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ABSTRACT: Integrating multifunctionality such as stretchability, adhesive-

ness, and electroconductivity on a single protein hydrogel is highly desflNl#” 'Y\‘/\

for various applications, and remains a challenge. Here we presermt the4- —
development of such multifunctional hydrogels based on resilin, a nﬂ%ﬂ’f:ﬂ PG g, (RS RO
rubber-like material with remarkable extensibility and resilience. oFitst,

genetically engineered reslin-like proteins (RLPs) with varying molecutar 030

weight were biosynthesized to tune mechanical strengthreess sif the | ™" ¥

cross-linked RLP hydrogels. Second, glycerol was incorporated irgo .\theﬂ i

hydrogels to endow adhesive properties. Next, a grapbBneonjugate g z Q} (] | ‘ “

was synthesized for cross-linking with the uneabdiiristine RLP to forms = T | ~
an integrated network. The obtained hybrid hydrogel could be stretcheg teping current = s Swallowing
over four times of its original length, and self-adhered to diverse substrate 2°Time(s)“° o Ti':'e(s) 2
surfaces due to its high adhesion strengti2éfkPa. Furthermore, the

hybrid hydrogel showed high sensitivity, with a gauge factor of 3.4 at 200%

strain, and was capable of real-time monitoring human activities sgehn bending, swallowing, and phonating. Due to

these favorable attributes, the graphene/resilin hybrid hydrogel was a promising material for use in wearable sensors. In
addition, the above material design and functionalization strategy may provide intriguing opportunities to generate innovative
materials for broad applications.

r i || 025 /("‘
|

INTRODUCTION atmosphere at temperatures up to°@5@&nd then made into

Protein-based materials that are electrically conductive haykRIn sensors that were highly durable and sensitive, with a

recently emerged as promising substrates for applications S%I"’ge factor (GF) of 9.6 fo_r strain W't.h'n Z%O%hunh
as exible electronics. sensors. and actdatoFeese multiple features were desirably obtained, the silk carbon-

S . ; . _.ization process is energy intensive, and requires a special
:5 gggﬁgglls rffcuc',:,eega:on;nu dCt'er][g?;%rl'alsaé%:Seivseerlilt'\é uipment for controlled heating. Another approach is to coat
! ' P y . . tein materials with conducting elements. In an early study,
complex surfaces of the human body. In particular, hi e

- e . . naturaNephila clavipdsagline silkbers were uniformly
stretchability and sensitivity to deformations are desirable Qbated with amine-functionalized multiwalled carbon nano-
real-time monitoring of complex, full-range human motio

such as nger bending, swallowing, and phonation. "fibes The conductivity of the coatetlers was reversibly

Although many synthetic elastomers with desirable elect@insmve to strain with a GF of 1.2, yet their limited
: ; . xtensibilit train of 73% d spityi (also humidity-
mechanical properties have been rapidly developed, th ensibility (a strain o ) and s (also humidity

. ial I ; f oloai sitive) might restrict the use as strain sensors. Alter-
nonprotein materials are not well suited for biologicalatively “conductive materials can be made by integrating

applications due to the lack of biodegradability. To overcomg,qyctive elements into elastic networks of protein polymers.
the limitation, protein-based materials with excellent perforng, tar nanomaterials such as metal narfoairéslow-

ance need to be developed. Indeed, as a biobased &jhentional carbori$,’? ionic carriers? and ionic liquidé
ecofriendly alternative to metal- and synthetic polymer-basggdye heen utilized as conductive elements due to their
counterparts, conductive protein-based materials have rece'éi@f’standing electrical properties. Recently, 3D printable

Indeed, many attempts have been made to design and

fabricate conductive materials from proteins that are natura _
derived or recombinantly biosynthesized. One approach is %ec'al IssuelSBP2018
carbonize proteins into conductive graphitic nanocarbomseceived: March 19, 2019
directly by thermal treatment. For example, fabrics of coco®®vised: April 23, 2019
silk were carbonized under an argon and hydrogen mix@dblished: April 29, 2019
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CaCl/formic acid solutions of silkworm silk and the resulting MATERIALS AND METHODS

suspensions were processed into conductive polymorphiGepemicals and Materials.Ampicillin, ethanol, glycerol (Catalog
materials, such a#ms, bers, and coatig.In particular,  no. A100854), imidazole, and isopropykhiogalactopyranoside

the silk/graphene compositém sensor had a linearly (IPTG) were obtained from Sangon Biotech (Shanghai, China).
increased GF from 0.13 to 0.47 during deformation from O0%ityrosine was purchased as a synthetic standard from WuXi AppTec
to 300%. However, the resistance oflthesensor could not ~ Co., Ltd. (Shanghai, China). Graphene oxide (Catalog No. G0443)
be entirely recovered after large deformations, and thus;?%i 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride

- LS . . C) were purchased from Tokyo Chemical Industry Co., Ltd.
capability of cycle use was limited due to high hysteresis ky)o, Japapn)N-HydroxysuIfosut):lcinimide sodium srglt (NHS:

