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ABSTRACT: Rubberlike protein hydrogels are unique in their protein copolymer selfF.ifs'liﬁmy
remarkable stretchability and resilience but are usually 10y —
strength due to the largely unstructured nature of the constituiive

protein chains, which limits their applications. Thus, reinforcing, \
protein hydrogels while retaining their rubberlike properties is of ™
great interest and has remainedcdit to achieve. Here, we
propose a brillization strategy to reinforce hydrogels from
engineered protein copolymers with photo-cross-linkable resilj
like blocks and brillizable silklike blocks. First, the designer
copolymers with an increased ratio of the silk to resilin blocks were

photochemically cross-linked into rubberlike hydrogels with reinforced mechanical properties. The increased silk-to-resilin ratio al
enabled self-assembly of the resulting copolymeiisriistin a time-dependent manner. This allowed controbfaiiization of

the copolymer solutions at the supramolecular level for subsequent photo-cross-linking into reinforced hydrogels. Alternatively, 1
as-prepared chemically cross-linked hydrogels could be reinforced at the material level byillimdticingf the constitutive

protein chains. Finally, we demonstrated the advantage of reinforcing these hydrogels for use as piezoresistive sensors to achie
expanded pressure detection range. We anticipate that this strategy may provide intriguing opportunities to generate robt
rubberlike biomaterials for broad applications.
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INTRODUCTION strength and toughness due to their extensive conformational

Genetically engineered protein hydrogels are typicalfisorder of the protein Cha}ﬁSWh'Ch !mposes a major
fabricated via physical or chemical cross-linking of soludjgitation in their applications in engineering load-bearing
protein po'ymers to form hydrophmc three_dimensionapssue's SUCh as Sk|n, mUSC|eS, aorta, a.nd \/.00a| fO|dS that
networks that mimic the extracellular matrices of nativexperience large stress and repeated deformations.
tissues? These protein polymer-based hydrogels show manyIn this regard, several attempts have been made to reinforce
unique features and advantages. First, the protein polymers@eombinant rubberlike protein hydrotiefs.One strategy is
generally biocompatible and fully biodegradable in vivo, whiéh increase the cross-linking density by increasing the protein
is critical for many biomedical ne€dSecond, recombinant molecular weightM,) or concentration of the precursor
DNA technology allows the engineering of recombinargolutions. As demonstrated in our recent study, incfégsing
proteins with precise control over their sequence, moleculef resilin-like polypeptides (RLPs), which contained photo-
structure, chain length, and monodispéfsifird, the on- cross-linkable tyrosine residues, markedly improved the tensile
demand hydrogel properties necessary for their cspecistrength, sthess, and toughness of the resulting hydrogels
applications could be built at the protein [éV@herefore,  while retaining high resilience (>97.5%) even upon stretching
recombinant protein hydrogels have emerged as one of the 200% of their original lengthAlternatively, a double
most prpmisi(r)lg classes of soft materials for various biomedigahyvork (DN) strategy has been developed that involves
apphcatlo_n%.l ) i multiple elastomeric proteins withedéent types of cross-

In particular, rubberlike protein hydrogels have attracteghkaple domairfS.For example, two unstructured elastin-like

increasing attention due to their remarkable stretchability ang)\vneptides (ELPs). one with metal cross-linkable domains
high resiliencE. ** In the past decades, several nativer’?)q)yp P ( )

nonglobular elastomeric proteins such as elastin and resiim

have inspired the design of recombinant mimics of thesgFceived: November 22, 2020
proteins for cross-linking into rubberlike hydrogels. Many ¢t¢Vised: January 4, 2021
these articial hydrogels successfully recapitulated the elasti¢Plished: January 18, 2021
properties of their natural counterparts and thus show great

potential in the regeneration of soft tis§ué%.However,

these articial hydrogels are relatively poor in mechanical
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and the other with covalently cross-linkable domains, weBtheme 1. Controllable Fibrillization Strategy to Reinforce
premixed in solutions for chemical cross-linking and theRubberlike Protein Hydrogels from Genetically Engineered
soaked in variable concentrations of.%nDue to the Resilin Silk (RS) Copolymers
combined eects of metal coordination and hydrophobic

interactions, the DN hydrogel treated with 1.5 M" Zn < N

S . . : . e hanol <\
exhibited multiple orders of magnitude improvements in J/ /\’\;( Dityr crosslink \3> /,j/ 7&232:: () x
sti ness, stretchability, and ultimate strength compared wit! \//E_/fﬁ /)(\ 23 )(3\( /Q
the gel without Zi treatment. The third strategy is to 7'\\ %é 0 f(— Post.treated el
construct hydrogels from designer protein copolymers witl _. > . ™ Chemical gel . g
both unstructured elastomeric domains and folded domair offibrillizable rs ey 5 '\/“{g(
such as coiled coils, collagen-like motifs, and immunoglobuli J///:\;( Dityr crosslink “f /:(5’/(,_
like block$> #® As an elegant example, the muscle-mimetic g ¥, W
protein hydrogels developed by Lv et al. prove that the AN K

