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Abstract

Hydrogels have been the focus of extensive research due to their potential use in fields including
biomedical, pharmaceutical, biosensors, and cosmetics. However, the general weak mechanical
properties of hydrogels limit their utility. Here, we generate pristine silk fibroin (SF) hydrogels
with excellent mechanical properties via a binary solvent induced conformation transition
(BSICT) strategy. In this method, the conformational transition of SF is regulated by moderate
binary solvent diffusion and SF/solvent interactions. p-sheet formation serves as the physical
crosslinks that connect disparate protein chains to form continuous 3D hydrogel networks,
avoiding complex chemical and/or physical treatments. The Young’s modulus of these new
BSICT-silk fibroin hydrogels can reach up to 6.5+0.2 MPa, tens to hundreds of times higher than
that of conventional hydrogels (0.01-0.1 MPa). These new materials filled the “empty soft
materials space” in the elastic modulus/strain Ashby plot. More remarkably, the BSICT-SF
hydrogels can be processed into different constructions through different polymer and/or metal
based processing techniques, such as molding, laser cutting, and machining. Thus, these new
hydrogel systems exhibit potential utility in many biomedical and engineering fields.

Keywords
high-strength hydrogel; silk; biomaterial, complex structure

1. Introduction

Hydrogels are usually considered a class of mechanically weak materials because of their
solution-like nature, i.e. the low density of polymer chains and low friction between the
chains.l1"4] In contrast, there are examples of biological hydrogels that exhibit excellent
mechanical performance. For example, cartilage has high mechanical strength with excellent
resilience to fulfill their multiple functions in the body.[5] Therefore, the challenge is to fill
the gap in mechanical performance between man-made and biologically generated
hydrogels. Recently, several robust synthetic hydrogels were prepared, such as double
network hydrogels,[®-10] nanocomposite hydrogels,[11-15] and topological hydrogels,[16: 171
providing new approaches for hydrogel applications in the field of structural biomaterials.
However, in practice, structural biomaterials not only require excellent mechanical
properties but those with biocompatibility and controllable biodegradability are also in
demand for medical and related applications. The poor biocompatibility and
biodegradability of many of the synthetic hydrogels along with the potential toxicity of their
degradation product hinder their applications in the medical field.[18-22]

Given the biocompatibility, biodegradability, and excellent mechanical properties of silk
fibroin (SF), a protein derived from Bombyx mori (B. mori) cocoons, the fabrication of high
mechanical performance SF hydrogels has been explored. However, most reported SF
hydrogels remain weak and brittle, with poor load-bearing capabilities.[23:24] Although the
addition of chemical and enzymatic cross-linking, [ 25-27] and/or other synthetic polymers
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can enhance the mechanical properties,[21] generating SF hydrogels with the combination of
high strength and toughness while retaining full degradability and compatibility remains a
challenge. Further, the additional chemical components usually give rise to potentially toxic
and uncontrollable degradation products.[29] Therefore, a novel strategy for the formation of
SF hydrogels that merge both mechanical and biological advantages is needed.

Here, we designed a binary solvent induced conformation transition (BSICT) strategy to
produce pristine SF hydrogels with remarkable mechanical properties. In this approach, silk
fibroin is first dissolved in hexafluoroisopropanol (HFIP, the first solvent) to obtain a
homogeneous solution and then deionized (DI) water (the second solvent) is added to the
solution to trigger the gel formation. The solvent-trigged method has been used to induce
gelation for different aromatic peptide amphiphiles.[28] For example, the gelation of di-
Fomoc-L-lysine in the mixture of various aprotic and polar solvents and water has been
achieved.[?9]

In contrast to previous methods to fabricate robust hydrogels,[39] the new BSICT strategy
avoids complex chemical and/or physical treatments for hydrogel formation and does not
require additional cross-linking agents and/or other chemical components to improve the
mechanical properties. We also demonstrated that the BSICT-SF hydrogels displayed high
mechanical performance that combines high strength and durability. These hydrogels
showed significant improvement over previously reported SF hydrogels,[21.27] and the
toughness are comparable with the previously reported highest value for biopolymer-based
hydrogels (chemical and physical cross-linked cellulose hydrogels).[31] More remarkably,
the combination of ease of fabrication and superior mechanical performance of those
hydrogels allowed the use of versatile processing techniques to generate constructs with
complex features which are rarely attained with the use of the previously produced robust
hydrogels and the current hydrogel processing methods. These new systems are suitable for
potential applications in structural biomaterials and in biomedical and engineering fields,
such as for artificial blood vessels, protein chips, and soft robotics.

