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ABSTRACT: Integrating multifunctionality such as stretchability, adhesive-

ness, and electroconductivity on a single protein hydrogel is highly desirable
for various applications, and remains a challenge. Here we present the S

AN

—_—

development of such multifunctional hydrogels based on resilin, a natural
rubber-like material with remarkable extensibility and resilience. First,
genetically engineered reslin-like proteins (RLPs) with varying molecular
weight were biosynthesized to tune mechanical strength and stiffness of the
cross-linked RLP hydrogels. Second, glycerol was incorporated into the
hydrogels to endow adhesive properties. Next, a graphene—RLP conjugate
was synthesized for cross-linking with the unmodified, pristine RLP to form
an integrated network. The obtained hybrid hydrogel could be stretched to
over four times of its original length, and self-adhered to diverse substrate
surfaces due to its high adhesion strength of ~24 kPa. Furthermore, the
hybrid hydrogel showed high sensitivity, with a gauge factor of 3.4 at 200%
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strain, and was capable of real-time monitoring human activities such as finger 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.

B INTRODUCTION

Protein-based materials that are electrically conductive have
recently emerged as promising substrates for applications such
as flexible electronics, sensors, and actuators."”” These
applications require the conductive materials to be sensitive,
stretchable, recoverable, and preferably adhesive to the
complex surfaces of the human body. In particular, high
stretchability and sensitivity to deformations are desirable for
real-time monitoring of complex, full-range human motions
such as finger bending, swallowing, and phonation.s_5
Although many synthetic elastomers with desirable electro-
mechanical properties have been rapidly developed, these
nonprotein materials are not well suited for biological
applications due to the lack of biodegradability. To overcome
the limitation, protein-based materials with excellent perform-
ance need to be developed. Indeed, as a biobased and
ecofriendly alternative to metal- and synthetic polymer-based
counterparts, conductive protein-based materials have received
an increasing amount of attention in recent years.6’7

Indeed, many attempts have been made to design and
fabricate conductive materials from proteins that are naturally
derived or recombinantly biosynthesized. One approach is to
carbonize proteins into conductive graphitic nanocarbons
directly by thermal treatment. For example, fabrics of cocoon
silk were carbonized under an argon and hydrogen mixed
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atmosphere at temperatures up to 950 °C, and then made into
strain sensors that were highly durable and sensitive, with a
gauge factor (GF) of 9.6 for strain within 250%.° Although
multiple features were desirably obtained, the silk carbon-
ization process is energy intensive, and requires a special
equipment for controlled heating. Another approach is to coat
protein materials with conducting elements. In an early study,
the natural Nephila clavipes dragline silk fibers were uniformly
coated with amine-functionalized multiwalled carbon nano-
tubes.” The conductivity of the coated fibers was reversibly
sensitive to strain with a GF of 1.2, yet their limited
extensibility (a strain of 73%) and specificity (also humidity-
sensitive)” might restrict the use as strain sensors. Alter-
natively, conductive materials can be made by integrating
conductive elements into elastic networks of protein polymers.
So far, nanomaterials such as metal nanowires’ and low-
dimentional carbons,'®""* ionic carriers,"> and ionic liquicls14
have been utilized as conductive elements due to their
outstanding electrical properties. Recently, 3D printable
graphene ink was dispersed in hexafluoroisopropanol or
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CaCl,/formic acid solutions of silkworm silk and the resulting
suspensions were processed into conductive polymorphic
materials, such as films, fibers, and coating.12 In particular,
the silk/graphene composite film sensor had a linearly
increased GF from 0.13 to 0.47 during deformation from 0%
to 300%. However, the resistance of the film sensor could not
be entirely recovered after large deformations, and thus the
capability of cycle use was limited due to high hysteresis and
permanent deformation of the films."> This problem is not
uncommon for a majority of protein materials because the
simply dispersed conductive elements are easily mobile within
the protein materials under deformations and electric field.
Thus, the development of conductive protein materials with
both high sensitivity and stretchability remains a big
challenge, 10-12
synthetic polymer-based conductive materials.

Resilin is one of the most extensible and resilient protein
materials found in specialized regions of the cuticle of most
insects.”’ > To decode the genetic information on resilin, the
fruitfly Drosophila melanogaster CG15920 gene was identified
as a tentative one encoding a resilin-like protein (RLP).*°
Later, the first exon of the CG15920 gene was cloned and
expressed in bacterium Escherichia coli,”" and the recombinant
RLP was photo-cross-linked into a rubber-like hydrogel
biomaterial with resilience (>92%) and extensibility
(~300%) comparable to that of natural resilin. Similar
rubber-like properties were also observed in hydrogels
fabricated from recombinant full-length resilin,®> RLPs with
only repetitive consensus motifs of resilin,”*** and even RLPs
with re-engineered amino acid residues for cross—linl(ing.26_28
Due to the outstanding extensibility and elastic properties, the
RLP hydrogels have shown great potential for applications in
soft tissue engineering,’*™>° despite the relative low hydrogel
strength and stiffness due to the intrinsically disordered feature
of resilin.”*** To probe the molecular mechanism of resilin
elasticity, the structure—function relationships have been
explored.” In addition, many efforts have been devoted to
characterize resilin,”>~>>*"** and reveal its multiple stimuli
responsiveness to several factors such as temperature, pH, and
light, which has scarcely been reported for either synthetic or
natural biopolymers.”">* The unique molecular flexibility and
physical attributes of resilin indicate the great potential of
resilin for the development of novel intelligent materials.”>*"**