permanent deformatlpn_of thiens:* _Th's pro_blem IS not Catalog No. M01387), Ni-NTA agarose (Catalog No. 30230), and
uncommon for a majority of protein materials because th@s(2 2-bipyridyl)dichlororuthenium(ll) hexahydrate (Catalog No.
simply dispersed conductive elements are easily mobile withi758) were obtained from Meryer Chemical Technology Co., Ltd.
the protein materials under deformations and eleeldic (Shanghai, China), Qiagen (Hilden, Germany), and Sigma (St. Louis,
Thus, the development of conductive protein materials witdO). rgtSPng\?eW- ﬁeStr:;CtiOP %ﬂngutf'egseS.aﬁdMKr gEA !igﬂhse
both high sensitivity and stretchability remains a bi§/ere odtained from New England Biolabs (Ipswich, MA). Chemically
challeng%? 2 which )i/s also true for th)(; fabrication of @lompeftem. cells @. colDHS and BL21(DE3), TIANprep Mini
: y - f&ri Plasmid Kit a}nd TIANge"I. Midi Pgmanon KI.'[ were purchased frpm
Synthet_lc polymer based Conductlve_ma rnais. TIANGEN Biotech (Beijing, China). Amicon Ultra-15 centrifugal
Resilin is one of the most extensible and resilient proteirier units with Ultracel-3K and Ultracel-10K membranes, and dialysis
materials found in specialized regions of the cuticle of mogbing (3.5 kDa and 10 kDa molecular weight tutere obtained
insect$’ ? To decode the genetic information on resilin, thefrom Millipore (Billerica, MA) and Spectrum Laboratories (Phoenix,
fruit y Drosophila melanoga€@n5920 gene was ideat AZ), respectively. . . _
as a tentative one encoding a resilin-like protein f?zLP). Construction of Expression Plasmlds.PIasmlds.pET19b-R8.
Later, the rst exon of the CG15920 gene was cloned an nd pET19b-R32, previously dev_e_loped for recombinant expression of
! . . o ) . and 32 repeats of the resilin-like sequence (GGRPSDSYG-
expressed in bacteruErschenchlq ¢dliand the recc_)mblnant APGGGN) under the IPTG-inducill@ promoter’ were employed
RLP was photo-cross-linked into a rubber-like hydrog@ this study. To express 64 repeats of the resilin-like sequence,
biomaterial with resilience (>92%) and extensibilityplasmid pET19b-R64 was constructed by ligating the Pvidkb,
( 300%) comparable to that of natural resilin. SimilaNhe fragment of plasmid pET19b-R32 with the 6.BgbPvu
rubber-like properties were also observed in hydrogeflggment of pET19b-R32. S
fabricated from recombinant full-length réSilRi.Ps with Protein Expression, Puri cation, and Identi cation. Each of
only repetitive consensus motifs of rééfiirand even RLPs the resilin expression plasmids was transformed into chemically

ith . d . id id f 2ntd competent cells d&. coliBL21(DE3), and plated onto a Luria
with re-engineered amino acid residues for Cross=inking. - geanj (LB) medium solidid with 1.5% agar and supplemented

Due to the outstanding extensibility and elastic properties, thgh 100 mg L* of ampicillin. The transformation plates were
RLP hydrogels have shown great potential for applicationsiitubated overnight at 3€ in a humidied incubator. The positive

soft tissue engineeritig?® despite the relative low hydrogel colonies harboring expression plasmids of interest were maintained as
strength and stiess due to the intrinsically disordered featurel5% (v/v) glycerol stocks aB0 °C.

of resilir?®?® To probe the molecular mechanism of resilin, Recombinant protein expression was performed in a 5 L jar
elasticity, the structurinction relationships have been fermentor (Biotech-5JG-7000; BaoXing Bio-Engineering Equipment,

G0 . Shanghai, China) with fed-batch cultures. The seed culture was grown
explored.” In adqmozndsgzany @rts have been devoted 10 i, shake asks with a deed R/2 mediurf=> containing 10 g L of
characterize resifin, and reveal its multiple stimuli gycose and 100 mg'lof ampicillin at 37C. The ask cultures

responsiveness to several factors such as temperature, pH,200mL) were then inoculated into the jar containing 2 L of the fresh
light, which has scarcely been reported for either synthetic B2 medium at 37C until downshifted to 30C at the induction
natural biopolyme?s® The unique moleculaexibility and ~ stage (see below). The culture pH was controlled at 6.80 by adding
physical attributes of resilin indicate the great potential ¢{0% ammonium hydroxide, except for the short periods of pH
resilin for the development of novel intelligent maférigls. ~ 'ncrease due fo glucose depletion. The dissolved oxygen (DO)
We surmised that resilin miaht be a qood starting matrix fco_nce_ntratlon was kept at 40% of air saturation by increasing the
. R 9 9 ) 9 cggltatlon speed from 200 to 800 rpm and Hyrating pure oxygen.
functionalization into conductive materials with robust electrqyhen DO rose to a value of greater than 70% due to glucose
mechanical properties desirable for use in wearable electroniepietion, a feeding solution containing 76@fLglucose and 20 g
Therefore, this study aims to develop such resilin-baséd' of MgSQ-7H,0 was added into the fermentor to increase the
material, and to demonstrate its use in wearable sensors. Figsiose concentration td g L *. When cell optical density at 600
we designed and biosynthesized a series of RLPs with vanjify(ODsod reached 50, the culture temperature was downshifted
numbers of the repetitive motifs to modulate hydrogel® 30 °C. and IPTG was added to mal concentration of 1 mM

hanical ties b ina th tei | | . ETG. The nutrient solution was then added to the jar using a pH-stat
mechanical properlies by varying the protein molecular weig, Iading strategy. After 6 h of cultivation, the induced cells were

(Mw). Next, glycerol was selected and added as a cosolveBlvested by centrifugation and stored@rC before use.

into pregelation solutions of RLP to tune hydrogel mechanicalTo purify recombinant proteins, the frozen cells were thawed on
properties further, and more importantly, impart adhesioite, resuspended in 20 mM THECI bu er (pH 8.0) containing 150
properties to the hydrogels. Furthermore, graphene wadM NaCland 5 mM imidazole, and then lysed using a high-pressure
conjugated to resilin for cross-linking with the unewhdi homogenizer. The supernatant of the cell lysate was then used for
pristine resilin to form an integrated electroconductive matrig, NIty Puri cation using a Ni-NTA agarose resin column. The eluted
The obtained hybrid hydrogel exhibited intriguing propertiegrotelns with 250 mM imidazole were then dialyzed against water and
. o . ncentrated using a centrifudi@r unit. Notably, a dialysis tubing

in combination, and demonstrated great potential as wearallgh 3.5 kDa molecular weight cytand Amicon Ultra-15

