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Abstract

Natural resilin, the rubber-like protein that exists in specialized compartments of most arthropods,
possesses excellent mechanical properties such as low stiffness, high resilience and effective
energy storage. Recombinantly-engineered resilin-like polypeptides (RLPs) that possess the
favorable attributes of native resilin would be attractive candidates for the modular design of
biomaterials for engineering mechanically active tissues. Based on our previous success in
creating a novel RLP-based hydrogel and demonstrating useful mechanical and cell-adhesive
properties, we have produced a suite of new RLP-based constructs, each equipped with 12 repeats
of the putative resilin consensus sequence and a single, distinct biologically active domain. This
approach allows independent control over the concentrations of cell-binding, MMP-sensitive, and
polysaccharide-sequestration domains in hydrogels comprising mixtures of the various RLPs. The
high purity, molecular weight and correct compositions of each new polypeptide have been
confirmed via high performance liquid chromatography (HPLC), sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS), and amino acid analysis. These RLP-based polypeptides exhibit
largely random-coil conformation, both in solution and in the cross-linked hydrogels, as indicated
by circular dichroic and infrared spectroscopic analyses. Hydrogels of various compositions, with
a range of elastic moduli (1kPa to 25kPa) can be produced from these polypeptides, and the
activity of the cell-binding and matrix metalloproteinase (MMP) sensitive domains was
confirmed. Tris(hydroxymethyl phosphine) cross-linked RLP hydrogels were able to maintain
their mechanical integrity as well as the viability of encapsulated primary human mesenchymal
stem cells (MSCs). These results validate the promising properties of these RLP-based elastomeric
biomaterials.

Introduction

Desired tissue function and regeneration rely on the dynamic interactions between cells and
specific biophysical and biochemical cues,1-3 which facilitate critical cellular processes such
as cell adhesion,* migration,> proliferation,® differentiation’ and apoptosis.8 The ability to
independently tailor specific cell-matrix interactions via tuning multiple properties of a
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scaffold, for example elastic micromechanical-transduction, integrin-mediated cell adhesion,
matrix metalloproteinase-facilitated scaffold degradation, and sequestration of growth
factors and cytokines, are critical parameters in regulating cell responses.® Biomaterials
derived from natural extracellular matrix (ECM) provide appealing biological activities and
inherent biocompatibility; however, difficulties in selecting the mechanical properties,
degradation rates, and nanostructures of these scaffolds narrow their potential application.1°
In contrast, synthetic polymer-based materials have been widely employed,11-13 are
relatively inexpensive, easily available and chemically versatile, although their lack of
biological activity has been a limitation.24-17 The modular nature and sequence specificity of
biosynthetically derived polypeptides provides opportunities to tune a range of materials
properties and has fuelled the prominence of these materials in a variety of applications.18-22

An enormous variety of peptide modules have been easily incorporated into protein-based
polymeric biomaterials, allowing the fine-tuning of the structural, mechanical, biological,
and biodegradable properties for target cell niches.22-26 Recombinant elastin-like
polypeptides, for example, have been widely employed over multiple decades as an
elastomeric substrate for cell culture.2>-3% More recently, polypeptides based on resilin have
been employed with similar application in mind. Resilin is normally found in the specialized
regions of cuticles of arthropods where fast, repetitive locomotion, and efficient energy
storage are required.3® Early studies have revealed that natural resilin exhibits
physicochemical properties distinct from the elastins, with high hydrophilicity and a low
isoelectric point, while retaining useful mechanical features such as low stiffness, high
resilience, large strain, reversible extensibility, long fatigue time, and excellent high-
frequency-responsiveness.36-41 A variety of recombinant resilin-like polypeptides have been
synthesized and in essentially all cases, the recombinant constructs mimic the mechanical
properties of natural resilin,19: 42-51 syggesting their application in mechanically demanding
tissue engineering applications.

The human vocal folds (\VVFs) are one of the most mechanically active tissues in the human
body.>2 They can sustain strain up to 30% at high frequencies of 100 to 1000 Hz and can
reversibly recoil.>3 Numerous deleterious environmental factors and pathological conditions
can disrupt the natural pliability of this delicate tissue, resulting in a wide spectrum of voice
disorders.>* While surgical techniques can be used to treat these conditions, they inevitably
cause scarring, which inhibits voice production and compromises voice quality.>*->7 Thus,
RLP-based matrices could offer compelling alternatives in the treatment of vocal fold
disorders.

