed to 3 to 6 sonication cycles on
ice (one cycle consisted of 30 s on and 30 s off) at 30%
amplitude. 1% hydrogel was found to be too soft for the
application. Increasing SF concentration improved the stiffness
of the gels. 2, 3, and 4 wt%, hydrogels exhibited matrix elasticity
similar to the brain tissue. With these hydrogels, cell viability
tests were performed in vitro. An initial drop in MSC viability
was observed for all the gels. Then it stabilized on day 3 and
then steadily increased over the remaining culture period
(14 days). They also investigated the effect of the addition time
of the cells to the sonicated solution, and it was found that a
more homogeneous distribution of cells was obtained when
cells were mixed with the solution just 10 min after sonication,

6934 | Mater. Adv, 2022, 3, 6920-6949

View Article Online

Review

where the mixture was still a solution. In their another study,
the same group explored the use of self-assembling fibroin
hydrogels as injectable platforms for regeneration in the stroke
cavity. In vivo studies were performed with rats. It was found
that the hydrogels demonstrated stability throughout the study
(7 weeks), excellent space-filling and conformity, and excellent
biocompatibility with minimum immune response. The gels
also interacted with the glial scar and supported endogenous
cell proliferation after the experimental stroke.

Self-assembled SF hydrogels produced via sonication have
been used as sustained delivery platforms in various biomedi-
cal applications. Guziewicz et al. developed a system for the
sustained delivery of monoclonal antibodies.™*" It was found
that protein stability was maintained during encapsulation.
After encapsulation, some of the loaded hydrogels were lyo-
philized. The impact of lyophilization was evaluated by com-
paring antibody release rates between lyogels and the parent
hydrogel material. Lyophilization of antibody-loaded SF hydro-
gels significantly improved long-term antibody release proper-
ties over the parent hydrogel material due to enhanced
interactions between SF and antibody molecules after water
removal.

Han et al. investigated the effect of delivery of microRNA-675
(miRNA-675), originating from the long non-coding RNA H19, to
prevent aging-induced vascular dysfunction in mouse hindlimb."*?
They explored the use of a combination of exosomes and SF
hydrogel as a delivery platform. miRNA-675 is known to promote
skeletal muscle regeneration and inhibit cardiomyocyte hypertro-
phy. However, naked miRNA is susceptible to degradation by
RNase in the extracellular environment. In order to avoid the loss
of miRNA during delivery, stem cell-derived exosomes were used to
deliver miRNA-675. To induce self-assembly, 4 wt% SF solutions
were sonicated three times for 30 s at 30% amplitude. To the
freshly sonicated solution, exosome solution was added, and the
mixture was kept at 37 °C to allow for gelation. It was shown that
mice treated with miRNA-675 exosomes encapsulated in SF hydro-
gel showed significantly enhanced blood perfusion compared to
miRNA-675 exosomes alone. The improved effects resulted from
the enhanced retention and stability of miRNA-675 by exosomes
and SF hydrogel. Thus, SF hydrogel-based delivery of exosomes
represented an effective way to achieve sustained delivery of miRNA
for tissue protection.

Zheng et al. incorporated 3-mercaptopropionic acid (MPA)-
coated CdTe quantum dots (QD) into SF hydrogels via physical
adsorption and entrapment.’** The fluorescence of the QDs
remained stable for more than 96 h in PBS buffer or when
subcutaneously injected into mice. The cytotoxicity of QDs was
significantly reduced when the QDs were incorporated into SF
hydrogels. This system was useful for tracking the degradation
and distribution of SF biomaterials and can be used as a
potential diagnostic tool. He et al. investigated the use of
nanographene oxide (NGO) and lanthanide-doped rare-earth
up-conversion nanoparticles (UCNPs) loaded SF hydrogels
for tumor upconversion luminescence (UCL) imaging and
photothermal therapy. NGO absorbs near-infra-red (NIR) radia-
tion and transforms it into thermal energy. Therefore, it
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has been widely used in photothermal therapy applications.
Furthermore, UCNPs can act as luminescent nanoprobes.
These two compounds were mixed with sonicated SF solution,
and the resulting hybrid hydrogels showed outstanding UCL
imaging properties and a photothermal therapy effect under
NIR laser irradiation. The in vivo studies presented excellent
suppression of tumor growth in the 4T1 tumor-bearing mice.
Therefore, this system was shown to hold great potential for
combining tumor imaging and antitumor therapy for clinical
applications.

2.3.2 Vortex-induced. The self-assembly of SF solutions is
accelerated when a shear force is applied through a vortex
shaker. In this way, SF gels can be obtained from simple
equipment, unlike ultrasonication, without contacting the
solution with a probe. Yucel et al. introduced vortex-induced
hydrogelation of SF solutions.™*® It was found that the gelation
kinetics can be controlled by changing the vortex time, solution
temperature, and fibroin concentration. This is important since
the gelation should take place within a time frame enabling
homogenous distribution of cells or biomolecules. It was also
shown that these vortex-induced hydrogels show shear-thin-
ning behavior and can be injected through needles. In addition,
the stiffness of the hydrogels recovered immediately after the
removal of applied shear. This enables the applicability of these
materials for homogeneous three-dimensional cell encapsula-
tion, homogeneous delivery in vivo, and localization of hydro-
gel/cell scaffolds at the injection site.

Davis et al. used self-assembled SF hydrogels as transplanta-
tion devices to treat type-1 diabetes."*® For this purpose,
isolated pancreatic islet cells were mixed with freshly vortexed
SF solutions, and the mixture was allowed to gel for 2 h at 37 °C.
In addition, to enhance islet cell graft survival and function,
islets were encapsulated along with extracellular proteins
(laminin and collagen IV) and mesenchymal stromal cells.
It was found that, after a 7 day in vitro encapsulation, islets
remained viable and maintained insulin secretion in response
to glucose stimulation. And when islets were encapsulated with
collagen IV or laminin, the insulin secretion was increased on
day 2 and day 7, respectively. A 3.2-fold synergistic improve-
ment in islet insulin secretion was observed when islets were
co-encapsulated with stromal cells and ECM proteins. Further-
more, encapsulated islets had increased gene expression of
functional genes; insulin I, insulin II, glucagon, somatostatin,
and PDX-1, and lower expression of the de-differentiation genes
cytokeratin 19 and vimentin compared to non-encapsulated
cells. Therefore, the suitability of self-assembled SF hydrogels
was demonstrated for co-encapsulation of various cell types
and biomolecules for the treatment of type 1 diabetes.