Fibrillized solution Pre-fibrillized gel

coexistence of both unstructured and folded building block
provides a unique combination of strength, extensibility, an 4’%.,, ,JDL
resilience because the mechanical unfolding of the fol I’ :}{4
domains dissipates enérgionetheless, the landscape of
rubberlike hydrogels from designer protein copolymer: = B-sheet e Dityrcrosslink
remains underexplored, and in particular, the interplay
between the diverse types of constitutive building blocks
remains a fundamental question. that carried the repetitive R4S2 and R4S8 genes of varying lengths.
Fibrillization is a ubiquitous self-assembly process in naturbese plasmids were ideedi by double digest witde and
that not only stiens and strengthens biomaterials but alsdanHl-HF and further conmed by DNA sequencing. Plasmids
provides a toughening mechanism to prevent mechanidd}4S2-6 and pR4S8-5 were thus obtained that encoded six repeats of

failure3®3! This has inspired us to develop a controllableR?4S2 andve repeats of R4S8, respe(_:tively, under transcriptional
P b ontrol of the stron@7 promoter. Plasmids pR4S4-5 and pET19b-

brillization strategy to reinforce rubberlike hydrogels b?&z were constructed as described previduslyich allowed
integrating unstrgctured yebrillizable do_malns into the expression of 5 repeats of R4S4 [(GGRPSDSY-
constitutive protein copolymers. To engineer these COpolAPGGGN)(GAGAGS)] and 32 repeats of the resilin-like
mers, we chose silklike (GAGAGS) blocksbatizable sequence (GGRPSDSYGAPGGGN), respectively.

domains because they contribute to the high tensile strength oBiosynthesis of Protein Polymers. The expression plasmids

silk and are capable of assembling mils at dierent length  were transformed int&scherichia cdtrain BL21(DE3) for
scale$” We used consensus repeats of resilin as unstructurggombinant biosynthesis of the protein polymers. Expression and
domains because this protein is highly elastic and redri cation of these protein polymers from the recombinant strains
ient>® *° nontoxic, and biocompatilile@nd can be solubly \ere performed using methods developed in our recerit dtiaely.
expressed in bacteria and easilygalwith high yields, which puri ed protein polymers were extensively dialyzed in deionized water

. itical t btaini | tifi ired tand freeze-dried before storage or use. The purity of the proteins was
IS criical 10 obtaining gram-scaleé quantiuies require Qnalyzed via sodium dodecyl sulfate-polyacrylamide gel electro-

fabricate bulk hydrogels. _ _ _ phoresis (SDS-PAGE) with Coomassie staining, and their molecular
In this study, werst designed and biosynthesized a series Gfeights were determined by matrix-assisted laser desorption
resilin silk (RS) copolymers by varying the ratio of the silk taonization time-ofight (MALDI-TOF) mass spectrometry (At
resilin domains. These copolymers were then cross-link8deed; Bruker Daltonics, Leipzig, Germany).
either photochemically (via dityrosine bonds), physically (via Characterization of Protein Polymer Assemblies in Sol-
brillar assembly), or in sequential combinations into hydrdJ_tlon. Dynamic light scattering (DLS) was performed to analyze the

: : i sizes of the protein assemblies in solution. To prepare the samples, we
gels Gcheme )1 The dityrosine cross-inks allowed the dissolved lyophilized proteins in deionized water with mild mixing at

res_ul_tlng_ hydrogels to POSSess rubberlike properties, Wher@% temperature. The freshly prepared protein solutions at a
brillization at the protein molecular, supramolecular, anghncentration of 10 mg miwere transferred into precooled cuvettes

material levels was found to play a vital role in reinforcing thg 4°c and used for DLS analysis at increasing temperatures from 4
strength, stiess, and toughness of these hydrogels. To further 75 °C. The protein samples were equilibrated at eachcspeci

explore the bents of hydrogel reinforcements, we function-temperature for 10 min before the DLS measurements using a
alized our protein hydrogels with electroconductivity byetasizer Nano S system equipped with a temperature controller
facilely soaking them in agueous saline solutions and achie{Malvern Instruments, Worcestershire, U.K.). The hydrodynamic

an extended detection range from the reinforced gels whéfgmeterDy) data were coliected from three biological replicates and
used as piezoresistive stress sensors analyzed using Zetasizer version 7.04 software (Malvern Instruments).

For morphological characterization of protein assemblies, atomic

force microscopy (AFM) was performed in tapping mode using a
MATERIALS AND METHODS multimode AFM (Bruker, Germany) with a Nanoscope llla scanning

Gene Construction. Deoxyribonucleic acid (DNA) sequences probe controller (Digital Instruments, Santa Barbara, CA). Ten
encoding the resilirsilklike peptides R4S2 [(GGRPSDSY- microliters of each fresh solution at a low protein concentration of 0.1
GAPGGGN)(GAGAGS)] and R4S8 [(GGRPSDSY- gmL tindeionized water were cast on mica surfaces and allowed to
GAPGGGN)(GAGAGS)] were purchased as synthetic genes thatdry overnight at 4, 25, 37, or . Specimens were subsequently
were cloned into thec®V site of plasmid pMD-18 from Invitrogen analyzed using a commercial silicon tip probe with the scan rate at 2
(Shanghai, China). The delivered plasmids were separately digedtzd The acquired images were further processed with Nanoscope
with restriction enzym®arl to liberate the monomer DNA  analysis v5.30 software (Bruker).
sequences. Each monomer DNA was then self-ligated to yield DNAHydrogel Preparation. For the preparation of hydrogels by
concatemers for cloning into Bl site of the customized vector photochemical cross-linking, each lyophilized protein ratas
pET-19b37 The resulting clones harbored recombinant plasmidslissolved in deionized water with mixing. The resulting protein

