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Abstract

Hydrogels derived from resilin-like polypeptides (RLPs) have shown outstanding mechanical 

resilience and cytocompatibility, and expanding the versatility of RLP-based materials via 

conjugation with other polypeptides and polymers would offer great promise in the design of a 

range of materials. Here, we present an investigation of the biochemical and mechanical properties 

of hybrid hydrogels composed of a recombinant RLP and a multi-arm PEG macromer. These 

hybrid hydrogels can be rapidly cross-linked through a Michael-type addition reaction between the 

thiols of cysteine residues on the RLP and vinyl sulfone groups on the multi-arm PEG. Oscillatory 

rheology and tensile testing confirmed the formation of elastomeric hydrogels with mechanical 

resilience comparable to aortic elastin; hydrogel stiffness was easily modulated through the cross-

linking ratio. Macromolecular phase separation of the RLP-PEG hydrogels offers the unique 

advantage of imparting a heterogeneous microstructure, which can be used to localize cells, 

through simple mixing and crosslinking. Assessment of degradation of the RLP by matrix 

metalloproteinases (MMPs) illustrated the specific proteolysis of the polypeptide in both its 

soluble form and when cross-linked into hydrogels. Finally, the successful encapsulation and 

viable three-dimensional culture of human mesenchymal stem cells (hMSCs) demonstrated the 

cytocompatibility of the RLP-PEG gels. Overall, the cytocompatibility, elastomeric mechanical 

properties, micro-heterogeneity, and degradability of the RLP-PEG hybrid hydrogels offer a suite 

of promising properties for the development of cell-instructive, structured tissue engineering 

scaffolds.

Graphical Abstract

*To whom correspondence should be addressed. Address: 201 DuPont Hall, Newark, DE 19716, Phone: +1 (302) 831-0201 
kiick@udel.edu. 

Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

HHS Public Access
Author manuscript
Biomacromolecules. Author manuscript; available in PMC 2017 January 11.

Published in final edited form as:
Biomacromolecules. 2016 January 11; 17(1): 128–140. doi:10.1021/acs.biomac.5b01255.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

biomaterials; protein; hydrogels; degradation; phase separation

INTRODUCTION

The elastomeric properties and supra-cellular architecture of tissues are critical determinants 

of function, and there is a significant need for biomaterials that can capture these properties 

and direct the formation of neo-tissue. Recombinant protein polymers have been widely 

investigated as biomaterials for tissue engineering applications1, 2 and elastomeric 

polypeptides represent a particularly exciting subset of materials designed for soft tissues 

that require flexible, reversible elasticity.3–17 In these applications, hydrogel scaffolds serve 

as temporary substitutes while healthy tissue regenerates18 and an ideal scaffold would be 

durable enough to withstand the repetitive mechanical forces experienced by some of these 

soft tissues.19–21 For example, collagen and elastin serve as critical structural components of 

cardiovascular tissues, which experience cyclic hemodynamic forces over extended time 

scales, and desirable biomaterials for cardiovascular applications would replicate the 

elasticity conferred by those proteins.21–24 Intrinsically disordered proteins (IDP) that serve 

as structural components of tissue such as elastin, resilin, abductin, and flagelliform spider 

silk are attractive candidates as these proteins display remarkable elasticity and fatigue 

resistance;11, 25–27 protein polymers based upon the characteristic sequences of IDPs have 

demonstrated mechanical properties comparable to those of the natural proteins.25 In 

particular, recently developed resilin-like polypeptide (RLPs) hydrogels have been shown to 

form elastic materials that are stable, resilient, and highly extensible.13, 14, 28 More recently, 

hybrid hydrogels, composed of recombinant elastomeric protein and PEG, have yielded 

materials in which encapsulated cells spread and adopt a spindle-like morphology.17, 29 In 

addition, protein-PEG hydrogels comprising other proteins such as collagen30–32 or 

fibrinogen,30, 33–36 have been shown to improve biocompatibility and cell-matrix 

interaction.35

Importantly, IDPs may be engineered to contain chimeric domains which impart specific 

bioactivity which facilitates cell-matrix interactions.10, 15, 29, 37–42 The development of 

hybrid materials that can also control the spatial organization of these interactions (e.g. 

