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The exceptional elastic resilience of some protein materials under-
lies essential biomechanical functions with broad interest in bio-
medical fields. However, molecular design of elastic resilience is
restricted to amino acid sequences of a handful of naturally occur-
ring resilient proteins such as resilin and elastin. Here, we exploit
non-resilin/elastin sequences that adopt kinetically stabilized, ran-
dom coil-dominated conformations to achieve near-perfect resil-
ience comparable with that of resilin and elastin. We also show a
direct correlation between resilience and Raman-characterized
protein conformations. Furthermore, we demonstrate that meta-
stable conformation of proteins enables the construction of
mechanically graded protein materials that exhibit spatially con-
trolled conformations and resilience. These results offer insights
into molecular mechanisms of protein elastomers and outline a
general conformation-driven strategy for developing resilient and
functional protein materials.
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Resilient protein materials play essential biomechanical
roles, including locomotion of insects and the reversible
deformation of the aorta, skin, and lung alveoli (1, 2); they are
also promising structural materials for a spectrum of biomedi-
cal applications such as tissue regeneration (3, 4), wearable bio-
electronics (5, 6), and soft robotics/machines (7-9). Resilience
is a crucial aspect of material elasticity that indicates the effi-
cient energy transduction in cyclic deformations in contrast to
energy dissipation (SI Appendix, Fig. S1) (2, 10). Traditionally,
the molecular design of protein elastomers is mainly derived
from naturally occurring primary sequences of highly resilient
proteins such as resilin and elastin (SI Appendix, Tables S1 and S2)
(11-13). However, these naturally occurring sequences only
occupy a minute portion of the sequence space that consists of
all combinations of the 20 amino acids (14), suggesting the
potential for a large number of unexploited design opportuni-
ties. Also, in contrast to de novo systems (15, 16), naturally
occurring sequences often lack programmable properties and
functional tunability. Thus, the narrow scope of naturally occur-
ring resilient proteins restricts the potential utility of resilient
protein materials.

It is a challenge to exploit non-resilin/elastin sequences for
developing resilient proteins. Most recombinant protein materials
with modular-designed sequences, such as elastin-like proteins
(ELP) and silk—elastin-like proteins (SELP), are useful to gener-
ate new elastic properties but largely rely on the native motifs
(12). The high resilience of globular and de novo—designed pro-
tein elastomers, including bovine serum albumin (17) and
ferredoxin-like proteins (18), are restricted by strong denaturants
such as 6 M guanidinium chloride. Silk fibroin, regenerated from
the silk cocoons of domesticated Bombyx mori, has been formed
into tunable elastomers (SI Appendix, Table S3) (19, 20), yet the
molecular origin of the elasticity remains largely untested.

According to sequence—conformation—property relationships,
protein conformation is tightly associated with the mechanical
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property of protein materials. Protein conformations have been
exploited for advanced fabrication (21), tunable modulus and
strength for individual materials (22, 23), responsive materials
(24, 25), and shape-memory materials (26, 27). Resilient pro-
teins tend to form random coil-dominated conformations char-
acterized by the flexible interchange between a variety of spatial
arrangements of polypeptide chains (2, 28). The random coils
give rise to considerable conformational entropy and, in turn,
entropy elasticity, analogous to rubber elasticity (Fig. 1C and
SI Appendix, Fig. S3) (10, 29). There are a large number of
proteins and domains exhibiting intrinsically disordered confor-
mations or random coils (30). However, it remains largely un-
exploited whether non-resilin/elastin sequences can realize the
exceptional resilience of resilin and elastin (11, 31). Here, we
propose to exploit the random coil-dominated conformations
derived from non-resilin/elastin sequences for highly resilient
and elastically graded protein materials.

Results and Discussion

We exploited the metastable random coils of regenerated silk
fibroin to prove the concept of the proposed conformation-
driven strategy (Fig. 14 and SI Appendix, Fig. S2). Before
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We provide insights into the sequence-conformation—property
relationship that is central to the mechanical properties of protein
elastomers. We find that a high content of glycine residue alone,
not including proline, is sufficient for achieving near-perfect resil-
ience. The content of proline residue may be associated with the
metastability of random coils. Also, Raman spectroscopy, as a
potent tool for investigating the conformation-property relation-
ship, gives rise to a direct correlation between semiquantitative
Raman features and the magnitude of elastic resilience. More-
over, metastable conformation or conformational polymorphism
is useful to develop continuously and mechanically graded pro-
tein materials that may exhibit unique structural merits. This
work underlies the exploitation of natural and de novo-designed
sequences for protein elastomers and materials.
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Fig. 1. Design and fabrication of resilient protein hydrogels by exploiting metastable random coils of silk fibroin. (A) Illustration of conformational

