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Abstract

The superior elasticity, excellent resilience at high-frequency, and hydrophilic capacity of natural
resilin have motivated investigations of recombinant resilin-based biomaterials as a new class of
bio-elastomers in the engineering of mechanically active tissues. Accordingly, we report here the
comprehensive characterization of modular resilin-like polypeptide (RLP) hydrogels and introduce
their suitability as a novel biomaterial for /n vivo applications. Oscillatory rheology confirmed that
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a full suite of the RLPs can be rapidly crosslinked upon addition of the tris(hydroxymethyl
phosphine) (THP) cross-linker, achieving similar /n situ shear storage moduli (20k+3.5Pa) across
various material compositions. Uniaxial stress relaxation tensile testing of hydrated RLP hydrogels
under cyclic loading and unloading showed negligible stress reduction and hysteresis, superior
reversible extensibility, and high resilience with Young’s moduli of 30+7.4kPa. RLP hydrogels
containing MMP-sensitive domains are susceptible to enzymatic degradation by MMP-1. Cell
culture studies revealed that RLP-based hydrogels supported the attachment and spreading (2D) of
human mesenchymal stem cells (hMSCs) and did not activate cultured macrophages.
Subcutaneous transplantation of RLP hydrogels in a rat model, which to our knowledge is the first
such reported /n vivo analysis of RLP-based hydrogels, illustrated that these materials do not elicit
a significant inflammatory response, suggesting their potential as materials for tissue engineering
applications with targets of mechanically demanding tissues such as vocal fold and cardiovascular

bio-elastomer; hydrogel; resilin-like polypeptide; tissue engineering; vocal fold

1. Introduction

Engineering protein-based hydrophilic elastomers with controlled mechanical properties and
specified bioactivities continues to offer promising opportunities in regenerative
medicine.l1=6] Current interest in engineering mechanically active tissues to treat conditions
such as vocal fold disorders and cardiovascular pathologies has continued to motivate the
development of novel biomaterials.”-11 In particular, for applications in treatment of vocal
fold disorders, multifunctional materials with well-designed biological function and
biomechanical properties intended to mimic those of the native extracellular matrix (ECM)
are needed to address underlying injury-induced pathologies and scarring.[8:10-13]

Numerous investigations have highlighted the importance of mechanical stimulation in
regulating matrix composition of the vocal fold (VF) lamina propria (LP).[24-17] However,
the choice of either natural or synthetic biomaterials for use in vocal fold tissue regeneration
has been limited owing to difficulties in meeting necessary mechanical demands (storage
moduli: 500-5000Pa over 20-180Hz vibration frequencies; non-linear stress-strain
relationship; Young’s modulus of 20-40kPa at low strain)[%.16.18] while also imparting
desired cell-tissue interactions.[*>19] Previous attempts toward 7 vitro vocal fold tissue
engineering have utilized reconstituted or chemically modified ECM components (e.g.,
hyaluronic acid (HA), collagen matrix and fibrin),[10-12.20-22] polymeric scaffolds or
hydrogels,[71523] and/or peptide-based materials[11:24.25] as the scaffolding materials. While
the mechanical properties of these materials have been possible to control and functional
improvements have been reported, the mechanical properties have not reliably matched
those required for the vocal folds, with materials showing significant hysteresis and fatigue
upon application and release of strain, as well as limited tuning of biological
properties.[56:26] Thus new biomaterials that exhibit dynamic, instant mechanical response
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and superior elastomeric properties, with independently tuned biological cues, would offer
highly useful alternatives.

There have been numerous reports of the design of recombinantly engineered elastomeric
proteins to produce materials with desirable biomechanics and tunable cell-instructive
properties that better capture those of the natural extracellular matrix (ECM).[3:6.27-29]
Tremendous research effort has been devoted to synthesizing recombinant elastin-like
polypeptide-based bio-rubbers that mimic the inherent elasticity of natural elastin with
outstanding mechanical properties.[>:6:30.31] These approaches obviate concerns about the
potential for disease transmission from native, purified elastins,[32] and generate
recombinant tropoelastin-based and elastin-like-polypeptide biomaterials based on the
consensus sequence of tropoelastin, VPGVG, for various biomedical applications.[6:11:33-38]
The engineered ELP-based biomaterials exhibit tunable mechanical properties
(E=0.25MPa~1.2MPa) with resilience values from 50% up to 80%, and support adhesion,
proliferation and differentiation of multiple cell lines. Tropoelastin-based biomaterials have
significantly overcome solubility issues, demonstrated tunable mechanical stiffness, and
exhibited improved resilience values compared to many ELP-based counterparts (single-
molecule AFM studies of tropoelastin show its near-perfect resilience).[36:37.39-43] |n studies
reported to date on bulk hydrogels of these materials, however, the transient mechanical
behavior, the resilience, and high-frequency behavior of the materials have only partially met
the requirements for the vocal fold.[30.32:39,44-48]