sensors for real-time monitoring of both large-scale and tiggntrifugal Iter with Ultracel-3K membrane were used for the
motions of human activities. processing of R8, which is relatively small in molecular wéigkt (
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kDa). For the processing of R32 and R64, the dialysis tubings with 10Quanti cation of Dityrosine. The photochemical cross-linking
kDa molecular weight cuteand Amicon Ultra-15 centrifughiéer degree of the hydrogels was evaluated by usingeacence-based
units with Ultracel-10K membranes were used. The purity of thmethod for quantcation of dityrosine in hydrogel hydrolysates.
proteins was analyzed by 12% SDS-PAGE with Coomassie stainBrig y, the hydrogels were immersed in deionized water with three
and the protein solutions were quautiusing the BCA Protein times of water change to remove the photo-cross-linking agents and
Assay Kit. The pued proteins were then freeze-dried. glycerol, and then freeze-dried. The lyophilized hydrogels (10 mg)
The molecular weights of the ped proteins were camed by were hydrolyzed in 2 mL of 6 M HCI supplemented witH_1df
MALDI-TOF mass spectrometry. Byie5 L of each protein phenol at 110C for 22 h under nitrogen gas protection. The
solution at 5 mg mE was mixed with 25_ of the matrix solution,  hydrolysates were blow-dried with nitrogen and then redissolved in
which was prepared by dissolving sinapinic acid in 50:50 acetonitrilé®0 mM phosphate ber (pH 7.2). An aliquot of the hydrolysate
water with 0.1% triloroacetic acid to a concentration of 10 mg.mL (200 L) was transferred onto a 96-well quartz plate uanescence
The protein samples (1) were spotted on a polished steel target (excitation 315 nm, emission 410 nm) was measured with an EnSpire
plate (massive target plate 384 type). Mass spectra were thBBOO plate reader (PerkinElmer, Waltham, MA). The dityrosine
collected on a Bruker Auex Speed MALDI-TOF mass standard was dissolved and serially diluted in the same phosphate
spectrometer (Bruker Daltonics, Leipzig, Germany). bu er for analysis. The cross-linking degree of dityrosine was
Preparation of Reduced Graphene Oxide (rGO)Resilin presented as a percentage of determined level of dityrosine in the
Conjugate. The rGO-R64 conjugate was prepared by conjugatingydrogel hydrolysate to the stoichiometrical amount in the hydrogel.
the terminal amino group of R64 to the carboxyl group of GO, Scanning Electron Microscopy (SEM).The rst type of
followed by ascorbic acid reduction of the hydroxyl group of GChydrogels that did not contain glycerol wasybriased with 20
First, 9.6 mg of EDC, 20 mg of GO, and 21.7 mg of NHS wergnM phosphate ber (pH 7.2), whereas the other types of hydrogels
sequentially dissolved in 10 mL of a 4-morpholineethanesulfonic acigre thoroughly washed with the aboverbat 37°C to remove
bu er (100 mM, pH 6.0) with sonication. The mixture, which glycerol, which otheise would adversely ext subsequent
contained EDC, GO, and NHS at 5 mM, 2 mg’mand 10 mM, lyophilization. Subsequently, the hydrogels were frozen in liquid
respectively, was stirred and allowed to react at room temperature fiittogen for 10 min and lyophilized for 2 days using a Labconco
30 min. After the mixture was adjusted to pH 7.5 by adding an equateeZone 4.5L lyophilizer (Labconco Corporation, Kansas City,
volume of 200 mM phosphate bu(pH 7.5), 200 mg of lyophilized MO). The specimens were then coated with gold using a Leica EM
R64 was added to initiate the conjugation reaction at roonSCDO050 sputtering device with a water-cooled sputter head (Leica
temperature for 2 h. Subsequently, the conjugation products weWticrosystems GmbH, Vienna, Austria). The SEM analyses were
separated from excess EDC, EDC-byproducts, and NHS by usinggsformed using a model S-3400N scanning electron microscope
Amicon Ultra-15 centrifugal unit with Ultracel-10K membrane(Hitachi, Tokyo, Japan).
washed by deionized water for 5 times, and then reduced with 5Mechanical Property Tests. All mechanical properties were
mM ascorbic acid at 8& for 1 h. The above reaction mixture was measured on an Instron 5944 testing machine equipped with a 10 N
ltered through a 0.45m membrane, and the reduced GO-R64 load cell (Instron Corporation, Norwood, MA) at°25and 60%
conjugate was washed with deionized water and lyophilized. Thelative humidity. Before tensile tests, the dumbbell-shaped hydrogels

product was then resuspended with 50 mM phosphate (pti were coated with dimethylsilicone oil to minimize moisture
7.2) containing 80% glycerol to a concentration of 8 my amid evaporation, and wrapped with gauze and sandpaper at the two
stored at 20 °C for future use. ends of the hydrogels to facilitate sample loading and gripping during

Atomic Force Microscopy (AFM).AFM was performed in  testing. Cyclic loadingnloading tensile tests were performed at a
tapping mode using an Environment Control Scanning Probspeed of 2 mm mih and stretched to 100% strain with 3
Microscope system (Nanonavi E-Sweep, SII Nanotechnology Incantinuously repeated cycles. The resilience of each sample was
Tokyo, Japan). Oxidized graphene, rtGO-R64 conjugate, and a mixtoagculated from thest cycle test as the ratio of the area under the
of R64 and rGO were dissolved in deionized water, and ultrasonicatettraction curve to the extension curve. Moreover, tensile rupture tests
for 30 min at room temperature. 10o0f each sample at § mL * were also performed for the hydrogels.
was casted on mica surfaces and allowed to dry overnigia.dn37 Adhesion Property Test. The adhesive strength of the hydrogels
all AFM experiments, a commercial silicon tip probe was used withwas investigated via the lap shear testing method with slight
scanning rate of 1.7 Hz. The AFM images were collected with raodi cations. Fresh porcine skin was purchased from the local
scanning area of 2n x 2 m and further processed with the market, wiped with ethanol to remove fat contamination from skin
NanoNavi Il analysis software (SIl Nano Technology Inc.). epidermis, and cut into rectangular sections (20 mm in length and 60