change of silk fibroin from random coils to p-sheets. Silk fibroin is the primary structural component of B. mori silkworm silks. A hypothetical energy land-
scape of silk fibroin implies metastable random coils with a shallower and broader energy funnel and a local energy minimum, and stable p-sheets with a
deeper and narrower funnel and a global energy minimum. Arrows indicate flow direction of silk fibroin feedstock. (B) lllustration of molecular designs
of silk fibroin (heavy chain, molecular weight around 390 kDa) that consists of N and carboxyl termini and alternately positioned 12 hydrophobic and 11
hydrophilic domains. Characteristic motif sequences are shown in brackets. It contains 45.9 mol% G, 5.3 mol% Y, and 0.3 mol% P. (C) Schematics of the
photo-crosslinking of regenerated silk fibroin solutions into hydrogels using Tris(2,2'-bipyridyl) ruthenium [Ru(ll)], SPS, and white light (hv). Tyrosine resi-
dues are photo-oxidated to form di- or trityrosine crosslinks. Random coil-dominated conformation is a prerequisite for entropy elasticity. The stretching
under external force leads to straightened molecular chains and decreased conformational entropy (AS < 0); upon removing external force, entropy spon-
taneously increases (AS > 0), which drives molecular recoil without energy loss or dissipation (i.e., high resilience). We used birefringence to probe
stretched and recoiled silk fibroin molecules in SI Appendix, Fig. S3. (D) The set of as-prepared, swollen, and rigid silk fibroin hydrogels with distinct prop-

erties provide a comparative basis for investigating conformation-based resilience. Hydrogel fabrication is illustrated in S/ Appendix, Fig. S2A.

spinning, silk fibroin adopts predominantly random coils in
native silk feedstocks because random coils help prevent pre-
mature protein aggregation during in vivo storage of the silk
feedstock over weeks. After silk spinning, the predominant con-
formation of silk fibroin transforms from random coils to
B-sheets (Fig. 14 and SI Appendix, Fig. S2) (32, 33). The
(meta)stability of silk fibroin conformations can be explained
by the theory of the energy landscape (34, 35), in which meta-
stable random coils are assumed to be kinetically stabilized in a
local energy minimum, in contrast to the stable p-sheets exhibit-
ing the lowest global energy (Fig. 14). Accordingly, the random
coil to p-sheet transition is largely inevitable for silk fibroin,
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unlike naturally occurring resilient proteins that adopt stable
random coil structures (2, 28). Notably, the conformational
transition of silk fibroin can be impeded and accelerated by
hyaluronic acid (20) and methanol (36), respectively, as exam-
ples of many options (23, 32). The kinetical control of confor-
mations is likely based on tuning energy barriers or pathways
between local and global minima.

The characteristic sequences of silk fibroin are associated
with the metastable conformation and material properties such
as resilience and hydrogel hydration. Silk fibroin (heavy chain)
is composed of alternately positioned hydrophilic and hydro-
phobic domains (Fig. 1B). The hydrophilic domains contain
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hydrophilic and negatively charged amino acids, such as aspartic
acid (D), glutamic acid (E), and serine (S), as well as a characteris-
tic 25-residue sequence motif, SGFGPYVANGGYSGYEYAWS-
SESDE. The hydrophobic domain contains primarily glycine
(G), alanine (A), and S, as well as motifs, such as GAGAS and
GAAS. Notably, hydrophobic domains contain no charged resi-
dues. Thus, the hydration of silk fibroin hydrogels is primarily
attributed to hydrophilic domains. In addition, the motif
GAGAS in the hydrophobic domain can adopt either random
coils or p-sheets, allowing the metastable conformation of silk
fibroin. In contrast, the hydrophilic domain lacks specific motifs
for regular secondary structure and thus largely remains as ran-
dom coils.

Comparing amino acids between silk fibroin and naturally
occurring resilient proteins provides insights into the molecular
mechanism of resilience. The G content of silk fibroin is around
45.9 mol%, which is comparable to other resilient proteins such
as aortic elastin (30 mol%) and insect resilin (39 to 42 mol%)
(SI Appendix, Table S1). G is hydrophobic and has the smallest
side chain, a hydrogen atom, thus benefiting chain flexibility
and entropy elasticity of protein materials (10, 37). In addition,
the proline content of silk fibroin (P, 0.3 mol%) is much lower
than that found in naturally occurring resilient proteins such as
elastin (P, 12 mol%) and resilin (P, 7 to 12 mol%) (SI Appendix,
Table S1) (38). Proline has a unique five-member ring with
restricted backbone conformations and has been known to
resist the formation of B-sheets (38). The low proline content of
silk fibroin may explain, in part, the capability to form p-sheets.
Thus, we suggested that a high glycine content seems sufficient
for the exceptional resilience and that the low proline content
would not compromise the magnitude of the elastic resilience but
seems associated with the metastable random coil conformation.