Native resilin, another rubber-like protein found in insects, also exhibits useful elasticity
characterized by low stiffness, high extensibility, and efficient energy storage, [4%-53] as well
as a remarkable fatigue lifetime, surviving repeated contraction/extension cycles (in some
cases greater than 400 million cycles) at elevated frequencies from 200 to 4000Hz (which as
noted above spans the vibration frequency range of the vocal fold (100-1000Hz)).[1:49.54-56]
Biosynthetic approaches have been used to produce recombinant resilins that capture the
native protein’s mechanical properties, and these resilin-like polypeptides have demonstrated
potential advantages as highly mechanically active scaffolding materials.[56-6% |n the first
step towards producing such scaffolds for as applications in treating vocal fold
pathologies,[61-65] we developed mechanically robust resilin-like polypeptide gels based on
the putative resilin consensus sequence from the first exon of the D. melanogaster CG15920
gene, equipped with multiple biological active domains, with results demonstrating
mechanical properties comparable to those of native vocal fold tissues. Specifically, these
cross-linked RLP hydrogels exhibited excellent resilience and tunable mechanical properties
with, at low frequencies, shear moduli ranging from 500Pa to 10kPa and Young’s moduli
from 15 to 35kPa, and, at high frequencies (30-150Hz), storage shear moduli between 1000
to 2000Pa.[61.62]

Given these mechanical similarities between RLPs and the properties of vocal fold tissue
(mentioned above), and coupled with their increased hydrophilic capacity relative to other
elastomers, [52.61-63.65.66] here we present the characterization of an unreported suite of RLP-
based hydrogels that exhibit controlled hydrogel degradation, dynamic mechanical
properties, and biological responsiveness. These RLP hydrogels not only show similar
viscoelastic properties and dynamically reversible elasticity to that of native vocal mucosa
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tissues, but also promote interactions with hMSCs. Preliminary /n vitroand in vivo
evaluation of inflammation and biocompatibility of these RLP-hydrogels indicate that these
scaffolds show promise as biomaterials for encapsulation of cells for vocal fold regeneration.

2. Results and Discussion

2.1. Tunable Mechanical Properties of Multifunctional RLP-based Hydrogels

The need to independently tailor specific cell-matrix interactions motivated us to expand the
versatility of the recombinant RLPs previously produced in our laboratories.[26:61.62.67] e
thus designed multiple RLP-based constructs with 12 repetitive consensus motifs
(GGRPSDSF/MGAPGGGN) derived from Drosophila melanogaster but bearing different
biological modules that can be independently incorporated into a final matrix to impart cell
adhesion, MMP-sensitivity, or growth factor sequestration.[53] Here we report the use of
these constructs, but with a set of expanded material compositions, in more targeted studies
of activities relevant for /n vivotissue engineering applications.

The fibronectin-derived, integrin-binding domain GRGDSPG was employed in these RLP
constructs to impart cell adhesion,[®8] with GRDGSPG included as a scrambled negative
control. The MMP-1-sensitive domain GPQGIWGQG, derived from human a (1)
collagen,[69.791 s also included in these constructs owing to not only its successful
implementation in cell-mediated remodeling of polymeric biomaterials, but also because its
general relevance as a collagenase substrate to mediate cell invasion, migration,
proliferation, new tissue growth, and vocal fold scar tissue modulation.[”:72] The MMP-1
sensitive sequence is particularly relevant given that collagens I, 11, 111 are the main proteins
in the vocal fold lamina propria.[:8:18] All RLP constructs were expressed in £ coli.
M15[pREP4] expression hosts and purified v7a Ni-NTA affinity chromatography as
previously described.[62.63.65] The purified polypeptides were cross-linked with
tris(hydroxymethyl phosphine) (THP)-facilitated, Mannich—type condensation chemistry to
rapidly form solid hydrogels and support cell encapsulation.[63.73.74] A schematic of the
different gel compositions is shown in Scheme 1.