We surmised that resilin might be a good starting matrix for
functionalization into conductive materials with robust electro-
mechanical properties desirable for use in wearable electronics.
Therefore, this study aims to develop such resilin-based
material, and to demonstrate its use in wearable sensors. First,
we designed and biosynthesized a series of RLPs with varying
numbers of the repetitive motifs to modulate hydrogel
mechanical properties by varying the protein molecular weight
(Mw). Next, glycerol was selected and added as a cosolvent
into pregelation solutions of RLP to tune hydrogel mechanical
properties further, and more importantly, impart adhesion
properties to the hydrogels. Furthermore, graphene was
conjugated to resilin for cross-linking with the unmodified,
pristine resilin to form an integrated electroconductive matrix.
The obtained hybrid hydrogel exhibited intriguing properties
in combination, and demonstrated great potential as wearable
sensors for real-time monitoring of both large-scale and tiny
motions of human activities.

which is also true for the fabrication of
15-19
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B MATERIALS AND METHODS

Chemicals and Materials. Ampicillin, ethanol, glycerol (Catalog
No. A100854), imidazole, and isopropyl-f-p-thiogalactopyranoside
(IPTG) were obtained from Sangon Biotech (Shanghai, China).
Dityrosine was purchased as a synthetic standard from WuXi AppTec
Co., Ltd. (Shanghai, China). Graphene oxide (Catalog No. G0443)
and 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride
(EDC) were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). N-Hydroxysulfosuccinimide sodium salt (NHS;
Catalog No. M01387), Ni-NTA agarose (Catalog No. 30230), and
tris(2,2’-bipyridyl)dichlororuthenium(II) hexahydrate (Catalog No.
224758) were obtained from Meryer Chemical Technology Co., Ltd.
(Shanghai, China), Qiagen (Hilden, Germany), and Sigma (St. Louis,
MO), respectively. Restriction endonucleases and T4 DNA ligase
were obtained from New England Biolabs (Ipswich, MA). Chemically
competent cells of E. coli DHSa and BL21(DE3), TIANprep Mini
Plasmid Kit and TIANgel Midi Purification Kit were purchased from
TIANGEN Biotech (Beijing, China). Amicon Ultra-15 centrifugal
filter units with Ultracel-3K and Ultracel-10K membranes, and dialysis
tubing (3.5 kDa and 10 kDa molecular weight cutoff) were obtained
from Millipore (Billerica, MA) and Spectrum Laboratories (Phoenix,
AZ), respectively.

Construction of Expression Plasmids. Plasmids pET19b-R8
and pET19b-R32, previously developed for recombinant expression of
8 and 32 repeats of the resilin-like sequence (GGRPSDSYG-
APGGGN) under the IPTG-inducible T7 promoter,”* were employed
in this study. To express 64 repeats of the resilin-like sequence,
plasmid pET19b-R64 was constructed by ligating the 2.4-kb, Pvul-
Nhel fragment of plasmid pET19b-R32 with the 6.3-kb, Spel-Pyul
fragment of pET19b-R32.

Protein Expression, Purification, and Identification. Each of
the resilin expression plasmids was transformed into chemically
competent cells of E. coli BL21(DE3), and plated onto a Luria—
Bertani (LB) medium solidified with 1.5% agar and supplemented
with 100 mg L™ of ampicillin. The transformation plates were
incubated overnight at 37 °C in a humidified incubator. The positive
colonies harboring expression plasmids of interest were maintained as
15% (v/v) glycerol stocks at —80 °C.

Recombinant protein expression was performed in a S L jar
fermentor (Biotech-SJG-7000; BaoXing Bio-Engineering Equipment,
Shanghai, China) with fed-batch cultures. The seed culture was grown
in shake flasks with a defined R/2 medium**** containing 10 g L7 of
glucose and 100 mg L™' of ampicillin at 37 °C. The flask cultures
(200 mL) were then inoculated into the jar containing 2 L of the fresh
R/2 medium at 37 °C until downshifted to 30 °C at the induction
stage (see below). The culture pH was controlled at 6.80 by adding
30% ammonium hydroxide, except for the short periods of pH
increase due to glucose depletion. The dissolved oxygen (DO)
concentration was kept at 40% of air saturation by increasing the
agitation speed from 200 to 800 rpm and by infiltrating pure oxygen.
When DO rose to a value of greater than 70% due to glucose
depletion, a feeding solution containing 700 L™" of glucose and 20 g
L' of MgSO,-7H,0 was added into the fermentor to increase the
glucose concentration to ~1 g L™'. When cell optical density at 600
nm (ODgq) reached ~50, the culture temperature was downshifted
to 30 °C, and IPTG was added to a final concentration of 1 mM
IPTG. The nutrient solution was then added to the jar using a pH-stat
feeding strategy. After 6 h of cultivation, the induced cells were
harvested by centrifugation and stored at —40 °C before use.

To purify recombinant proteins, the frozen cells were thawed on
ice, resuspended in 20 mM Tris—HCI buffer (pH 8.0) containing 150
mM NaCl and S mM imidazole, and then lysed using a high-pressure
homogenizer. The supernatant of the cell lysate was then used for
affinity purification using a Ni-NTA agarose resin column. The eluted
proteins with 250 mM imidazole were then dialyzed against water and
concentrated using a centrifugal filter unit. Notably, a dialysis tubing
with 3.5 kDa molecular weight cutoff, and Amicon Ultra-15
centrifugal filter with Ultracel-3K membrane were used for the
processing of R8, which is relatively small in molecular weight (~16.4
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kDa). For the processing of R32 and R64, the dialysis tubings with 10
kDa molecular weight cutoff, and Amicon Ultra-15 centrifugal filter
units with Ultracel-10K membranes were used. The purity of the
proteins was analyzed by 12% SDS-PAGE with Coomassie staining,
and the protein solutions were quantified using the BCA Protein
Assay Kit. The purified proteins were then freeze-dried.