Results and discussion

Figure 1 is a schematic of the typical BSICT strategy used to fabricate high-strength SF
hydrogels. Initially, aqueous SF solution (~6-8 wt%) was freeze-dried and then dissolved in
HFIP to form a SF/HFIP solution. After the SF was completely dissolved, the desired
volume of deionized (DI) water was gently dropped into the SF/HFIP solution. After
mixing, a transparent SF/HFIP/H,0 solution was obtained (Figure S1). The resultant
solution was then transferred into a covered bottle and incubated at various temperatures
until protein gelation. Finally, the SF hydrogel was washed thoroughly with DI water to
remove HFIP solvent via solvent-exchange and solvent evaporation. The removal of the
HFIP solvent in SF hydrogels was confirmed by FTIR (Figure S2).

SF concentration plays a critical role in BSICT-SF hydrogel formation. In initial
experiments, the HoO/HFIP volume ratio was fixed at 1.5:3 v/v and no hydrogel formed over
10 days when the SF/HFIP ratio was lower than 0.2:3 w/v. Increasing the SF/HFIP ratio to
0.45:3 w/v (weight-to-volume ratio of 15%), a uniform hydrogel formed in 2 days.
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Accordingly, in consideration of the SF solubility in HFIP as well as the gelation rate, the
SF/HFIP ratio was fixed at 15% w/v in all subsequent experiments. It is worth noting that
the order in which solvents are added cannot be changed. The other three possible orders
that solvents can be added, i.e., either adding SF/HFIP solution into water, adding SF
aqueous solution into HFIP, or adding HFIP into SF aqueous solution, do not result in the
formation of a uniform hydrogel, instead they form precipitates and heterogeneous
hydrogels (Figure. S3). The H,O/HFIP volume ratio is another crucial factor for BSICT-SF
hydrogel formation. No hydrogels were formed even after 5 days of incubation if 0.6 ml of
DI water was added to a SF/HFIP solution with the starting volume and weight-and-volume
ratio of 3 ml and 15% wi/v, respectively. On the other hand, if the amount of DI water added
was increased to 1.2 ml, uniform hydrogels formed in 3 days (Table 1 and Figure 2a). On the
basis of these initial findings, we systematically investigated the effects of H,O/HFIP
volume ratio on BSICT-SF gelation (Table 1). By increasing the HoO/HFIP volume ratio
from 1:5to 1.1:1, the gelation rate increased gradually and the resultant hydrogels (discs of
20 mm diameter and 10 mm thickness) changed from semi-transparent to white with pore
sizes changed from 100-500 nm to 2-5 um (Figure 2b,c). Another important factor that
affects hydrogel formation is temperature. Hydrogels of formula sample 4 were formed at
room temperature, 37 °C and 48 °C. The gelation time of SF decreased with increase in the
temperature, and the gelation time at room temperature, 37 °C and 48 °C was 2 days, 2
hours and 1 hour, respectively. With the increase of temperature, interaction among the SF
chains increases, leading to the formation of higher number of nucleation seeds to facilitate
the hydrogel formation. In addition, the transparency of the resulting hydrogels increased
with the increase of temperature (Figure S4). This could be ascribed to the smaller size of
the B-sheet crystallites formed at higher temperature. It was also observed that SF hydrogels
formed at different temperatures had similar loading-unloading curves and good fatigue
resistance after the first cycle.

To elucidate the BSICT-SF gelation mechanism, replica-exchange molecular dynamics
(REMD) simulations were performed,[32] which have been widely used for the study of
conformational equilibria in proteins. With this method, non-interacting replicas of the
molecular system were simulated simultaneously at different temperatures. Exchange of
neighboring replicas at regular intervals reduced trapping in local energy minima and
improves phase space sampling of protein conformations. Thus, by comparing the results
from two different solvents and the co-solvent systems (Figure 3a-c and Figure S5a-c),
differences in SF solvation mechanisms between the two solutions and in co-solvent can be
identified. The REMD simulations with solute tempering (REST)[33-35] revealed that in the
five most populated clusters (Figure 3a-c), randomly dispersed SF chains were able to
spontaneously form approximately 6.0% of p-sheets when solvated in pure HFIP (Figure
3b,d) whereas solvation in pure water only led to the formation of mostly amorphous
aggregates with approximately 3.1% B-sheet (Figure 3a,d).