The time-dependent mechanical properties of tissues are important to their function and
repair, in particular, the relevance of transient mechanical response of the vocal fold tissue
during phonation.[16.65.75.76] Muych effort has been focused on matching the shear modulus
of materials with tissue intended for their application, however, there are few investigations
characterizing how these materials behave under constant mechanical strain. In order to
explore energy dissipation behavior, we conducted stress-relaxation experiments on these
compositionally diverse RLP-based hydrogels.[6%] Oscillatory rheology was employed
initially to confirm that RLP hydrogels of three different compositions (100% RLP, 50%
RLP+50% RLP-RGD, 50% RLP-RGD+50% RLP-MMP), prepared at a concentration of
20wt%, exhibited similar storage moduli (Figure S1a). Stress relaxation experiments were
then conducted on these three 20wt% RLP hydrogels, with the strain set to 60% (in the
middle of reported deformation of vocal fold tissues),[7:910.76] while the stress was
monitored over a 10-minute period; representative data are shown in Figure 1. When the
strain was initially applied to the hydrogel, the stress increased rapidly and reached a
maximum value (~80kPa); this behavior was observed across all three hydrogel

Adv Healthc Mater. Author manuscript; available in PMC 2017 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 5

compositions, demonstrating the highly elastic response of the RLP-hydrogels to external
energy input despite the differences in final compositions. Importantly, the data illustrate a
minimal reduction in stress over 10 minutes, highlighting the efficient energy input and
minimal energy dissipation of these RLP-based materials, in sharp contrast to the significant
stress relaxation observed for previously reported ELP-based hydrogels and GB1-RLP
proteins (which is likely due to the unfolding of those polypeptide chains).[60.76.77]
Importantly, the negligible reduction in stress observed in stress relaxation experiments of
the RLP (illustrated in Figure 1) are consistent with the lack of stress relaxation that has
been previously observed for native canine vocal fold tissues that have been stretched from
12% to 43% strain,[76.78.7%] and also to those observed for a swollen cross-linked Rec1-
resilin hydrogel, although the strain in the previous RLP studies was limited to only
0.4%.180]

Repetitive loading and unloading in a standard uniaxial tensile testing format, over a range
of values relevant to vocal fold deformation, was employed to determine the Young’s
modulus and calculate the resilience of the hydrated RLP films (20wt%). For each hydrogel
film, three consecutive loading and unloading cycles were applied: first, three cycles to 30%,
then three cycles to 60%, and finally three cycles to 100% strain. Figure 2a displays results
for three cycles to 30% strain (including the initial loading and unloading cycle), which is
the approximate average strain sustained by the lamina propria during phonation.[7:9.16.81]
Figure 2b shows the third loading and unloading cycle for 100% strain, of relevance to the
longitudinal strain experienced by the vocal fold ligament during the production of high-
pitched sound.[7-8:16:81] (Figure S1b shows the third loading and unloading cycle at 60%
strain. Three loading and unloading cycles for 60% and 100% strain yielded similar traces
compared to those observed in 30% strain and thus only the third stress-strain cycle is
presented for simplicity.) The near-perfect overlap of these stress-strain curves during
loading and unloading confirms the negligible hysteresis and excellent elasticity of the RLP-
based hydrogels over multiple compositions, even up to 100% strain. While the nonlinear
generation of stress with applied strain (with very low, but measurable amounts of stress at
strains below 30%) is similar to previously reported data for polymer-based elastomers,
human vocal ligament tissues, and silk-derived biomaterials,[26:81.82] the observed resilience
of these RLP materials is significantly greater than that for other structural protein-based
hydrogels, and is consistent with our previously reported results.[26.62.63,65]

The resilience of these hydrated RLP-based gels, calculated by dividing the area under the
unloading curve by that under the loading curve for each strain-stress cycle, including the
initial cycle that shows a slight hysteresis, is generally in excess of 95% and in some cases
as high as 99% (Figure 2c and Table S1), for all three compositions across a full range of
strain values relevant to human phonation.[7:9:16.75.81] These values are comparable to those
reported for natural resilin (90%)[83:841 and other previously reported resilin-based
biomaterials (94-100%),[56:58.60.62,85] and improved over available data reported for bulk
hydrogels of other natural elastomeric materials, tropoelastin-based (70-80%)[36:37:40] and
ELP-based hydrogels (50-80%).[26.77.86.87] Although select synthetic polymer-based
hydrogels (e.g., thiol-norbornene-based PEG-PDMS hydrogels, and poly(acrylic acid)-co-
poly(n-butyl acrylate)-based block copolymers) have also achieved such high resilience, the
RLP-based hydrogels offer the advantage, in regenerative medicine applications, of
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exhibiting tunable biological properties.[82:88.89] |n general, the hydrogel properties of the
three RLP-based composition were also very similar (Table S2). The non-linear stress-strain
behavior of RLP hydrogels are consistent with the longitudinal elastic properties reported
from the stress-strain measurements of human vocal ligaments in vitro. The Young’s moduli,
calculated from the linear region (5-15%) of the stress-strain curve (Figure S2), were
approximately 30kPa, which is within the range of those reported from human vocal fold
tissues (20-40kPa) and also comparable to other RLPs (~25.5kPa).[56.81.85]