Preparation of Hydrogels. Three types of hydrogels were mm inlength). Then, a piece of 6 mB0 mm rectangular hydrogel
prepared using the [Ru(bgh?)-mediated photochemical cross- was applied to the epidermis of the skin and sandwiched by the other
linking to form dityrosine cross-link networks. In one experimenpiece of porcine skin with an overlapping area of6 20rmm. The
lyophilized proteins of R8, R32, or R64 were dissolved in 50 miample was pressed with a 100 g weight for 5 min at room
phosphate ber (pH 7.2) with mild mixing and incubated for 30 min temperature, and then lap-shear tested to failure at a speed of 2 mm
at 37°C. Each protein solution was then mixed with ammoniunmin ! on the Instron 5944 testing machine. The adhesive strength
persulfate and [Ru(bpy3* at nal concentrations of 20 and 0.2 mM, was calculated by dividing the maximum load by the area of the
respectively, and irradiated in a dumbbell mold for 3 min at 10 crmorresponding adhesive overlap. Three samples for each group were
away from the samples with a 200 W white light source. In anothased in the adhesion tests.
experiment for the fabrication of adhesive protein hydrogels, glyceroElectrical Characterization. The electrical conductivity of the
was added at indicated concentrations before photochemical gelatiynirogels was measured by a standard four-probe method with an
in both dumbbell molds and rectangular molds. The hydrogelST2253 digital tester (Jingge Electronic Co., Ltd., Suzhou, China).
fabricated in the dumbbell molds were used for tensile tests, wher@ag resistance of the hydrogel conductors was monitored using an
the rectangular hydrogels were used for adhesive tests as descritt@d9205N digital multimeter (Huachuang Instrument Co., Ltd.,
below. The third type of hydrogels, which were adhesive ar@henzhen, China). To test resistance variations while the hydrogels
electroconductive, were fabmel by incorporating rGO-R64 were stretched or compressed, the two ends of each rectangular
conjugate in the precursor protein solutions.\Btiee lyophilized hydrogel were wrapped with copper foils and connected with
protein of pristine R64 was dissolved in the phosphae bod electrodes of the digital multimeter. The hydrogel conductors were
mixed with the rGO-R64 stock solution and the photo-cross-linkinthen loaded onto the Instron 5944 machine and stretched with a
agents as described above. Tiabconcentrations of R64, rGO-R64, constant rate of 2 mm mirat room temperature for recording the
and glycerol in the mixture were approximately 200, 2 nig mL resistance change as a function of strain. Similarly, the resistance
(unless speatd otherwise), and 20%, respectively. change upon pressure was recorded with the same setup, except that
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the hydrogel was compressed on the universal testing machine. The R64 protein had a theoretical molecular weight exceeding
electronic resistance variation rauB/PO)_ was then quantd. ~ those of the full-length recombinant resilin of fyui(60

The amperometric current was monitored through a conventlonﬁba)23 and to the best of our knowledge represents the largest
three-electrode system using the CHI760E electrochemical wor -LPS' reported so far

station (Chenhua Instrumental Co., Shanghai China). Th . . . .
rectangular hydrogels were wrapped with copper foils at both ends! N€ three RLPs were biosynthesized in recomBinaol

for electrode connection, and then exposed to repeated cycles@id then puried as described in theethodssection. SDS-
stretching (100% strain) and relaxation. In another experiment, tieAGE analysis revealed that all the guiprotein polymers
hydrogels sensors were exposed to repeated cycles of compredsash purity greater than 95%gure b). These proteins were

( 9.8 kPa) and relaxation via imposing onto and lifting from thdurther veried by mass spectrometry, with determined
hydrogels a 50 g weight. The hydrogel sensors as described abgyecular weights all within 0.72%urdince of the expected
were also adhered to a human ind®er, and the amperometric theoretical value§igure SIL The yields of the pugd RS,

current time curves were monitored upon repeated cycles of bendi .
and unbending of theger. In addition, the sensors were attached toq;g32’ and R64 were approximately 530, 770, and 376@9 L

an Adaris apple, and the amperometric curtime curves were  Pacterial culture, respectively. Here, the development of high

monitored while pronouncing thest authds surnaméHu” and cell density cultivation thi minimal salts medium in
given naméXiad repeatedly. bioreactor resulted in10-fold increase in the volumetric
yield of R32 compared to that afsk cultivation with rich
RESULTS AND DISCUSSION mediunt? In addition, the biosynthetic strategy allowed

Design and Biosynthesis of RLPs with Various Mw. production of the high molecular weight R64 at an appreciably
We hypothesized that protein Mw is a critical structural featulégh titer, which indicated general applicability of the strategy
that aects the mechanical properties of resulting RLFor preparing soluble recombinant resilin in large quantities.
materials. To test this hypothesis, three genetically engineerelodulating Mechanical Properties of RLP Hydrogels
RLPs were designed with varying numbers of resilin-likey Varying Protein Mw. With the above three RLPs in hand,
(GGRPSDSYGAPGGGN) blocks from th&t exon of the  next we explored the relationship between protein Mw and the
fruit y D. melanogas@®15920 geré?* As described in our  mechanical properties of RLP hydrogels. To this end, aqueous
earlier stud§, DNA sequence encoding four repeats of thesolutions of 26.5 wt % R8, 20 wt % R32, and 20 wt % R64,
resilin-like sequence was chemically synthesized and clomgtich contained tyrosine residues at comparable levels, were
into an expression plasmid (pET19b-R4). The construction ghotochemically cross-linked. The resulting dumbbell-shaped
vectors that encode RLPs having more repetitive blocks wagirogels were tensile test€iygre ). Interestingly, the
achieved by using the iterative polymerization strategy efength of the hydrogels increased dramatically as the protein
described earlidt>° Hence, expression plasmids weremw increased, whereas the strain-at-break was inferior with an
constructed that encode recombinant RLPs haviBd 8 increase in the protein Mw. As a result, the ratio of stress to
repeats of the resilin-like sequeRagu(e &), with predicted  strain (stiness) and toughness of the hydrogels increased
molecular WelghtS ranging from 16.37 to 93.51 kDa. Notablgreaﬂy as the protein Mw was elevated. For examp|e, the

average stiess of the R64 hydrogel (136.4 kPa) W&s2-
(a) fold higher than that of the R8 hydrogel, and the average
toughness of the former hydrogel (107.6 R) was 4-fold
higher than that of the latter hydroggal{le }. We also
evaluated resilience of the three hydrogels by cyclic tensile
tests. As showniifigure B, negligible hysteresis was observed
for these hydrogels upon stretching to 200% of their original