We cross-linked regenerated silk fibroin in solution to form
hydrogels via a ruthenium [Ru(II)]/persulfate-mediated approach
that is based on the photo-oxidation and coupling of tyrosine resi-
dues (39-41) (Fig. 1C). The dynamic photo—cross-linking process
was investigated by three measurements: dityrosine fluorescence,
damping factor [tan()], and water content (Fig. 2.4 and D and S/
Appendix, Figs. S4-S6 and Supplementary Text). We also investi-
gated cell encapsulation and in vitro degradation to imply the bio-
medical potential of photo—cross-linked silk fibroin hydrogels (S
Appendix, Fig. S7 and Supplementary Text). C3H/10T1/2s cells,
encapsulated in the silk fibroin hydrogels, exhibited cytoskeleton
development and considerable viability and metabolic activity.

We prepared a set of silk fibroin hydrogels with distinct conforma-
tions and mechanical properties, including “as-prepared,” “swollen,”
and “rigid,” which provides insights into the conformation-
based resilience on a comparative basis (Fig. 1D). The silk hydrogel,
after photo—cross-linking, is termed as-prepared. It is not treated
with solvents for swelling, thus maintaining the same water con-
tent and chemical composition (including unreacted cross-
linking reagents) as the photo—cross-linking precursor solution.
The “swollen hydrogel is obtained by incubating as-prepared
ones in 0.9 wt/vol% sodium chloride for 3 d (SI Appendix, Figs.
S2 and S6). The incubation swells the hydrogel and washes away
the unreacted reagents and polypeptide chains. As a result,
water content increases from 75% (as-prepared) to over 85%
(swollen) (ST Appendix, Fig. S6); the color of the silk hydrogel
changes from orange (as-prepared) to light yellow (swollen) due
to the removal of colored reagents such as Ru(Il) (ST Appendix,
Fig. S6). The aqueous solution of 25 wt% silk fibroin is also in
light yellow. The rigid hydrogel is obtained by incubating swollen
ones in 90 vol/vol% methanol for 1 h, transforming random coils
into B-sheets (SI Appendix, Fig. S2). The name “rigid” is coined
out of the mechanical property; the rigid hydrogel exhibits an
increased Young’s modulus and decreased resilience compared
to the other two hydrogels (Fig. 1D and SI Appendix, Fig. S9).
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The rigid hydrogel is immersed in 1x phosphate-buffered saline
(PBS) and remains hydrated throughout this work.

Raman and Fourier-transform infrared (FTIR) spectroscop-
ies were utilized to characterize the conformation of silk fibroin
materials (Fig. 2 and SI Appendix, Fig. S8). The conformation-
specific results of both Raman and FITR spectra have been
verified by nuclear magnetic resonance (NMR), circular dichro-
ism, and wide/small-angle X-ray scattering (WAXS/SAXS) (29,
42). Suggested by the spectral results, silk fibroin solution,
as-prepared, and swollen hydrogels were dominated by random
coils, in contrast to B-sheet-dominated rigid hydrogels (Fig. 2
and SI Appendix, Fig. S8 and Supplementary Text). Random
coil-related characteristics of Raman spectra include amide I
band (C = O stretching) at 1,667 cm ™', tyrosine doublet at 850
em ™! and 830 cm™! (Tyr), amide III band (mainly C-N stretch-
ing) at 1,251 cm ', and two backbone stretching vibrations (C-
C) at 1,103 cm™" and 942 cm™" (43, 44). In particular, the full
width at half maximum (FWHM) of Raman amide I and the
Raman Tyr ratio (Isso/Is30) were used for semiquantitative com-
parisons of protein conformations (42, 45). For solutions and
as-prepared and swollen hydrogels, the FWHM of amide I and
the Tyr ratio remained around 59 em ™! and above 3, respec-
tively, suggesting that random coil-dominated conformations
largely remained after cross-linking and swelling (Fig. 2 D-F
and SI Appendix, Fig. S8). The dityrosine crosslink likely
restricts the vibration of tyrosine phenol rings, thus resulting in
the decreased Raman Tyr ratio from 3.6 + 0.1 to 3.3 + 0.2; the
swelling of the molecular networks may facilitate the ring vibra-
tion, increasing the Tyr ratio to 4.1 + 0.6.

We also used deconvoluted FTIR spectra (46) to corroborate
the random coil-dominated conformations of silk fibroin solutions
and swollen hydrogels (Fig. 2 C and G). The solution and the
swollen hydrogel exhibit the FTIR amide I band at 1,647 cm™*
and 1,645 cm ™, respectively, indicating random coil dominance.
In contrast, the FTIR amide I of the rigid hydrogel at 1,621 cm™"
indicates p-sheet dominance. Also, FTIR deconvolution esti-
mated the random coil content of the solution and the swollen
hydrogel, which is 78 + 5% and 77 + 7%, respectively, com-
pared with the low content of B-sheets (2%), thus verifying the
random coil dominance (Fig. 2G). Notably, several protein
hydrogels exhibited conformational changes after cross-linking,
such as enzyme—cross-linked silk fibroin elastomers (19). The
improvement in the current work may be attributed to the short
cross-linking time of the Ru(II)/persulfate approach (2 to
3 min) compared with that of the enzymatic approach (30 to 60
min); short cross-linking time minimizes the disturbance to the
initial conformation (39, 40). The random coil-dominated con-
formation is a prerequisite for the entropy elasticity of protein
hydrogels.