~o RS copolymer chain h
W

Physical gel
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a Fruit fly Silkworm b . ;
Py, Histag T7 terminator

R4s2 oy (GGRPSDSYGAPGGGN] 4 (GAGAGS) g3
-l R4s4 = 28 (GGRPSDSYGAPGGGN), (GAGAGS), =
R4s8 g (GGRPSDSYGAPGGGN] 4 (GAGAGS)sg 3

d kba M R4S2 R454 R4S8

Resilin-like block Silk-like block

C 250 (e
Copolymer Repeat Number of  Theoretical Determined :22 ]
name amino acids M, (kDa) M,, (kDa) g —
R4S2 6 462 40.05 40.09 L
o e ) 9
R4S4 5 450 37.93 37.67 37—
R4S8 5 570 45.94 45.61 P—

Figure 1.Design and biosynthesis of RS copolymers. (a) Schematic design and sequences of the resilin block deriyeohdrdine Bilk

block from the silkworm. (b) Genetic constructs that encode recombinant R4S2, R4S4, and R4S8 with varying ratios of resilin-to-silk blocks. (
Number of repeats and amino acids and theoretical and determined moleculdviyyafbech copolymer. (d) Coomassie-stained 10% SDS-

PAGE gel analysis of the pedi protein copolymers.

solutions, either freshly prepared or annealed “& 8% varying curve and used to indicate how much energy a protein hydrogel could
time periods, were mixed with [Ru(p3) and ammonium  absorb up to the point of failure. The resilience of each gel was
persulfate, loaded into dumbbell- or cylinder-shaped molds, aggiculated as the ratio of the area under the relaxation curve to that
promptly irradiated for 2G0 s at 10 cm away from a 200 W white nqer the loading curve from thet testing cycle (unless spedi

light sourng. The nal concentrations pf eachl spegdrotein, otherwise).

[Ru(bpy)**, and ammonium persulfate in the mixture were 200 Mg~ o o cterization of Electrical Properties. The electrical

mL *, 2 mM, and 10 mM, respectively. For the preparation of post- " . .

treated gels, the photochemically cross-linked gels from fresh prot@ﬁ'Stance of each s.allne—treated. hydrogel was monitored by a
solutions werexed on both ends with clips and immersed in SO%CHI760E. elegtrochemlcal workstation (Chenhua Instrumental Co.,
methanol for 6 h and then in deionized water for 6 h for removal ophanghai China). The two ends of each cylinder-shaped gel were
the alcohol from the gel matrices. Afterward, the methanol-treaté@nnected with the copper electrodes of the workstation for
gels were rinsed with deionized water three times and then genthonitoring resistance variations, while the hydrogel was compressed
blotted with Iter paper to remove surface moisture. To makewith a constant rate of 2 mm nfirat room temperature on an
electroconductive hydrogels, we soaked the photochemically crasstron 5944 testing machine. In another setup, the resistance changes
linked gels in an aqueous 0.2 M NaCl solution for 1 h. The salinggere monitored for the hydrogels in repeated cycles of compression/
exposed gels were then taken out and blotted ltéthpaper to relaxation. The change of relative resistance of the hydrogels is

remove surface moisture before use. To prepare self-assemb . _ o
physically cross-linked hydrogels, we dissolved each protein polymerﬁed as follows:RIRy = (R Ro)/ Ry x 100%, wherig, andRare

in deionized water to 200 mg rhland incubated the respective thé original resist_ance and the real-time resistance under a certain
solutions at 37C to allow gel formation. pressure, respectively. ) o .
Characterization of Mechanical Properties. The rheological Structural and Morphological Characterization. Scanning
behavior was investigated on a TA Instruments AR-G2 rheometelectron microscopy (SEM) characterization of the hydrogels was
with a 40 mm parallel-plate geometry. To load sampled, 500 performed on a Hitachi S-3400N scanning electron microscope
each fresh protein solution at 200 mg'nwas loaded onto the  (Hitachi, Tokyo, Japan). The gels were frozen in liquid nitrogen,
prewarmed bottom plate at“&7. The top plate was then lowered to lyophilized, and then coated with gold for imaging.
a gap distance of 31@n, and hydrogenated silicone was added Fourier transform infrared spectroscopy (FTIR) characterization

around the circumference to minimize dehydration. Time-sweep te§f§s conducted on a Nicolet 6700 spectrometer (Thermo Fisher
were then conducted at 37 with a strain of 1% and a frequency of 1 Scientic Inc., Madison, WI) in transmission mode at room

Hz. mignperature. For each lyophilized gel sample, 64 scans were coadded

Tensile and compression testing of the hydrogels were perfor . . .
on an Instron 5944 testing machine equipped with a 10 N load célf Wavenumbers ranging from 400 to 400bwith a resolution of 4