Given the mechanical similarities between RLP hydrogels and vocal fold tissue (low
modulus, high toughness, superior resilience, and high frequency responsiveness), we have
sought to combine resilin’s excellent mechanical features with necessary biological
functions to create a dynamic niche for engineering vocal fold tissues. In 2009, we first
reported the design, synthesis, purification and characterization of a modular resilin-like
polypeptide (RLP), containing 12 repetitive consensus resilin-like domains and additional
sequences that confer biological activities such as cell adhesion, sensitivity to matrix
metalloproteinases, and heparin binding.>8 This RLP-based hydrogel was able to support the
adhesion and proliferation of NIH 3T3 fibroblasts.>® A more thorough investigation of the
mechanical properties of the RLP-based hydrogels was conducted via dynamic oscillatory
rheology, tensile testing and torsional wave apparatus (TWA).59 Facile tuning of the protein
concentrations and cross-linking ratios yielded materials with robust mechanical properties
and high resilience, and Young’s moduli and high-frequency responses similar to those of
vocal fold tissues.>® However, the original design did not permit variation of the relative
concentrations of each biological domain.

Soft Matter. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 3

We report here the production of multiple RLP-based constructs (RLP-X), each equipped
with 12 repeats of the same 15 amino acid resilin consensus sequence, followed by a single
and distinct biological domain (cell binding (RGD), RDG, MMP-sensitive, and heparin
binding domains). Our results demonstrate that these constructs are easily expressed from £.
colf expression hosts at high purity, maintain conformational similarity to other RLPs, are
competent for MMP-based degradation and cell adhesion, and permit independent
manipulation of the biological and mechanical properties of RLP-based hydrogels.

Materials and Methods

Materials

The plasmid DNA encoding RLP (flanked by Bam HI and Hind I11) in pQE80 was
purchased from Genscript Corporation (Piscataway, NJ). All customized double-stranded
DNA oligos for generating other RLP constructs were purchased from Integrated DNA
Technologies, Inc (Coralville, 1A). Chemically competent cells of £. coli strain
M15[pREP4] and Ni-NTA agarose resin were purchased from Qiagen (Valencia, CA). The
trifunctional cross-linker tris(hydroxymethyl phosphine) (THP) was purchased from Strem
Chemicals (Newburyport, MA). The recombinant human matrix metalloproteinase-1
(MMP-1) catalytic domain was purchased from Enzo Life Sciences (Farmingdale, NY). All
other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) and were used as
received unless otherwise noted. Water was deionized and filtered through a NANOpure
Diamond water purification system (Dubuque, 10).

Cloning of RLP Constructs

pQEB80-RLP plasmid DNA (Genscript Corporation) was first digested at 37 °C for an hour
with either Kpn I or Sal | prior to treatment with calf intestinal phosphatase to generate
vectors for building other RLP constructs. Customized double-stranded DNA oligo inserts
encoding RGD (the Arg-Gly-Asp cell-binding sequence), RDG (Arg-Asp-Gly negative
control), MMP (matrix metalloproteinase) and HBD (heparin binding domain) domains (see
below) were then ligated into the dephosphorylated pQE80-RLP vectors purified via agarose
gel extraction by treatment with T4 DNA ligase for one hour. The final plasmids, with
sequences confirmed via DNA sequencing (University of Delaware Sequencing and
Genotyping Center), were designated as pQE80-RLP-RGD, pQE80-RLP-RDG, pQES80-
RLP-MMP, and pQE80-RLP-HBD, respectively. Each DNA plasmid was then transformed
into the £. coli M15 [pREP4] strain to generate the expression host employed in protein
production.

Expression and Purification of RLPs

The RLP-X constructs were produced as described for our other RLPs in previous
reports.®8: 59 A detailed description of procedures can be found in the Supporting
Information. Approximately 20-30mg of each RLP construct per liter of cell culture was
obtained after dialysis and lyophilization.

General Characterization of RLPs

The successful expression of the polypeptides RLP, RLP-RGD, RLP-RDG, and RLP-MMP
was indicated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
of purified samples, with visualization via Coomassie blue staining. The purity of each RLP
construct was also confirmed via high performance liquid chromatography (HPLC). Each
polypeptide was purified via preparative HPLC on a Waters Symmetry C18 column; under a
linear gradient from 95:5 to 5:95 of water/acetonitrile (containing 0.1% of trifluoroacetic
acid) at 5mL/min over 65 min. The molecular weights of all RLP constructs were
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characterized via matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF)
mass spectrometry, which was conducted by the Yale Keck Facility (Yale University, New
Haven, CT). Amino acid analysis was performed by the Molecular Structure Facility at the
University of California, Davis (Davis, CA) using a Hitachi L-800 sodium citrate-based
amino acid analyzer (Tokyo, Japan) to determine the composition of each RLP polypeptide.