These results verify previous circular dichroism assessments of SF in SF/HFIP solution that
SF was predominantly helical structures with some p-sheet content, whereas SF in water
adopted random coil conformations.[36] The low dielectric constant of HFIP (16.7 at
298.2K) effectively aids in hydrogen bond formation between strands of SF, whereas water
shields these electrostatic interactions due to its high dielectric constant (78.3 at 298.2K).[37]
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This factor led to a 17% increase in the number of intra-protein hydrogen bonds in HFIP in
comparison with solvation in water (Figure 3d). Thereafter, p-sheet formation accelerated as
water was slowly mixed with SF/HFIP system. Water molecules displace the HFIP
molecules and yet they do not destabilize the p-sheets that were already present in the SF. B-
sheet content rose to 7.5% after REST (Figure 3c,d). Concurrently, the number of intra-
protein hydrogen bonds rose dramatically by almost 40% (Figure 3e), indicating that further
B-sheet formation was likely. However, due to time constraints inherent to classical
molecular dynamics simulations, the gelation kinetics of silk over the period of days cannot
be probed. In addition, conventional molecular dynamics simulations over 20ns also show
that high concentrations of water strongly destabilized the predominantly helical structures
of silk in HFIP (Figure S5d,e), leading to further opportunities for B-sheet growth from the
initial seeds to induce gelation.

Therefore, by tuning the concentration at which water is introduced as a co-solvent, further
B-sheet formation is accelerated through the growth of initial seeds when solvated in HFIP.
This allows the gelation of the hydrogel, as demonstrated in the experimental results, due to
the fact that the silk domains that form B-sheets are hydrophobic and insoluble in water.
Higher amounts of B-sheet and intra-protein hydrogen bonds form when silk is solvated in
HFIP at higher concentration, providing more initial nucleation seeds for further B-sheet
formation after water is introduced as a co-solvent. This allows the faster gelation of SF
hydrogel, as demonstrated by experimental results. These simulations also show the
rationale behind the critical role of the order in which each solvent is added. Pure HFIP is
required to solvate the SF while providing the initial seeds of p-sheets. Subsequently, water
is introduced to the system and rapidly increases the rate of p-sheet formation by promoting
hydrogen bonds between the protein chains, thereby inducing gelation as HFIP molecules
mix with water molecules. This sequence also explains why increasing the concentration of
water significantly accelerated the gelation process.

Visual images of BSICT-SF hydrogels are presented in Figure 2d. Different 3D shapes (e.g.,
polygon, sphere, tube, cone, cylinder) with different material formats (e.g., film, tube, bulk
material) were fabricated and they appeared homogenous, freestanding and devoid of cracks.
The colors can be easily changed via mixing with different organic and inorganic dyes.[38-41]
For instance, the red SF hydrogels were prepared by adding Rhodamine B into the water
solution. Since SF is an amphiphilic polymer that consists of alternating hydrophobic and
hydrophilic domains, it strongly binds some different types of dyes. Furthermore, the
transparency of the hydrogels increased with a decrease of hydrogel thickness. A 2 mm-
thick hydrogel of sample 4 was transparent under visible light (Figure 2f), in contrast to the
white color observed with traditional SF hydrogels prepared by alcohol, heating, or
ultrasonic treatments (Figure S6a). To quantitatively evaluate the transmittance of BSICT-SF
hydrogel membranes, 400 um thick hydrogels were characterized via a fiber-optic
spectrometer (Figure S7 and Table 1). The hydrogels of samples 2—4 were optically
transparent (above 61% transmission) throughout the visible region (350-800 nm), and up to
~90% at 800 nm. These transmission values were comparable with the as-cast (90% at 800
nm) and higher than ethanol-treated (77% at 800 nm) SF membranes (Figure S7) with
similar thickness and comparable with transparent polymeric membranes prepared from
polycarbonate (89%) and poly(methyl methacrylate) (92%).[42]
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Additionally, in contrast to traditional 10 wt% SF hydrogels which are brittle and break
easily (Figure S6b), the BSICT-SF hydrogels were robust, flexible, and able to bend, be tied
into knots and cut (Figure 2g,h). The gels also exhibited good elasticity; for example, a
BSICT-SF hydrogel ball was used in a game of table tennis and bounced like a traditional
table tennis ball without rupturing (Figure 2i). This response demonstrated the ability of the
hydrogel to retain mechanical properties after deformation. This is a remarkable feature for
biopolymer hydrogels because most biopolymer hydrogels lack flexibility and elasticity.
Similar behavior was only achieved in double-cross-linked (covalent cross-linking and
physical cross-linking) cellulose hydrogels.[3X] BSICT-SF hydrogels do not have any
covalent cross-links, thus all of these outstanding mechanical behaviors are derived directly
from the internal hydrogen bonds and pB-sheets. These structures act as crosslinks to form
interlocking protein chains that ensure the SF molecules are stable in the hydrogels. To
assess B-sheet content, the freeze-dried BSICT-SF hydrogel samples were characterized by
Fourier transform infrared (FTIR) spectroscopy (Figure S8). The deconvolution of the amide
| band provides[4344] an estimate of the percentage of B-sheets in the hydrogels of ~35%
(Table 1 and Figure S7b), while the SF hydrogel formed by 70% v/v ethanol solution
treatment was 40+1% (Figure S7c). High B-sheet content usually leads to lower strength and
toughness in protein-based materials. For instance, B. morisilkworm silk fiber has higher B-
sheet content (37-56%)[45-47] than spider major ampullate silk (11-15%),[4348] but it is
weaker and less extensible than spider major ampullate silk.[4%] Moreover, moderate B-sheet
content helps to provide a good balance in strength and elasticity of a material. This is also a
reason why silkworm silk can usually be either strong or elastic with variations in the
spinning condition, whereas spider silk combines both properties under different spinning
conditions.[49]