2.2 In vitro Degradation of RLP-based Hydrogels

Synthetic hydrogel scaffolds that are designed as a provisional matrix at a site of injured
tissue should have a degradation rate that approximates the kinetics of formation of new cell-
secreted extracellular matrix, resulting in optimal tissue integration and mechanical stability
comparable to uninjured native tissue.[90.911 Accordingly, an MMP-sensitive domain
(GPQGIWGQG) was incorporated into the RLP sequences because of its relevance as a
collagenase to mediate cell invasion, proliferation, migration in collagen (type I)-rich
connective tissues.[8:72:92] Degradation of the RLP hydrogels was monitored in the presence
of 200nM MMP-1 at 37°C over 72 hours via direct measurement of the modulus using
oscillatory rheology (Figure 3), to assess the kinetics of degradation of the hydrogels as well
as the changes in mechanical properties that occur with degradation.[®3] While the high
enzyme concentration of MMP-1 (200nM) used in the RLP hydrogel degradation reactions
may not be mimetic of MMP-1 concentrations /n vivo, it was selected owing to its similarity
to concentrations reported in previous studies for ease of comparison.[63.69.70.94] Both axial
and radial swelling were negligible; therefore, the reduction in storage moduli was directly
related to the scission of MMP-sensitive domain in the RLP-MMP construct. Hydrogels
were formed /i situ on the Peltier plate; degradation was initiated, by the addition of the
MMP-1 enzyme, after the storage modulus of the hydrogels reached an initial plateau
(Figure S1d).

As illustrated in Figure 3, an RLP-MMP hydrogel incubated with the MMP-1 enzyme
displayed a rapid reduction in storage modulus during the initial 20 hours of incubation
followed by a slower decrease for the next two days, with roughly a 50% decrease in
modulus (from approximately 24kPa to 12kPa) over 3 days. While this rate of degradation
may be more rapid than desired for select tissue regeneration applications, the results clearly
indicate the sensitivity of the RLP matrices to degradation by relevant enzymes. No such
degradation was observed for two different negative controls (20wt% RLP with 200nM
MMP-1 and 20wt% RLP-MMP without MMP-1), only a slight initial decrease that may be
due to a small degree of swelling. A rapid (<5hr) initial decrease in modulus of 20wt% RLP-
MMP hydrogel incubated with 200nM MMP-1 may be due to heterogeneity derived from
loosely cross-linked hydrogel around the periphery. The modulus of the RLP-MMP
hydrogels did not decrease to zero, perhaps as a result of limitations in the diffusion of the
MMP-1 enzyme (19.9 kDa) to the center of the hydrogel over the time period of the
experiment. Maintenance of mechanical integrity over longer timescales, which can also be
tuned based on the concentration of MMP-sensitive domains in a given RLP matrix, offers
opportunities to facilitate cell proliferation, migration and matrix remodeling as in other
ECM-mimetic hydrogel scaffolds.[29.91,94-99]
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2.3. Cell Attachment and Spreading

Human mesenchymal stem cells were chosen for cell culture experiments owing to the
similarity of cell surface markers, phenotypic characteristics, and differentiation potential
with that of human vocal fold fibroblasts (HVFFs) derived from lamina propria.[109] In
addition, HVFFs are presently not a clinically useful option for tissue regeneration as they
can only be obtained from normal tissue which can be difficult to isolate, and the collection
of these cells causes further injury/scarring in patients.[8:10.100.101] The ability of the cross-
linked RLP-based hydrogels to support the attachment of hMSCs was investigated via
seeding cells on the surface of 20wt% hydrogels with various material compositions
(Figures S3 and Figure 4). These experimental conditions were chosen owing to their
simplicity in assessing the engagement of the RGD via facile measurement of cell spreading,
which is more difficult to assess in three-dimensional culture of the RLP gels. (We have
previously demonstrated that encapsulated hMSCs remained highly viable (>90%) for over
14 days in a non-degradable RLP hydrogel system (20wt% 50% RLP+50% RLP-RGD).[63]
Cell spreading in these matrices was limited however, and current investigations are focused
on promoting spreading in 3D culture via optimization of the concentrations of RGD and
MMP domains in RLP hydrogels.) While the ability of hMSCs to adhere to a variety of
RGD-modified surfaces has been widely reported,[68.192] the assessment of such behavior on
RLP-based matrices of different compositions, but similar mechanical properties, has yet to
be confirmed, despite its relevance to applications development. The content of RGD in the
gels was systematically varied from 0% RLP-RGD, 50% RLP-RGD to 100% RLP-RGD,
while keeping the overall protein concentration constant.