Characterization of Conformation of RLPs

Circular dichroic spectra (CD) of RLP solutions were recorded on a Jasco J-810
spectropolarimeter (Jason Inc, Easton, MD). FTIR-ATR spectra of RLP solution and
hydrogels were collected using a Nexus 670 FTIR spectrometer (Thermo Nicolet, Madison,
Wisconsin). The detailed description of methods and analysis can be found in the
Supporting Information.

Hydrogel Formation and Oscillatory Rheology Experiments

Bulk oscillatory rheology experiments of RLP-based hydrogels were conducted at 37 °C on
a stress-controlled rheometer (AR-G2), TA Instruments, (New Castle, DE) with a 20 mm
diameter cone-on-plate geometry, 1 degree cone angle and at a 25 m gap distance.
Dynamic oscillatory time, frequency and strain sweeps were performed. 8mg RLP or mixed
RLP compositions were dissolved in degassed, pH 7.4 PBS at a final concentration of
200mg/mL. Stock solutions of both the RLP and the cross-linker THP (100mg/mL) were
chilled on ice before mixing in order to slow the reaction speed, preventing cross-linking
during handling. 2.6uL THP stock solution was added to the 37.4uL RLP or mixed RLP
stock solutions at a final solution volume of 40uL to yield 20wt% gels with a 1:1 cross-
linking ratio that is indicated as the molar ratio of lysine residues to reactive
hydroxymethylphosphine (HMP) groups. To ensure homogeneous mixing, the mixture was
vortexed gently for less than 5 seconds after the addition of the THP, and then followed by
careful pipetting onto the bottom plate of the rheometer for /n situ rheological
characterization. Strain sweeps were performed on samples from 0.01% to a maximum
strain of 1000% to determine the limit of the linear viscoelastic regime (LVE). Rheological
properties were examined by frequency sweep experiments (w = 0.1 - 100 rad/s) at fixed
strain amplitude of 1%. Experiments were repeated on 3 to 4 samples and representative
data presented.

Enzymatic Degradation of Soluble RLP and RLP-MMP

The degradation of soluble RLP and RLP-MMP polypeptides in PBS was characterized in
triplicate. 200 wL solutions of protein polymers at 1 mg/mL concentration were incubated
with 100nM MMP-1 at 37°C in PBS pH 7.4. Samples (30 uL each) were collected at
specific time points (0, 1, 3, 6, 12, 24, and 48 hours) and immediately mixed with 6x SDS
sample loading buffer (6 xL). MMP-1 was inactivated by incubating with 1% (w/v) SDS,
and 5mM B-mercaptoethanol and heating at 100°C for 10 mins before storing the samples at
-20°C. Proteolytic degradation of protein polymers over time was monitored by
electrophoresis analysis on a 15% SDS-PAGE gel, staining of the degradation fragments
with Coomassie Brilliant Blue, and densitometry analysis via ImageJ (NIH software,
Bethesda, MD).

2D Cell Culture and Attachment of hMSCs

Human bone marrow-derived mesencymal stem cells (nMSCs) (Lonza, Walkersville, MD,
passage 3-6) were sub-cultured at a seeding density of 5000-6000 cells/cm? on T-150 flasks
(Corning, New York, NY) at 37°C with 5% CO, in MSC maintenance media (Lonza, MD).
Medium was refreshed every 3 days. Upon reaching ~80% confluence, cells were
trypsinized, counted, centrifuged, and resuspended in the same maintenance medium at a
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desired cell density. RLP hydrogels were prepared by adding 50p.L of solution into one
chamber of an eight-well plate (Electron Microscope Science). The cross-linking reaction
was allowed to occur for 30 mins at room temperature followed by sterilization under UV
light (254 nm) for 20 mins. The RLP hydrogels were subsequently washed twice with 300uL
Dulbecco’s phosphate buffered saline (DPBS) for 15 mins at room temperature before
seeding cells on the hydrogel surface at a density of 104 cells per well. Cell attachment and
morphology were assessed by Live/Dead assay and F-Actin/Vinculin staining. For Live/
Dead assay, RLP hydrogels were stained with propidium iodide (1:2000 in DPBS,
Invitrogen, Carlsbad, CA) and Syto-13 (1:1000 in DPBS, Invitrogen, Carlsbad, CA) for 5-10
mins at room temperature and subsequently imaged with multiphoton confocal microscopy
(Zeiss 510 NLO, Thornwood, NY). For F-Actin/Vinculin staining, a commercially available
actin cytoskeleton and focal adhesion staining kit (Millipore, Bedford, MA) was utilized to
assess cell morphology and attachment. RLP hydrogels were rinsed in DPBS, fixed in 4%
paraformaldehyde (Electron Microscope Science, Hatfield, PA) for 15 min, and
permeabilized in 0.1% Triton X-100 (Fisher, Wilmington, DE) on ice for 5 min. Hydrogels
were subsequently blocked with 3% heat inactivated bovine serum albumin (BSA; Jackson
ImmunoResearch, West Grove, PA) in DPBS for 30 min, followed by a 1 hour incubation
with mouse anti-vinculin monoclonal primary antibody (1:100 in 1% BSA,; Millipore,
Bedford, MA). RLP hydrogels were subsequently co-stained with AlexaFluor-488 goat anti-
mouse 1gG (Invitrogen; 1:100 in 1% BSA) and TRITC-conjugated phalloidin (Millipore;
1:200 in 1% BSA) for another hour. Finally, RLP hydrogels were counterstained with
Drag-5 (1:1000 in DPBS; Axxora LLC, San Diego, CA) for 5 min before being visualized
via multiphoton confocal microscopy (Zeiss 510 NLO, Thornwood, NY).