Managing infection in ischemic, avascular, and necrotic
tissues is a significant challenge because drug penetration into
abscesses is limited by the lack of vascularity and the dense
capsule wall. Therefore, high plasma concentrations of
antibiotics are required to overcome this penetration barrier.
Moreover, this is problematic due to dose-limiting tissue toxi-
cities and high inter-individual variability in abscess perme-
ability. Kojic et al. proposed an alternative treatment for focal
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infections, which is based on laser-mediated heating of Au-NP
suspended in an injectable and degradable SF hydrogel."*” The
use of Au-NP-loaded hydrogels was first evaluated in vitro. The
effects of power and duration of laser application on tempera-
ture change and bactericidal performance were assessed for
various nanoparticle concentrations. Then, in vitro studies were
performed with mice infected with S. aureus. It was found that
even single 10 min laser treatment of a subcutaneous infection
in mice preserved the general tissue architecture while achiev-
ing a bactericidal effect. In addition, this procedure allows for
case-specific treatment by controlling the nanoparticle concen-
tration, laser exposure, and power. The self-assembled SF
hydrogel was found to be very useful for this treatment since,
apart from its biocompatibility and biodegradability, it pre-
vented nanoparticle aggregation and ensured spatial stabili-
zation at the injection site.

2.4 Self-assembly induced by the concentration-dilution
method

As we have seen so far, the self-assembly of fibroin chains was
accelerated via several methods, resulting in the formation of
hydrogels. The as-obtained structure is not water-soluble, and
this process is irreversible due to the hydrophobicity of the
hierarchically assembled structure. Kaplan et al. developed a
so-called “concentration-dilution method” to make this assem-
bly process reversible.’*® In the first step, the freshly prepared
6 wt% SF solution was concentrated at 60 °C up to 20 wt%.
During this process, metastable nanoparticles were formed.
After that, the solution was diluted below 2 wt% to induce
disassembly. After incubation at 60 °C, the diluted solution was
transformed into a hydrogel. Dynamic oscillatory studies
proved that the solution and hydrogel states were entirely
reversible and could be recycled many times. It was found that
solutions produced this way had a higher zeta potential (above
—50 mV) than previous SF materials, which tend to be below
—30 mV. Due to their amphiphilic nature, the fibroin molecules
can form micelles or aggregates in water. It was thought that
these structures can migrate to the surface of the assemblies to
reduce the free energy of the SF-water system, thus resulting in
the increase in negative charge on the surface of the assem-
blies. It was proposed that B-sheet-rich nanofibers provide
enough hydrophobicity for hydrogel formation, while high
electrostatic repulsion restrains physical crosslinks, a combi-
nation of which allows a reversible sol-gel behavior. More
importantly, hydrogels obtained in this way could still flow,
unlike typical self-assembled SF hydrogels, due to the restricted
aggregation of B-sheet domains. And these hydrogels were
found the retain flowability for long times. Unlike self-
assembled SF hydrogels, where physical crosslinking kinetics
need to be tuned carefully for a suitable injection, these
thixotropic SF nanofiber hydrogels can flow on demand once
injected and solidify rapidly after shearing is ceased. These
features can prevent unwanted leakage from the target site due
to insufficient gelation rates. Therefore, the thixotropic pro-
perty of these hydrogels resulted in better injectability when
compared with other forms of injectable self-assembled SF
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hydrogels where there is a tight time window for the injection.
This interesting self-assembly behavior was exploited for
various applications by various groups.'*%*4°

Wau et al. used this methodology to prepare a fibroin-based
injectable and local delivery platform for cancer treatment.'*!
6 wt% regenerated fibroin solution was first concentrated
to above 20 wt% slowly over 24 h at 60 °C to form meta-
stable nanoparticles and then diluted to 0.5 wt%. The diluted
SF solutions were incubated for 24 h at 60 °C to induce
nanofiber hydrogel formation. Then, doxorubicin (DOX)
was directly dissolved into the SF hydrogel to yield DOX-
loaded hydrogel. These thixotropic SF hydrogels allowed tun-
able pH-responsive and sustained DOX delivery. The sus-
tained and tunable release of DOX continued over 8 weeks
from these hydrogels and provided long-term control of
cytotoxicity of cancer cells. Injection in a breast cancer model
showed that the hydrogels improved anticancer capacity,
suggesting that this approach is promising for localized
chemotherapies.

Ding et al. prepared SF-hydroxyapatite hydrogels as inject-
able platforms for regenerating irregular bone defects.'*” First,
SF-coated HA nanoparticles were prepared via an aqueous
precipitation reaction using SF as a template and a surface
stabilizer. The 6 wt% regenerated fibroin solution was slowly
concentrated to 20 wt% over 24 h at 60 °C to form metastable
nanoparticles and then diluted to 2 wt% with distilled water.
The diluted SF solution was incubated for 24 h at 60 °C to
induce the formation of nanofiber hydrogel. These thixotropic
SF nanofiber hydrogels and initially prepared SF-coated HA
nanoparticles were blended to form injectable nanoscale sys-
tems with a homogeneous distribution of HA. The ratio of HA
nanoparticles and SF nanofibers was tuned to achieve mechan-
ical properties and organic-inorganic compositions similar to
those of natural bone while retaining the ability to be injected.
The composite hydrogels supported improved osteogenesis
compared to that of SF nanofiber hydrogels. The optimized
SF-HA hydrogels demonstrated good cytocompatibility and
osteogenic differentiation capacity in vitro and supported bone
formation in vivo, suggesting its potential to be used in bone
tissue engineering and regeneration.

The same group further extended this work to improve
osteogenesis activity."*> Desferrioxamine (DFO) is known to
simultaneously induce the secretion of multiple angiogenesis-
related factors and cytokines to facilitate more stable vascular-
ization in bone regeneration. Bone morphogenetic protein-2
(BMP-2) is known to enhance osteoinduction. SF nanofibers
and HA nanoparticles were used as nanocarriers to load DFO
and BMP-2, forming injectable composite hydrogels with multi-
ple angiogenic and osteogenic cues. It was found that the
angiogenesis and osteogenesis capacity could be regulated
independently by tuning the release behaviors of DFO and
BMP-2 to achieve microenvironments for bone tissue regenera-
tion. Both in vitro and in vivo results revealed that these
hydrogels created suitable niches to accelerate the regeneration
of vascularized bone compared with other SF-based hydrogels
reported.
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3. Self-assembled SF in
interpenetrating network hydrogels