spreading, migration, and adhesion) would offer critical advantages for controlling tissue 

morphogenesis.43 Accordingly, multiple strategies have been employed to develop materials 

with patterned or hierarchal structure and include: the 3D-patterning of bioactive molecules 

in cross-linked PEG gels,44, 45 the formation of macroporous scaffolds via solvent-induced 

McGann et al. Page 2

Biomacromolecules. Author manuscript; available in PMC 2017 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phase separation46, 47 and the embedding of cell-adhesive microparticles within bulk gels.48 

While not widely explored for generation of hydrogel microstructure, liquid-liquid 

partitioning of protein and PEG has been extensively employed in protein separation/

purification and protein crystallization49–55 and has more recently been utilized in the 

preparation of microporous hydrogels through polymerization-induced phase 

separation.56–58 Similarly, PEG hydrogels incorporating Pluronic®F127 micelles have been 

shown to form nanostructured materials that facilitate cell spreading.59, 60 Opportunities to 

purposefully manipulate such liquid-liquid phase separation to create defined hydrogel 

microstructures and spatially control biochemical properties may be of significant value in 

scaffold design.

Another important design criteria for materials aimed at applications in tissue regeneration is 

scaffold degradation, either via chemical61–63 or biological means.64–67 Cell-mediated 

degradation through enzyme-sensitive cross-links has been widely employed to achieve this 

type of control64, 68 and recombinant protein polymers are easily equipped with degradable 

sequences.15, 37, 65, 69, 70 A number of elastin-like, silk-like and resilin-like polypeptides 

have been engineered with proteolytic domains15, 28, 37, 71 including matrix 

metalloproteinase (MMP)-sensitive domains,14, 15, 17 as MMPs are a key enzyme in the 

remodeling of ECM72, 73 as well as in tissue morphogenesis and repair.74

Here, we report microstructured degradable hybrid hydrogels composed of RLPs cross-

linked with PEG macromers via a Michael-type addition reaction between the thiols of 

cysteine residues on the RLP and end-functionalized vinyl sulfone moieties on the four-arm 

star PEG (see Figure 1A). The mechanical properties of RLP-PEG hydrogels were 

investigated via oscillatory rheology and tensile testing. Domains conferring MMP-specific 

proteolysis were analyzed for degradation both when the RLP was in solution and when it 

was cross-linked into hydrogels. Encapsulation of hMSCs within RLP24-PEG gels was 

performed to investigate the cytocompatibilty of the materials using cell lines that are highly 

relevant to tissue engineering. Finally, phase contrast and confocal microscopy were 

employed to investigate the presence of a heterogeneous microstructure resulting from 

protein-PEG partitioning. Taken together, our results suggest the potential of these 

approaches for the production of cell-instructive materials that provide multiple cell-

supportive domains and desirable elastomeric properties.

EXPERIMENTAL SECTION

MATERIALS

All chemicals or reagents were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher 

Scientific (Waltham, MA) and used as received unless otherwise noted. Ni-NTA agarose 

used for protein purification was purchased from Qiagen (Valcencia, CA) or Thermo 

Scientific (Rockford, IL). Water for buffers or media was deionized and filtered using either 

a ThermoFisher Barnstead NANOpure Diamond water purifier or a Purelab Classic 

(Siemens, Munich, Germany). Hydroxyl terminated four-arm star PEG (10 kDa) was 

purchased from JenKem Technology USA (Plano, TX) and was used as received. The 

synthesis of the 4-arm PEG vinyl sulfone cross-linker was previously described17 and used 
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established protocols;68 1H NMR analysis confirmed quantitative functionalization as has 

also been previously reported.17

EXPRESSION AND PURIFICATION OF RLP24

Detailed descriptions of the construction of the RLP24 gene, its expression and the 

purification of the RLP24 polypeptide have been previously reported.17 Briefly, the 

polypeptide was expressed using an E. coli host and Studier auto-inducing media 

(ZYP-5052 media) in a shaker-incubator;75 a 4-hour growth period at 37°C was followed 

with a 24-hour 24°C expression period. Cells were pelleted via centrifugation and frozen at 