Immunochemical analysis of hMSCs seeded on various compositions is presented in Figure
4 for 100% RLP (Figure 4a) and 100% RLP-RDG (Figure 4b) as negative controls, as well
as 50% RLP+50% RLP-RGD (Figure 4c) and 100% RLP-RGD (Figure 4d). F-actin stress
fibers (red) along the edge of the cell body are clearly visualized in Figure 4c3 and Figure
4d3. As shown in Figures 4a and Figure 4b, hMSCs displayed rounded morphologies (with
essentially no spreading) after 72 hours when cultured on the surfaces of hydrogels that lack
RGD motifs or that contain the scrambled sequence RDG, as expected owing to the lack of
RGD integrin-binding motifs.[67.103] h\MSCs seeded on the surface of 50% RLP+50% RLP-
RGD or 100% RLP-RGD, instead, exhibited stellate morphologies over 3 days of culture.
The hMSCs on RGD-containing RLP-hydrogels (shown in Figure 4c and 4d for 10 wt%
hydrogels, and observed for 20wt% 50% RLP-MMP+50% RLP-RGD hydrogels (data not
shown here)) develop mature transverse stress fibers through the entire cell body, whereas
those on RLP-hydrogels without RGD sequences show cortical F-actin and in the case of
RDG-containing hydrogels, unattached cells exhibited the tendency to aggregate. hMSCs
seeded on all hydrogel compositions exhibited excellent viability (Figure S3); similar
assessments of cell viability and phenotype under vibration are underway.

Individual cells (n>35) were manually outlined and cell spreading area and aspect ratio (i.e.,
elongation) were analyzed using NIH ImageJ software; a histogram of cell area distribution
(Figure S4a) and evaluation of cell area and aspect ratios (box charts in Figures S4b and
S4c) clearly illustrate the significant increase in cell area (from ca. 500 zm?/cell to ca. 2300
um2/cell) and increase in aspect ratio (from close to 1.0 to ca. 2.0) when comparing the
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control hydrogels versus those containing RGD (see Supporting Information for details);
greater spreading was observed for the 50% RLP-RGD + 50% RLP hydrogels indicating the
opportunity to modulate cell behavior with variations in hydrogel composition. These
observations are consistent with previous work demonstrating that primary human skeletal
muscle-derived myoblasts with similar cell spreading areas exhibited a bimodal distribution
with the maximum elongation (aspect ratio) at an intermediate RGD density, on
micropatterned elastin-like polypeptide (ELP)-based biomaterials.l[1%4] Likewise, Schén and
coworkers systematically studied the influence of adhesion ligand concentration on cancer
cell behavior by using RGD-functionalized gold nanoparticle patterns that were immobilized
on glass viablock copolymer nanolithography and the results indicated that human
melanoma cells spread optimally, formed focal contacts, and reorganized cytoskeletal fibers
at an intermediate RGD ligand density of ~350 sites/xm?.[105]

2.5 Inflammatory Responses of RLP-based Hydrogels

The acute and sub-acute phases of inflammation after hydrogel injection can cause abnormal
wound healing and potentially damage host tissue.[106] In particular, pro-inflammatory
cytokines (e.g., tumor necrosis factor-alpha: TNF-a) are heavily involved in controlling the
orientation of different physiological and pathophysiological processes in the event of
wound healing, inflammatory reactions, and foreign body reactions.[8:107:108] Therefore,
investigation of the cellular inflammatory responses as measured by production of
inflammatory cyotkines is essential to gauge the suitability of the RLP hydrogels for /in vivo
application. TNF-a was chosen as the inflammatory marker to investigate here based upon
its involvement in the attraction of inflammatory cells (e.g., nuetriphils, monocytes),
monocyte differentiation into macrophages, as well as in stimulation of MMP secretion from
monocytes, macrophages and fibroblasts in vocal fold tissues.[8:10.109.1101 A preliminary /n
vitro investigation of the pro-inflammatory potential of RLP hydrogels was undertaken by
culturing murine-derived RAW264.7 macrophage-like cells on the surface of the gels and
monitoring the expression of TNF-a, via ELISA, as in biocompatibility/immunogenicity
studies of other implantable biomaterials.l*11.112] Figure 5 shows that after 8 hours of
incubation, the expression of TNF-a by macrophages cultured on the RLP matrices was
negligible, similar to the activation level displayed from the negative control, and it was 10-
fold lower compared to that of the positive control. Similarly low levels of expression of
TNF-a has also been observed for other materials, including a preclinical hydrogel
(HyStem®-C: carboxymethyl hyaluronan and thiolated gelatin) cultured with human vocal
fibroblasts in 2D and 3D formats,[106.113] as well as for poly(ethylene glycol) (PEG)
hydrogels.[114] The lack of significant activation by macrophages by the RLP hydrogels
suggests their potential as an elastomeric substrate with minimal inflammatory properties.