An interpenetrating polymer network (IPN) is a combination of
two different polymers, at least one of which is synthesized or
crosslinked in the immediate presence of the other.'** These
networks are at least partially interlaced on a molecular scale
but not covalently bonded to each other and cannot be sepa-
rated unless chemical bonds are broken. In this way, the
properties and structures of different polymers are combined
into a new hybrid material. Because of this combination of
favorable properties, IPN hydrogels have been used in numer-
ous applications, including drug delivery, wound healing, and
tissue engineering."”® Due to its favorable physico-chemical
properties and self-assembly behavior, SF was used along with
various biopolymers such as gelatin, collagen, hyaluronic acid,
and PNIPAM to prepare IPN hydrogels for various applications
as listed in Table 2."*%"'"

3.1 SF-Gelatin IPN hydrogels

Gelatin is obtained by breaking the triple-helix conformation of
collagen into single-stranded macromolecules. Upon cooling
below 30 °C in an aqueous environment, its chains undergo a
thermally induced reversible transformation from random-coil
to triple-helix conformation.'®* This introduces physical cross-
links, which induce gelation at sufficiently high gelatin con-
centrations. At temperatures near body temperature, 37 °C,
its chains attain random-coil conformations, thus exhibiting
unacceptably weak mechanical properties, and even can be
dissolved away. To improve its mechanical and biological
properties, SF was blended with gelatin, and IPN hydrogels
were prepared (Fig. 10).

In their preliminary studies, Gil et al. prepared physical
gelatin-SF IPN hydrogels."*® For this purpose, 4 wt% gelatin
and SF aqueous solutions were mixed at varying ratios at 40 °C.
Then, the mixtures were cast in Petri dishes and kept at 10 °C to
induce gelatin triple-helix formation. After that, the mixtures
were dried under vacuum, and films were obtained containing
0, 10, 25, 40, and 60 wt% SF. After that, the dried films were
immersed in a 3-1 methanol-water solution to induce the

Table 2 A summary of the SF-based IPN hydrogels in the literature

SF network
Other IPN Crosslinking method assembly
component of the other network induced by  Ref.
Gelatin Thermal Alcohol 148-150
Photocrosslinking 151
Enzymatic crosslinking 152
Photocrosslinking Sonication 153
Hyaluronic Chemical crosslinking ~ Thermal 154
acid Photocrosslinking Sonication 155
Collagen Thermal Sonication 156 and 157
Chitin Chemical crosslinking  Alcohol 158
Cellulose Thermal Alcohol 159
HPMC Thermal Thermal 160
PNIPAM Chemical crosslinking  Alcohol 161 and 162
Poly(AC-co-SA)  Photocrosslinking Thermal 163
PEG Chemical crosslinking ~ Sonication 146 and 147

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic illustration of the gelatin—SF IPN hydrogel network as
it responds to a temperature change.

assembly of fibroin chains and form B-sheet structures, which
resulted in the formation of a second physically crosslinked
network. As-obtained films were immersed in water at 5 °C to
induce swelling. DSC analysis was performed to discern the
relative importance of the triple-helix conformation of gelatin
and the B-sheet conformation of SF on the thermal properties
of IPN hydrogels. For the hydrogels containing 0, 10, 25, and
40 wt% SF, the helix-coil transition temperature of gelatin was
around 34 °C. When SF content was increased to 60 wt%,
transition temperature was increased to 46 °C. In the case of
hydrogel containing 75 wt% SF, no transition was observed in
the DSC analysis. This suggests that most of the crystallized SF
network effectively alters the extent to which the gelatin chains
rearrange. Since SF in fB-sheet conformation is more hydro-
phobic than gelatin, at sufficiently high concentrations,
they may shield gelatin chains from water molecules, thereby
restricting their mobility and ability to accomplish conforma-
tional change. By performing DSC cooling scans, it was also
found that in the presence of an established SF crystalline
network, the helix-coil conformational transition of gelatin is
thermally reversible between ambient and body temperature.
Complementary dynamic rheological measurements were also
performed to reveal the effect of the SF physical network on the
mechanical properties of the IPN hydrogels. The formation of
fibroin B-sheet crystals increased the dynamic elastic modulus
of the hydrogels and stabilized the hydrogels to much higher
temperatures than the corresponding untreated gels. Even
when the hydrogels were heated above the gel-sol transition,
they did not liquefy and remained intact. It was also found
that the introduction of the P-sheet forming SF network;
(i) improved the thermal stability of blends at elevated tem-
peratures and (ii) enhanced the mechanical properties, such as
tensile modulus, elongation, and tensile strength.

In a follow-up study, they analyzed the swelling and protein
release kinetics of these IPN hydrogels at varying compositions
and temperatures below and above the helix-coil transition of
gelatin.’*® It was found that the swelling degree was signifi-
cantly higher at 37 °C than 20 °C, indicating that the random-
coil conformation of gelatin permitted greater water sorption.
It was also found that the IPN hydrogels underwent slight mass
loss at 20 °C. However, at 37 °C, gelatin molecules were slowly
released into the surrounding medium. Therefore, at 37 °C, the
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B-sheet crystals of SF were solely responsible for stabilizing the
hydrogel. Due to their tailorable composition- and temperature-
dependent swelling and release properties, these IPN hydrogels
are thought to be attractive biomaterials for thermally respon-
sive biomedical and pharmaceutical applications.