The molecular weights of the purified proteins were confirmed by
MALDI-TOF mass spectrometry. Briefly, S uL of each protein
solution at 5 mg mL™" was mixed with 25 uL of the matrix solution,
which was prepared by dissolving sinapinic acid in 50:50 acetonitrile:-
water with 0.1% trifluoroacetic acid to a concentration of 10 mg mL™".
The protein samples (1 yL) were spotted on a polished steel target
plate (massive target plate 384 type). Mass spectra were then
collected on a Bruker Autoflex Speed MALDI-TOF mass
spectrometer (Bruker Daltonics, Leipzig, Germany).

Preparation of Reduced Graphene Oxide (rGO)—Resilin
Conjugate. The rGO-R64 conjugate was prepared by conjugating
the terminal amino group of R64 to the carboxyl group of GO,
followed by ascorbic acid reduction of the hydroxyl group of GO.
First, 9.6 mg of EDC, 20 mg of GO, and 21.7 mg of NHS were
sequentially dissolved in 10 mL of a 4-morpholineethanesulfonic acid
buffer (100 mM, pH 6.0) with sonication. The mixture, which
contained EDC, GO, and NHS at $ mM, 2 mg mL™’, and 10 mM,
respectively, was stirred and allowed to react at room temperature for
30 min. After the mixture was adjusted to pH 7.5 by adding an equal
volume of 200 mM phosphate buffer (pH 7.5), 200 mg of lyophilized
R64 was added to initiate the conjugation reaction at room
temperature for 2 h. Subsequently, the conjugation products were
separated from excess EDC, EDC-byproducts, and NHS by using an
Amicon Ultra-15 centrifugal unit with Ultracel-10K membrane,
washed by deionized water for S times, and then reduced with §
mM ascorbic acid at 85 °C for 1 h. The above reaction mixture was
filtered through a 0.45 ym membrane, and the reduced GO-R64
conjugate was washed with deionized water and lyophilized. The
product was then resuspended with SO mM phosphate buffer (pH
7.2) containing 80% glycerol to a concentration of 8 mg mL™’, and
stored at —20 °C for future use.

Atomic Force Microscopy (AFM). AFM was performed in
tapping mode using an Environment Control Scanning Probe
Microscope system (Nanonavi E-Sweep, SII Nanotechnology Inc.,
Tokyo, Japan). Oxidized graphene, rGO-R64 conjugate, and a mixture
of R64 and rGO were dissolved in deionized water, and ultrasonicated
for 30 min at room temperature. 10 L of each sample at 1 yg mL™"
was casted on mica surfaces and allowed to dry overnight at 37 °C. In
all AFM experiments, a commercial silicon tip probe was used with a
scanning rate of 1.7 Hz. The AFM images were collected with a
scanning area of 2 ym X 2 um and further processed with the
NanoNavi II analysis software (SII Nano Technology Inc.).

Preparation of Hydrogels. Three types of hydrogels were
prepared using the [Ru(bpy);]**-mediated photochemical cross-
linking to form dityrosine cross-link networks. In one experiment,
lyophilized proteins of R8, R32, or R64 were dissolved in 50 mM
phosphate buffer (pH 7.2) with mild mixing and incubated for 30 min
at 37 °C. Each protein solution was then mixed with ammonium
persulfate and [Ru(bpy);]** at final concentrations of 20 and 0.2 mM,
respectively, and irradiated in a dumbbell mold for 3 min at 10 cm
away from the samples with a 200 W white light source. In another
experiment for the fabrication of adhesive protein hydrogels, glycerol
was added at indicated concentrations before photochemical gelation
in both dumbbell molds and rectangular molds. The hydrogels
fabricated in the dumbbell molds were used for tensile tests, whereas
the rectangular hydrogels were used for adhesive tests as described
below. The third type of hydrogels, which were adhesive and
electroconductive, were fabricated by incorporating rGO-R64
conjugate in the precursor protein solutions. Briefly, the lyophilized
protein of pristine R64 was dissolved in the phosphate buffer, and
mixed with the rGO-R64 stock solution and the photo-cross-linking
agents as described above. The final concentrations of R64, rGO-R64,
and glycerol in the mixture were approximately 200, 2 mg mL™
(unless specified otherwise), and 20%, respectively.
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Quantification of Dityrosine. The photochemical cross-linking
degree of the hydrogels was evaluated by using a fluorescence-based
method for quantification of dityrosine in hydrogel hydrolysates.
Briefly, the hydrogels were immersed in deionized water with three
times of water change to remove the photo-cross-linking agents and
glycerol, and then freeze-dried. The lyophilized hydrogels (10 mg)
were hydrolyzed in 2 mL of 6 M HCI supplemented with 10 uL of
phenol at 110 °C for 22 h under nitrogen gas protection. The
hydrolysates were blow-dried with nitrogen and then redissolved in
100 mM phosphate buffer (pH 7.2). An aliquot of the hydrolysate
(200 uL) was transferred onto a 96-well quartz plate, and fluorescence
(excitation 315 nm, emission 410 nm) was measured with an EnSpire
2300 plate reader (PerkinElmer, Waltham, MA). The dityrosine
standard was dissolved and serially diluted in the same phosphate
buffer for analysis. The cross-linking degree of dityrosine was
presented as a percentage of determined level of dityrosine in the
hydrogel hydrolysate to the stoichiometrical amount in the hydrogel.