−20°C. The cell pellet was later resuspended in native lysis buffer17, 76 containing 20 mM β-

mercaptoethanol, sonicated to disrupt the cell walls and then centrifuged to clear the lysate 

of insoluble debris. The cleared lysate was then heated to 90°C for ten minutes and 

centrifuged again to remove precipitated protein. The heat stability and solubility of resilin-

like polypeptides allows for the selective removal of contaminating bacterial proteins via a 

heating/precipitation procedure12 and it improved the final purity of the RLP.17 The cleared 

lysate was then purified under native conditions (10 mM β-mercaptoethanol) using Ni- NTA 

affinity chromatography and the purified protein was dialyzed against DI water to remove 

salts prior to lyophilization. The purity of the protein was confirmed using sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and visualized with Coomassie blue 

staining.

PREPARATION OF THIOL-FUNCTIONALIZED RLP24

Pure lyophilized protein was reduced using tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP-HCl) in a 10 mM MES, 500 mM NaCl buffer (pH 5.5). Depending upon the initial 

free thiol content of the RLP, the quantity of TCEP-HCl and the incubation time were 

modulated. However, conditions usually consisted of a 1–3x TCEP-HCl to thiol ratio and 

incubation at room temperature, with stirring, for a period of approximately one hour. The 

protein was reduced at a 20 mg/mL concentration, but was diluted to 10 mg/mL with 

additional MES buffer in preparation for desalting.

Two different methods were employed for the removal of salts and TCEP-HCl prior to 

freezing and lyophilization of the polypeptides reported in this study. The initial method 

utilized disposable Zeba™ Spin desalting columns (7 kDa MWCO, ThermoFisher, 

Rockford, IL); the protein solution was eluted from the column via centrifugation, collected, 

immediately frozen using liquid N2 and then lyophilized.17 For polypeptide samples 

employed later, fast protein liquid chromatography (FPLC) was employed to improve the 

desalting process and to track the differential elution of protein and salt. A GE Life Sciences 

AKTA™ Explorer100 and Purifier 10 high performance FPLC (Delaware Biotechnology 

Institute, Newark, DE) equipped with a HiPrep™ 26/10 Desalting column was utilized. The 

reduced RLP24 protein solution was eluted at a rate of 8–10 mL/min using a mobile phase 

of chilled DI water. With UV-Vis detection at 280 nm. The eluted RLP24 protein was 

collected, immediately frozen in liquid N2, and then lyophilized. The free thiol content of 

the lyophilized protein was determined through an Ellman’s colorimetric assay and UV-Vis 

spectroscopy as previously reported17 and by using established protocols.77, 78
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PRECURSOR PREPARATION AND HYDROGEL COMPOSITION

The RLP24-PEG hydrogels investigated in this study were formed from a 20 wt% precursor 

solution at three different molar ratios (3:2, 1:1 and 1:2) of vinyl sulfone to thiol (precursor 

conditions are summarized in Table S1). To prepare cross-linked RLP-PEG hydrogels, the 

precursors were first dissolved separately in PBS buffer (pH 7.4) and then dispensed into 

individual aliquots prior to mixing for gel formation. The pH sensitive dye, phenolphthalein 

(1 mM), was included in the RLP solution and 0.2 uL drops of concentrated NaOH were 

used to adjust the final pH to ~8.2. This was indicated by a color change in the solution to a 

slightly pinkish hue which corresponds to the color change (colorless → pink) 

phenolphthalein undergoes at pH 8.2. For all investigations involving hydrogels, samples 

were prepared using different preparations (expression, purification, reduction) of RLP24 to 

provide multiple experimental repeats used to generate the reported averages.