Xiao et al. synthesized a series of gelatin-SF IPN hydrogels
with tunable features for potential biomedical applications.™>"
To form the gelatin 3D network, this time, they performed
chemical crosslinking instead of physical crosslinking via the
formation of triple-helix structures. For this purpose, they
functionalized gelatin chains with methacrylate groups (Gel-
MA). Then regenerated SF solution was mixed with Gel-MA
solution at various concentrations to obtain compositions
containing 0, 8, 14, and 25 wt% SF. These solutions were then
poured into PDMS molds, and photo-crosslinking was per-
formed under UV radiation to produce semi-IPN hydrogels.
Then, the resulting gels were detached from the molds and
treated with aqueous methanol solution to trigger the physical
association of fibroin chains to form full-IPN hydrogels. Swel-
ling properties of both semi- and full-IPN hydrogels were
studied, and it was found that the introduction of SF chains
decreased the swelling degree of semi-IPN gels compared to
pure chemically crosslinked Gel-MA gels. After the methanol
treatment, the swelling degree was significantly decreased
compared to semi-IPN hydrogels since the formation of the
B-sheet fibroin network increases the hydrophobicity of the
system. The mechanical properties of the gels were studied by
compression tests. Before the methanol treatment, for all
compositions, the modulus was around 5 kPa. After the treat-
ment, the modulus significantly increased and became 15,
30, and 75 kPa, for IPNs containing 8, 14, and 25 wt% SF,
respectively. The enzyme-mediated degradation profiles of full-
IPN hydrogels were investigated using collagenase solutions
in vitro. The presence of B-sheet domains of SF decreased the
degradation rate. An almost complete degradation was
observed for the pure Gel-MA sample after 48 h. However, for
the IPN samples, the degradation rate decreased significantly,
around 25% weight loss was observed after 72 h. It was
speculated that the presence of B-sheet structures could act
as water-insoluble backbones, thus hindering the permeation
of collagenase into the hydrogel. For the full-IPN samples, cell
culture studies were performed using NIH-3T3 fibroblasts. It
was found that the sample containing 8 wt% SF was the most
suitable for cell spreading and proliferation. However, at higher
contents of SF, the cell-biomaterial interactions became worse,
and the cell proliferation rate decreased. In another study, Xiao
and coworkers utilized a similar approach to prepare gelatin-SF
IPN hydrogels. However, this time they used sonication to
induce the assembly of fibroin chains instead of alcohol treat-
ment (Fig. 11). It was found that obtained hydrogels display
high swelling degrees, excellent compressive properties, and
resistance to enzymatic degradation. Cell culture studies were
performed with osteoblast cells. The cell attachment and
viability studies demonstrated that the synthesis process was
not toxic for cells, and the cell growth behavior in the hydrogels
could be tuned by adjusting the ratio of fibroin to Gel-MA.
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In their studies, Park et al. produced gelatin-SF IPN hydro-
gels using a different approach to crosslink gelatin chains."
They first treated an aqueous mixture of gelatin and SF with
microbial transglutaminase that forms crosslinks between glu-
tamine and lysine amino acids in gelatin molecules. Then, the
physical assembly of SF chains was induced by immersing the
hydrogel in aqueous ethanol. The resulting IPN hydrogel was
swollen in water and lyophilized, and the second layer of the
IPN was formed by repeating the dual crosslinking procedure
again. The obtained IPN hydrogels were found to be highly
elastic and tough. Compressive studies revealed that IPN
hydrogels were much stiffer than pure SF or pure gelatin
hydrogels. It was also found that adding another layer of the
IPN further enhanced the mechanical properties. The obtained
gels were non-cytotoxic and allowed adhesion and proliferation
of human dermal fibroblasts.

3.2 SF-Collagen IPN hydrogels

Collagen is the major structural component of the extra-cellular
matrix (ECM) found in connective tissues and internal organs."'®®
There are at least 28 members belonging to the collagen super-
family; however, Type I collagen is one of the most abundant
molecules in the body. It assembles into fibers that form the
structural and mechanical matrix of bone, skin, tendons, cornea,
blood vessel walls, and other connective tissues. Collagen I has a
typical chain composition of GPX, where X is any amino acid
other than glycine, proline, or hydroxyproline.'®® It is soluble in
slightly acidic buffers and typically associates after neutralization
by adjusting the pH around 7.5. As a result, Collagen I can
assemble into a triple-helical structure, which can be hierarchi-
cally bundled and physically crosslinked in the form of fibrous
networks.'®” The mechanical properties of these physically
assembled collagen hydrogels are very low. In order to obtain
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hydrogels with desired physical and biological properties, several
groups produced collagen-SF IPN hydrogels.

Buitrago et al. produced SF-collagen IPN hydrogels as cell
encapsulating platforms."”® During preparation, neutralization
at pH 7.0 was performed to induce the association of collagen
chains; and sonication was used to trigger SF self-assembly as
presented in Fig. 12. In their preliminary experiments, collagen
and SF were not subjected to any treatments, and the blended
solution did not gel as expected. When collagen was neutralized
but SF was not sonicated, a very unstable and weak gel was
obtained. When SF was sonicated, but collagen was not neu-
tralized, coagulation of SF was observed without gelation. Only
when both the collagen neutralization and the SF sonication
were applied, the gelation took place. Hydrogels with controlled
compressive moduli were obtained by tuning the SF/collagen
ratio and their concentration, which are considered to find a
wide range of applications for soft and hard tissues. In addi-
tion, the hydrogels were able to be molded easily into various
shapes and display elasticity, which is difficult to achieve in the
case of pure SF gels (too brittle) or collagen gels (easily losing
water then yielded). It was shown that hBMSCs were success-
fully encapsulated during the gelation process. The encapsu-
lated cells rapidly anchored and spread throughout the
network. In addition, shrinkage of the hydrogel was not
observed during culture studies. This is a significant improve-
ment since substantial cell-mediated contraction is generally
observed for pure collagen gels.

Khoo and coworkers prepared SF-collagen IPN hydrogels as
biomaterials to elucidate breast cancer migration.’®” Firstly,
regenerated SF solution was sonicated at low amplitude to
prevent quick gelation during preparation. After sonication,
the collagen solution was added, and the solution pH was
adjusted to 7.4 by adding sodium hydroxide to trigger collagen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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assembly and then lightly vortexed. IPN hydrogels were obtained
after incubation. By changing the concentration of SF while
keeping the collagen concentration constant, the compressive
modulus of gels was tuned between 30 and 300 Pa. It was found
that the invasion of breast cancer cells depended on both SF
concentration and pore size. The maximum invasion was
observed at intermediate SF concentration, which produced gels
with a loss modulus of 100 Pa. At higher SF concentrations, the
invasion decreased due to decreased pore size of the IPN network.
It was further shown that the cancer cells could be biased toward
mesenchymal migration by treatment with exogenous human
epidermal growth factor since it increases cell contractility and
enhances cell-matrix adhesions. Whereas, after treatment with
taxol, the cancer cells were biased toward amoeboid migration
since it disrupts cytoskeletal function by stabilizing microtubules.

3.3 SF-Hyaluronic acid IPN hydrogels

Hyaluronic acid (HA) is a naturally occurring, non-immuno-
genic glycosaminoglycan that plays a vital role in cell-ECM
interactions, wound healing, inflammation and angio-
genesis.'®® HA is highly hydrophilic, thus can provide the
hydration of tissues. However, its poor biomechanical perfor-
mance and rapid degradation limit its applications. Therefore,
HA-SF IPN hydrogels were prepared to expand the range of
properties and hence applications available to both SF and HA
individually. In this way, the hydrophilicity of HA can be
combined with the strength and slow degradation of SF in a
single material.