2.6. In vivo Biocompatibility Studies of Transplanted RLP-based Hydrogel

The in vivo biocompatibility of RLP-based pre-formed hydrogels (20wt% RLP, 1:1
crosslinking ratio (amine: hydroxyl), cast into a 10mmx10mmx1mm thin film) was
evaluated histologically after subcutaneous transplantation in a rat model (male Sprague
Dawley rats, 7 weeks old). Evaluation of the skin near the site of the implant one week post-
transplantation revealed no redness, formation of scabs, or swelling. The tissue surrounding
the gel implant (highlighted by the yellow boxed area) was then excised for histological
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assessment; all replicates showed similar results regarding H&E, CD3 and CD31
immunohistological staining, and representative histological images are presented in Figure
6. Visual observation after sacrifice indicated that the RLP hydrogel showed a less distinct
interface between the gel and adjacent tissues than initially, although any degradation of the
RLP hydrogels could not be quantified due to the integration of the RLP materials with
surrounding subcutaneous tissues at the transplantation site, which is consistent with the
initial rapid hydrogel degradation observed in vitro (Figure 3). H&E staining of excised
tissues (Figure 6) indicated the presence of a small number of inflammatory cells at the
interface of the tissue with RLP hydrogel remnants. Minor traces of cell infiltration were
also observed around the transplanted hydrogel, although without any evidence of foreign
body giant cells or micro-vessel formation. These data indicate that THP-crosslinked RLP
hydrogels did not induce a significant acute inflammatory response at the harvest time
points. Likewise, staining for CD3 (cluster of differentiation 3, an immunohistochemical
marker for T-cells), and also for CD31 (cluster of differentiation 31, which is a major
constituent of endothelial intercellular junctions and present on the surface of monocytes,
neutrophils and some types of T-cells),[115-117] showed a lack of positive cells around the
transplantation site, further indicating the lack of inflammatory cells (e.g. macrophages,
neutrophils, lymphocytes). Given the role of CD31 in the transendothelial migration of
neutrophils and the formation of microvasculature, the lack of CD31-positive cells also
indicated that the capillary vascularization generally observed with the inflammatory
response was absent.

Together, these results suggest that the RLP hydrogel did not initiate the inflammatory
response that is often induced by foreign materials within a few days post-
transplantation.[118] The minimal inflammation and cell infiltration observed here is similar
to that observed from /n situ cross-linkable ELP gels in a goat osteochondral defect
model[119] and a pre-formed ELP material in a rabbit osteochondral knee defect.[45] The
data here represent a significant improvement, however, over implanted, preformed silk-
hydrogels in mouse model (BALBc female mice, 4-6 weeks old) that elicited a typical
foreign body response with significant accumulation of immune cells at the interface of the
gel and tissue.[26] Although more quantitative analysis of /7 vivo biocompatibility is needed
for the further development of RLPs, the data here comprise the first report of recombinant
resilin-based materials in animal models. These results, combined with RLP’s unusual
mechanical properties, suggest the promise of RLPs in engineering vocal fold and other
mechanically demanding tissues.

3. Conclusions

In summary, the present work characterizes a new class of cytocompatible, biocompatible,
and biodegradable elastomeric hydrogels for use in vocal fold and potentially other tissue
therapies. These novel injectable RLP-based hydrogels exhibit robust mechanical strength,
reversible extensibility, exceptional resilience, and highly tunable properties; they also
support cell survival, attachment, and spreading, and elicit minimal inflammatory responses
in vitro and in vivo. This unique combination of properties addresses many of the
shortcomings of currently employed polymer-based elastomeric biomaterials. The RLP
biomaterials have significant potential for supporting the biological and mechanical
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properties necessary for in vivo application, while maintaining a high level of versatility,
thus expanding their potential use in a range of biomedical applications.