We employed uniaxial tensile tests and dynamic mechanical
analysis (DMA) to characterize the elastic resilience of the
three silk fibroin hydrogels, including as-prepared, swollen, and
rigid (Fig. 3, SI Appendix, Figs. S9-S11, and Movie S1). At 0.1
mm/mm tensile strain, as-prepared and swollen hydrogels
exhibited near-perfect resilience of 98.2 + 0.7% and 97.3 + 1.
3%, respectively, in contrast to rigid hydrogels with a relatively
low resilience of 86.2 + 0.9% (Fig. 3 B and C and SI Appendix,
Fig. S9). The resilience of as-prepared hydrogels remained stable
at 96.8 + 1.1% with increased tensile strains from 0.1 mm/mm to
0.9 mm/mm (Fig. 3 B and C) and at 97.5 + 0.5% with 20 consec-
utive stretch-recoil cycles and 0.5 mm/mm strain (SI Appendix,
Fig. S9). Swollen hydrogels maintained largely above 95% resil-
ience at increased tensile strains up to 0.6 mm/mm (Fig. 3C and
SI Appendix, Fig. S9). In contrast, the resilience of rigid hydrogels
exhibited a significant reduction from 86.2 + 0.9% at 0.1 mm/mm
to 70.8 + 4.4% at 0.2 mm/mm (SI Appendix, Fig. S9). Similarly, a
globular protein-based elastomer (GRGsRG4R) exhibited a dras-
tic strain-dependent decrease in resilience from near 100% at 0.1
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Fig. 2. Conformational characterizations of silk fibroin materials. (A) Fluorescence excitation-emission matrix spectra at crosslinking times from 0 to
180 s. Characteristic fluorescence of dityrosine crosslinks and autofluorescence of silk fibroin and Ru(ll) are indicated. (B) Raman spectra at crosslink-
ing times from 0 to 180 s, compared with rigid hydrogels. Two regions, including amide | band (at around 1,667 cm~') and tyrosine doublet (Tyr, at
850 and 830 cm '), are labeled. (C) FTIR amide | band of silk fibroin solutions, swollen, and rigid hydrogels. Deconvolution of the FTIR amide | band
gives rise to semiquantitative content of three major conformations/secondary structures of silk fibroin, including random coils, p-sheets, and p-turns.
(D) Random coil-dominated conformations remained after photo—cross-linking, as evidenced by dityrosine fluorescence and FWHM of Raman amide |
band. (E and F) FWHM of Raman amide | band and Tyr ratio (lIgso/lg30) Of silk fibroin solutions, as-prepared, and rigid hydrogels. (G) Conformation con-
tent estimated by deconvoluted FTIR amide | band. (n = 3 independent spectra, ****P < 0.0001, *P < 0.1, n.s. P > 0.1, single-factor ANOVA followed

by Scheffé's post hoc test).

mm/mm to around 76% at 0.9 mm/mm (4). The reduced resil-
ience was due to the energy-dissipated unfolding of force-
resistant globular domains (4) and B-sheets (35). In addition,
DMA results verified the exceptional resilience of as-prepared
and swollen hydrogels, which, at 1 Hz, are 95% and 91%, respec-
tively (Fig. 3E and SI Appendix, Fig. S10). In contrast, the resil-
ience of rigid hydrogels is 77% at 1 Hz. We also discussed other
mechanical differences between silk fibroin hydrogels, associated
with the swelling of the molecular network and the conforma-
tional transformation, in ST Appendix, Supplementary Text.

The resilience of as-prepared and swollen silk fibroin hydro-
gels was superior to or comparable with the most resilient pro-
tein elastomers known, including dragonfly tendon resilin
(92%), bovine ligament elastin (90%), tendon collagen (90%),
abductin (96%), recombinant resilin/resilin-like proteins (up to
97%), ELP (up to 84%), and methacryloyl-modified tropoelas-
tin (76%) (Fig. 3D and SI Appendix, Table S2). Also, the DMA-
characterized resilience of as-prepared and swollen silk fibroin
hydrogels was almost coincident with resilin and elastin in
the overlapped range of frequency roughly from 1 to 10 Hz
(Fig. 3E). The resilience of as-prepared and swollen hydrogels
was also superior to natural silk materials (around 30%) and
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other silk fibroin hydrogels (up to 94.6% by compression tests)
(SI Appendix, Tables S2 and S3). The improved resilience was
primarily due to the well-maintained predominance of random
coils, in contrast to B-sheet dominance of natural silk materials
(Fig. 14) (32, 35). These results highlighted the feasibility of
random coil-forming non-resilin/elastin sequences, such as that
of silk fibroin, to achieve the resilience as exceptional as that of
resilin and elastin, thus providing avenues for developing resil-
ient protein materials.