Tavsanli et al. prepared mechanically robust and stretchable
HA-SF IPN hydrogels."®® For this purpose, hydroxyl groups of
HA were functionalized with methacrylate units at different
degrees between 4 and 25 mol%. First, polymerization of
methacrylated HA (MeHA) was performed in the presence of
SF at 50 °C. Under these conditions, physical association of SF
chains might be expected. However, no gel formation was
observed in MeHA and SF aqueous solutions, which is ascribed
to the steric hindrance effect of SF chains. Therefore, N,N-
dimethyl acrylamide monomer was included in the reaction
system as a spacer to connect methacrylated pendant groups of

© 2022 The Author(s). Published by the Royal Society of Chemistry

HA chains. The reaction was performed at 50 °C for two days to
produce composite hydrogels. FTIR and XRD analyses con-
firmed the formation of B-sheet domains in the SF network.
It is known that SF chains can self-assemble to form these
domains even in the absence of any trigger, such as sonication
or alcohol addition, at high temperatures. This procedure takes
more time, but it would not be problematic in this case since a
long time is already required for the chemical crosslinking of
HA pendant groups. It was found that the presence of a physical
SF network significantly enhanced the mechanical strength and
toughness of MeHA hydrogels by providing a pathway for
energy dissipation under load. Furthermore, mechanical and
swelling properties of the IPN hydrogels were controlled by
varying the methacrylation degree of MeHA and concentration
of the polymers.

In their studies, Xiao et al. produced cell-laden IPN hydro-
gels based on SF and MeHA." They developed a one-pot,
biocompatible approach for synthesizing cell-laden IPN hydro-
gels via sonication and photocrosslinking (Fig. 13). Methacryla-
tion was achieved by reacting HA with methacrylic anhydride at
pH 8. Then SF and MeHA solutions were mixed at room
temperature to obtain prepolymer solutions. Then the prepo-
lymer solution was sonicated and exposed to UV radiation
sequentially to produce IPN hydrogels. For the cell encapsula-
tion, sterilized prepolymer solution was sonicated and imme-
diately mixed with the cultured MC3T3-E1 mouse pre-
osteoblast cells. Then, the suspension was UV crosslinked
and incubated at 37 °C. The sol-gel transition time of SF was
regulated by adjusting the ultrasonic energy inputs, such as
amplitude and time, to allow for further processing and cell
encapsulation. The obtained IPN hydrogels were found to
possess significantly enhanced mechanical strength compared
to the neat SF hydrogels. Moreover, the introduction of the
HA network increased the water content of the gels. Cellular
fluorescence staining revealed that the osteoblasts could suc-
cessfully attach to the IPN network. In addition, the cell
viability analyses indicated that the synthetic process was
biocompatible, and the IPN hydrogel supported the prolifera-
tion and spreading of osteoblast cells throughout the hydrogel
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network, showing that these gels are promising biomaterials
for regenerative medicine.

3.4 SF-Poly(N-isopropylacrylamide) IPN hydrogels

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most
widely studied temperature-responsive polymers. PNIPAM
chains in aqueous solutions exhibit a coil to globule transition
when the temperature increases above a lower critical solution
temperature (LCST) of 32 °C."* Correspondingly, in PNIPAM
hydrogels, a volume transition takes place around this tem-
perature. The fact that the LCST of PNIPAM lies close to body
temperature and can easily be tuned above and below 37 °C
renders PNIPAM-based materials very suitable for biomedical
applications. PNIPAM hydrogels provide reversible expansion/
contraction in aqueous environments upon thermal stimulus;
however, these systems suffer from slow swelling/deswelling
response, weak mechanical properties, and limited biocompat-
ibility. To address these concerns, PNIPAM-SF IPN hydrogels
were prepared by various research groups.

In their studies, Gil et al. prepared PNIPAM-SF IPN hydro-
gels and investigated their viscoelastic and swelling/deswelling
properties.'®! For this purpose, aqueous NIPAAM and SF solu-
tions were mixed at different proportions, and free radical
polymerization was performed in the presence of N,N'-
Methylenebis(acrylamide) crosslinker for 1 day at 10 °C. Then,
the obtained semi-IPN gels were immersed in methanol
solution to induce the association of SF chains to form a full-
IPN. The viscoelastic properties of both semi- and full-IPN
hydrogels (before/after methanol treatment) were investigated
by dynamic shear oscillation measurements. For the semi-IPN
hydrogels, both storage and loss moduli were decreased with
the increasing SF content. Whereas, for the full-IPN hydrogels,
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the moduli values were increased with the SF content, indica-
ting the effect of the physical SF network on the viscoelastic
properties. The volume phase transition behavior of semi- and
full-IPN hydrogels towards changes in the temperature and
ionic strength was analyzed by swelling tests. It was found that
the introduction of a physical SF network did not interfere with
the volume phase transition of the PNIPAM network. Deswel-
ling kinetics were determined by measuring the swelling degree
first at 20 °C (swollen), then at various time intervals after
placing them at 45 °C. With increasing SF content deswelling
rate was initially increased, exhibited a maximum at 30 wt%,
then started to decline. The rate increase in lower SF contents
was ascribed to the reduced skin layer effects due to the ability
of the physical SF network to act as water-draining channels.
As the SF content increases, the tendency of PNIPAM chains to
associate via hydrophobic interactions decreases above the
transition temperature. This resulted in a decrease in the
deswelling rate since the mobility of the PNIPAM network is
responsible for the gel contraction above LCST. The introduc-
tion of the SF physical network brings about two effects, and
there is a trade-off between them. This was thought to be the
reason for the decreased deswelling rate at higher SF contents.

Kaplan and coworkers produced macroporous PNIPAM-SF
IPN hydrogels and explored their potential as biocompatible
actuating devices."®® Aqueous NIPAAM and SF solutions were
mixed at different proportions, and free radical polymerization
was performed in the presence of N,N’-methylenebis-
(acrylamide), and N,N,N’,N’-tetramethylethylenediamine cross-
linkers for one day at room temperature. The formation of
macropores was induced by freeze-drying. The dried gels were
dipped in methanol solution to trigger the self-assembly of SF
chains to create a physical network. The swelling degree of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydrogels with varying SF content was analyzed at 20 and 45 °C.
At 20 °C, it was found to be constant regardless of IPN
composition. However, at 45 °C, the swelling degree decreased
with increasing SF content. The incorporation of the SF net-
work enhanced the mechanical properties and actuating force.
The swelling/deswelling behavior of IPN gels was studied. The
introduction of the SF physical network enhanced both swel-
ling and deswelling rates due to reduced skin layer formation.
For example, the sample containing 30 wt% SF showed rapid
and stable shrinking and swelling at a constant rate by switch-
ing the temperature at 40 s intervals between 20 and 45 °C. This
shows the applicability of these IPN hydrogels as dynamic soft
materials for various sensing and related functions.