3D Encapsulation and Viability of hMSCs

The sub-culture conditions for the hMSCs in these experiments were identical to those
described above for the 2D cell culture experiments. An aliquot of hMSC (P3-5) suspension
was then added to UV-sterilized (20 mins) mixture of RLP and RLP-RGD (with THP) or a
mixture of RLP-RGD and RLP-MMP (with THP) at room temperature at a 1:1 molar ratio
of lysine residues and HMP functional groups at a final protein concentration of 200 mg/mL.
The final density of the encapsulated cells was approximately 1 million per mL. After gently
pipetting for 1-2 min at room temperature, 50ul of each RLP-cell mixture was then
deposited onto an 8-well chamber and incubated at 37 °C for 30 min in a 5% CO, incubator
to allow for complete gelation, followed by adding 3001 media into the chamber. Media
was changed every 15 mins at least 2 times to remove potential residual THP cross-linker.
The constructs were cultured up to 7 days and the medium was changed every other day. To
assess cell viability, cell-gel constructs were rinsed with DPBS, and stained with propidium
iodide (Molecular Probes, 1:2000 in DPBS) and SYTO 13 (Molecular Probes, 1:1000 in
DPBS) for 5-10 min at room temperature. The stained cells at day 1, 3 and 7 were visualized
using multiphoton confocal microscopy (Zeiss 510 NLO, Thornwood, NY).

Results and Discussion

Vocal folds are the only tissue in humans that vibrates regularly at frequencies of 100-1000
Hz at amplitudes of about 1mm.>’ Due to the stringent biomechanical properties of the
human vocal fold, there have not been many investigations on creating artificial ECM
scaffolds to treat vocal folds pathologies and disorders. Given our previous studies
indicating the similarity of the mechanical properties (at both low and high frequencies) of
RLP hydrogels and vocal fold tissues, 8 59 coupled with the ability of our RLP hydrogels to
support the adhesion and proliferation of NIH 3T3 fibroblasts,>® we have sought to expand
the versatility of these recombinant RLPs as a scaffold for engineering vocal fold
therapeutics. Reported here is the production of multiple RLP-based constructs, in which

Soft Matter. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 6

each RLP construct contains the same repetitive resilin consensus motif but contains a
different biologically active module (to impart cell adhesion, MMP-sensitivity, or protein
sequestration) (Figure 1). It is thus possible, via simple mixing of the various RLP
constructs, to independently modulate the concentrations of each biological domain in
materials without altering the mechanical properties of the material.