The contributions of internal hydrogen bonds and B-sheets cannot be quantified separately as
the formation of B-sheets also rests upon the formation of hydrogen bonds. However, the
impact of increasing amounts of B-sheets can be quantitatively analyzed numerically. We
performed additional computational simulations based on the Dissipative Particle Dynamics
(DPD) model derived previously for silks.°0] DPD is a coarse-grained particle-based
modelling technique for mesoscale simulations of materials.[5] Based on this technique,
bead-spring models are generated with interaction terms that represent the hydrophobic and
hydrophilic regions in linear chains of silk, as well as hydrogen bonding which leads to -
sheet formation. We performed uniaxial tensile tests after generating equilibrated silk chains
that have hydrophobic to hydrophilic bead ratios of 1:1, 4:1, and 9:1, which represent
increasing amounts of p-sheets relative to the hydrophilic linkers. From Figure S9, on the
one hand, we can see that excessively low amounts of p-sheets will result in a gel that is
unable to take any load, where the chains are just sliding against each other. On the other
hand, excessively large amounts of B-sheets will result in a very brittle response. Therefore,
it is clear that the gel requires a moderate amount of B-sheets in order to have the excellent
mechanical response as shown in our experiments.

The mechanical properties of the BSICT-SF hydrogels were systematically evaluated under
tension and compression loading. The representative stress-strain curves of tensile testing
are plotted in Figure 4a and the mechanical properties summarized in Table S1. When the SF
solid content was increased (from sample 9 of 8.3+0.3 to sample 2 of 14.0+0.4 wt%), the
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failure strength of the hydrogels increased from 0.08+0.02 to 0.70+£0.04 MPa. The
compression stress-strain curves of four samples in different batches almost coincided
(Figure 4d), confirming the repeatability of a given gelation condition. Surprisingly, a
BSICT-SF hydrogel with a thickness of 1 mm had a Young’s modulus of 6.5+0.2 MPa
(sample 2 with a water content 86.0+0.4 wt%), tens to hundreds of times higher than that of
conventional hydrogels (0.01-0.1 MPa).[18] These values were also significantly higher than
natural cartilage (0.45-0.8 MPa),[8:52] most double-network synthetic hydrogels (0.1-1
MPa),[33:54] other recently reported high-performance biopolymer hydrogels, such as
chemical and physical cross-linked chitin hydrogels (0.05-0.26 MPa),[%] horseradish
peroxidase and alcohol cross-linked SF hydrogels (0.31-3.0 MPa),[27] and SF/
hydroxypropyl methyl cellulose hydrogels (0.37—1.23 MPa).[21] The values are comparable
with chemical and physical cross-linked cellulose hydrogels (0.2-4.9 MPa).31] In terms of
hydrogel toughness, as reflected in the work of extension at fracture, the BSICT-SF
hydrogels (sample 4) had values of 0.60+0.09 MJ m~3, comparable to the highest value for
biopolymer based hydrogels (chemical and physical cross-linked cellulose hydrogels (0.65
MJ m—3).[31]