Scanning Electron Microscopy (SEM). The first type of
hydrogels that did not contain glycerol was briefly rinsed with 20
mM phosphate buffer (pH 7.2), whereas the other types of hydrogels
were thoroughly washed with the above buffer at 37 °C to remove
glycerol, which otherwise would adversely affect subsequent
lyophilization. Subsequently, the hydrogels were frozen in liquid
nitrogen for 10 min and lyophilized for 2 days using a Labconco
FreeZone 4.SL lyophilizer (Labconco Corporation, Kansas City,
MO). The specimens were then coated with gold using a Leica EM
SCDO050 sputtering device with a water-cooled sputter head (Leica
Microsystems GmbH, Vienna, Austria). The SEM analyses were
performed using a model S-3400N scanning electron microscope
(Hitachi, Tokyo, Japan).

Mechanical Property Tests. All mechanical properties were
measured on an Instron 5944 testing machine equipped with a 10 N
load cell (Instron Corporation, Norwood, MA) at 25 °C and 60%
relative humidity. Before tensile tests, the dumbbell-shaped hydrogels
were coated with dimethylsilicone oil to minimize moisture
evaporation, and wrapped with gauze and sandpaper at the two
ends of the hydrogels to facilitate sample loading and gripping during
testing. Cyclic loading—unloading tensile tests were performed at a
speed of 2 mm min~' and stretched to 100% strain with 3
continuously repeated cycles. The resilience of each sample was
calculated from the first cycle test as the ratio of the area under the
retraction curve to the extension curve. Moreover, tensile rupture tests
were also performed for the hydrogels.

Adhesion Property Test. The adhesive strength of the hydrogels
was investigated via the lap shear testing method with slight
modifications. Fresh porcine skin was purchased from the local
market, wiped with ethanol to remove fat contamination from skin
epidermis, and cut into rectangular sections (20 mm in length and 60
mm in length). Then, a piece of 6 mm X 30 mm rectangular hydrogel
was applied to the epidermis of the skin and sandwiched by the other
piece of porcine skin with an overlapping area of 6 mm X 20 mm. The
sample was pressed with a 100 g weight for 5 min at room
temperature, and then lap-shear tested to failure at a speed of 2 mm
min~' on the Instron 5944 testing machine. The adhesive strength
was calculated by dividing the maximum load by the area of the
corresponding adhesive overlap. Three samples for each group were
used in the adhesion tests.

Electrical Characterization. The electrical conductivity of the
hydrogels was measured by a standard four-probe method with an
ST2253 digital tester (Jingge Electronic Co., Ltd., Suzhou, China).
The resistance of the hydrogel conductors was monitored using an
HC 9205N digital multimeter (Huachuang Instrument Co. Ltd,
Shenzhen, China). To test resistance variations while the hydrogels
were stretched or compressed, the two ends of each rectangular
hydrogel were wrapped with copper foils and connected with
electrodes of the digital multimeter. The hydrogel conductors were
then loaded onto the Instron 5944 machine and stretched with a
constant rate of 2 mm min~' at room temperature for recording the
resistance change as a function of strain. Similarly, the resistance
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
electronic resistance variation ratio (AR/R,) was then quantified.

The amperometric current was monitored through a conventional
three-electrode system using the CHI760E electrochemical work-
station (Chenhua Instrumental Co., Shanghai China). The
rectangular hydrogels were wrapped with copper foils at both ends
for electrode connection, and then exposed to repeated cycles of
stretching (100% strain) and relaxation. In another experiment, the
hydrogels sensors were exposed to repeated cycles of compression
(~9.8 kPa) and relaxation via imposing onto and lifting from the
hydrogels a 50 g weight. The hydrogel sensors as described above
were also adhered to a human index finger, and the amperometric
current—time curves were monitored upon repeated cycles of bending
and unbending of the finger. In addition, the sensors were attached to
an Adam’s apple, and the amperometric current—time curves were
monitored while pronouncing the first author’s surname “Hu” and
given name “Xiao” repeatedly.

B RESULTS AND DISCUSSION

Design and Biosynthesis of RLPs with Various Mw.
We hypothesized that protein Mw is a critical structural feature
that affects the mechanical properties of resulting RLP
materials. To test this hypothesis, three genetically engineered
RLPs were designed with varying numbers of resilin-like
(GGRPSDSYGAPGGGN) blocks from the first exon of the
fruitfly D. melanogaster CG15920 gene.”””" As described in our
earlier study,”” DNA sequence encoding four repeats of the
resilin-like sequence was chemically synthesized and cloned
into an expression plasmid (pET19b-R4). The construction of
vectors that encode RLPs having more repetitive blocks was
achieved by using the iterative polymerization strategy as
described earlier.***> Hence, expression plasmids were
constructed that encode recombinant RLPs having 8—64
repeats of the resilin-like sequence (Figure 1a), with predicted
molecular weights ranging from 16.37 to 93.51 kDa. Notably,

T7 terminator

R32

(b) «a M R8 R32 Ré4

21553 —

i =4 <€ 93.51kDa
D -
50 - - <€49.43 kDa
37 -
25 -
20 "

- <16.37 kDa

Figure 1. (a) Genetic constructs of recombinant R8, R32, and R64.
(b) Coomassie-stained 12% SDS-PAGE gel analysis of the purified
proteins. Arrows at the right indicate the respective theoretical
molecular weights, which were calculated using the ProtParam tool
(http://web.expasy.org/protparam/) and verified by mass spectrom-
etry (see Figure S1).

the R64 protein had a theoretical molecular weight exceeding
those of the full-length recombinant resilin of fruit fly (60
kDa),” and to the best of our knowledge represents the largest
RLPs reported so far.