3.5 Other self-assembled SF containing IPN hydrogels

Luo et al. prepared IPN hydrogels composed of hydroxypropyl
methylcellulose (HPMC) and SF."®® HPMC is a cellulose deri-
vative characterized by its LCST of 62 °C. To prepare the
hydrogels, aqueous solutions of HPMC and SF were mixed in
different proportions (HPMC/SF w/w, 9/1, 7/3, 5/5) at room
temperature. Then, gelation of the mixtures was induced by
storing them for 2 h at 70 °C. Aqueous solutions of HPMC are
known to gel when the temperature is increased above its LCST,
due to dehydration and increasing hydrophobic interactions
between pendant groups. Even though no secondary treatment
was performed to induce self-assembly of SF chains, the SF
chains were aggregated to form B-sheet domains while being
kept at 70 °C for 2 h. It was speculated that the exposure of
hydrophobic side chains of HPMC, induced by heating above
its LCST, drives the association of SF chains via hydrophobic
interactions. The morphologies of the hydrogels with different
proportions were investigated by confocal laser scanning
microscopy. In the 9/1 sample, both networks were able to
mix homogeneously. However, with increasing SF content, the
degree of phase separation increased. Compressive analyses
showed that all samples display elastomeric behavior. The 9/1
sample exhibited the most robust mechanical performance
among all. It was the toughest sample with high flexibility
and excellent elasticity due to the lack of significant phase
separation. In vitro cytotoxicity tests were performed with L929
mouse fibroblasts cells. There was no significant difference in
cell viability between the 9/1 hydrogel and the pristine SF
hydrogel, with survival rates over 95%. These results demon-
strated that the 9/1 IPN hydrogel holds great promise for
biomedical applications where both high strength and biocom-
patibility are required.

Kim et al. prepared cellulose-SF IPN hydrogels.’>® Cellulose
is the greatest renewable natural source of organic materials.
Cellulose is insoluble in conventional solvents because of the
strong H-bonding intermolecular interactions. Therefore, a
LiBr aqueous solution was used to dissolve cellulose. Firstly,
aqueous LiBr solutions of cellulose and SF were mixed at 120 °C
for 2 min. The obtained mixture was cooled down to 70 °C,
where gelation of cellulose took place. After that, methanol
treatment was performed to induce the association of SF chains,
resulting in the formation of IPN structure. Obtained gels were
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dipped in water to remove LiBr salts and methanol. Morphologies
of the hydrogels were characterized by SEM after freeze-drying.
Both cellulose and cellulose-SF samples were composed of long,
interconnected nanofibrils which form a 3D network. The intro-
duction of the SF network increased the specific surface area from
199 to 236 m> g~ . While the porosity and swelling ratio of the gels
were significantly reduced with increasing SF content, all the gels
possessed a high water-uptake value. By adjusting the cellulose/SF
proportion, the enzymatic degradation rate was controlled. The
introduction of the SF network improved cell adhesion and
proliferation, making these IPN systems valuable candidates for
tissue engineering applications.

Zhao et al. produced tough IPN hydrogels composed of SF
and poly(acrylamide-co-stearyl acrylate).'®® Their unique approach
includes the introduction of SDS surfactant, heat-induced SF
B-sheet formation, and photoinitiated polymerization of the
acrylamide (AM)-stearyl acrylate (SA) network as shown in
Fig. 14. Firstly, SDS with variable contents was introduced to
the mixture of SA and AM monomers. During the formation of
micelles for 2 h at 40 °C, the hydrophobic SA monomers and
hydrophilic AM monomers lie respectively inside and outside of
the micelles. Afterwards, SF was introduced under stirring.
Initially, a physical SF network was formed with B-sheet cross-
links around the shells of the micelles with hydrophobic cores
due to the hydrophobic nature of the B-sheet structure. Then,
photo-polymerization was performed to synthesize the second
network, which has a structure similar to amphiphilic block
polymers such that hydrophobic poly(SA) blocks lie in micelles,
and hydrophilic poly(AM) blocks stay outside the micelles.
The as-prepared IPN hydrogels were found to be mechanically
weak due to the absorption of the large amount of water by the
hydrophilic poly(AM) network, which can destroy the B-sheet
domains. Therefore, an SDS immersion post-treatment was
performed to prevent the breakdown of hydrogels by promoting
the hydrophobic interactions and electrostatic repulsive forces.
The stability of post-treated RSF IPN hydrogels also significantly
increased. Mechanical properties of both single network hydro-
gels and IPN hydrogels were studied by tensile tests. It was found
that SF single network hydrogel was too brittle to be clamped
during the measurement. Moreover, poly(AM-co-SA) single net-
work hydrogel was too soft. In comparison, all IPN hydrogels
exhibited better mechanical properties with both high strength
and large elongation at break. The tensile strength of equili-
brium IPN hydrogels was between 0.26 and 0.44 MPa, depending
on the SDS content. The optimal SDS content was found to be
around 1/16 (SDS/AM molar ratio) for the highest tensile strength.
This IPN hydrogel also displayed the greatest fracture strain and
tensile elongation of 800%. The toughness of these IPN hydrogels
was attributed to the presence of both the rigid RSF/SDS network
and the soft poly(SA-co-AM) network. The elongation at break
values of these IPN hydrogels was greater than the ones in
previous works. Such physically interacted IPN hydrogels with
robust mechanical and biocompatible features are expected to
broaden the applications of SF in biomedical fields.

Yang et al. prepared chitin/SF IPN hydrogels for bile duct
restoration application.'®® First chitin/SF blend solutions were
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prepared by mixing each solution at 0 °C at predetermined
amounts. Then epichlorohydrin was added to form a cross-
linked chitin network. After gelation took place, the samples
were taken out from the molds and dipped in ethanol solution
to induce the formation of a physical SF network. The obtained
IPN hydrogels were found to have high compressive strength
(1.36 MPa) and toughness (0.71 MJ m~ > of fracture energy)
which is required to be used as a bile duct cannula at the
wound site. The IPN hydrogels effectively reduced bile leakage
and accelerated the regeneration of the extrahepatic bile duct.
In addition, the composite cannula also performed intriguing
responsive degradation behavior in different bile concentrations.
In the case of bile leakage, they were able to provide a low-bile
ambience favor for fibroblast growth. This could be eliminated
quickly in enterocoelia in the case of no leakage. These results
indicate that chitin/SF IPN hydrogels can be used for the clinical
treatment and prevention of postoperative biliary leakage.