OSCILLATORY RHEOLOGY

The oscillatory rheology experiments were conducted on a stress-controlled AR-G2 

rheometer (TA Instruments, New Castle, DE) using a 20 mm diameter stainless steel cone-

on-plate geometry with a 1° cone angle and a 25 μm gap distance. The precursor solutions 

were prepared as described above. To slow the rate of cross-linking, the precursors were 

chilled on ice prior to being briefly mixed using a vortex mixer. The RLP-PEG solution was 

deposited quickly onto a prechilled (4°C) rheometer stage while the cone-on-plate geometry 

was brought to the appropriate gap (25 μm). Mineral oil was used to seal the geometry and 

prevented dehydration; the temperature was then quickly raised to 37°C where it was 

maintained for the remainder of the experiment. The formation of elastic hydrogels was 

monitored using a time sweep conducted in the linear viscoelastic regime (see Figure S1) at 

1% strain and an angular frequency of 6 rad/s. This experiment was followed with a 

frequency sweep from 0.1 rad/s to 100 rad/s conducted at 1% strain. Experiments were 

repeated on three to four samples for each cross-linking ratio and the shear modulus was 

reported as the simple mean. The error is reported as the standard deviation of the samples 

tested.

HYDROGEL SWELLING

For the swelling experiments, the precursors were briefly mixed, vortexed, and cross-linked 

overnight on slips of Parafilm™ at 37°C in a humidified chamber. The gels were swelled for 

five days at 37°C in a PBS buffer containing a solution of 1mM ethylenediaminetetraacetic 

acid (EDTA), 0.002% sodium azide and antibiotic/antimycotic (Life Technologies, Carlsbad, 

CA) to prevent enzymatic degradation or microorganism contamination. The swollen 

hydrogels were removed from the buffer, carefully blotted dry, and measured gravimetrically 

on a microbalance. To measure the dry weight of the RLP-PEG hydrogel, the hydrogels 

were frozen in liquid N2 and lyophilized. The swelling ratio and water content were 

calculated using the following equations:14, 15, 37
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where q is the swelling ratio at equilibrium, WC is the water content at equilibrium, ms is 

the mass of the swollen hydrogel, and md is the mass of the dried hydrogel. The data 

reported are the simple mean of five samples with the error reported as the standard 

deviation.

TENSILE TESTING

The tensile testing of the RLP24-PEG hydrogels was carried out on an RSA-G2 dynamic 

mechanical analyzer (DMA) (TA Instruments) using the axial tensile geometry. Rectangular 

RLP-PEG hydrogels were cast in polytetrafluoroethylene (PTFE) molds sealed with a glass 

slide (see Figure S2). Precursor solutions, prepared as described above, were mixed briefly 

using a vortex mixer and injected into the mold via a channel on the reverse side of the 

PTFE/glass plate mold (see Figure S3). The precursors were cross-linked overnight in a 

humidified chamber at 37°C before being swelled for a minimum of 48 hours at 37°C in a 

PBS buffer used in the swelling studies. For long-term storage, gels were kept at 4°C in 

sealed containers with a small quantity of the PBS to prevent dehydration. Large gels were 

utilized for uniaxial cyclic strain testing and smaller gels for strain-to-break measurements 

(see Table S2); dimensions of swollen gels were measured using calipers. An immersion 

chamber filled with room temperature PBS prevented dehydration during tensile 

experiments. For the cyclic strain experiments, the hydrogels were strained to 20%, 40% and 

60% strain at a constant rate of 0.1 mm/s for five cycles per sample; since RLP24-PEG 

hydrogels were prone to slippage in the tensile geometry, the total number of cycle per 

sample was limited. Strain-to-break measurements were similarly strained at a 0.1 mm/s 

strain rate. The raw data were processed using Origin™ 8.5.1 (OriginLab Corporation, 