According to the findings of Miserez et al.,[6] when drawing an elastic modulus/strain
Ashby plot of the most commonly used biopolymer hydrogels and other “soft” biomaterials
(Figure. 4g), these materials are mostly segregated into two broad classes. They are either
elastically stretchable with limited modulus, such as alginate and double network hydrogels,
or they are stiff with very low failure strains, as in the case of native collagen. Few “soft”
biomaterials (most are hydrogels) have elastic moduli in the range of 1-100 MPa, and this
range has been aptly termed as the “empty soft materials space”. This conclusion implies
that “soft” materials are limited in attaining the combination of mechanical properties in this
space. However, the BSICT-SF hydrogels fill this empty “soft” material space beautifully.
They expand the range of existing biomaterials and enhanced both stiffness and extensibility.

For practical applications, structural biomaterials not only require high modulus and fracture
toughness, but they also need to have high deformation and energy dissipation. We
performed loading-unloading tests at a strain of 20% to evaluate the self recovery of the
BSICT-SF hydrogels under both tensile and compressive conditions. It was observed that the
BSICT-SF hydrogel had better self-recovery property under tension than compression and
the recovery depended on the resting time between cycles (Figure 4b and €). When the
second test was conducted immediately, the hydrogel under tension recovered to 99% of its
original length and the dissipated energy recovered to 33% of its original value. When the
second loading cycle was conducted after 60 minutes, the sample almost recovered to its
original length and the dissipated energy recovered to 61% of its original value. The results
demonstrated that the internal network damage caused by mechanical testing could be better
recovered by prolonging the resting time before reloading. The less recovery of the hydrogel
under compressive loading seemed to be the loss of water from the gel during the initial
compression loading. It was reported that water has a healing effect on hydrogels under
cyclic compression.[571 We also observed that BSICT-SF hydrogel demonstrated apparent
hysteresis loops, indicating that energy dissipation was effective during the loading-
unloading cycles. The hydrogel absorbed more than 60% energy at a strain of 20% under
tensile and compressive loading, which occupies the empty soft material space in the
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hysteresis/elastic modulus Ashby plot (Figure 4h). Clearly, the BSICT-SF hydrogels expand
the range of existing material mechanical properties for a wide range of potential
regenerative medical applications. The mechanical performance of the BSICT-SF hydrogels
was even more remarkable under loading-unloading cycles at varying maximum tension and
compression without applying resting between any two consecutive cycles (Figure 4c and f).
The BSICT-SF hydrogels showed pronounced hysteresis after unloading, and the stress and
hysteresis loop of the hydrogels increased gradually with applied strain (Figure 4c and f,
insets). Furthermore, for each strain value, the loading-unloading cycles showed that very
little plastic deformation or strength degradation occurred in the BSICT-SF hydrogels after
the first cycle, indicating the good shape recovery properties and fatigue resistance after the
first cycle.

The BSICT-SF hydrogel network is physically crosslinked by internal hydrogen bonds and
[B-sheet structures. The B-sheet structures may exist in silk hydrogels in two different forms:
crystallite-forming B-sheets and the non crystallite-forming B-sheets. When the tensile or
compressive loading was applied on the BSICT-SF hydrogels, the hydrogen bonds could
serve as reversible sacrificial bonds to dissipate energies, while the B-sheet crystallites may
act as stress transfer centers to effectively adsorb energy and withstand deformation. The
recovery behavior after the first cycle could be attributed to the reversible characteristic of
the physically crosslinked silk fibroin network, especially the B-sheet crystallites within the
hydrogels. In addition, the nanofibrous/nanoporous structure of the hydrogel itself (Figure
S10) could effectively transfer mechanical stress. On the one hand, the intertwined
nanofibers could transfer energy via the hydrogen bonding interaction between the silk
fibroin fibers. On the other hand, the nano-sized pores could distribute stress more evenly to
resistant stress concentration and the small pore size and increased number of pores also act
as a barrier against crack propagation.[>8]