4. Self-assembled SF hydrogels in
bioink formulations for 3D printing

3D bioprinting is an extended application of additive manu-
facturing that involves building a tissue or organ layer-by-layer
using a bottom-up approach.””®'”* 3D bioprinting aims to
mimic the natural cellular architecture by depositing materials
and cells together to restore the structure and functionality of
complex tissues. In 3D bioprinting, cells or biomolecules are
printed directly onto a substrate in a specific pattern such that
the cells can hold together to form the required 3D construct.
These biological printable materials are called bioinks. Bioinks
are core to 3D bioprinting technology by providing a stable and
biocompatible environment in which cells can proliferate and
differentiate."”> Traditional inks used for 3D printing are
mainly designed for non-biological applications. Therefore,
the processing conditions are not suitable for cells.”® For
example, 3D printing of thermoplastics including acrylonitrile
butadiene styrene and polylactic acid (PLA), requires high
temperatures, which are biologically deleterious.

Hydrogels are widely applied as bioinks for cell encapsula-
tion for 3D bioprinting. An ideal bioink consists of ECM-like

6942 | Mater. Adv, 2022, 3, 6920-6949

features supporting cell and tissue growth and appropriate
mechanical strength.'”* Since cells require mild environments,
processing and crosslinking of bioink during printing should
be compatible. Decellularized ECM (dECM), synthetic and
natural polymers are commonly used materials for 3D bioprint-
ing. Although synthetic polymers have advantages due to their
consistency in composition. Their use in biomedical applica-
tions is often limited due to the need for organic solvents for
processing and limited bio-instructive features. In contrast,
natural polymers are quite hydrophilic and contain inherent
biological properties and functions that resemble the ECM. SF
has been widely investigated and used in bioink formulations
due to its biocompatibility, cytocompatibility, remarkable
mechanical strength, and biodegradability."”>"”® More impor-
tantly, the physical association of SF chains in aqueous solu-
tions renders SF very useful in bioink formulations since the
use of ultraviolet light or deleterious chemical crosslinkers can
be avoided during gelation. In their studies, Ghosh et al
performed 3D printing of regenerated SF solution by direct-
writing into a coagulating alcohol bath (86% methanol), such
that the deposited fibers underwent B-sheet crystallization to
form complex 3D micro-periodic architectures with diameters
as low as 5 um.'”” However, the methanol bath cannot be used
for the deposition of alive cells. Das and coworkers observed
that during the printing process, upon applying shear, clogging
of micronozzle was observed due to the association of SF chains
induced by shear stress, obstructing a smooth flow of the
printed filaments."”® It was found that printing SF solution
alone without additives is very challenging. Therefore, to
develop suitable bioink formulations, SF molecules were used
along with non-toxic molecules that induce the self-assembly of
SF chains and act as bulking agents.

Kaplan et al. developed SF-based bioinks for 3D printing.'”’
Several non-toxic polyols such as glycerol, 1,3-propanediol,
1,2,6-hexanetriol, adonitol, or erythritol were used to induce
SF assembly. Furthermore, gelatin was used as a bulking agent
to facilitate faster layer stacking and print height retention
without contributing to the crystallization of SF chains. Bioink
formulations containing 10% gelatin/5% SF/1% glycerol (w/v)
produced the most robust structures, while SF alone without
any additives were the weakest. In their follow-up study, Kaplan
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and coworkers used the same SF/gelatin/glycerol system to
prepare 3D printed soft tissue constructs."®® They optimized
the formulation by modulating concentrations of each compo-
nent to generate materials under optimal printing conditions.
These formulations were designed to yield under extrusion
forces, undergo rapid gelation upon deposition, be biocompa-
tible in vivo, and show volume retention over time. It was found
that a gelatin concentration above 10% (w/v) was optimal for
printing in physiological conditions, and a ratio of 1:1 of SF to
gelatin was needed to maintain a homogenous stable structure.
This bioink formulation was used to print patient-specific
cheek geometry to reconstruct soft tissue resected due to
reconstructive surgical procedures such as tumor removal.
The in vivo response of the printed implants was tested in a
mouse model. They retain their shape for up to 3 months with
minimal inflammatory response and tissue integration.
Huang et al. also used a similar approach and prepared
bioinks composed of SF, gelatin, and glycerol.'®" For this
purpose, SF and gelatin were mixed at a fixed ratio of 1/2
(w/w), and glycerol was added at a fixed ratio of 5/1 (w/w) SF to
glycerol to induce the association of SF chains. Bacterial
cellulose nanofibers (BCNF) were also included in the composi-
tion to improve the structural resolution and enhance the
mechanical properties of composite hydrogel scaffolds. Follow-
ing 3D printing of the bioink, freeze-drying was performed to
introduce hierarchical porosity to the material via phase
separation."®*'® It was found that the tensile strength of the
printed sample increased significantly with the addition of
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BCNFs in the bioink. In vitro and in vivo biological studies were
performed with L929 cell lines. This demonstrated that the
hierarchical pore structure was beneficial to tissue ingrowth.
The pores ranging from 10 to 20 pm served as hosts for cellular
infiltration, while the pores with a diameter from 300 to 600 pm
ensured sufficient mass transfer and nutrient supply.

Singh et al. prepared bioink formulations composed of SF
and gelatin.'®* Instead of using glycerol to induce the associa-
tion of SF chains, they blended SF from B. mori and Philosamia
ricini (P. ricini) to form a self-blended hydrogel in a crosslinker-
free approach (Fig. 15). They have chosen this approach
not only to induce B-sheet formation but also because of the
unique properties of SF from P. ricini. For instance, its primary
structure contains the cell-binding arginine-glycine-aspartic
acid (RGD) units and poly(alanine) sequences, which impart
enhanced mechanical properties. The components were blended
at various concentrations to rheologically and structurally opti-
mize the formulation and improve the printing efficiency. In that
way, anatomical structures such as the human ear were printed
with good fidelity and adequate resolution. The obtained con-
structs supported the growth and proliferation of encapsulated
chondrocytes leading to the cartilaginous ECM formation, indi-
cated by the high sulfated glycosaminoglycan and collagen levels,
and upregulation of chondrogenic gene expression with minimal
hypertrophy of chondrocytes.