(Instron Corporation) at 25C and 60% relative humidity. The ¢m* and the background spectra were similarly acquired for
tensile tests were conducted on the dumbbell-shaped gels (ovefalbtraction from each sample scan. The infrared spectra in the
length, 35 mm; width, 6 mm; inner width, 2 mm; gauge length, 1&mide | region (1600700 cm®) were then analyzed using
mm; and thickness, 2 mm), whereas the compression tests w@®INIC software (Thermo Fisher Scietjtiand deconvolved by
performed on the cylinder-shaped gels (diameter, 8 mm; and gauggative curvetting using the Gaussian algorithm with OriginPro
length, 10 mm). Before sample loading, all of the gels were coaiggl2 software (OriginLab Corp., Northampton, MA). The component

with dimethy! silicone oil to minimize moisture evaporation, and thgangs were then assigned to distinct secondary structures for the
two ends of each dumbbell-shaped gel were wrapped with gauze @Pamation of their contents

sandpaper to facilitate sample loading and gripping during the tensi . -

testinlog.IO For tensile and IOcompresgion t%s?i?lggto rugture theerhe photochemical cyoss-l_mkmg degree (.)f the hydrpgels was
deformation rate was set at 5 mm igyclic loadingunloading ~ cvaluated based on dityrosine t??l;mtion using a previously
tensile and compression tests were performed at a speed of 2 rRftablisheduorescence-based metfiotihe cross-linking degree of

min L, with the gels deformed to 60% strain (unless apeci dityrosine was presented as a percentage of the determined level of
otherwise) for 320 continuously repeated cycles. The breakingdityrosine in each hydrogel hydrolysate to the stoichiometrical
energy was determined by integrating the area under thetstiess  amount in the hydrogel.
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Figure 2 Rubberlike hydrogels fabricated by chemical cross-linking from fresh protein solutions. Represestatineatressof the gels (a)

under compression to failure, (b) under compression to a 60% strain and relaxation, (d) under tension to failure, and (e) under tension to a 60¢
strain and relaxation. Resilience of the gels under 20 successiveritzatiingy cycles of (c) compression or (f) tension to a 60% strain.
Outstanding deformable performance of the R4S8 gels withstanding (g) high compression and (h) knotted stretching. Scale bars, 1 cm.
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RESULTS AND DISCUSSION For a comprehensive understanding of the hydrogel
Design and Biosynthesis of RS Copolymers with mechanical properties, we then characterized the chemically
Variable Ratios of Silk to Resilin.We hypothesize that the cross-linked hydrogels under both compression and tension

ratio of silk to resilin blocks in monomeric repeats of R odes Kigure 3. All of the gels had a compressive strain at

(0w’ 0 i i
copolymers plays a vital role ireaing the copolymer reak over 85%-(gure a) and at least 90% tensile strain at

assembly and the mechanical properties of the resulting Cro%rgak Cigure @), re ecting their highly compressible and

linked hydrogels. To test this hypothesis, we used the resilm etchable nature. These gels did not show marked hysteresis
. : ' " initial loadingunloading cycles under the two testing
Ielzli?)n(%?gZsfzﬁy%AFr)nGe%(goNg)]aggceklggg(\)/eg(]je;g)rgnfjbfhe modes Figure B,e), indicating their resilient features. To
silklike (GAGAGS) block from silkwoBombyx mogFigure investigate the antifatigue property of these hydrogels,

la) for designing three genetically engineered copolymefémcesswe loadingloading tests were performed, which
These copolymers had efient ratios of resilin-to-silk blocks vealed superimposable stistesin curves for each type of

A : . the hydrogelsHigure SR Quantitative analyses revealed that
of2:1,1:1, and 1:Z(gure b), yet with a comparable number ,oe hydrogels maintained a high compression resilience of at
of Fhe monomeric building blocks .and theoretical moleculgg st 8794 Higure 2) and a tensile resilience of over 95%
weights Eigure &). The three protein copolymers, hereafter  riq re § during continuous deformations. This high level of
termed as R4S2, R4S4, and RAS8, were recombinanilysile resilience was comparable to 97% resilience for Recl-
expressed in the bacterial hBstcoliand puried using  resjlin* As vividly displayed Figure ,h, these hydrogels
immobilized-metal aity chromatography. SDS-PAGE anal-recovered their original shapes without fracture after high
ysis revealed that all of the peuiiprotein copolymers had at  compression or tensile deformations, further supporting their
least 90% purity F(gure @), and MALDI-TOF mass  shape self-recoverability and rubberlike properties.
spectrometry further veed their identitiesfigure S)L The Based on the compression tests shofigime &, we also
yields of puried R4S2, R4S4, and R4S8 were approximatefgund that the compression strength of the hydrogels increased
85, 78, and 63 mg 1, respectively, of bacterial culture in with an increase in the ratio of silk to resilin blocks. This
shake as_ks. ) ) ) positive correlation between hydrogel strength and copolymer