Northampton, MA). An adjacent averaging function (see Figure S4) was applied to the raw 

data to generate extension and contraction curves for cyclic testing and for the strain-to-

break curves. Resilience, or the percent of energy recovered following deformation, was 

determined by integrating the extension and contraction curves and then dividing the area of 

the contraction curve by the area of the extension curve.13, 14 The resilience for a particular 

sample was calculated as the simple mean of five cycles at one of the strains (20, 40, or 60% 

strain). The final resilience for a given cross-linking ratio and strain was calculated as the 

average of at least three samples. The Young’s modulus for a particular sample was 

determined from the slope of the extension curve (up to 10% strain) for each cycle of a 60% 

strain experiment.79 The final Young’s modulus reported for a given sample was determined 

as the simple mean of at least three samples. The strain-to-break was determined as the 

percent strain at which the stress dropped by 20% or more (tearing was considered 

breaking). The final strain-to-break values were reported as the mean of at least three 

samples for each cross-linking ratio. The errors reported for all of tensile data are the 

standard deviation of at least three separate samples, prepared from separate batches of 

bacterial cell culture.

HYDROGEL MICROSTRUCTURE

Microscale heterogeneity in RLP24-PEG hydrogels (20 wt%, 3:2 VS:thiol) was investigated 

via phase contrast imaging with an Eclipse Ti-E fluorescence microscope (Nikon 

Instruments, Melville, NY). RLP24-PEG hydrogels were compared to pure RLP hydrogels 

cross-linked with an amine-reactive small molecule, tris(hydroxymethyl)phosphine, at a 3:1 
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ratio of hydroxyl group to lysine in 20wt% solutions of RLP24. Both sets of hydrogels were 

cross-linked at 37°C in a humidified environment for three hours. Phase contrast images of 

the hydrogels (5x and 10x magnification) were collected immediately following cross-

linking, as this provided the best contrast to visualize heterogeneity in the hydrogels.

Confocal microscopy was also used to investigate the heterogeneity of the RLP24-PEG 

hydrogels. For this analysis, RLP24 and PEGVS were labeled with tetramethylrhodamine 

isothiocyanate (TRITC) (Thermo Fisher) and 5-((2-(and-3)-S-(acetylmercapto) succinoyl) 

amino) fluorescein, (SAMSA fluorescein, Life Technologies), respectively. RLP24 was 

dissolved in a sodium carbonate buffer (100 mM pH 9.0) at a 5 mg/mL concentration and 

was reacted overnight at 4°C with the TRITC fluorophore at a 1:250 ratio of isothiocyanate 

to lysine. The protein was then desalted using a Zeba™ Spin desalting column (MWCO 

7kDa) to remove the unreacted fluorophore; it was then reduced and lyophilized using the 

protocols described above. The PEGVS was labeled via the reaction of the vinyl sulfone 

group with thiolated SAMSA fluorescein (1:250 thiol:vinyl sulfone); the SAMSA was 

prepared according the manufacturer-provided protocol and was reacted with the PEGVS 

(150 mg) for 1 hour at room temperature in 10.5 mL of buffer (20 mM sodium phosphate, 

pH 7.5). The PEGVS was similarly desalted to remove residual fluorophore before being 

lyophilized to a dry powder. The fluorescently-tagged precursors were diluted into solutions 

of unlabeled precursors at a 100:1 weight ratio (unlabeled:labeled) and were then mixed to 

form the RLP24-PEGVS hydrogels. Hydrogels were cross-linked at 37°C within 

CoverWell™ perfusion chambers (Grace Bio-Labs, Bend, OR) on glass slides and were also 

imaged directly.