We examined the conformational origin of the elastic resil-
ience of silk fibroin hydrogels by fitting the tensile stress—strain
curves with the statistical rubber theory (Fig. 3B and SI
Appendix, Fig. S9) (10). The as-prepared and swollen hydrogels
agreed well with the statistical rubber theory below 0.5 and 0.3
mm/mm strains, respectively, verifying the rubber-like/random
coil nature of as-prepared and swollen hydrogels. Notably, the
fitting range was wider than the 0.25-mm/mm strain of a recom-
binant resilin protein (13). We ascribed this difference to the
higher molecular weight of the regenerated silk fibroin (around
100 kDa) than the resilin protein (28.5 kDa), because longer
molecular chains may lead to more random links, thus better
fitting the Gaussian assumption of the rubber network theory
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Fig. 3. Mechanical characterizations of silk fibroin hydrogels. (A) Optical images of as-prepared hydrogels stretched over 1 mm/mm strain in uniaxial ten-
sile tests. (B) Consecutive cyclic tensile tests of as-prepared hydrogels with increased final strains from 0.1 to 1 mm/mm. The curves are shifted along the
x-axis for clarity. Inset shows superimposable curves, indicating hydrogel recoverability. Red dashed curves indicate fitting results with statistical rubber
theory and begin to deviate roughly at 0.5 mm/mm strain. (C) Resilience and tensile modulus of both as-prepared and swollen hydrogels as a function
of final strains. (D) Comparison of silk fibroin hydrogels to other resilient protein materials in terms of resilience and tensile stress, also provided in
SI Appendix, Table S2. Inset highlights data points within the red dashed box. (E) Resilience of silk fibroin hydrogels tested by DMA, in comparison to
replotted data of resilin and elastin from ref. 10. (F) Direct correlation between elastic resilience and conformation-specific Raman features, including
Raman Tyr ratio (Igse/lg30) and FWHM of the Raman amide | band. Methanol treatment from 0 to 3 min was used to induce incremental change of confor-
mations and mechanical properties. Red dashed lines indicate linear regressions with corresponding Pearson’s correlation coefficients, r.

(10). Also, the higher molecular weight may be advantageous
for ultimate tensile strength and extensibility (SI Appendix,
Table S2 and Supplementary Text).

Another notable finding of this study is the direct correlation
between elastic resilience and Raman-characterized conforma-
tions, supplementing conventional conformation—property
relationships of protein materials. We treated swollen silk
fibroin hydrogels with 90 vol/vol% methanol for 0, 1, 2, or
3 min (Fig. 3F and SI Appendix, Fig. S11). With increased treat-
ment times, the Raman Tyr ratio and the FWHM of Raman
amide I decreased from 3.3 + 0.2 to 1.9 & 0.1 and from 58.6 +
2.1 ecm™! to 28.7 + 1.4 cm ™, respectively, implying the incre-
mental transition from random coils to p-sheets. Also, the resil-
ience decreased from 97.3 + 1.3% to 65.7 + 2.9%, and Young’s
modulus increased from 67.7 + 1.6 kPa to 1.2 + 0.4 MPa (Fig. 2B
and SI Appendix, Fig. S9). Furthermore, the elastic resilience was
directly correlated to the Raman Tyr ratio and the FWHM with
Pearson’s correlation coefficients of 0.97 and 0.94, respectively
(Fig. 3F). These results indicated an early part of the transform-
ing process from swollen to rigid hydrogels, supported the con-
formational origin of the elastic resilience, and suggested the
potential to modulate resilience via tuning conformations. Also,
due to the direct correlation, Raman spectroscopy may be a
promising tool for exploring conformation-based elasticity.

We further exploited the conformation-driven strategy and
the metastable random coils of silk fibroin to construct mechan-
ically graded protein materials (Fig. 4 and SI Appendix, Figs.
S12-S15). Protein conformations have been used to tune the
modulus and strength of individual materials (22, 23) yet failed
to produce continuously graded materials that are ubiquitous in
living organisms (35, 47) and allow unique structural merits
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(48). Also, protein conformation may be a viable alternative to
the material composition found in naturally occurring graded pro-
tein tissues (35, 47) (SI Appendix, Table S4) for making graded
materials. Protein conformation can be dynamically controlled
(24, 25) and thus leads to a dynamic mechanical gradient.