Materials Design

The amino acid sequences of the RLPs produced in this study are listed in Table 1. Guided
from our initial design of RLP12,58.59 12 repeats of the pro-resilin putative consensus
sequence (GGRPSDSYGAPGGGN) were employed; this sequence is derived from the first
exon of the Drosophila melanogaster gene CG15920 and confers mechanical properties to
resulting hydrogels that are similar to native resilin.#3 We substituted tyrosine (Y) with
phenylalanine (F) and methioine (M) to expand future options for cross-linking these
materials through the incorporation of non-natural amino acids. Unlike the previous
sequence where the cross-linking positions were randomly distributed along the chain, in
this new design, five lysine-containing GGKGGKGGKGG sequences were incorporated and
placed evenly along the polypeptide chain, with 45 intervening amino acids, in order to
mimic the distance between the cross-links of natural resilin (30-60 amino acids between
cross-links). The short amino-acid dyads between the various modules result from the
restriction enzyme digestion sites employed for the cloning strategies. The integrin-binding
domain GRGDSPG, derived from fibronectin, was employed, as it has been shown to
promote adhesion of multiple types of endothelial cells, smooth muscle cells, and fibroblasts
through a,B3 and asp; integrins.30-32 60 GRDGSPG is included as a scrambled negative
control sequence for cell adhesion. The MMP-sensitive domain GPQGIWGQG, derived
from human a(1) collagen, is also included in these constructs owing to not only its
successful use in cell-mediated remodelling of polymeric biomaterials, but also because of
its general relevance as a collagenase substrate to mediate cell invasion, migration,
proliferation, and new tissue growth,61-63

Expression and Purification of RLPs

The genetic construction of RLP constructs is shown schematically in Figure S1. The
sequences of the recombinant plasmids were confirmed via DNA sequencing (Figure S2)
and the plasmids (designated as pQE80-RLP, pQE80-RLP-RGD, pQE80-RLP-RDG, and
pQE80-RLP-MMP) were then each transformed into £. co/i M15 [pREP4] competent cells
to generate relevant expression hosts. All RLP-X constructs were successfully expressed via
traditional IPTG induction and easily purified under native conditions via Ni-NTA metal
chelating affinity chromatography with a yield between 20-30mg/L. The purity, correct
expression, and polypeptide composition of each construct were analyzed via HPLC, SDS-
PAGE, MALDI-TOF mass spectroscopy and amino acid analysis. SDS-PAGE analysis of
all RLP constructs (shown in Figure 2) shows a single polypeptide band of high purity
(>97%) for each RLP construct at a position corresponding to a molecular mass of
approximately 25kDa. This observation is consistent not only with theoretical molecular
weight of each RLP construct listed in Table 2 but also with the observed single peak
observed in the HPLC trace of each RLP construct (Figure S3). MALDI-TOF mass
spectrometry further confirmed the expected molecular mass of each RLP construct (Table
S1 and Figure S4) and the compositions of the polypeptides were determined to be within
5% of the expected amino acid compositions via amino acid analysis (Table S2). All RLPs
exhibited heat stability with incubation at temperatures of 100 °C for 30 min, consistent with
the properties of other reported recombinant RLPs and natural resilin.36: 44 RLP constructs
isolated by this protocol were used directly for conformational analysis and for subsequent
testing of mechanical and biological properties.
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Analysis of the Conformation of RLPs

CD spectroscopy was employed to probe the effects of specific amino acid substitutions in
the putative resilin sequence and the addition of biological domains on the conformational
properties of all RLP constructs. The CD spectra shown in Figure S5 were collected at a
protein concentration of 10uM in PBS pH 7.4 at 37 °C in order to closely mimic
physiological conditions. The spectra of all RLPs showed similar features, which are
dominated by strong peaks near 198nm, indicating largely disordered random-coil
structures. The positive peaks near 213nm and the minor negative peaks near 227nm
indicate the contribution of type-11 p-turns, which arise due to the presence of PG dyads in
the sequence. These conformational features have also been observed for short resilin-
mimetic peptides and resilin-like polypeptides, as well as natural resilin with similar
sequences.?0:46. 64 The amino acid substitution in the resilin sequence did not appreciably
alter the conformational properties of RLPs, and the addition of the various biological
domains did not cause the conformational behaviour of the various RLP constructs to differ
significantly from one another, as is expected given the relatively small size of the
biologically active amino acid sequences.

FTIR-ATR spectra were collected for uncross-linked RLP solutions and cross-linked RLP-
based hydrogels of various compositions in DO (at a concentration of RLP of 20wt%).
Expanded amide-1 regions of all the spectra were deconvoluted and spectra for the uncross-
linked RLP and other hydrogel compositions, which are essentially identical to each other,
are shown in Figure S6. The broad nature of the Amide-I band, centered at approximately
1650 cm™1, suggests contribution from multiple species. Deconvolution of the Amide-1
regions yielded similar results for all samples, with a dominant peak at approximately 1645
cm~ indicative of the random coil conformation with two minor peaks around 1672 cm™1
and 1618 cm™1, corresponding to those reported for B-turns and B-sheet structures
respectively.58: 64. 65 Similarities in the contribution of disordered conformations in the
uncross-linked (Figure S6, panel A) and cross-linked RLPs (Figure S6, panel B, C, D) are
perfectly consistent with previous reports®8 and indicate that the cross-linked RLP hydrogels
exhibit significant chain flexibility and disorder. These secondary structures are reminiscent

of conformers observed in other RLPs and other elastomeric proteins such as elastin, as
We||.46' 64, 66