HYDROGEL DEGRADATION

Hydrogel degradation by rhMMP1 was monitored in situ via compression testing utilizing 

the RSA-G2 DMA and a machined PTFE cup holding a small volume (1.5 mL) of enzyme-

containing buffer (see Figure S5). Cylinder-shaped RLP24-PEG hydrogels (50 μL, 20wt%, 

3:2 ratio of vinyl sulfone to thiol) were cross-linked in modified syringes utilizing the 

protocols described above. These hydrogels were swelled for 3 days in bacteriostatic/

antimicrobial PBS buffer at 37°C and stored at 4°C. The dimensions of the swollen hydrogel 

were approximately 5 mm in diameter and 3 mm in height as measured by calipers. 

Hydrogels were prestrained to 10% strain to prevent detachment from the plates during the 

experiment. The experiment, conducted at room temperature, was divided into a 12-hour 

control period over which the gel was tested in enzyme buffer lacking MMP and a 10-hour 

experimental period during which the gel was incubated with the rhMMP1 enzyme at a 171 

nM (3.33 mg/L) concentration. An oscillatory time sweep experiment was performed at 5% 

strain and at a frequency of 1 Hz; data points were collected in 15-minute intervals. The raw 

data were normalized to the initial modulus and a simple mean of the normalized data points 

of three separate samples were used to generate curves; the error given is the standard 

deviation of the modulus of the three samples.

ENCAPSULATION, VIABILITY, AND PROLIFERATION OF hMSCs

Human mesenchymal stem cells from bone marrow (Lonza, Basel, Switzerland) were 

cultured according to the supplier’s recommendations at 37°C, 5% CO2 and using the 
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BulletKit™ hMSC growth medium; cell culture confluency was kept below 80% and passage 

numbers varied between four and nine. The encapsulation of the hMSC-derived cells was 

performed using the same protocol as reported previously for the encapsulation of human 

aortic adventitial fibroblasts in RLP24-PEG hydrogels.17 Hydrogels were produced at a 

20wt% total polymer concentration and a 3:2 cross-linking ratio (vinyl sulfone:thiol). For 

the imaging experiments to determine cell viability and proliferation, hydrogels with a 

volume of 50 μL were seeded at a density of 200,000 per mL (10,000 cells per hydrogel).

Over a two week period, cell viability within the RLP24-PEG hydrogels was analyzed via 

laser scanning confocal microscopy and Live/Dead® staining (Life Technologies). 

Hydrogels were placed in PBS buffer containing 2 μM Calcein-AM and 4 μM ethidium 

homodimer-1 for 30 minutes prior to imaging with a Zeiss LSM 510 NLO multiphoton 

confocal microscope (Carl Zeiss, Inc., Thornwood, NY). Experiments were run in triplicate 

with several z-stacks acquired from every sample for each time point. Representative 

maximum intensity projections are presented.

Proliferation of encapsulated cells was investigated using a Click-iT EdU cell proliferation 

assay (Life Technologies). Cell-gels were incubated for 48 hours with a 20 mM 

concentration of 5-ethynyl-2′-deoxyuridine (EdU) starting on day 3 of culture. The gels were 

then fixed with paraformaldehyde on day 5 and reacted, according the manufacturer’s 

instructions, with Alexa Fluor® 555. Following a destaining procedure to remove the Alexa 

dye, the cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) and the gels 

were imaged using an Eclipse TiE fluorescence microscope (Nikon, Tokyo, Japan). 

Experiments were run in triplicate and z-stacks were acquired.

RESULTS AND DISCUSSION

DESIGN AND PREPARATION OF RLP24

All of the studies presented in this work were performed using a single resilin-like 

polypeptide, RLP24 (see Figure 1B), derived from a previously reported family of RLPs.17 