Chemically Cross-linked Hydrogels with Varying  composition was also observed in the tensileRizsts(d).
Ratios of Resilin-to-Silk BlocksWith the above three RS As summarized irable Slthe Compressive Strength,rmj;s,
copolymers in hand, we next explored the relationship betwegfid breaking energy of the R4S8 hydrogel W867.8 kPa,
the resilin-to-silk ratios and mechanical properties of cheni9.2 kPa, and 167.6 kJ ®mrespectively, which were
cally cross-linked hydrogels. A resilin-like polypeptide withogpproximately 3.4-, 7.0-, and 5.0-fold higher than those of
the silk blocks, which is composed of 32 repeats of the resilthe control R32 hydrogel. On the other hand, the R4S8
like block and termed as R3®as included as a control. We hydrogel exhibited 1.6- and 4.1-fold higher levels of tensile
used the well-established [Ru(gg¥imediated photochem- strength and sthess than the R32 hydrogel, whereas
ical cross-linking method, which is rapid to cross-link tyrosiramparable levels of breaking energy were achieved for these
residues in close proximity to dityrosine addtiét3o this two gels under tensile testing. Therilng eects of silk-to-
end, fresh aqueous solutions of R32 and three RS copolymessilin ratios on hydrogel breaking energy under the two
at 20% (w/v) were photochemically cross-linked to formtesting modes appeared contradictory. We surmise that the
hydrogels. introduction of more silk blocks interacted with each other and
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25°C 37°C 70°C

Figure 3 Representative AFM images of the nanostructures assembled from fresh solutions of (a) R4S2 and (b) R4S8 at a protein concentration
0.1 g mL Yin deionized water.

thus gradually reduced extensibility other than compressibilignge between 4 and 37, yet these nanbrils disappeared
of the constitutive molecular chains, and this assumption wats70°C with the emergence of inhomogenous micellar-like
veried by the strain-at-break resulismble S)L Taken particles, which might arise from the coalescence of the smaller
together, these results demonstrated that modulating tlspherical particles or nabols (Figure 8). Notably, self-
molecular composition of the RS copolymers watve to assembly of R4S4 into namils occurred only within a
reinforce the resulting chemical hydrogels while retaining theiarrow temperature range from 35 t6@2° Taken together,
rubberlike properties. these results revealed the distinct self-assembly behaviors of
The microstructures of hydrogels were thought to have the RS copolymers and stressed the vital role of the silk-to-
crucial impact on their physical properties including mecharesilin ratio at elevated levels to endiélar assembly.
ical properties® Thereby, scanning electron microscopy We also studied the assembly kinetics of the RS copolymers
(SEM) was performed to explore theat of varying silk- in concentrated aqueous solutions. To this end, we performed
to-resilin ratios on the internal morphology of the abovéime sweeps for the fresh 20% (w/v) solutions of the
hydrogels. Interestingly, the R4S2 gel showed porous-likepolymers at 37C using oscillatory rheology. As shown in
structures with small amounts of miorits entangled within ~ Figure 4, the concentrated R4S2 solution remained in a liquid
the pores of the gel, whereas such nhigl® were not
observed in the control R32 gel with typical porous structure@ 1o¢
With an increase in the silk-to-resilin ratio, the R4S4 and R4S 104

gels showed densely interconnedigtar structures<igure £10°
S3. These ordered structures within the R4S4 and R4S8 ge 410
coincided well with their superior strength andests over g1

the R4S2 and R32 gels and therefore demonstrated tk =10°
benecial role of structural ordering in reinforcing rubberlike 10" RN IR S
protein hydrogels. This observation also inspired us to explo  "°* ;==

4 8
the origin and evolution of hydrogérillization from the Time (hours) Time (hours)
protein molecular, supramolecular, to macroscopic material

Figure 4.0Osclillatory rheological ptes for the fresh 20% (w/v)

level. : = L .
s 3 - . solutions of (a) R4S2 and (b) R4S8 in deionized water. Time sweeps
Distinct Self-Assembly Behaviors of the RS Copoly in which elastic modulu& § and loss modulu$y() are shown as a

mers. To explore whether the composition of RS copolymergciion of time were performed at@with a strain of 1% and a

a ected their self-assembly behaviors, we investigated the gigguency of 1 Hz. The dashed line indicates the elapsed tigg de
and morphology of the R4S2 and R4S8 assemblies under ghe, whenG equals and starts to excéedo enable the formation
same conditions as previously tested for R4S4 and R32of a self-supporting physical gel (inset).

Analysis of the hydrodynamic diameter of R4S2 revealed -ts

dual thermoresponsive transition behavior in sol&iipmé¢  state for more than 12 h as the value of elastic mo@ylus (
S49, which was possibly due to retention of the instinctwas consistently lower than that of loss mod@lys This
feature of resilin-like polypeptité§ However, this transition  indicated that micellar assembly of R4S2 did not lead to the
behavior was abolished by increasing the silk-to-resilin raéigolution of viscoelastic properties of the solution over time at
from 1:2 to 1:1 in R4S4 (B8 and to 2:1 in R4S8Hgure the body temperature. In contrast, the concentrated solution of
S410). Then, we performed atomic force microscopy (AFM) toR4S8 turned into a hydrogel dt h whenG equaled td5

reveal the morphology of the R4S2 and R4S8 assemblies.(Agure #), and this characteristic time necessary to form a
shown inFigure &, R4S2 existed as spherical nanoparticlgshysically cross-linked gel waseé as ,, After that,G