Hydrogels with complex structures have implication in many bio-related applications. For
example, hydrogel scaffolds with complex internal and external architectures that mimic the
native tissue structure are expected to outperform those with uncontrolled structures. We
next explored the processability of this class of newly developed silk hydrogels into
functional formats with sophisticated features. Due to the moderate and controllable sol-gel
transition process, BSICT-SF hydrogels can be constructed as polymorphic structures, thus
moving beyond bulk features, via reverse molding methods. A typical route of fabricating
channeled BSICT-SF hydrogel devices is illustrated in Figure 5a. Briefly, a solid paraffin
pattern was created by a solution molding method and then immersed into the SF/HFIP/H,0O
solution. After the sol-gel transition, a BSICT-SF hydrogel took the shape of the solid
paraffin pattern and was then transferred into DI water (~80 °C) to remove the paraffin.
Finally, a channeled BSICT-SF hydrogel was harvested by thoroughly washing away the
residual HFIP. The resultant hydrogel replicated the tortuous and interconnected pattern with
a sharp boundary (Figure 5b-d). A channeled hydrogel was also fabricated by sequential
deposition of three hydrogels layers. The uniform structure of the cross-section (Figure 5d)
demonstrated the good bonding between adjacent layers and allowed the layer-by layer
fabrication of 3D channels. This facile approach offers new opportunities for developing SF
microfluidic chips with excellent mechanical performance that can accelerate the
development of on-chip cell sensing systems. In addition, micro/nano-molding technique
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was used to generate hydrogel patterns of micro- and nano-size topography. For example,
pattern of ~450 nm gratings was successfully achieved on BSICT-SF hydrogel via simple
casting the hydrogel on PDMS molds (Figure 5e). The human umbilical vein endothelial
cells (HUVECS) seeded on the patterned hydrogels formed confluent cell monolayer while
maintaining their phenotype by expressing the endothelial marker CD31 (Figure 5f and
Figure S11b). In contrast, only isolated cell patches formed on unpatterned flat hydrogels
(Figure S11a). The patterned BSICT-SF hydrogel surface provided structural cues to
influence cell behavior, suggesting their potential use in biomedical field.

The exceptional mechanical properties of the BSICT-SF hydrogels allowed them to undergo
more extreme processing techniques, such as laser cutting (Figure 5g) and machining
(Figure 51), which are usually used for metal and/or polymer processing. Figure 5h shows a
BSICT-SF hydrogel being cut by laser. Different words and sophisticated patterns were
directly “written” on the hydrogels. The written depth was tunable by controlling the laser
intensity, where the penetrating (Figure 5i) and semi-closed patterns (Figure 5j) were
obtained. The patterned hydrogel was strong and flexible and no burning and breakage of the
hydrogel was observed (Figure S12). The 260 pm wide lines at the connection point of the
word “f” and “t” are intact (Figure 5i), indicating that the processing resolution of BSICT-SF
hydrogels can be as small as 260 um. Furthermore, different functional patterns were
achieved via laser cutting (Figure. 5k). A representative example is an auxetic structure,
which is a mechanical metastructure that has a negative Poisson’s ratio; when materials with
auxetic structures are stretched, they become thicker in the dimension perpendicular to the
applied force. This occurs due to their particular internal structure and the way this structure
deforms when the sample is loaded uniaxially. These particular structures and materials have
shown a wide range of applications in tissue engineering and biosensors. Figure 5k
demonstrates significant auxetic deformation of a reentrant honeycomb BSICT-SF hydrogel
fabricated by laser cutting. In practice, laser cutting is suitable for cutting 2D patterns, while
machining techniques are more useful for processing 3D structures. Therefore, we further
explored the machinability of BSICT-SF hydrogels. As shown in Figure 5m, an “L” shaped
channel was drilled into a bulk BSICT-SF hydrogel by a machining drill bit. Sharp, smooth,
and uniform sawtooth threads with a thread pitch of 800 um were observed on the internal
surface of the channel. Additionally, a hydrogel screw was successfully machined from
BSICT-SF blank hydrogels (Figure 5n). A glossy structure without any defects was formed,
while distinct threads with clear edges were found. The SEM images revealed that the screw
had a dense surface (Figure 50) and porous interior (Figure 2b), which shows potential for
producing lightweight materials. The universal processing capabilities of BSICT-SF
hydrogels combined with their good cell compatibility further endowed their potential for
developing advanced functional materials, such as artificial cartilage, microfluidics chip, and
soft sensors and robots.