Zheng et al. studied the use of SF-PEG hydrogels as self-
standing bioinks for 3D printing for tissue engineering.'”
As mentioned previously, mixing PEG with SF induces the
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Fig. 15 Scheme of bioink formulation composed of B. mori and P. ricini SF. Reprinted with permission from ref. 184. Copyright 2019 American Chemical

Society.
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assembly of SF chains leading to its gelation. They explored the
use of non-cellularized SF-PEG gels (PEG removed after print-
ing) and cellularized SF-PEG hydrogels without PEG removal
(Fig. 16). The gels with a SF concentration greater than 5% (w/v)
showed better shape fidelity during printing, especially after
the 3D printed constructs were incubated in phosphate-
buffered saline (PBS) over 24 h. However, when the concen-
tration was 10%, the gel was too stiff to be injected through the
nozzle. Therefore, 7.5% (w/v) concentration was selected for the
remainder of the study. To determine the amount of PEG that
can be used safely, cytotoxicity studies were performed with
hMSCs. When PEG concentration was 0.1% and 0.5%, the total
cell metabolic activity was similar to that of the controls. At 1%,
the cell metabolic activity was significantly retarded. When the
PEG concentration increased to 2% and 5%, cells stopped
growing completely. Animal studies were performed by sub-
cutaneous implantation of 7.5% bioink gels in mice. The cells
survived and proliferated in the gel matrix for at least 6 weeks
post-implantation, revealing the suitability of these materials
for tissue engineering applications.

In order to improve biological activity, Li et al. produced
growth factor-loaded SF-based bioinks for cartilage tissue
engineering.'®® Platelet-rich plasma (PRP) was used as an
autologous resource of growth factors. The inks were prepared
by mixing an equal volume of 80% PEG solution with 10% SF
solution, along with an appropriate PRP to obtain final 12.5%,
25%, and 50% (v/v) PRP concentrations. It was revealed that the
obtained structures possess proper internal pore structure,
good biomechanical properties, and a suitable degradation rate
for cartilage regeneration. The cell culture studies were per-
formed by using rabbit chondrocytes. Hematoxylin and eosin
staining showed that the 50% PRP group formed cartilage-like
lacunae structures at four weeks. Safranin-O and Masson’s

Bioink
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trichrome staining showed cartilage-specific ECM deposition,
especially in 25% and 50% PRP groups. Immunohistochemistry
revealed that the production of collagen II was higher in the
50% PRP group than in other constructs. These findings
suggested that the samples containing 50% PRP could find
uses in cartilage tissue engineering.

In their study, Zhang et al. used a similar approach to
develop bioink formulations containing dECM and TGF-B3
growth factor for cartilage tissue engineering.'®® For this pur-
pose, SF and dECM were blended at various amounts to obtain
final concentrations of 0-7.5% and 0-3%, respectively. The
obtained mixtures were then mixed with an equal volume of
80% PEG400 to induce gelation. It was found that for an
optimum printing, the concentrations of SF and dECM should
be greater than 2.5 and 2.0%, respectively. When the dECM
concentration was above 3% and SF concentration was above
7.5%, the bioink was highly viscous and required higher
printing pressures that might decrease the viability of the
encapsulated cells. Whereas, when the dECM concentration
was below 2% and SF concentration was below 2.5%, the
resulting low viscosity caused issues during printing due to
sagging or collapse. After optimizing the formulation, the
BMSCs were encapsulated within the bioink, and 3D printed.
The chondrogenic differentiation of BMSCs in the constructs
was assessed by the mRNA levels of several markers such as
SOX-9, collagen I and II, and aggrecan via rt-PCR. After 28 days,
the expression levels of these markers significantly increased,
suggesting a successful differentiation of BMSCs. The chondro-
genesis potential of the constructs was further assessed in vivo.
3D printed scaffolds were transplanted into nude mice in the
subcutaneous region. The deposition of collagen and glycos-
aminoglycans was shown by Masson’s trichrome, safranin-O
and immunohistological staining. Also, characteristic cartilage
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Fig. 16 Preparation and 3D printing of bioink composed of SF and PEG. Reproduced with permission from Wiley-VCH, copyright 2017.1%
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lacunas and round chondrocyte-like cells were observed after
28 days.

They further extended this study and prepared bilayered
structures consisting of decellularized extracellular matrix
(dECM), PCL, and SF for osteochondral repair.'®” For this
purpose, two types of bioinks were prepared using cartilage
dECM (DCM) and bone dECM (DBM). For each bioink, regen-
erated SF and PEG were added to the corresponding dECM.
Then, BMSCs were encapsulated in both bioinks. To fabricate
the bone layer, PCL was first extruded to print the outline, and
then the DBM/SF bioink was printed to fill the space. Then,
DCMY/SF bioink was printed as the cartilage layer on top of the
bone layer. First, the delivery capacity of growth factors and the
potential of constructs for chondrogenesis or osteogenesis were
measured in vitro. In vivo experiments demonstrated that the
scaffolds loaded with growth factors promoted osteochondral
regeneration in the rabbit knee joint model. This shows the
suitability of these bilateral materials for applications in osteo-
chondral regeneration.

5. Concluding remarks and future
perspectives

SF is emerging as an essential protein biomaterial of broad
biomedical applicability. It is already an established textile
fiber, and nearly 1000 metric tons of silk are produced and
processed annually. SF-based systems are useful for applica-
tions where slow biodegradation and good mechanical proper-
ties are critically required. In addition, it is economically
advantageous to use silk for biomedical applications because
of the available large-scale processing infrastructure of tradi-
tional silk textile industries. Over the past decades, SF-based
hydrogels have emerged as valuable platforms for various
biomedical applications spanning from cell culture and tissue
engineering to controlled drug delivery.

SF chains in aqueous solutions have a great tendency to self-
assemble and form 3D physical networks. This physical cross-
linking process is very suitable for biomedical applications
because it is cheaper and safer, and the use of toxic chemical
agents is not required. Also, the presence of residual chemical
crosslinkers after purification is not a concern. In addition,
shear-thinning platforms can be developed for minimally
invasive operations by utilizing the tendency of SF chains to
associate in aqueous solutions. The progress described here
has demonstrated the feasibility of using self-assembled SF
hydrogels in biomedical applications. The methods used to
produce self-assembled SF hydrogels were summarized along
with their pros and cons.

Despite the progress made, there is still room for improve-
ments regarding the preparation of physical SF hydrogels.
The degumming procedures and batch-to-batch variations of
SF must be considered for making reasonable comparisons
between different studies. A deeper understanding of the
detailed physical gelation mechanisms may help researchers
in the future to produce SF hydrogels with greater mechanical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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strength and modulus. The functionality of the SF-based hydro-
gels should be improved in the future to increase their role in
drug delivery, bioelectronics, and regenerative medicine appli-
cations. In order to expand the use of SF-based hydrogels from
basic biomedical research into clinical practice, a significant
effort should be made to develop construction processes that
offer slight batch-to-batch variations in an eco-friendly and
time-saving way.
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