with a small diameter of10 nm at the intermediate increased sharply and reached a plateau vaBk kiPa at 3
temperatures and formed larger nanoparticles at the chillihg Under the same assay conditiomsllar assembly R4S4
and high temperatures tested. In contrast, R4S8 existed moalo enabled its concentrated solution to physically cross-link,
as brils with a length of 8200 nm over a wide temperature yet at a much slower ratgy( 7.5 h), into hydrogels with a
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plateauG value of only 0.2 kPaThese results indicated that pre brillized and post-treated hydrogels reached 596.6 and
the silk-to-resilin ratio also markedlcted the kinetics and  724.1 kPa, which wer8.2 and 3.9 times higher than that of
outcome of self-assembly in concentrated copolymer solutiotiee control hydrogel. In addition, marked improvements in
Reinforcing Hydrogels at the Supramolecular and sti ness and breaking energy were also observed for the
Macroscopic Levels.Having observed time-dependent self-pre brillized and post-treated hydrogélab{e ), further
assembly of R4S4 and R4S8 at the supramolecular level,supporting the ectiveness of reinforcing R4S8 hydrogels at
then explored whether this feature could be utilized tdoth supramolecular and macroscopic levels.
construct protein hydrogels with adjustable properties. WeWe also determined resilience of thebpitbzed and post-
surmise that preincubating the copolymer solutions woulileated R4S8 gels in cyclic compression and tensile tests.
allow prior physical cross-linking between the silk blocks tdnder compression, the gygllized and post-treated gels had
yield partially restricted protein chains and that the tyrosineuch a larger hysteresis loop than the contrdtigelé¢ ),
residues residing in the resilin blocks remain photochemicaliyrich might be explained by that physical cross-links of the silk
cross-linkable to enable the formation of hydrdgeteifie  blocks serve as sacidl bonds and dissipate energy. However,
1). As the prior physical cross-linking could be facilela marked derence in hysteresis was observed under the
controlled by varying the preincubation temperature anténsile mode. It was surprisingly found that the moderately
time, we attempt to establish a physiochemical approach poe brillized gel had a negligible hysteresis loop, which was
construct double-cross-kadk reinforced hydrogels from similar to the control gel, whereas the highlypliezed and
individual elastomeric proteins. As a typical example, aqueast-treated gels had moderate hysteresis Egpsz(H).
20% (w/v) solutions of R4S8 were preincubatedal 8 a Quantitative analyses revealed that moderatddyilpred gel
quarter (15 min) or half (30 min) ofy before photochemical had a high tensile resilience 88.1% (able ), which was
cross-linking, and the resulting hydrogels were denoted @ese to 95.9% resilience for the control R4S8 gel. Albeit less
moderately and highly pbeillized gels, respectively. It should recoverable, the highly fgoellized and post-treated gels had
be noted that preincubation for three quarterg, of longer appreciable resilience values of 60.4 and 77.5%, respectively,
time turned the copolymer solution into highly viscous mattegnd this resilience performance was superior to that of
which prevents the mixing of photochemical reaction reagentsiorobutyl rubber (56%j.These results suggested that the
for dityrosine cross-linking. For comparative purposes, thebberlike resilient properties were largely retained in the
chemical R4S8 gel obtained without preincubation was postinforced R4S8 gels. We also found that the R4S4 hydrogels
treated with methanol for inducing physical cross-linksould be similarly reinforced at both supramolecular and
between the silk blocks at the macroscopic hydrogel level. macroscopic levels, eeting the applicability of the above
The three types of newly constructed R4S8 hydrogels werginforcement strategy as long as the RS copolymers were
then characterized by compression and tensile tests. Notalglgpable ofbrillar assemblyF{gure Sp
the physically cross-linked R4S8 hydrogel was too weak to b&o explore further the structuproperty relationship of
similarly loaded on the testing machine, which prevents thiee above hydrogels, we performed SEM analysis to examine
inclusion of the physical gel as a control for comparison. Undgeir internal morphologies. The physically cross-linked R4S8
both testing modes, the pbellized and post-treated hydrogel was also included as a control, which exhibited
hydrogels were reinforced when compared with the contregheetlike microstructureSiqure @). These ordered micro-
R4S8 chemical hydrogeigures & andbb). For example, the  structures coincided well with the appreciable elastic modulus
average compressive strengths were approximately 1.7 ancbbggrved from the oscillatory rheological andfgise ).
MPa for the highly prérillized and post-treated hydrogels, However, due to a lack of close contact between the sheetlike
respectively, whereas it wdsl MPa for the control R4S8 microstructures, the physical gel was nearly inelastic and could
hydrogel {able ). The average tensile strengths of the highlynot withstand even minor compression or tensile deformations.
Interestingly, the highly pteillized gel also exhibited
_ sheetlike microstructures that were closely interconnected by
A ' micro bers Figure 6), whereas the post-treated gel displayed
T Mol pre brilized unevenly distributedrous structures-igure 6). Notably, a
highly interconnected network with homogenously dispersed
micro bers was observed for the moderatelypiiized gel
o \ (Figure @), and this morphology was clearlyeint from
20 40 60 8 10 0 30 60 90 120 150 180 the less homogeneoustous structures of the chemical R4S8
Compression (%) Strain (%) gel Figure SB A likely explanation was that the self-
assembled narers in the fresh R4S8 solution would develop
into uniform microbrous structures upon 3€ incubation
before photochemical cross-linking into gels. Of particular
interest, lamentous brils with a length of 860 m were
observed at the crack tip region of the moderatebyifized
0.0 0.0 ———————— gel along the stretching directidig(re @gf). The fracture
e Cz:m[frzs:ign?"gn) o o 2°s$,‘;in“(2,q,5° o morphology indicated that the winddxfils within the gel
could be straightened under tension, and this morphological