The three RLPs were biosynthesized in recombinant E. coli
and then purified as described in the Methods section. SDS-
PAGE analysis revealed that all the purified protein polymers
had purity greater than 95% (Figure 1b). These proteins were
further verified by mass spectrometry, with determined
molecular weights all within 0.72% difference of the expected
theoretical values (Figure S1). The yields of the purified RS,
R32, and R64 were approximately 530, 770, and 370 mg L™ of
bacterial culture, respectively. Here, the development of high
cell density cultivation with minimal salts medium in
bioreactor resulted in ~10-fold increase in the volumetric
yield of R32 compared to that of flask cultivation with rich
medium.”” In addition, the biosynthetic strategy allowed
production of the high molecular weight R64 at an appreciably
high titer, which indicated general applicability of the strategy
for preparing soluble recombinant resilin in large quantities.

Modulating Mechanical Properties of RLP Hydrogels
by Varying Protein Mw. With the above three RLPs in hand,
next we explored the relationship between protein Mw and the
mechanical properties of RLP hydrogels. To this end, aqueous
solutions of 26.5 wt % R8, 20 wt % R32, and 20 wt % Ré64,
which contained tyrosine residues at comparable levels, were
photochemically cross-linked. The resulting dumbbell-shaped
hydrogels were tensile tested (Figure 2a). Interestingly, the
strength of the hydrogels increased dramatically as the protein
Mw increased, whereas the strain-at-break was inferior with an
increase in the protein Mw. As a result, the ratio of stress to
strain (stiffness) and toughness of the hydrogels increased
greatly as the protein Mw was elevated. For example, the
average stiffness of the R64 hydrogel (136.4 kPa) was ~18.2-
fold higher than that of the R8 hydrogel, and the average
toughness of the former hydrogel (107.6 k] m™) was 4-fold
higher than that of the latter hydrogel (Table 1). We also
evaluated resilience of the three hydrogels by cyclic tensile
tests. As shown in Figure 2b, negligible hysteresis was observed
for these hydrogels upon stretching to 200% of their original
length. Despite the huge difference in protein Mw before cross-
linking, all these hydrogels had a resilience of at least 97.5%
(Table 1), which was comparable to 97% resilience for Recl-
resilin®' and 96% resilience for full-length recombinant
resilin.”®

As dityrosine cross-linking was critical in converting solution
of soluble resilin into a supramolecular network, we evaluated
the extent of dityrosine formation in the above three hydrogels.
According to fluorescence-based quantification, these hydro-
gels had a similar degree of cross-linking, with about 46% of
tyrosine residues occurring as the dityrosine dimer (Figure S2).
To explore further the structure—property relationship, we
performed scanning electron microcopy (SEM) analysis on
these hydrogels and observed typical porous-like micro-
structures. However, the pore size and pore wall thickness of
the R8 hydrogel appeared to be much smaller than those of the
R32 and R64 hydrogels (Figure S3), indicating a link between
protein Mw, hydrogel microstructures, and mechanical proper-
ties. Taken together, these results demonstrated that
modulating the Mw of RLPs was an effective means to tune
the mechanical properties of the dityrosine cross-linked
hydrogels.
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Figure 2. (a) Tensile stress—strain curves, and (b) cyclic tensile test curves of resilin hydrogels constructed from proteins with varying Mw. (c)
Tensile stress—strain 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 loading—unloading 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) Stiffness (kPa) Toughness (kJ m™) Resilience” (%)
R8 264.4 + 25.5 200 £ 1.9 7.5 + 1.7 26.7 + 5.0 985 + 1.5
R32 1447 + 104 123.7 + 4.3 852 + 53 88.6 + 2.2 99.7 £ 0.5
R64 1279 + 12.9 169.8 + 14.6 136.4 + 4.7 107.6 + 222 97.5 £ 0.5
R64-20% glycerol 294.3 + 16.2 964 + 7.2 36.7 + 2.2 180.5 + 19.5 98.1 + 14
Hybrid hydrogelb 326.5 + 274 88.7 + 3.0 443 £ 2.3 212.7 +£ 273 824 + 2.2

“Resilience was calculated from the ratio of the area under the relaxation curve to the area under the stretching curve at a strain of 100%. bThe

hybrid hydrogel was fabricated with rGO-R64, pristine R64, and glycerol at 2, 200 mg mL™", and 20% (w/v), respectively.

The mechanical properties of elastomeric networks from
tandem-repeat proteins can be simulated using elasticity theory
models.”**™** The stress—strain data have been previously
used to estimate the cross-link density using the statistical
theory of rubber-like elasticity.”’ In a similar manner, the
molecular mass between cross-links (M_) was estimated for our
R8, R32, and R64 hydrogels (Figure S4). The results indicated
that M, increased with the number of resilin-like repeats, and
the increased density of cross-linked chains resulted in resilin
networks with higher moduli and toughness.