Pz HisTag T7 terminator

length. Despite the hugeetience in protein Mw before cross-
R64 —C-.—E.Lu;u;wa:va \PGGGN], 16 linking, all these hydrogels had a resilience of at least 97.5%
(Table ), which was comparable to 97% resilience for Rec1-
(b) kpa M R8 R32 R64 res.il'ir‘?i3 and 96% resilience for full-length recombinant
250 I resilin®
izg - e <93.51kDa As d|tyrosm_e. cr.oss—llnklng was critical in converting solution
75 - of soluble resilin into a supramolecular network, we evaluated
the extent of dityrosine formation in the above three hydrogels.
50 - ' <€ 49.43 kDa According to uorescence-based quanatiion, these hydro-
37 - gels had a similar degree of cross-linking, with about 46% of
tyrosine residues occurring as the dityrosine diigarg SR
To explore further the structuproperty relationship, we
25 - performed scanning electron microcopy (SEM) analysis on
20 ww these hydrogels and observed typical porous-like micro-
. <€16.37 kDa structures. However, the pore size and pore wall thickness of

the R8 hydrogel appeared to be much smaller than those of the

Figure 1.(a) Genetic constructs of recombinant R8, R32, and F264R32 and R64 hydrogefsiqure S indicating a link between

(b) Coomassie-stained 12% SDS-PAGE gel analysis of e puri protein Mw, hydrogel microstructures, and mechanical proper-
proteins. Arrows at the right indicate the respective theoreticli€S: Taken together, these results demonstrated that
molecular weights, which were calculated using the ProtParam tdgPdulating the Mw of RLPs was amoive means to tune
(http://web.expasy.org/protparanand veried by mass spectrom- the mechanical properties of the dityrosine cross-linked
etry (seeFigure S)L hydrogels.
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Figure 2.(a) Tensile stresstrain curves, and (b) cyclic tensile test curves of resilin hydrogels constructed from proteins with varying Mw. (c)
Tensile stresstrain curves, and (d) cyclic tensile test curves of R64 hydrogels fabricated from protein solutions with varying levels of glycerol
Each cyclic tensile test was performed with three loacliogding cycles and a strain at 100%. The toughness and cross-linking degree of the R64
hydrogels with and without glycerol addition are shown in panels e and f, respectively. Error bars indicate standard deviation of the data.

Table 1. Mechanical Properties of Resilin Hydrogels Fabricated in This Study

Hydrogel Strain at break (%) Strength (kPa) n&ss (kPa) Toughness (kFm Resilience (%)
R8 264.4 25.5 20.x 1.9 7.5t 1.7 26. % 5.0 98.5t 1.5
R32 144 % 10.4 123.% 4.3 85.2+ 5.3 88.6t 2.2 99.% 0.5
R64 127.% 129 169.& 14.6 136.4 4.7 107.6 22.2 97.% 0.5
R64-20% glycerol 294.316.2 96.4 7.2 36. % 2.2 180.% 19.5 98.% 1.4
Hybrid hydrog&! 326.5+ 27.4 88.% 3.0 44.3 2.3 212.% 27.3 82.4 2.2

3Resilience was calculated from the ratio of the area under the relaxation curve to the area under the stretching curve at GT$igain of 100%.
hybrid hydrogel was fabricated with rGO-R64, pristine R64, and glycerol at 2, 200 ang 20% (w/v), respectively.

The mechanical properties of elastomeric networks froaompounds sigrdantly improved hydrogel extensibility,
tandem-repeat proteins can be simulated using elasticity theaith a 1.5- to 2.7-fold increase in the strain-at-breakd
model$™® 3 The stressstrain data have been previously S53 when compared with the control R64 hydrogel at
used to estimate the cross-link density using the statistical27.9% Table ). The exciting result prompted us to study
theory of rubber-like elastidityln a similar manner, the the e ects of multihydroxyl compounds in more details.
molecular mass between cross-IMRsias estimated for our Next, we tested theect of addition level on the mechanical
R8, R32, and R64 hydrogélgy(ire Syt The results indicated properties of hydrogels. As a typical multihydroxyl compound,
that M, increased with the number of resilin-like repeats, anglycerol was chosen and added aghconcentration of 10
the increased density of cross-linked chains resulted in resB®% to the pregelation solution of R64 for hydrogel
networks with higher moduli and toughness. fabrication. Based on tensile testing, the strength of the R64

Modulating Mechanical and Adhesive Properties by hydrogels was consistently decreased with an increase in the
Adjusting Solvents. To expand further the mechanical addition level of glycerol. The extensibility of these glycerol-
versatility of the RLP materials, we investigatedabes of containing hydrogels was improved when compared with the
adjusting solvents in the protein solutions before photazontrol R64 hydrogel without glyceréigire 2). Notably,
chemical cross-linking. It is well-known that glycerol is momddition of 20% glycerol resulted in the best extensibility, with
viscous than water, and forms strong hydrogen bonds withstrain-at-break 0f300%. In addition, only small hysteresis
water moleculés. Therefore, we hypothesized that the was observed for these hydrogels upon stretching to 200% of
addition of glycerol and other multihydroxyl compounds irtheir original lengthHigure #), with resilience estimated to
the pregelation solutions might plasticize the resultinge over 95%. In general, the hydrogel toughness appeared to
hydrogels. To test the hypothesis, glycerol, ethylene glycb& inferior with an increase in glycerol concentratignré
and polyethylene glycol 200 (PEG 200) were individualle), which was attributed at least partially to the compromised
added to the pregelation solution of R64, which was shown asct of glycerol addition on photochemical cross-linking
a typical example, and the resulting hydrogels were tengjlégure §. However, the toughness of the R64 hydrogel with
tested. Indeed, the addition of all these multihydroxy20% glycerol was sigrantly higher than that of the control
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Figure 3.Adhesive behavior of R64-glycerol hydrogels. (a) Experimental setup, (b) lap shear stress vs displacement curves, and (c) adhes
strength of the hydrogels on porcine skin. For clarity, the control hydrogel without glycerol was not shown as its adhesive strength we
undetectable. (d) Photographs of the R64-20% glycerol hydrogel adhering to various substrates. Note that photochemical cross-linking w
necessary for gelation from the R64 solutions supplemented &@w106 glycerol.