The polypeptide was chosen due to its high expression yield and its ability to be effectively 

cross-linked into elastic hydrogels using a vinyl-sulfone functionalized, multi-arm PEG 

macromer; its gene was constructed through recursive ligation of an RLP gene as reported 

previously.10, 14, 17 The RLP24 protein was designed to contain 24 repeats of a modified 

resilin-like sequence (GGRPSDSFGAPGGGN) derived from the Drosophila melanogaster 
CG15920 gene.10, 17, 80 To impart RLP24 with cell adhesion properties, four integrin 

binding domains (RGDSP) were incorporated at regular intervals along the polypeptide 

chain.17, 81 Two matrix metalloproteinase (MMP)-sensitive sequences (GPQGIWGQ) were 

included to confer enzyme-specific degradation. Additionally, the polypeptide design 

incorporated two heparin-binding domains (KAAKRPKAAKDKQTK) that could permit 

sequestration of heparin and growth factors.17, 82 Finally, three cysteine residues provided 

the polypeptide with its cross-linking functionality.17

As previously reported, RLP24 was expressed using Studier auto-induction and purified 

under native conditions using affinity chromatography17 with yields routinely as high as 

~100 mg/L of expression culture volume and ~5.6 mg/g of wet cell pellet mass. As with 

McGann et al. Page 8

Biomacromolecules. Author manuscript; available in PMC 2017 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



other RLP proteins, heating the cell-free lysate to 80–90°C selectively precipitated 

contaminating bacterial proteins from solution12 and, when performed prior to Ni-affinity 

chromatography, helped enhance the purity of the final product. The inclusion of β-

mercaptoethanol (10–20 mM) in the lysis and wash buffers helped prevent disulfide 

formation with contaminating bacterial proteins, but it left an unreactive adduct that had to 

be removed following purification. Use of a TCEP-HCl reduction step and dialysis at low 

temperatures70 was not a successful method for RLP24 reduction; residual TCEP could not 

be removed completely, perhaps due to electrostatic interactions between basic residues of 

the RLP and TCEP acid groups. Therefore, the RLP24 was reduced in a high-salt buffer (10 

mM MES, 500 mM NaCl buffer pH 5.5) and initial polypeptide samples were purified via 

the use of disposable desalting columns. Polypeptides produced subsequently were purified 

via fast protein liquid chromatography (FPLC) equipped with a desalting column, with 

chilled ddH2O as the mobile phase (see Figure S6); this improved the desalting process as 

larger quantities of protein could be prepared using FPLC and the separation of eluates could 

be easily monitored. The purified and reduced RLP24 exhibited thiol functionality ranging 

between 85% and 95% of total thiol content as determined via an Ellman’s assay.17, 77

OSCILLATORY RHEOLOGY

In situ oscillatory rheology was performed to investigate the gelation and mechanical 

properties of RLP24-PEG hydrogels that were produced at three different cross-linking 

ratios (3:2, 1:1 and 1:2 vinyl sulfone:thiol). Figure 2A depicts representative oscillatory time 

sweeps of RLP24-PEG hydrogels cross-linked at the different ratios. Regardless of reactive 

group stoichiometry, the hydrogels rapidly cross-linked (within 2–4 minutes) with gelation 

times comparable to other recombinant protein-PEG hydrogels that utilized the same 

chemistry and similar conditions;70 the rapid gelation of the RLP24-PEG hydrogels supports 

their handling via injection. Additionally, the gels exhibited the frequency-independent 

behavior consistent with elastic, solid-like materials with permanently cross-linked networks 

(see Figure S7).

The average storage moduli for the RLP24-PEG hydrogels are presented in Figure 2B. 

RLP24-PEG hydrogels cross-linked at a 3:2 ratio of vinyl sulfone to thiol formed hydrogels 

with storage modulus of approximately 12–13 kPa while the hydrogels cross-linked at 1:1 

and 1:2 exhibited moduli of approximately 8–9 kPa and 3–4 kPa, respectively. Consistent 

with observations found in the literature, a slight stoichiometric imbalance was necessary to 

overcome non-ideal cross-linking behavior common in polymer networks.70, 83, 84 The 

expected increase in storage modulus with increasing cross-linking stoichiometry has been 

observed in other protein-PEG hydrogels70 and was also observed in RLP hydrogels cross-

linked using small molecules.14 The characteristic solubility of most RLPs and RLP24, 

which is soluble at concentrations as high as 40 wt% during precursor preparation, offers 

opportunities to produce concentrated materials with increased mechanical robustness. In 

contrast, other structural proteins with limited solubility may require additional 

modification; for example, some silk-like polypeptides require disruption of β-sheet 

formation through the incorporation of elastin-like domains which impart greater 

solubility.85, 86
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TENSILE TESTING