ransformation may provide a reinforcing mechanism for the

Figure 5. Reinforcing elastomeric R4S8 hydrogels at the suprzliI ) . O .
molecular and macroscopic levels. Representativessaiessurves ~ ydrogel to achieve superior extensibility, resilience, and

of the gels (a) under compression to failure, (b) under tension t&)reakir_lg energy simultaneously. .
failure, (c) under compression to a 60% strain and relaxation, and (d) Fourier transform infrared spectroscopy (FTIR) analysis was
under tension to a 60% strain and relaxation. further performed to characterize the conformational struc-
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Table 1. Mechanical Properties of the Reinforced R4S8 Hydrogels

hydrogel type strain at break (%) strength (kPa) nests (kPa) breaking energy (K)/m resilience (%)
Compression Mode
chemical 86.5 1.6 1067.& 101.2 79.2 17.1 167.¢ 21.4 87.6 1.7
moderately prérillized 84.% 2.3 1193.4 96.5 210.4 21.3 251.2 44.9 62.4 9.3
highly prebrillized 70.& 3.3 1729.&¢ 167.0 330.% 42.0 339.% 54.6 54. 6.3
post-treated 78% 6.1 1637.2 228.4 314.4 70.3 366.% 62.0 445 6.8
Tensile Mode
chemical 90.9 13.2 186.2 30.5 247.4 54.2 89.6 4.5 95.% 1.2
moderately prérillized 158.2 21.9 385.% 61.2 340.& 48.0 326.2 32.5 94.% 0.8
highly prebrillized 70.% 6.5 596.& 69.3 682.2 101.5 201.6 21.4 60.4 8.2
post-treated 86% 10.8 724.%* 91.5 640.2 90.7 277.% 28.2 77.% 9.6

“Resilience was calculated from the ratio of the area under the relaxation curve to the area under the loading curve at a strain of 60%.

Figure 6.SEM images of (a) physical, (b) highly lpridized, (c) post-treated, and moderatelybpitbzed R4S8 gels before (d) and after (e, f)
being stretched to a 60% strain.

tures of the R4S8 hydrogels. It is generally recognized that the induction of -sheet structures due to annealing of the
absorption bands at 164660 cm! are assigned to the R4S8 solution at 37C. These observations were further
random coil and-helices, whereas those at 16680 cm? supported by quantation of the respective secondary
are related to the intermolecular and intramolecslaeet structures based on spectral deconvolutigargé Sp

structure§*** As shown irFigure &, the chemical hydrogel ~ Moreover, we evaluated the extent of both physical and
chemical cross-linking in the above R4S8 hydrogels. As
expected, the extent of physical cross-linking, presented as
sheet content, was gradually enhanced with an increase in the
incubation time of the protein precursor solutiBigsi(e B),
whereas the photochemical cross-linking degree was slightly
decreased for the pkeillized gels. This observation revealed a
tradeo between physical and subsequent chemical cross-links
and may be explained by thatillar assembly of R4S8 in the
concentrated solutions is deduced to restrict the mobility of
the protein chains and the exposure of the tyrosine residues
available for chemical cross-linking. Notably, methanol treat-
ment of the chemical gel greatly improved-gieet content

Figure 7 Characterization of the various types of R4S8 hydrogels. (f#jlom 26.3 to 56.1%, representing a high level of physical
Representative FTIR and (b) dityr cross-linking degree sirebt cross-linking comparable to the physical gel. This result
content of each type of the gels. Error bars indicate the standafsdicated that the silk blocks within the chemical gel were
deviation of the data & 3). prone to form -sheets upon methanol induction at the
macroscopic level. Collectively, these results indicated that the
showed a spectral peak a656 cm 2, indicating the interplay of dual cross-linking mechanisms was vital to the
existence of predominant random coils. Interestingly, tHermation and reinforcement of elastomeric R4S8 hydrogels.
unique peak of the chemical gel shifted to a lower wavenumbeReinforced Hydrogels as Piezoresistive Sensors to

of 1638 cm ! upon methanol treatment at the macroscopicAchieve an Expanded Detection Range. Finally, we
hydrogel level, which clearlyes the induction of-sheet explored the advantages of reinforcing elastomeric hydrogels.
structures. In contrast, an emerging peak&80 cm® was As a proof of concept, the hydrogels were initially endowed
observed for the prerillized and physical gels, which suggestsvith electroconductive properties and then used as sensors. To
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Figure 8.Reinforced hydrogels expand the pressure detection range. (a) Relative resistance change as a function of the applied pressure. (b) T
pro le of relative resistance change under loadilmading cycles at a pressure of 390 kPa, which was generated by imposing a 2 kg weight on the
cylindrical hydrogel with a diameter of 8 mm. (c) Monitoring of repeadpressingelease cycles at pressureslof 390, and 10 kPa,
respectively. Control, nobrillated R32 are shown in black; moderately and highbyriieted R4S8 gels are shown in red and blue squares and

lines. The applied voltage was 1.5 V in all of the tests.