Glycerol

R64 hydrogelTable ). This result was surprising and might level increasedrigure S Concomitantly, the intensity of
be explained by the fact that even though the hydrogel strendgimosine uorescence was decreased from these protein
was decreased the hydrogel extensibility was disproportionalgnostructures with larger diameté&igufe S6c Clearly,
improved under the optimal level (20%) of glycerol additiorthe exposure of the tyrosine residues available for cross-linking
Taken together, the above results demonstrated thatas masked due to the enhancirggteof glycerol on R64
incorporation of multihydroxyl compound in the pregelatiorassembly, which coincided well with the reducgdrey of
solution was @ctive to modulate the mechanical properties otross-linkingHigure E).
the resulting hydrogels. We surmised that glycerol might have two roles in adhesion.

Interestingly, the R64-glycerol hydrogels adhered to th@n one hand, with the large number of hydroxyl groups,
authors nger in handling, which prompted us to studyglycerol may be directly involved in the formation of hydrogen
whether the incorporation of glycerol endowed adhesiveonds with the skin tissue to endow adhésion.the other
properties to the hydrogels. To this end, lap shear testingand, as assembly of R64 was enhanced by glycerol in
was performed using the standard ASTM F2255-05 filethocprecursor solutions, the resulting cross-linked hydrogels might
with fresh porcine skin surfaces as substrajese(3). The have diering amino acid motifs exposed to interfaces, and
stress-displacement curves were recorded for the hydroghksse motifs contributed to adhesion to the tissue substrate via
with varying levels of glycerdligure ). The maximal  hydrophobic, cation, and other possible interactions. The
detachment stress, termed adhesive strength, was then derivex possible roles may explain why adhesion was seen at all
from each stress-displacement curve. It should be noted tihatels of glycerol addition, yet with the optimal at 20%.
the adhesive strength of the control R64 hydrogel wdsonetheless, the detailed mechanisms for adhesion are still
negligible (data not shown), and the hydrogels with glycerainclear and deserve further investigations.
exhibited adhesive strength in an addition dose-dependentEndowing Electroconductive Properties with Gra-
manner Figure 8). Within the wide range of levels tested, phene Resilin Conjugate. To endow electroconductive
addition of 20% glycerol resulted in the largest increase jmoperties, we initially added graphene to the pregelation
hydrogel adhesive strength, reaching an appreciably high legdution of R64 for hydrogel fabrication. However, the
of 23.8+ 2.3 kPa. In addition to skin tissues, the R64-20%esulting hydrogels were undesirable as they are mechanically
glycerol hydrogels can also adhere to substrate surfaces su@nédselectronically unstable under large tensile skajnge (
metals, rubber gloves, glass, and cellulosic prddgate (  S7). It was possible that the sheets of graphene slid along the
3d). Furthermore, we found that the addition of ethylenegraphene/resilin network interfaces under large deformation
glycol and PEG 200 also endowed adhesive properties, allixgitause the graphene sheets werembyt anchored to the
to a less extent compared to the addition of glyéegoiré¢ hydrogel network. To tackle this problem, we attempted to
S50). These results indicated that incorporation of multi-conjugate resilin to the sheets of graphene, and cross-link the
hydroxyl compounds might be a generadlgtige approachto  resulting grapheneesilin conjugate with pristine resilin to
endow adhesiveness to the RLP hydrogels. form a hybrid hydrogel network.

To explore the molecular mechanisms, we characterized R6Fhe rGO-R64 conjugate was synthesized via the carbodii-
in solutions without and with glycerol at various levels. In athide coupling reaction using EDGHCI and NHS as
the solutions, the protein showed a disordered structuescribed in thiBlethodssection. To observe its microscopic
(Figure SGa The R64 solution without glycerol revealed structures, atomic force microscopy (AFM) analysis was
nanostructures with a hydrodynamic diameterl® nm, performed [Figure 3 As a control, the starting substrate
indicating the formation of supramolecular assemblies. SUBK exhibited typical layer structures with smaoattBurfaces.
assemblies with larger diameters were observed as the glyddoatever, rough surfaces were observed from the graphene
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(a) [ ST = GRS, - reduction of GO, which was also reported €edrligrese

= TE gl | e groups may be involved in nonsgediteraction with R64,
leading to a certain level of R64 absorption onto rGO.
Although XPS did not reveal anyedénce in chemical bonds
between samples of chemical conjugation and nomspeci
adsorption, the analyses indicated that more proteins were
chemically conjugated compared with nonspadsorption.

The characterized rGO-R64 conjugate was then added at
various levels for fabrication of hybrid hydrogels by photo-
chemical cross-linking=igure @). As expected, hybrid
| : i L /i ; hydrogels were obtained with the addition of rGO-R64 at
20 0T 0 400 R 0 250 s 0 ko levels up to 2 mg mk However, a self-supporting hydrogel

did not form with 4 mg mE and higher levels of the
Figure 4.Representative AFM images of the microstructures for (a¢onjugate. This was possibly due to icigmt cross-linking

oxidized graphene, (b) rGO-R64 conjugate, and (c) a mixture qiecause a high level of rGO-R64 may shield light penetration
unconjugated R64 and rGO. Freshly prepared suspensibhi0 14 the precursor solution for photo-cross-linking. The
deionized water at a concentration ofgltL ! was casted on mica hvd | with 2 L of IGO-R64 is h fter t d
surfaces and allowed to dry at@before AFM analysis. Scale bar: ydrogel wi mg mt of ro0- IS hereaner termed as