Oscillatory Rheology

The vocal-fold mucosa, the major vibratory portion of the vocal fold, is directly involved in
tissue repair, particularly in small-amplitude oscillations like phonation onset and offset.52
The viscoelastic mechanical properties of RLP-based hydrogels under shear are highly
relevant as oscillation of the mucosa involves the propagation of a surface mucosal shear
wave.?3-55. 67 The mechanical properties of the RLP hydrogels were thus characterized via
in situ dynamic oscillatory shear rheology using a cone-on-plate geometry; the hydrogels
were cross-linked under mild agueous conditions via the Mannich-type reaction of THP with
primary amines of the lysine residues of the polypeptide.

We employed this Mannich-type cross-linking reaction because a similar cross-linking
strategy employing [tris(hydroxymethyl phosphine)] propionic acid (THPP) has shown fast
gelation and permitted direct cell encapsulation in the presence of fibroblasts without any
deleterious effects. Protein solutions at various concentrations of RLP were pre-vortexed
at room temperature with an appropriate amount of THP to ensure homogenous mixing, at
an equimolar ratio of reactive lysines to HMP groups. Samples characterized using two
cone-on-plates with different cone-degree angles resulted in similar gelation time, time to
plateau, and final storage modulus, confirming the lack of slip during these dynamic
oscillatory shear rheological experiments. Time sweep experiments were conducted in order
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to determine times of gelation; the data in Figure 3 showed the storage moduli (G’) at
different protein concentrations for an RLP-only hydrogel. As shown in the data, all
compositions were observed to gel rapidly after the temperature was increased to 37 °C,
indicated by the considerable increase in viscosity and dynamic storage modulus (G’); all
hydrogels reached a plateau modulus within 15 min with 50 to 100-fold differences between
loss modulus (G’”), indicating the formation of elastic solid hydrogels. Increased protein
concentrations decreased the time to obtain a plateau modulus and increased the final
storage modulus, as expected, with G” values ranging from 1000 Pa (5wt%) to 20 kPa (20wt
%). This facile manipulation of shear moduli offers versatility in the choice of specific
mechanical properties. Figure S7 shows frequency-sweep measurements of the various
concentrations of the RLP hydrogels, illustrating that the G’ values remained constant
during the entire time sweep (2h) even at the lowest protein concentration (5wt%), which
demonstrates the anticipated stability and elastic-solid-like behaviour of these covalently
cross-linked RLP hydrogels.

As shown in Figure 4, three different hydrogel scaffolds (comprising either RLP, 50% RLP
with 50% RLP-RGD, or 50% RLP-RGD and 50% RLP-MMP) exhibited similar storage
moduli at 10wt% and 20wt% polypeptide concentration (approximately 10+1.2 kPa or
20+3.5 kPa, respectively). These data illustrate that the concentration of biologically active
domains in a hydrogel can be decoupled from the mechanical properties of the hydrogel
simply by mixing different RLP constructs. Swelling ratio and water content measurements,
shown in Figure S8, corroborate these observations. Both the swelling ratio (approximately
5) and water content (around 80%) are similar to each other despite the differences in
hydrogel compositions and are also consistent with natural resilin, other RLP-based
hydrogels and our previous reported RLP12 hydrogels.19: 43. 50. 58,59, 69 The jndependent
control of the content of biologically active domains over mechanical properties provides
important opportunities for optimizing the compositions of artificial extracellular matrix.