4. Experimental Section

Expression and purification of recombinantly synthesized RLPs

All RLP constructs were cloned, transformed, expressed and purified according to
previously published protocols.[61-63]

In situ hydrogel degradation via oscillatory shear rheology

The degradation of RLP hydrogels as a function over time was monitored via oscillatory
rheology by swelling the perimeter of the hydrogel in PBS buffer with and without the
addition of 200nM MMP-1 enzyme. Hydrogels were formed as described in detail in the
Supporting Information with slight modification to the previous procedure. Before adding
the solutions to the Peltier plate, a polyvinylchloride (PVC) ring with a height of 7mm,
inside diameter of 35mm and an outside diameter of 42mm was pre-coated with a thin film
of silicone vacuum grease on the bottom and positioned above the geometry by a ring stand
and clamp. After the storage modulus reached a steady value, the rheometer bearing was
locked to prevent disruption of the hydrogel. The mineral oil was washed away three times
with hexane before the PVC tube was firmly pressed onto the Peltier plate to create a water-
tight seal with the vacuum grease. Then 2mL buffer (50mM phosphate, 150mM NaCl, at
either 0 nM or 200 nM MMP-1 pH7.4) was applied to fill the volume between the gel and
cylinder walls, and mineral oil (1.5mL) was gently pipetted on top of the buffer surface to
prevent buffer evaporation. The degradation experiment was monitored over 72 hours and
data points were collected at 6 rad/s, 1% strain amplitude, and 37 °C. Storage moduli (G’)
were approximately 50~100 fold higher than loss moduli (G’”) during the entire degradation
experiments; only storage moduli (G”) are presented in the figure for simplicity.

Uniaxial tensile testing

RLP films (width 2mm; length 6mm, n=4) for uniaxial mechanical tensile testing were
prepared in contact lens molds (Bausch & Lomb, Rochester, NY) by the addition of desired
amounts of THP to 20wt% polypeptide solutions with various RLP compositions in PBS
buffer. The uniaxial tensile testing characterization procedure has been previously reported
and a detailed description can be found in the Supporting Information.

In vitro cell culture

Human bone marrow-derived mesencymal stem cells (hMSCs) (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% CO5 in MSC maintenance media (Lonza, MD).
The cell seeding density was not chosen to mimic the cell density in vivo in vocal fold
tissues, but instead was selected based upon previous success of culturing cells on different
RLP-based hydrogels. Medium was refreshed every 3 days. Upon reaching ~80%
confluence, cells were trypsinized, counted, centrifuged, and resuspended in the same
maintenance medium at a desired cell density. Various RLP hydrogels were prepared by
adding 50uL of solution into one chamber of an eight-well plate (Electron Microscope

Adv Healthc Mater. Author manuscript; available in PMC 2017 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 11

Science, Hatfield, PA). The cross-linking reaction was allowed to occur for 30 mins at room
temperature followed by sterilization under UV light (254 nm, surface working intensity:
125~5004MW/cm?) 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 10* 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, Carlshad, CA) and Syto-13 (1:1000 in DPBS, Invitrogen, Carlsbad,
CA) for 5-10 mins at room temperature and subsequently imaged via 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 visualization
via multiphoton confocal microscopy (Zeiss 510 NLO, Thornwood, NY). In order to
quantitatively analyze cell morphologies on the surfaces of different material compositions,
images were analyzed using ImageJ (NIH software, Bethesda, NY). Individual cells were
manually outlined and the area contained by the perimeter was defined as the spread cell
area. Each cell perimeters were computationally approximated to the best-fit with major (X)
and minor (Y) axes, and the aspect ratio was defined as X/Y.

In vitro pro-inflammatory assessment

Lyophilized RLP protein, previously filtered through a 0.22.m filter, was dissolved into
4041 of molecular grade H,O at 20wt% concentration. RAW264.7 murine macrophages-like
cells were cultured in DMEM supplemented with 10% heat inactivated fetal bovine serum
(Denville Scientific), antibiotic/antimycotic (GIBCO), 10mM HEPES, and 554M -
mercaptoethanol at 37°C to 60-80% confluency and passaged no more than 10 times. Cells
were seeded at a concentration of 100,000 cells per well, on a tissue culture treated 96-well
plate, in 2004L. TCPS as negative control, LPS (1ng/ml) as positive control, and RLP
hydrogels as experimental samples, were then incubated at 37°C for 8 hours before the
supernatant was collected and tested. Cytokine secretion was measured via enzyme-linked
immunosorbent assay (ELISA) (BD Bioscience) according to the protocols provided by the
manufacturer.