Modulating Mechanical and Adhesive Properties by
Adjusting Solvents. To expand further the mechanical
versatility of the RLP materials, we investigated the effects of
adjusting solvents in the protein solutions before photo-
chemical cross-linking. It is well-known that glycerol is more
viscous than water, and forms strong hydrogen bonds with
water molecules.'” Therefore, we hypothesized that the
addition of glycerol and other multihydroxyl compounds in
the pregelation solutions might plasticize the resulting
hydrogels. To test the hypothesis, glycerol, ethylene glycol,
and polyethylene glycol 200 (PEG 200) were individually
added to the pregelation solution of R64, which was shown as
a typical example, and the resulting hydrogels were tensile
tested. Indeed, the addition of all these multihydroxyl
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compounds significantly improved hydrogel extensibility,
with a 1.5- to 2.7-fold increase in the strain-at-break (Figure
SSa) when compared with the control R64 hydrogel at
~127.9% (Table 1). The exciting result prompted us to study
the effects of multihydroxyl compounds in more details.
Next, we tested the effect of addition level on the mechanical
properties of hydrogels. As a typical multihydroxyl compound,
glycerol was chosen and added at a final concentration of 10—
30% to the pregelation solution of R64 for hydrogel
fabrication. Based on tensile testing, the strength of the R64
hydrogels was consistently decreased with an increase in the
addition level of glycerol. The extensibility of these glycerol-
containing hydrogels was improved when compared with the
control R64 hydrogel without glycerol (Figure 2c). Notably,
addition of 20% glycerol resulted in the best extensibility, with
a strain-at-break of ~300%. In addition, only small hysteresis
was observed for these hydrogels upon stretching to 200% of
their original length (Figure 2d), with resilience estimated to
be over 95%. In general, the hydrogel toughness appeared to
be inferior with an increase in glycerol concentration (Figure
2e), which was attributed at least partially to the compromised
effect of glycerol addition on photochemical cross-linking
(Figure 2f). However, the toughness of the R64 hydrogel with
20% glycerol was significantly higher than that of the control
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R64 hydrogel (Table 1). This result was surprising and might
be explained by the fact that even though the hydrogel strength
was decreased the hydrogel extensibility was disproportionally
improved under the optimal level (20%) of glycerol addition.
Taken together, the above results demonstrated that
incorporation of multihydroxyl compound in the pregelation
solution was effective to modulate the mechanical properties of
the resulting hydrogels.

Interestingly, the R64-glycerol hydrogels adhered to the
authors’ finger in handling, which prompted us to study
whether the incorporation of glycerol endowed adhesive
properties to the hydrogels. To this end, lap shear testin
was performed using the standard ASTM F2255-05 method’
with fresh porcine skin surfaces as substrates (Figure 3a). The
stress-displacement curves were recorded for the hydrogels
with varying levels of glycerol (Figure 3b). The maximal
detachment stress, termed adhesive strength, was then derived
from each stress-displacement curve. It should be noted that
the adhesive strength of the control R64 hydrogel was
negligible (data not shown), and the hydrogels with glycerol
exhibited adhesive strength in an addition dose-dependent
manner (Figure 3c). Within the wide range of levels tested,
addition of 20% glycerol resulted in the largest increase in
hydrogel adhesive strength, reaching an appreciably high level
of 23.8 + 2.3 kPa. In addition to skin tissues, the R64-20%
glycerol hydrogels can also adhere to substrate surfaces such as
metals, rubber gloves, glass, and cellulosic products (Figure
3d). Furthermore, we found that the addition of ethylene
glycol and PEG 200 also endowed adhesive properties, albeit
to a less extent compared to the addition of glycerol (Figure
SSb). These results indicated that incorporation of multi-
hydroxyl compounds might be a generally effective approach to
endow adhesiveness to the RLP hydrogels.

To explore the molecular mechanisms, we characterized R64
in solutions without and with glycerol at various levels. In all
the solutions, the protein showed a disordered structure
(Figure S6a). The R64 solution without glycerol revealed
nanostructures with a hydrodynamic diameter of ~150 nm,
indicating the formation of supramolecular assemblies. Such
assemblies with larger diameters were observed as the glycerol
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level increased (Figure S6b). Concomitantly, the intensity of
tyrosine fluorescence was decreased from these protein
nanostructures with larger diameters (Figure S6c). Clearly,
the exposure of the tyrosine residues available for cross-linking
was masked due to the enhancing effect of glycerol on R64
assembly, which coincided well with the reduced efficiency of
cross-linking (Figure 2F).

We surmised that glycerol might have two roles in adhesion.
On one hand, with the large number of hydroxyl groups,
glycerol may be directly involved in the formation of hydrogen
bonds with the skin tissue to endow adhesion.'> On the other
hand, as assembly of R64 was enhanced by glycerol in
precursor solutions, the resulting cross-linked hydrogels might
have differing amino acid motifs exposed to interfaces, and
these motifs contributed to adhesion to the tissue substrate via
hydrophobic, cation—zx, and other possible interactions. The
two possible roles may explain why adhesion was seen at all
levels of glycerol addition, yet with the optimal at 20%.
Nonetheless, the detailed mechanisms for adhesion are still
unclear and deserve further investigations.

Endowing Electroconductive Properties with Gra-
phene—Resilin Conjugate. To endow electroconductive
properties, we initially added graphene to the pregelation
solution of R64 for hydrogel fabrication. However, the
resulting hydrogels were undesirable as they are mechanically
and electronically unstable under large tensile strains (Figure
S7). It was possible that the sheets of graphene slid along the
graphene/resilin network interfaces under large deformation
because the graphene sheets were not firmly anchored to the
hydrogel network. To tackle this problem, we attempted to
conjugate resilin to the sheets of graphene, and cross-link the
resulting graphene—resilin conjugate with pristine resilin to
form a hybrid hydrogel network.

The rGO-R64 conjugate was synthesized via the carbodii-
mide coupling reaction®® using EDC-HCl and NHS as
described in the Methods section. To observe its microscopic
structures, atomic force microscopy (AFM) analysis was
performed (Figure 4). As a control, the starting substrate
GO exhibited typical layer structures with smooth, flat surfaces.
However, rough surfaces were observed from the graphene
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Figure 4. Representative AFM images of the microstructures for (a)
oxidized graphene, (b) rGO-R64 conjugate, and (c) a mixture of
unconjugated R64 and rGO. Freshly prepared suspension (10 yL) in
deionized water at a concentration of 10 ug mL™" was casted on mica
surfaces and allowed to dry at 37 °C before AFM analysis. Scale bar:
500 nm.

sheets of the rGO-R64 conjugate. In addition, the edges of the
graphene sheets of rGO-R64 were ~0.6 nm thicker than the
middle positions of the sheets, which might be due to that the
R64 protein was anchored to the edges of the sheets as the
carboxyl groups usually existed at the edges of GO sheets. For
the simple mixture of rGO and R64, we observed large
quantities of aggregates of the protein with sizes varying from
10 to 100 nm. In addition, the aggregates of the protein were
found to distribute randomly on the sheets of rGO, indicating
that the protein might be adsorbed on the graphene sheets
through nonspecific interactions.