Enzymatic Degradation of Soluble RLP and RLP-MMP

In order to mimic the naturally degradable ECM microenvironment, synthetic polymeric
biomaterials have been equipped with short, enzyme-sensitive peptides and have
demonstrated an increase in enzymatic sensitivity, resulting in the improvement of
outgrowth, proliferation and migration of cells.l: 62. 63. 70 Bjosynthetic strategies enable
these short peptide sequences to be selectively localized in order to allow regional
remodeling of the biomaterials in response to proteinases that are secreted by cells
encapsulated within the scaffolds. The MMP-sensitive substrate was chosen because of its
previous successful implementation in cell-mediated matrix turn-over of polymeric
biomaterials, and because of its sensitivity to degradation by collagenases to mediate cell
invasion, proliferation, migration, and tissue remodeling; indeed, collagens are main
proteins in the vocal fold lamina propria. The degradation properties of these soluble RLP
and RLP-MMP constructs were characterized in the presence of MMP-1 under physiological
conditions. The high concentration of MMP-1 (100nM) used in this experiment was chosen
because of its similarity to concentrations in previously reported MMP degradation
experiments.®1-63. 71 Gel electrophoresis was employed to monitor the degradation
fragments of the RLP constructs within a range of time points and a representative RLP and
RLP-MMP degradation profile is shown in Figure 5. As shown in the figure, the RLP
construct lacking the MMP-sensitive domain remained intact during the entire incubation
with MMP-1 (Figure 5A), however, the RLP-MMP construct equipped with the MMP-
sensitive sequence degraded through the course of 48-hour reaction time (Figure 5B).
ImageJ was used to perform densitometry analysis of the gels; the degradation profiles
determined from these experiments are shown in Figure 5C. These results indicate that
essentially 100% of the RLP remained intact while less than 10% of the RLP-MMP
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remained intact; the approximate half-life suggested from inspection of the densitometry
analysis for the RLP-MMP is approximately 20 hours. Taken together, these results suggest
the capacity to tune the degradation rate of a desired scaffold simply by mixing RLP-MMP
with other RLPs. Experiments of degradation on hydrogels based on RLP-MMP
compositions are underway.

Attachment of hMSCs on RLP-based Hydrogel Surfaces

Adult human mesenchymal stem cells (hMSCs) can expand as undifferentiated cells in
culture for more than 50 passages, indicating their proliferative capacity, and they also
maintain their ability to selectively undergo osteogenic, chondrogenic, and adipogenic
differentiation processes.’2-’® Because primary cells from vocal fold tissue are not readily
available and would not be a clinically viable selection, human bone-marrow derived MSCs
were employed in cell studies; these cells are appropriate for future use in vocal fold cell-gel
therapies. The ability of the cross-linked RGD-containing RLP-based hydrogels to support
the attachment of hMSCs was investigated via seeding cells on the surface of 20wt%
hydrogels with a 50% RLP and 50% RLP-RGD composition. Cells cultured on the surface
of this hydrogel exhibited elongated morphology within 24 hours. The cells stained green
via Live/Dead staining (with essentially no cells stained red), indicating their excellent
viability (data not shown). Detailed cell morphology and the degree of cell spreading were
assessed via F-Actin/vinculin co-staining, shown in Figure 6. After 24 hours, hMSCs were
well-spread on 50% RLP and 50% RLP-RGD-based hydrogel and displayed an elongated
cell morphology. Cell nuclei, stained by Draqg 5 (blue, Figure 6A), indicated the relative
location of hMSCs. Intense green spots (Figure 6B) are representative of focal adhesion
complexes along the long axis of cell body. F-actin stress fibers (red, Figure 6C) along the
edge of the cell body were also clearly visualized. In contrast, hMSCs seeded on the surface
of a 20wt% RLP-only cross-linked hydrogel displayed a rounded morphology due to the
lack of RGD integrin-binding motifs (Figure S9). Together, these data confirm that the RGD
domain in the RLP-RGD hydrogel was able to support the attachment and spreading of
hMSCs. Further comparisons of cell behavior on hydrogels of various RGD-content as well
as on RDG-containing hydrogels are underway.

3D Encapsulation of hMSCs in Cross-linked RLP-based Hydrogels

Initial cell encapsulation was investigated in the 50% RLP and 50% RLP-RGD hydrogels
(the composition that supported cell adhesion in the 2D cell culture experiments) in order to
confirm the cytocompatibility of the RLPs with bone-marrow derived hMSCs in the
presence of the cross-linker THP, as well as to validate the mechanical integrity of cell-gel
constructs over various periods of time in cell culture. The hMSC pellet was resuspended at
room temperature with RLP solutions (and THP at a 1:1 molar ratio of lysine residues to
HMP functional groups). The mixtures quickly formed hydrogels at 37 °C (within several
minutes after incubation), consistent with the oscillatory rheology experiments. The cell-gel
constructs were then cultured at 37 °C up to 7 days and cell viability/cytotoxicity was
characterized via live/dead assay. The fluorescence images at day 1, 3 and 7 (visualized in
Situ at room temperature via multiphoton confocal microscopy) are shown in Figure 7. The
data demonstrated the even distribution of hMSCs throughout the three dimensional gel as
indicated by the similarities in each XY panel and Z direction at various times of cell
culture. Although a small number of cells fluoresced red in these 3D cell culture
experiments, indicating cell death, the majority of cells at either day 1, 3 or 7 fluoresced
green, suggesting their viability in the presence of the cross-linker THP. These cell-gel
constructs were also able to maintain their mechanical integrity and cell viability for an
extended time of at least 21 days (data not shown). Given the fact that these hydrogels
lacked the MMP-sensitive domain, it is consistent that hMSCs were not able to spread in
this hydrogel composition. The potential for hMSCs to develop focal adhesions and

Soft Matter. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Conclusions

Page 10

elongated morphologies in 3D culture could be improved via tuning of the RGD density and
introducing MMP-sensitive domains; such optimization is underway.