In vivo evaluation

In vivo RLP transplantation studies were performed following approval by the National
Cerebral and Cardiovascular Center Research Institute of animal experiment guideline
(Permit Number: 009017). Male Sprague Dawley rats (SD rats, n=3) (7-week year old; SLC
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Japan Inc., Shizuoka, Japan) were anesthetized with 50-80 mg/kg pentobarbital. Under
general anesthesia, a subcutaneous pocket was created on the back of the rat by a scalpel,
and the pre-formed 20wt% RLP hydrogel (10mmx10mm x1mm) was placed into the pocket.
The pocket was sutured with 3-0 silk (Ethicon, Johnson & Johnson, NJ). One week after the
surgical operation, the subcutaneous tissues around the implants were extracted, fixed with
10% formalin (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and were embedded in
paraffin. Paraffin-embedded tissues were sectioned and stained with hematoxylin-eosin
(H&E), CD3, and CD31 by following standard immunohistochemistry staining protocols.
Staining was carried out in the Applied Medical Research Laboratory (Osaka, Japan). The
images were acquired by digital microscopy (Coolscope 11 system, Nikon, Tokyo, Japan).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative uniaxial stressrelaxation behavior of compositionally different RLP
hydrogels at 60% strain

All hydrogels were formed at a polypeptide concentration of 20wt%, with a 1:1
(amine:hydroxyl) cross-linking ratio. Three repeats of each hydrogel composition were
tested and the results are reproducible with less than 10% difference among multiple sample
repeats observed.
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Figure 2. Uniaxial tensiletesting of RL P-based hydrogels
(a) Three repeats of uniaxial cyclic tensile testing up to 30% strain at various RLP hydrogel

compositions, (b) third cycle of loading and unloading tensile testing up to 100% strain for 3
different RLP hydrogel compositions, and (c) resilience values of the third cycle of loading
and unloading at 30%, 60% and 100% strains for various RLP hydrogel compositions.
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Figure 3. Enzymatic degradation of RLP and RLP-MM P hydrogels monitored via oscillatory

rheology

Time sweep experiments for RLP-MMP (circle) and RLP (square) hydrogels incubated in
the presence of 200nM MMP-1, and an RLP-MMP hydrogel incubated without MMP-1
(diamond). All hydrogels were formed at a protein concentration of 20wt%, with a 1:1
(amine : hydroxyl) cross-linking ratio, and incubated at 37°C in 2mL PBS buffer (pH 7.4). A
bath volume of 2 mL (50-fold greater than the volume of the hydrogel) provided an adequate
sink so that the pH and MMP-1 enzyme concentration were unaffected during the

experiment.
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Figure 4. Immunochemical analysis of hM SCs stained, after 72 hours, for nuclei, vinculin, and
actin cytoskeleton, on the surface of 20wt% RL P hydrogels
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(a) 100% RLP, (b) 100% RLP-RDG, (c) 50% RLP and 50% RLP-RGD and (d) 100% RLP-
RGD. All hydrogels were crosslinked at a 1:1 ratio of amine : hydroxyl groups. Data for
each hydrogel composition is separated into 4 panels: (1) Cell nuclei counterstained by
Drag5 (blue); (2) Focal adhesion sites visualized (green) by treatment with anti-vinculin and
a FITC-labeled secondary antibody; (3) F-actin filaments visualized (red) by treatment with
TRITC-phalloidin; and (4) the merged image of the triply stained hydrogels (Drag5, vinculin
and TRITC-phalloidin).
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Figure5. Activation of RAW 264.7 macrophagesincubated for 8 hourson a 20wt% THP-
crosslinked RL P only hydrogel, measured through production of TNF-a

The same number of RAW?264.7 murine macrophages were cultured on the surface of TCPS
supplemented with 1ng/mL LPS derived from £ coli. as a positive control, on the surface of
TCPS without LPS as negative control, and directly on the surface of THP cross-linked RLP
hydrogels (20wt%). Macrophages cultured on these surfaces and all hydrogels showed 100%
viability (not shown). Error bars correspond to standard deviation from the mean; the TNF-a
expression is not statistically different between TCPS and RLP hydrogels; *(p<0.0001) the
difference is statistically significant between the indicated groups determined via Student’s
t-test analysis.
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CD31

Figure 6. Subcutaneous transplantation of 20wt% RLP hydrogelsin Sprague Dawley (SD) rats
sacrificed after one week

Tissue samples were stained and histological images are presented with hematoxylin and
eosin (H&E), cluster of differentiation 3 (CD3) and cluster of differentiation 31 (CD31)
staining. The yellow box highlights the location of gel transplantation and the remnants of
RLP-hydrogel after one week post transplantation.
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Scheme 1.
Schematic of RLP-based hydrogels with various material compositions.
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