We developed a directional methanol-treatment method to
realize the spatial gradient of protein conformation (Fig. 4 and
SI Appendix, Fig. S12 and Supplementary Text). Raman char-
acterization suggested random coil-dominated and p-sheet—
dominated conformations at the two ends of graded hydrogels,
respectively (SI Appendix, Fig. S13). In the middle transition
region, the FWHM of Raman amide I and the Raman Tyr ratio
spatially changed from 55 cm ™! to 28 cm ™! and from 3.8 to 2.4,
respectively, implying a continuous spatial transformation from
random coils to B-sheets (Fig. 4C and SI Appendix, Fig. S13).
Also, we used cyclic compression tests to characterize the local
mechanical properties of graded hydrogels (Fig. 4D and S/
Appendix, Fig. S14). The resilient end of the graded hydrogel
exhibited 55.5 + 1.5 kPa modulus and 92.8 + 3.4% resilience;
the rigid end exhibited 732.1 =+ 19.5 kPa and 53.6 + 1.2%; and
the transition zone exhibited 149.1 + 11.7 kPa and 68.9 + 4.1%
in the middle between that of the two ends due to the transi-
tioning nature. Furthermore, we developed a finite element-
based model of the graded silk fibroin hydrogels, based on the
actual size and the experimentally obtained moduli (Fig. 4E
and SI Appendix, Fig. S15). Simulation results of graded hydro-
gels with 180° rotation agreed well with experimental results,
including the rotated shape and the spiral position. These
results corroborated the graded silk fibroin hydrogels with both
conformational and mechanical gradients and verified the
conformation-driven strategy for making graded protein material.
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Fig. 4. Graded protein materials. (A) Schematics of directional methanol treatment and resultant graded silk hydrogels with spatially controlled confor-
mations and mechanical properties. Graded hydrogels are roughly composed of a resilient end, a rigid end, and a middle transition zone. (B) Optical and
fluorescent images of graded hydrogels. Blue fluorescence at 300 nm excitation is the characteristic of dityrosine cross-links. (C) Mapping spectra of
Raman amide | band and Raman tyrosine doublet (Tyr, at 850 cm~' and 830 cm ") over around 2.5 mm in the transition region. Arrows indicate the direc-
tion of resilient and rigid ends. (D) Typical cyclic compression curves of cylindrical samples punched out from local regions of graded hydrogels. (E) Simu-
lated and experimental results of swollen and graded silk hydrogels after 180° rotation. Straight arrows indicate the center of rotating spirals. The ends

of graded hydrogels are fixed under glass slides.

In conclusion, we exploited protein conformation of non-
resilin/elastin sequences to construct exceptionally resilient and
graded protein hydrogels. The direct correlation between
conformation-related Raman features and elastic resilience
provides a semiquantitative tool to probe the molecular mecha-
nism of protein elastomers. The conformation-driven strategy
would be generally useful for exploiting naturally occurring
sequences and de novo-designed variants to develop a range of
elastic protein biomaterials.

Materials and Methods

Regeneration of Silk Fibroin Solutions. Silk fibroin was regenerated from the
cocoons of domesticated B. mori silkkworms (Tajima Shoji Co.) as previously
described (33). Briefly, 10 g sliced silkworm cocoons were degummed by boil-
ing in 4 L 0.02 M sodium carbonate solution (57795, Sigma-Aldrich) for 30 min,
dried overnight in chemical hoods, and solubilized in 9.3 M lithium bromide
solution (213225, Sigma-Aldrich) at 60 °C for 4 h, followed by dialyzing molec-
ular weight cut-off (MWCO), 3,500) against deionized (DI) water with six
changes of water over 3 d. The insoluble particulates were removed by centri-
fugation (two times at 9,000 rpm, 20 min, 4 °C) and sterile cell strainers (70-um
pore size, Fisherbrand, Fisher Scientific). The mass concentration of silk fibroin
solutions was determined as the ratio of wet weight to dry weight (around
8 wt%). The molecular weight of the regenerated silk fibroin is subject to the
degumming and dissolving conditions (32, 49), and in the current work, it was
estimated to span a broad distribution with a center at around 100 kDa,
according to previous results (50). The silk fibroin solutions were enriched to
around 27 wt% by air-drying in Slide-a-Lyzer dialysis cassettes (MWCO 3,500
Da, Thermo Fisher Scientific) at 4 °C for 7 d. The regenerated silk fibroin solu-
tions were yellowish clear and were stable at 4 °C for at least 4 wk.