These modular RLP constructs permit facile and independent tuning of the concentration of
biologically active domains and mechanical properties of polypeptide hydrogels, and offer
substantial opportunities for fabricating a regenerative scaffold that can be systematically
tailored. Bacterial expression of all RLP constructs provided sufficient yield of protein with
high purity. Both CD and ATR-FTIR spectra indicated the maintenance of largely random
coil conformations derived from the repetitive resilin-like motifs in the polypeptides.
Rheological characterization demonstrated that hydrogels can be rapidly formed upon
mixing with the cross-linker THP and that various compositions of RLP hydrogels yield
comparable mechanical properties independent of the identity and concentration of the
biologically active domains in the hydrogel. SDS-PAGE and densitometry analysis
confirmed that an RLP equipped with MMP-sensitive domains is susceptible to MMP-1
enzymatic degradation within 48 hours, in contrast to the complete stability of the RLP
construct lacking the MMP-sensitive domain. An RGD-containing RLP hydrogel substrate
supported the adhesion and spreading of hMSCs. 3D encapsulation of primary hMSCs in
mixed-RLP constructs was possible; the integrity of hydrogels and viability of encapsulated
cells were both maintained over extended time periods. Optimization of RGD density and
MMP-degradation in these 3D RLP-based hydrogel constructs, in order to tune the activities
of hMSCs for injectable therapies, is in progress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the various RLP constructs.
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SDS-PAGE analysis of purified RLPs. Lane 1 is the protein standards; the identities of the

samples in the other lanes are as marked in the figure.
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Figure 3.
Dynamic oscillatory rheological characterization of hydrogels based on RLP alone at

various protein concentrations. Time sweep of 5wt%, 10wt% and 20wt% RLP protein
concentrations.
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Oscillatory storage moduli of hydrogels formed from simple RLP-based or mixed RLP-
based constructs at 10wt% and 20wt% final protein concentration at 1:1 (lysine : HMP)

cross-linking ratio with error reported as the standard deviation of the average of 5

measurements.
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Figureb.

SDS-PAGE analysis of MMP degradation time course of (A) soluble RLP, (B) RLP-MMP,
and (C) SDS-PAGE densitometry analysis of relative degradation rates of soluble RLP and
RLP-MMP upon exposure to 100nM MMP-1 incubated at 37 °C in pH 7.4 PBS.
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Figure6.

Representative images of hMSCs stained, after 24 hours, for visualization of nuclei,
vinculin, and actin cytoskeleton, on the surface of a 20wt% RLP hydrogel with a
composition of 50% RLP and 50% RLP-RGD (and with a 1:1 (lysine : HMP) cross-linking
ratio). (A) Cell nuclei counterstained by Drag5 (blue); (B) focal adhesion sites visualized
(green) by treatment with anti-vinculin and a FITC-labeled secondary antibody; (C) F-actin
filaments visualized (red) by treatment with TRITC-phalloidin; and (D) the merged image of
the triply stained hydrogels (Drag5, vinculin and TRITC-phalloidin).
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Figure7.
Day 7 Live/dead assay of 3D encapsulated hMSCs in 20wt% 1:1 (lysine : HMP) cross-
linking ratio hydrogel based on 50% RLP and 50% RLP-RGD in gel composition.
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Table 1

Summary of the sequence and bioactive domains of RLPs

Era?;zn Bioactive Domain Sequence '(VIID\Q;
RLPA N/A 23127
RLP-RGD T-GRGDSPG-G 23911
RLP-RDG T-GRDGSPG-G 23911
RLP-MMP D-GGKGGKGGKGG- 24007

GPQGIWGQG-V
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aMRGSHHHHHH-GS-RS-GGKGGKGGKGG-(GGRPSDSF/MGAPGGGN)g-LQ-GGKGGKGGKG—LQ-(GGRPSDSF/A/BAPGGGN)3-VD-
GGKGGKGGKGG-VD-(GGRPSDS A/MGAPGGGN)3-EL-GGKGGKGGKGG-EL-(GGRPSDS /MGAPGGGN)3-GGKGGKGGKGG-GT-KL
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