500 nm. “the hybrid hydrogeland shown as a typical example for
detailed characterization. The hybrid hydrogel could be
stretched up to 4.5 times of its original length without failure,
sheets of the rGO-R64 conjugate. In addition, the edges of thAd possessed a stress-at-break val@é &Pa Figure b).
graphene sheets of rGO-R64 we¥é nm thicker than the  under low strain condition (20% strain), the hybrid hydrogel
middle positions of the sheets, which might be due to that thgas highly recoverabiégure &), with resilience estimated to

R64 protein was anchored to the edges of the sheets as i€ goos. However, the hydrogel was less recoverable under

carboxyl groups usually existed at the edges of GO sheets. Fte strains (60% strain and higher), and was shown to be
the simple mixture of rGO and R64, we observed large, s . 5 2o, resilient when stretched to two times of its

guantities of aggregates of the protein with sizes varying fr ; - o
10 to 100 nm. In addition, the aggregates of the protein We?)g?gmal length fable ). This resilience performance was

found to distribute randomly on the sheets of rGO, indicatin%mp"’m’lble to that of high-resilience polybutadiene rubber

Heigh (nm)

: : 0%), and far superior to that of the low-resilience
that th t ht be adsorbed th h h ' ) ”
th?ougr? r?(;gs(eplgmwr?'[erac?ioiss.or ed on the graphene she chlorobutyl rubber (56%j.As proposed earlier, the physical

To analyze surface chemistry, X-ray photoelectron spectrB&oPerties of recl-resilin were attributed to the three-
copy (XPS) analyses were performed for rGO, the rGO-R@imensional (3D) amorphous nature of the dityrosine cross-
conjugate, and rGO with nonspeaily adsorbed R6Bigure linked protein matrix and the role of water as plasticizer, as
S9. As expected, the appearance of a nitrogen peak (N 1dghydrated resilin became very glassy and brittle, and it was
was observed in the conjugate but not in rGO. In addition, loVgathery with poor resilience in a partially dry environment
levels of oxygen functional groups in rGO indicated70% relative humidity}. When our hybrid hydrogel was
incomplete removal of these groups during ascorbic adittubated at 50% relative humidity antiC3for 3 days, it was

o} - |

HN » o S —
4] g Proteinin APS,
o« glycerol solution [Ru(IDbpy,]*
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Figure 5.Mechanical and adhesive properties of rGO-R64-glycerol hydrogel. (a) Fabrication scheme, (b) tetrsile simess (c) cyclic

tensile test curves, and (d) lap shear stress vs displacement curve of the hydrogel on porcine skin. A suspension of rGO-R64 conjugate, pris
R64, and glycerol at 2, 200 mg fnand 20% (w/v) was mixed with the photochemical cross-linking reagents and irradiated with white light to
form the hydrogel.
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only partially dehydrated (about 32%) while maintaining thapplied strain { is shown inFigure a. Remarkably, a linear
tensile and resilient properti€gg(ire Sp relation betweenR/ Ry and was observed in the wide range

In addition to be mechanically stretchable and resilient, the
hybrid hydrogel was also adhesive as it self-adhered to various
surfaces such as humager skin, latex, and gldsg)(re S10
and Video SISupporting Information). Based on the lap shear
test, the hybrid hydrogel was shown to have a high adhesion
strength of 24 kPa Figure 8), which was comparable to
that of the R64-20% glycerol hydrogel. This result indicated
that the incorporation of the rGO-R64 conjugate did not
compromise hydrogel adhesiveness as long as glycerol was
added at comparable levels.

The above hybrid hydrogel and the R64-20% glycerol
hydrogel, which served as a control for comparison, were
processed for SEM analysis. As these hydrogels cannot be
completely freeze-dried due to the incorporation of glycerol,
the hydrogel samples werst washed in a phosphatedauo
remove glycerol and then lyophilized for SEM analysis. As
shown inFigure @, the R64-20% glycerol hydrogel showed

Figure 7.Strain- and piezo-dependent electrical conductivity of the
hybrid hydrogel. (a) The relative resistance change upon tensile
strain. (b) Time prde of current under stretchinglaxation cycles

with a tensile strain at 100%. (c) The relative resistance change upon
pressure. (d) Time prte of current under loadingnloading cycles

with a pressure at 9.8 kPa, which was generated by imposing a 50 g
weight on the 1.8 0.5 cm hydrogel. The insets are images of the
hydrogel with and without weight imposing. (e) Scheme illustrates an
increase in resistance of the hydrogel upon stretching, and a decrease
in resistance upon pressing. In panels a and,straight lines

based on linear regression are shown.

Figure 6.Scanning electron microscopy (SEM) of (a) R64-20%
glycerol hydrogel, and (b) the hybrid hydrogel fabricated with rGO-

L) 0 ) . ,
R64, pristine R64, and 20% glycerol, of strains up to 200%. The important stain parameter, gauge

factor (GF), which is deed as (R/'Ry))/ , was determined

interconnected, porous-like structures. A closer inspection tofbe 3.415, which was far superior to that of the graphene/silk
the SEM image revealed mibrids that were entangled broin nanocompositelm (with GF up to 0.47)? In
within the pores of the hydrogel, which might be due to theaddition, the electrical current through the hydrogel specimen,
un-cross-linked chains of the R64 protein since the glycemhich was reciprocal of its electrical resistance, decreased
addition decreased the degree of dityrosine cross-linkisgnchronously upon atensile strain to 100%, and recovered the
(Figure 9. In contrast, we observed morphologies with layersriginal level upon relaxation in a cyclic marngure B).
of porous structures in the hybrid hydroggjure 6). The The highly reliable monitoring of 100% strain, which is
continuous, dense layers were formed as a result of rtGO-Ré{evant to largescale human activities such as stretching,
addition, possibly via stacking of the graphene sheets. Thésesion, and bending of human lifhbsas desirable because
ordered microstructures coincided well with the robusthis feature remains a major challenge in protein-based
mechanical properties of the hydrogel. conductive materials, especially for use as strain sensors.