To analyze surface chemistry, X-ray photoelectron spectros-
copy (XPS) analyses were performed for rGO, the rGO-R64
conjugate, and rGO with nonspecifically adsorbed R64 (Figure
S8). As expected, the appearance of a nitrogen peak (N 1s)
was observed in the conjugate but not in rGO. In addition, low
levels of oxygen functional groups in rGO indicated
incomplete removal of these groups during ascorbic acid

reduction of GO, which was also reported earlier.*' These
groups may be involved in nonspecific interaction with R64,
leading to a certain level of R64 absorption onto rGO.
Although XPS did not reveal any difference in chemical bonds
between samples of chemical conjugation and nonspecific
adsorption, the analyses indicated that more proteins were
chemically conjugated compared with nonspecific adsorption.

The characterized rGO-R64 conjugate was then added at
various levels for fabrication of hybrid hydrogels by photo-
chemical cross-linking (Figure S5a). As expected, hybrid
hydrogels were obtained with the addition of rGO-R64 at
levels up to 2 mg mL™". However, a self-supporting hydrogel
did not form with 4 mg mL™" and higher levels of the
conjugate. This was possibly due to insufficient cross-linking
because a high level of rtGO-R64 may shield light penetration
into the precursor solution for photo-cross-linking. The
hydrogel with 2 mg mL™" of rGO-R64 is hereafter termed as
“the hybrid hydrogel” and 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,
and possessed a stress-at-break value of ~90 kPa (Figure Sb).
Under low strain condition (20% strain), the hybrid hydrogel
was highly recoverable (Figure Sc), with resilience estimated to
be 90%. However, the hydrogel was less recoverable under
large strains (60% strain and higher), and was shown to be
824 + 2.2% resilient when stretched to two times of its
original length (Table 1). This resilience performance was
comparable to that of high-resilience polybutadiene rubber
(80%), and far superior to that of the low-resilience
chlorobutyl rubber (56%).>" As proposed earlier, the physical
properties of recl-resilin were attributed to the three-
dimensional (3D) amorphous nature of the dityrosine cross-
linked protein matrix and the role of water as plasticizer, as
dehydrated resilin became very glassy and brittle, and it was
leathery with poor resilience in a partially dry environment
(70% relative humidity).”' When our hybrid hydrogel was
incubated at 50% relative humidity and 37 °C for 3 days, it was
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Figure S. Mechanical and adhesive properties of rGO-R64-glycerol hydrogel. (a) Fabrication scheme, (b) tensile stress—strain curve, (c) cyclic
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only partially dehydrated (about 32%) while maintaining the
tensile and resilient properties (Figure S9).

In addition to be mechanically stretchable and resilient, the
hybrid hydrogel was also adhesive as it self-adhered to various
surfaces such as human finger skin, latex, and glass (Figure S10
and Video S1, Supporting Information). Based on the lap shear
test, the hybrid hydrogel was shown to have a high adhesion
strength of ~24 kPa (Figure 5d), 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 were first washed in a phosphate buffer to
remove glycerol and then lyophilized for SEM analysis. As
shown in Figure 6a, the R64-20% glycerol hydrogel showed

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

interconnected, porous-like structures. A closer inspection of
the SEM image revealed microfibrils that were entangled
within the pores of the hydrogel, which might be due to the
un-cross-linked chains of the R64 protein since the glycerol
addition decreased the degree of dityrosine cross-linking
(Figure 2f). In contrast, we observed morphologies with layers
of porous structures in the hybrid hydrogel (Figure 6b). The
continuous, dense layers were formed as a result of rGO-R64
addition, possibly via stacking of the graphene sheets. These
ordered microstructures coincided well with the robust
mechanical properties of the hydrogel.

Next, we evaluated the electroconductive properties of the
hybrid hydrogel. According to a standard four-probe method
with a digital tester, the electrical conductivity of the hybrid
hydrogel was determined to be 0.92 + 0.08 S m™" (Figure
S11), which was well above the benchmark of 0.1 S m™
desired for use in electrochemical devices.*” Due to its good
extensibility and conductivity, the electronic properties of the
hybrid hydrogel were assessed under mechanical deformations.
In one investigation, the electrical resistance of a specimen of
the hydrogel under an applied strain was recorded by loading
the specimen on a universal tensile machine. The relationship
between the relative resistance change (AR/R,) and the
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applied strain (&) is shown in Figure 7a. Remarkably, a linear
relation between AR/R, and & was observed in the wide range
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Figure 7. Strain- and piezo-dependent electrical conductivity of the
hybrid hydrogel. (a) The relative resistance change upon tensile
strain. (b) Time profile of current under stretching—relaxation cycles
with a tensile strain at 100%. (c) The relative resistance change upon
pressure. (d) Time profile of current under loading—unloading cycles
with a pressure at 9.8 kPa, which was generated by imposing a 50 g
weight on the 1.0 X 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 ¢, fitted straight lines
based on linear regression are shown.

of strains up to 200%. The important stain parameter, gauge
factor (GF), which is defined as (AR/R,)/&, was determined
to be 3.415, which was far superior to that of the graphene/silk
fibroin nanocomposite film (with GF up to 0.47)."” In
addition, the electrical current through the hydrogel specimen,
which was reciprocal of its electrical resistance, decreased
synchronously upon a tensile strain to 100%, and recovered the
original level upon relaxation in a cyclic manner (Figure 7b).
The highly reliable monitoring of 100% strain, which is
relevant to largescale human activities such as stretching,
torsion, and bending of human limbs,™ was desirable because
this feature remains a major challenge in protein-based
conductive materials, especially for use as strain sensors.