Fabrications of Silk Fibroin Hydrogels. Silk fibroin solutions were mixed

with 20 mM sodium persulfate (SPS, S6172, Sigma-Aldrich) and 2 mM
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Tris(2,2'-bipyridyl) dichlororuthenium (Il) hexahydrate [Ru(ll), 544981, Sigma-
Aldrich] to prepare photo-cross-linking precursor solutions unless otherwise
noted. The light source for the photo—cross-linking was a 7-W (525 Im) light-
emitting diode (LED) task lamp (3001, Electrix). The light illuminance (lux) was
measured by an LED light meter (LT40, Extech). A CO, laser machine (LS-1416,
Boss laser) was used to make a dog bone-like or cylindrical-shaped polymethyl
methacrylate (PMMA) plate with 10 mm/s cutting speed and 50% laser power.
The PMMA plate was then used to make a casting mold for polydimethylsilox-
ane (PDMS, Sylgard 184, Dow). The precursor solution was pipetted into the
PDMS molds and cross-linked for 120 s with an exposure distance of 10 cm
unless otherwise noted. The cross-linked silk fibroin hydrogels were removed
from the mold and named as-prepared hydrogels. Swollen hydrogels were
obtained by incubating as-prepared hydrogels in 0.9 wt/vol% sodium chloride
saline for 3 d at 4°C. We measured the weight of swollen hydrogels before
(M,,) and after (My) drying overnight in a 60 °C oven. The water content was
calculated as (M,,-Mg)/M,, X 100%. Rigid hydrogels were prepared by immers-
ing swollen hydrogels in 90 vol/vol% methanol solution (A412-1, Fisher Chemi-
cal) for 1 h, followed by rinsing in 1x PBS for 3 h. Graded hydrogels were
made by placing swollen hydrogels on the top of two baths containing water
and 90 vol/vol% methanol solution, respectively, for 6 min. Solvent-absorbed
tissue paper was used to wrap the ends of the graded hydrogel to minimize
solvent evaporation from hydrogels. The B-sheet-induced opacity was imaged
and processed to monitor the dynamic process of methanol treatment.

Optical Imaging. Optical images of silk fibroin hydrogels were captured using
either digital microscopy (AM7915MZTL, Dino-Lite) or smartphones. Fluores-
cence images of silk fibroin hydrogels were captured under 300 nm ultraviolet
illumination of a transilluminator (FBTI-88, Fisher Scientific). Birefringence
images were captured using polarized optical microscopy (Eclipse E200POL,
Nikon) equipped with a first-order red retardation plate. The cell-laden hydro-
gels were imaged in a BZ-X700 microscope (Keyence, IL) for live/dead staining,
as well as in a Leica SP8 confocal microscope (Leica Microsystems) for F-actin
and the autofluorescence of the silk fibroin. Images were processed using
ImageJ (NIH).
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Raman Spectroscopy. Raman spectra were obtained using a confocal Raman
spectrometer (XploRA plus, Horiba Scientific) equipped with a 785-nm laser
(41.8 mW), a 1,200 gr/mm grating, a 50x objective, and a Synapse charge-cou-
pled device (CCD) detector. The confocal hole and the entrance slit were fixed
at 500 and 200 um, respectively. The nominal spectral resolution was 1 cm™".
The Raman spectra were calibrated using a silicon wafer with a characteristic
peak at 520 cm~" and were postprocessed via LabSpec 6 software (Horiba Sci-
entific), including averaging, DeNoise smoothing, and baseline subtraction.
The Raman spectra were normalized at the peak of 1,615 cm™', according to
previous results (44). The Tyr ratio (Igse/lg30) is the ratio of the Raman peak at
around 850 cm ™ to the one at around 830 cm™~'. The FWHM was directly mea-
sured from the processed Raman spectra.

FTIR Spectroscopy. FTIR spectra were obtained using FTIR-6200 spectroscopy
in attenuated total reflection (ATR) mode (Jasco Instruments) equipped with a
Diamond/ZnSe crystal (025-2108, PIKE). For each measurement, 64 scans were
coadded with a nominal resolution of 4 cm™~'. The semiqualitative content of
three primary conformations/secondary structures of silk fibroin, including
B-sheets, random coils, and p-turns, was analyzed by the spectral deconvolu-
tion of the amide | band (1,580 to 1,720 cm™"), according to previous reports
(33, 46, 51). Briefly, we subtracted the amide | band with a straight baseline
from 1,590 to 1,702 cm~". The range of Gaussian peaks for each molecular
conformation was assigned as follows: 1) g-sheets (1,621 to 1,624 cm~" and
1,698 cm "), 2) random coils (1,645 to 1,647 cm™"), and 3) p-turns (1,668 cm™").
To remove water interference in the FTIR amide | band, we used lyophilization
and deuterium oxide (D,0) for processing silk fibroin samples. Silk fibroin sol-
utions were lyophilized and directly detected in FTIR spectroscopy; swollen
and rigid hydrogels were incubated in 0.9 wt/vol% sodium chloride D,0O solu-
tion three times, each for 1 h. The exchange from water to D,O does not
affect the shape and size of silk hydrogels, thus indicating the similar uptake
of D,0 as water in hydrogels.

Fluorescence Spectroscopy. Fluorescence spectra were obtained using Hitachi
F4500 Spectrofluorometer (Hitachi) and a 10-mm pathlength disposable
cuvette (UVette, Eppendorf). The scan rate and wavelength increment were
240 nm/min and 10 nm, respectively. The slits for excitation and emission were
5 and 10 nm, respectively. The voltage of the photomultiplier tube detector
was set at 700 V. To increase the fluorescence signal to noise ratio, we lowered
the concentration of the precursor solution that consists of 1 wt% silk solu-
tion, 0.1 mM Ru(ll), and 1 mM SPS.