this end, the control R32 hydrogel andtpilized R4S8 gels  reactions may take place. According to Jia' 2bxidation

with reinforced mechanical properties were soaked in a 0.2rglactions on the anode may produce oxygen when a
NaCl solution for 1 h. It should be noted that variations inpolyacrylamide gel with 0.02 M NaCl was used and chlorine
hydrogel mechanical properties were negligible during tkaé a high ion concentration of 2 M and everi @en copper
soaking process. However, this process made the hydrogdéstrodes were used to connect the 2 M NaCl gel. These
ionically conductive because the fréeaNd Cl ions within oxidation reactions were not obvious for our protein hydrogels,
the gel matrices were able to migrate toward the direction pbssibly due to the low voltage applied (1.5 V) and the
the cathode and anode under an applied eleeldic The physiological concentration of NaCl (0.2 M) used, which is
electronic properties of these hydrogels were then assestgldtively low and potentially biocompatible for future invasive
under compression deformations. As showigime &, the applications.

relative resistance changd?¥/(R,) of the control R32 gel

decreased linearly with increasing pressure applied from 0 to CONCLUSIONS

20 kba, which approximated the gentle touch of the humaf symmary, we have demonstratelirih assembly strategy
skin.“ However, the electrical resistance of the gel plateauggt the development of rubberlike, reinforced protein hydrogels
when the applied pressure exceeded the above detection rafggs genetically engineered RS copolymers. At the protein
which is relatively narrow. In contrast, a3pefold wider |evel, manipulation of the copolymer composition by varying
pressure detection range was achieved for theilized  the ratio of resilin-to-silk blocks was vital to identify the
R4S8 gels, thus demonstrating an advantage of remforqg;bmymers that self-assembled into hait® within a
elastomeric protein hydrogels in expanding piezoresistiyghable temperature range. The time-deperioiéirassembly
dynamic range. In addition, the two prdlized gels showed  of these designer copolymers enabled sequential physical and
recoverable changes in thiectical resistance under chemical cross-linking to reinforce hydrogels at the supra-
successive loadingiloading cycles at a pressure 880 molecular level. Of particular interest, orchestrating the degree
kPa, whereas the R32 gel could not recover its origingt physical cross-linking (preincubation time) before chemical
resistance in the same procesgi(e 8). It was possible that,  cross-linking was important to fabricate protein hydrogels with
due to the inability to withstand large stress, the R32 gel matgxeatly enhanced mechanical properties while largely retaining
underwent irreversible damage in teecompression, leading their elastomeric features. We also prove that the as-prepared
to incomplete recovery of the resistance after removing tiemical hydrogels can be reinforced at the macroscopic level
external force. Furthermore, the moderatelgriliged R4S8 by methanol treatment to induce physical cross-linking of the
gel was used as a pressure sensor for real-time monitoringit blocks to form-sheets. Furthermore, an advantage of
human activities such agjer pressing. As presenteeguire reinforcing protein hydrogels was proof-of-concept demon-
8c, the R4S8 gel sensors could reliably deteotrti degrees  strated when the hydrogels were made electroconductive for
of nger pressing and recognize the gentle tod€hkPa) or use as piezoresistive sensors to achieve an expanded pressure
heavy pressing 890 kPa), whereas the control R32 sensoretection range. Taken together, the newly developed protein
was only suitable for monitoring the gentle touch. The resulks/drogels with unique and tunable physiochemical properties
indicated that these piezoresistive sensors were sensitive arganticipated tond broader applications in biotechnology
reliable to monitor human pressing activities with a workingnd medicine.
detection range that depends on the compression strength of
the hydrogels. ASSOCIATED CONTENT

Rec_entl_y, c_onductlve_ hydrogels hav_e emerged ?ﬁls rom's"ngSupporting Information
_r|1_1ater_|al_s Ilr'] bloelecgom_cmter(];amtr_]g W'tlh t?? _r:uma i 4. The Supporting Information is available free of charge at
0 mimic fiving matter in conducting electricity mostly u?'n%ﬂtps://pubs.acs.org/doi/lo.1021/a(:s.biomac.0c01653
ions, ionically conductive hydrogels have been typically
designed by introducing salts (e.g., NaCl and LiCl) into a  Mechanical properties of the chemical hydrogels (Table
gel matrix of interest. Connection of the ionic gels to a voltage ~ S1), mass spectroscopy analyses of thecpproteins
source through two metal electrodes couples ions and (Figure S1), successive compressive and tensile cycles
electrons at the metajel interfaces, where electrochemical and SEM images of the chemical hydrogels (Figure S2
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and S3), DLS analysis of fresh solutions of R4S2 and®) Wang, Y., Katyal, P.; Montclare, J. K. Protein-Engineered
R4S8 at various temperatures (Figure S4), reinforcirfginctional MaterialAdv. Healthc. Mat@019 8, No. e1801374.
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