Next, we evaluated the electroconductive properties of theln another investigation, the electrical resistance of the
hybrid hydrogel. According to a standard four-probe methdaybrid hydrogel was found to decrease dramatically with an
with a digital tester, the electrical conductivity of the hybri@levation in the applied pressure until a plateau level was
hydrogel was determined to be ®92.08 S m' (Figure reached Kigure €). The pressure sensitivity of the hydrogel
S1), which was well above the benchmark of 0.1!S m resistance was).11 kPa' under a relatively small pressure
desired for use in electrochemical deliidse to its good  range from 0 to 10 kPa, which approximated gentle touch of
extensibility and conductivity, the electronic properties of theuman skifi* Similarly, smooth and recoverable changes in
hybrid hydrogel were assessed under mechanical deformatitims. electrical current were observed for the hydrogel under
In one investigation, the electrical resistance of a specimenadding unloading cycles with a pressure at 9.8 kBaré
the hydrogel under an applied strain was recorded by loadiid). The results implied that the hydrogel material might be
the specimen on a universal tensile machine. The relationshied as piezoresistive stress sensors for subtle pressure sensing
between the relative resistance chandg®#R) and the on human skin.
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Figure 8.Real-time monitoring of human activities using the hybrid hydrogel sensor. (a) Signal detected for the repeated, fast bending an
straightening of a human indeger. Insets are images of the sensor at straightening and bending states, respectively. When the sensor wa
attached to an Adasmapple, signals were detected for repeated (b) swallowing and (c) profteuheingXiad'

Obviously, the electroconductive properties of the hybrid The stability of the developed sensors is an important factor
hydrogel were attributed to the rGO-R64 conjugate that wakat may restrict their broad uses. This is particularly true for
cross-linked with the pristine R64. The stretching-triggergstotein hydrogel-based sensors, since they are composed of 3D
decrease and compression-induced increase in electrocon@gss.linked networks of hydrophilic protein polymers with the
tivity was intriguing, as shown by stretching and pressing thgpacity to retain a large amount of water. With glycerol
hydrogel network to turfOFF and“ON” lights in closed incorporation, our hydrogel sensor escalpgithg out at the

circuits Figure S12 and Video)SR was reasoned that the : .
neighboring sheets of rGO constituted condudims to human body temperature and a partially dry environment, the
pditions of which are relevant to human skin. Although

enable transfer of electrical charges. The average distafi®8" !
between neighboring sheets of rGO were increased upgf';}rtlally dehy_drated unde_r the above conc_il_tlons3 the sensor
stretching of the hybrid hydrogel, which resulted in an increa$®s mechanically stableigre Sp In addition, it was

in the electronic resistance and thus a decrease in t@éectromechanically sensitive enough to monitor stretching
electroconductivity F{gure €). In contrast, the average relaxation cycles, although the sensitivity was moderately
distance between neighboring sheets of rGO was shorterdetreasedF(gure S1)3 These initial eorts indicate that

upon compression, thus leading to an increase in therotein-based hydrogelsultb and should be further

electroconductivity until the distance cannot be shorteneghanipulated with improved stabilities for durable use in
any more due to the inherent limitation in hydrogelpjgelectronics.

compression.

Furthermore, we explored whether the adhesive and
electroconductive hydrogel could be used as wearable strain CONCLUSIONS
sensors for monitoring human activities. As a proof-of-concelst, summary, we have demonstrated the development of a
the hydrogel was initially employed to monitor macro-scaleybrid graphene/resilin hydel that is simultaneously
movements such asger bending. As showrFilgure &, the  adhesive, electroconductive, and mechanically robust. The
hydrogel can be readily self-adhered to the rough skin of theultiple desirable features were integrated into one hydrogel
nger knuckle, and repeated bending and extending of thgwyork by rational design of the grapheesiiin conjugate

nger did not disconnect the hydrogel. In addition, the, ¢ 4qq jinking with pristine resilin from precursor solutions

peﬁodjc changes of c_urrent.signal upon bending and extendwgh the glycerol-water binary solvent. Such material design
stimuli could be monitored in real time. The hydrogel sensor ’

was also applied for the monitoring of small-scale activiti Eows_full exp_loitation_ _Of the i_n stin_ctive features of the rul_)ber-
such as swallowing and phonating. To this end, the hydro ”blomaterlal, resilin, which is famogs for _exceptlonal
was adhered to a volunteéxdarts apple, and the connecting 'esilience (recovery after deformation), high strain, and low
electric wires were attached on the volusitdaoat with sti ness. Of particular interest, varying the Mw of genetically
tapes. As illustratedfimgure 8, a very clear signal of current engineered RLPs enabled the fabrication of resilient hydrogels
was generated, and the amplitude of the current variedith protein Mw-dependent strength andnsss, thus
moderately, which coincided with the uncontrollable varianee ering a strategy to modulate mechanical properties. Besides,
in the movement amplitude of swallowing by the volunteegdjusting solvent with the addition of glycerol to the precursor
Furthermore, the hydrogel sensor enabled high-resolutigfotein solutions was found to be another useful strategy to
detection of the vibrations from vocal cords when thgnoqylate mechanical properties. Notably, the glywatet
yolunte_er saitHu” and"Xiad r_epeatedlymgure 8). More binary solvent endowed hydrogels with adhesive properties
interestingly, the monosyllabic and two-syllable words Wetaﬁat were strong enough to support self-attachment to diverse

accurately converted into distinct electrical signals wit . o
characteristic cogurations. The encouraging results indicate>U/faces. Furthermore, the hybrid hydrogel exhibited recover-

the fast response and high sensitivity of the hydrogel sensordfiie electroconductivity that is sensitively and fast responsive
monitoring subtle human activities. These features will met& compression or strain deformations, thus enabling real-time
the application needs of a variety of human-skin redéded monitoring of human activities as wearable sensors. The newly
such as healthcare bioelectronics and humamputer user  developed resilin-based conductive hydrogels are anticipated to
interfaces. nd broader application iexible electronics.
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