Rheology. Rheological characterization was performed on an ARES-LS2 rhe-
ometer (TA Instruments) equipped with a plain bottom plate of 50 mm diame-
ter and a top transparent plain plate of 20 mm diameter. Oscillatory strain
sweep at 1 Hz was performed to obtain linear viscoelastic range (LVR) of pre-
cursor silk fibroin solutions. The oscillatory time sweep was performed at 3%
strain, within the LVR, and at 1 Hz. For in situ photo—cross-linking, the LED
task lamp was placed 10 cm away from the top plate.

Mechanical Characterization. Mechanical characterization was performed
using a dynamic mechanical analyzer (RSA3, TA Instruments) equipped with a
35-N loading cell at room temperature. The tensile and compression strain
rates were 10 mm/min and 1 mm/min, respectively. Young's modulus was cal-
culated between strains of 0.05 mm/mm and 0.1 mm/mm for tensile tests and
between 0.1 mm/mm and 0.15 mm/mm for compression tests. The dimensions
of the hydrogel samples were measured by light microscopy before testing.
For DMA, a prestain of 5% was applied to hydrogel samples. Oscillatory fre-
quency sweep was performed at 2% strain. The frequency range was limited
by the instrument. Elastic resilience was estimated from the damping factor,
tan(3), according to the following equation (10):

Resilience (%) = e~ #n) x 100. 11

We adopted the statistical rubber theory to fit the tensile curves, which con-
firms the rubber-like elasticity. For a swollen rubber-like material with the
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effect of chain ends (13, 52), the relationship between stress (s, Pa) and exten-
sion ratio (A) is expressed as

_pRT . 2Mc . 1
=0 - S00 -3, [2]

g

where p is the silk density (1,421 kg - m~3), R is the molar gas constant (8.3145
Pa-m3.K ' mol "), Tis the temperature (298.15 K), M, is the average molec-
ular weight between cross-links (kg - mol~" or kDa), M is the nominal molecu-
lar weight of regenerated silk fibroin before cross-linking (around 100 kDa in
the current work), and v is the polymer fraction (0.25 and 0.14 for as-prepared
and swollen hydrogels, respectively). In comparison to classical rubber theory,
our model considers the v, as both water and polypeptide chains contribute to
the molecular network of the hydrated protein hydrogels.

Cell Encapsulation and In Vitro Degradation. Mouse embryo fibroblasts, C3H/
10T1/2s, were purchased from the American Type Culture Collection (ATCC)
and maintained in Dulbecco's modified eagle medium (Gibco) with 10% fetal
bovine serum and 1% antibiotic-antimycotic solution (Gibco). The 10T1/2 pel-
lets were prepared from the digestion with 0.05% trypsin-ethylenediamine
tetraacetic acid (EDTA) and mixed with the precursor solution containing 10
wt% silk fibroin, 1 mM Ru(ll), 10 mM SPS, and 0.5 wt% gelatin (porcine skin,
Type A, G2500, Sigma-Aldrich) for photo-cross-linking silk hydrogels with a
cellular density of 1 million cells/mL. The gelatin was added to promote cell
adhesion. The cell-laden silk hydrogels were removed from molds and cul-
tured in the aforementioned conditions. Cell viability and metabolic activity
were measured by LIVE/DEAD assays (L3224, Thermo Fisher Scientific) and
PrestoBlue HS Cell Viability Reagent (P50200, Thermo Fisher Scientific), respec-
tively. For the PrestoBlue assays, the fluorescence (excitation 560 and emission
590 nm) of culture media was read by a microtiter plate reader (SpectraMax
M2, Molecular Devices). To stain the F-actin cytoskeleton, we fixed cell-laden
hydrogels in 4% paraformaldehyde PBS solution for 20 min, followed by per-
meabilization in 0.1% Triton X-100 in PBS for 15 min and incubation in 1:100
solution of Alexa Fluor 488 Phalloidin (A12379, Thermo Fisher Scientific) for 1
h. In vitro enzymatic degradation of swollen silk fibroin hydrogels was per-
formed in 1x PBS solution containing 0.1 U/mL Pronase E (P8811, Sigma-
Aldrich) at 37 °C overnight.

Modeling and Simulation. We used COMSOL Multiphysics 5.4 to develop a
finite element analysis-based model of dog bone-shaped swollen and graded
hydrogels, according to actual size and experimentally obtained Young's
moduli. The model of graded hydrogels contains only resilient and rigid
regions, while the middle transition region is omitted for model simplification.
Young's moduli of 55.5 kPa and 732.1 kPa were assigned to the resilient and
rigid regions of the graded hydrogel model, respectively.

Statistical Analysis. Microsoft Excel software was used for all statistical analy-
ses. Statistical comparison among multiple groups was performed using the
single-factor ANOVA method, followed by Scheffé’s post hoc test. A P value
larger than 0.1 was recognized as not statistically significant (n.s.). Unless oth-
erwise described in the text, all experiments were repeated as n = 3 indepen-
dent samples or measurements, and the experimental data were expressed as
means + SD (s.d.).

Data Availability. All study data are included in the article and/or supporting
information.
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