In another investigation, the electrical resistance of the
hybrid hydrogel was found to decrease dramatically with an
elevation in the applied pressure until a plateau level was
reached (Figure 7c). The pressure sensitivity of the hydrogel
resistance was ~0.11 kPa™' under a relatively small pressure
range from O to 10 kPa, which approximated gentle touch of
human skin.** Similarly, smooth and recoverable changes in
the electrical current were observed for the hydrogel under
loading—unloading cycles with a pressure at 9.8 kPa (Figure
7d). The results implied that the hydrogel material might be
used as piezoresistive stress sensors for subtle pressure sensing
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 and
straightening of a human index finger. Insets are images of the sensor at straightening and bending states, respectively. When the sensor was
attached to an Adam’s apple, signals were detected for repeated (b) swallowing and (c) pronouncing “Hu” and “Xiao”.

Obviously, the electroconductive properties of the hybrid
hydrogel were attributed to the rGO-R64 conjugate that was
cross-linked with the pristine R64. The stretching-triggered
decrease and compression-induced increase in electroconduc-
tivity was intriguing, as shown by stretching and pressing the
hydrogel network to turn “OFF” and “ON” lights in closed
circuits (Figure S12 and Video S2). It was reasoned that the
neighboring sheets of rGO constituted conductive fillers to
enable transfer of electrical charges. The average distance
between neighboring sheets of rGO were increased upon
stretching of the hybrid hydrogel, which resulted in an increase
in the electronic resistance and thus a decrease in the
electroconductivity (Figure 7e). In contrast, the average
distance between neighboring sheets of rGO was shortened
upon compression, thus leading to an increase in the
electroconductivity until the distance cannot be shortened
any more due to the inherent limitation in hydrogel
compression.

Furthermore, we explored whether the adhesive and
electroconductive hydrogel could be used as wearable strain
sensors for monitoring human activities. As a proof-of-concept,
the hydrogel was initially employed to monitor macro-scale
movements such as finger bending. As shown in Figure 8a, the
hydrogel can be readily self-adhered to the rough skin of the
finger knuckle, and repeated bending and extending of the
finger did not disconnect the hydrogel. In addition, the
periodic changes of current signal upon bending and extending
stimuli could be monitored in real time. The hydrogel sensor
was also applied for the monitoring of small-scale activities
such as swallowing and phonating. To this end, the hydrogel
was adhered to a volunteer’s Adam’s apple, and the connecting
electric wires were attached on the volunteer’s throat with
tapes. As illustrated in Figure 8b, a very clear signal of current
was generated, and the amplitude of the current varied
moderately, which coincided with the uncontrollable variance
in the movement amplitude of swallowing by the volunteer.
Furthermore, the hydrogel sensor enabled high-resolution
detection of the vibrations from vocal cords when the
volunteer said “Hu” and “Xiao” repeatedly (Figure 8c). More
interestingly, the monosyllabic and two-syllable words were
accurately converted into distinct electrical signals with
characteristic configurations. The encouraging results indicate
the fast response and high sensitivity of the hydrogel sensors in
monitoring subtle human activities. These features will meet
the application needs of a variety of human-skin related fields
such as healthcare bioelectronics and human—computer user
interfaces.

3291

The stability of the developed sensors is an important factor
that may restrict their broad uses. This is particularly true for
protein hydrogel-based sensors, since they are composed of 3D
cross-linked networks of hydrophilic protein polymers with the
capacity to retain a large amount of water. With glycerol
incorporation, our hydrogel sensor escaped “drying out” at the
human body temperature and a partially dry environment, the
conditions of which are relevant to human skin. Although
partially dehydrated under the above conditions, the sensor
was mechanically stable (Figure S9). In addition, it was
electromechanically sensitive enough to monitor stretching—
relaxation cycles, although the sensitivity was moderately
decreased (Figure S13). These initial efforts indicate that
protein-based hydrogels could and should be further
manipulated with improved stabilities for durable use in
bioelectronics.

B CONCLUSIONS

In summary, we have demonstrated the development of a
hybrid graphene/resilin hydrogel that is simultaneously
adhesive, electroconductive, and mechanically robust. The
multiple desirable features were integrated into one hydrogel
network by rational design of the graphene—resilin conjugate
for cross-linking with pristine resilin from precursor solutions
with the glycerol-water binary solvent. Such material design
allows full exploitation of the instinctive features of the rubber-
like biomaterial, resilin, which is famous for exceptional
resilience (recovery after deformation), high strain, and low
stiffness. Of particular interest, varying the Mw of genetically
engineered RLPs enabled the fabrication of resilient hydrogels
with protein Mw-dependent strength and stiffness, thus
offering a strategy to modulate mechanical properties. Besides,
adjusting solvent with the addition of glycerol to the precursor
protein solutions was found to be another useful strategy to
modulate mechanical properties. Notably, the glycerol—water
binary solvent endowed hydrogels with adhesive properties
that were strong enough to support self-attachment to diverse
surfaces. Furthermore, the hybrid hydrogel exhibited recover-
able electroconductivity that is sensitively and fast responsive
to compression or strain deformations, thus enabling real-time
monitoring of human activities as wearable sensors. The newly
developed resilin-based conductive hydrogels are anticipated to
find broader application in flexible electronics.
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