3. Conclusion

In summary, we developed a novel BSICT approach to fabricate high-strength, durable all-
silk fibroin hydrogel, in which solvent diffusion -induced conformational transitions were
adopted to trigger and regulate SF gelation. In this process, the SF transitioned from random
coils and/or helical structures to B-sheets, which directly served as physical crosslinks. This
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avoided the introduction of extremely complicated physical and chemical gel reactions, thus
maintaining the simplicity of the design. Meanwhile, the BSICT gelation rates were tunable
within a time frame of 1-3 days. More importantly, the resultant BSICT-SF hydrogels
possessed strong mechanical properties that combined high strength and toughness, and also
exhibited utility with multiple processing techniques, including laser cutting and turning.
This facile SF hydrogel formation strategy is also suitable for other proteins, such as bovine
serum albumin (BSA) and soy protein isolate (SPI) (Figure S13). As a general protein
hydrogel fabrication method, the BSICT shows promising utility towards new materials for
biomedicine, engineering and soft robotics.

4. Experimental Section

BSICT strategy for making tough all-SF hydrogels:

BSICT strategy for making tough all-SF hydrogels. Lyophilized silk was prepared from the
cocoons of the silk worm Bombyx mori as previously described.l571 Silk/HFIP solution was
generated by dissolving lyophilized silk in HFIP. To prepare the BSICT hydrogel, desired
volumes of DI water were slowly dropped into a 3 ml 15% w/v SF/HFIP solution, followed
by thorough mixing by gentle rotation. The resultant solutions were transferred into a glass
bottle, sealed and incubated for several days toward SF gelation. The solutions required
static incubation as any disturbance may prolong the gelation and lead to inhomogeneity in
hydrogel structure. Finally, the as-formed hydrogels were washed with DI water at 100 °C
for several rounds (around 2 hours) to thoroughly remove residual HFIP via solvent-
exchange and solvent evaporation.

Details on the experimental methods, molecular dynamics simulation[32-35.60-72] and the
characterization of the morphological, physical, chemical, and mechanical properties of the
BSICT hydrogel may be found in Supporting information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SF hydrogel SF/HFIP/water hydrogel SF/HFIP/water solution SF/HFIP/water solution

Figure 1.
Scheme of the BSICT strategy to fabricate pristine SF hydrogels with high mechanical
performance.
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Figure2.
Visual appearance and structural characterization of the BSICT hydrogels. a) Digital photo

of the BSICT hydrogels with different HoO/HFIP ratios. The hydrogels, from left to right,
correspond to samples 2 to 9 as listed in Table 1. The hydrogel discs are 20 mm in diameter
and 10 mm in thickness. b) Cross-sectional SEM image of freeze-dried BSICT-SF hydrogel
of sample 4. c) Cross-sectional SEM image of freeze-dried BSICT-SF hydrogel of sample 8.
d) The visual image of the BSICT-SF hydrogels with various 3D structures. e) The visual
image of BSICT-SF hydrogels (sample 4 in Table 1) under compression. Hydrogels were
about 7 mm in diameter and 7 mm in height. f) Digital photo of a 2 mm-thick BSICT-SF
hydrogel film. g and h) Digital photo of a 3 mm-thick (g) and 1.5 mm-thick (h) BSICT-SF
hydrogel tube. The inner diameter and thickness of the tubes are 1.0 mm and 0.5 mm,
respectively. i) The combination of snapshots of a BSICT-SF ball (sample 4) under intuitive
resiliency tests. The diameter of the ball is 38 mm. The image is reconstructed from video
snapshots. The snapshots were extracted from the video with a time resolution of ~0.05
second and then arranged sequentially from left to right to obtain the reconstructed image.
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Figure 3.
REST simulations. a-c) Cartoon representations of the top five most populated clusters after

REST in explicit a) water, b) HFIP, and c) HFIP/water solvent, where yellow ribbons depict
the presence of B-sheets. d and €) Increasing percentages of d) p-sheets and the number of €)
hydrogen bonds associated with processing silk in different solvents.
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Figure 4.

Mechanical properties of BSICT-SF hydrogels. a) Representative tensile stress-strain curves
of BSICT-SF hydrogels. Self recovery test of BSICT-SF hydrogel (sample 4, Table 1) under
b) tensile and e) compressive loading. The stress-strain curve of BSICT-SF hydrogel (sample
4 in Table 1) under cyclic ¢) tensile and f) compressive loading and unloading tests. d) The
compressive stress-strain curves of BSICT-SF hydrogels (sample 4 in Table 1). Insets are
digital photos of BSICT-SF hydrogel before (top left) and after (bottom right) the
compression test. g) Ashby plot of failure strain vs. elastic modulus of BSICT-SF hydrogels
and representative soft biomaterials. The Ashby plot of representative soft biomaterials is
adapted from ref (56). The dotted lines denoting the guidelines along which materials
exhibit an equivalent strain energy to failure.[5¢] The green area represents the BSICT-SF
hydrogels. h) Ashby plot of total hysteresis vs. elastic modulus of BSICT-SF hydrogels and
representative soft biomaterials. The Ashby plot of representative soft biomaterials is
adapted from ref (56). The blue areas in (g) and (h) correspond to the “empty soft materials
space” proposed by Miserez et a/[56] The green area represents the BSICT-SF hydrogels.
Silks refer to spider dragline silks and B. mori silks.
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Figureb.
Universal processing capabilities of BSICT-SF hydrogels. a) The scheme of reverse molding

route to produce channeled hydrogels. b) 2D channeled hydrogel. The insert image is the
optical microscopy image of channels in the hydrogel. c) 3D channeled hydrogel. The insert
image is the photograph of the 3D paraffin pattern used for producing 3D channel. d) The
cross-section of the hydrogel that prepared by sequential deposition of three hydrogel layers.
e) AFM image of hydrogel pattern of ~450 nm gratings generated via micro/nanomolding. f)
Confluent HUVEC cell layer formed on patterned BSICT-SF hydrogels of ~450 nm
gratings. g) The scheme of the laser cutting of hydrogel. h) The photograph of the hydrogel
during the laser cutting. i) The laser-cut hydrogel with penetrating patterns. j) The laser-cut
hydrogel with semi-closed patterns. k) The auxetic deformation of a reentrant honeycomb
BSICT-SF hydrogel fabricated by laser cutting. Top image, the hydrogel before stretching;
bottom image, the hydrogel after stretching. I) The scheme of the machining of the hydrogel.
m) The photograph of the machining of the bulk hydrogel by using drill bit. The top insert
image is the dye solution pass through the machined channel. The right image is the
photograph of the inner sawtooth structures of hydrogel channel created by machining. n)
The machined hydrogel screw. 0) SEM image of the surface of the hydrogel screw. All of the
hydrogel constructs were produced from hydrogels of sample 4.
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Table 1.

The composition, gelation time, structures and physical properties of BSICT-SF hydrogels.

a Percentage of each Structure and physical
Dosage of SF and solvent”  component Gdlation properties of hydrogel
b SF/water content .
Sample }/r\ﬁ;ﬂ |('|nf||)P (Sgl; \(/\Xlétlg/eof) Evﬁtl)/f) (S\,\'jt ?d n;)e;s) of hydrogel (Wt%) on:: . g(r)o acr;srmttance at
%) (%) nm- (%)
1 0.6 3 0.45 10 82 8 >10 - -- --
2 0.9 3 0.45 15 78 7 >5 14.0+0.4/86.0+0.4 351 90
3 12 3 0.45 19 74 7 3 11.0+0.3/89.0+0.3 351 88
4 15 3 0.45 22 71 7 2 10.6+0.1/89.4+0.1 371 89
5 1.8 3 0.45 26 68 6 2 10.740.3/89.3+0.3 3642 76
6 2.1 3 0.45 29 65 6 1 10.0£0.1/90.0+0.1 35+4 73
7 2.4 3 0.45 31 63 6 1 9.2+0.3/90.8+0.3 35+1 67
8 2.7 3 0.45 34 60 6 1 8.7+0.2/91.3+0.2 35+1 55
9 3.3 3 0.45 39 56 5 1 8.3+0.3/91.7+0.3 351 47

aln all of these experiments, the desired volume of DI water was dropped into 3 ml 15% w/v SF/HFIP solution.
b . . . . .

The gelation (sol-gel transition) time was determined by inverted tube test.
c ’ . . .

The B-sheet content was estimated from deconvolution of amide I band of freeze-dried BSICT-SF hydrogels.

dThe transmittance of 400-um-thick BSICT-SF hydrogels at 800 nm was determined by a fiber-optic spectrometer. The detailed measurements of
gelation time, porosity, B-sheet content and transmittance of BSICT-SF hydrogels can be found in the methods.
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