Tensile testing of RLP24-PEG hydrogels was used to investigate the mechanical properties 

of the swollen hydrogels under uniaxial strain; multiple samples of each cross-linking ratio 

were measured under repeated cycles of extension and contraction at different percent strain 

in order to determine the elasticity and resilience of the hybrid hydrogel networks. Figure 

3A depicts representative loading and unloading cycles at 60% strain for all three cross-

linking ratios. In agreement with the rheological data, the more highly cross-linked RLP24-

PEG gels exhibited steeper stress/strain curves which reflect their greater stiffness. Table 1 

reports the Young’s modulus for each sample as determined from the slope of the first 10% 

strain of the extension curve. The 3:2 RLP24-PEG gel had a Young’s modulus of 

approximately 11.5 kPa while the 1:1 and 1:2 RLP24-PEG gels had Young’s moduli of 

approximately 7.0 kPa and 4.3 kPa, respectively. Overall, the tensile moduli were lower than 

expected based upon the relationship between Young’s modulus and shear modulus for 

isotropic, rubber-like materials (see Supporting Information).87, 88 However, the disparity is 

likely due to the lack of swelling in the RLP24-PEG gels tested via rheometry. As indicated 

in Figure S8A/B, the RLP24-PEG hydrogels absorb a significant amount of water which 

reduces the polymer volume fraction of the gels prepared for tensile testing. Conversely, the 

gels formed between the platens of the rheometer remain at a higher precursor 

concentration, which, when combined with a greater number of chain entanglements and 

noncovalent interactions increases gel stiffness.

Figure 3B depicts a representative deformation response of the fourth loading/unloading 

cycle at 20, 40 and 60% strain for the 3:2 hydrogel composition. The 3:2 gel exhibited a 

slight increase in hysteresis with increasing deformation, but overall remained remarkably 

resilient. Table 2 reports the resilience values, which varied between 87 and 98%, for the 

different hydrogel compositions and corresponding strains; generally, the RLP24-PEG 

hydrogels exhibited little hysteresis (see Figure 3A, Figure S9A–C) or plastic deformation 

(see Figure S9D) over the number of cycles investigated. The 3:2 RLP24-PEG hydrogels 

exhibited resilience between 88 and 93%, which is slightly lower than that observed for the 

hydroxymethyl phosphine cross-linked RLPs (90–96% resilience under similar 

conditions),13, 14 as might be expected with the introduction of the PEG. The RLP24-PEG 

hydrogels show greater resilience, however, when compared to polybutadiene rubber 

(~80%)11 and available data of crosslinked ELP films,89–91 which suggest mechanical 

resilience on the order of 50–60%.89–91 More recently reported silk/elastin-like materials 

have demonstrated resilience up to approximately 80–90%.92, 93 The resilience values for 

these RLP-based hydrogels are comparable to that of aortic elastin (approximately 80%), 

suggesting the potential suitability for developing the RLP24-PEG gels for cardiovascular 

applications.

In addition to the cyclic strain measurements, the RLP24-PEG hydrogels were subjected to 

strain-to-break experiments in order to explore the extensibility of the gels. Figure 3C 

depicts representative strain-to-break measurements for the three RLP24-PEG cross-linking 

ratios; the 3:2 ratio RLP24-PEG gel had an average strain-to-break of approximately 68% 

while the 1:1 and 1:2 ratios had average strain-to-break values of approximately 85% and 

173%, respectively (see Table 1). Pure RLP hydrogels exhibited maximum strain values that 
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are far greater (up to 400% strain) than these values for the RLP24-PEG hybrid 

hydrogels.13, 14, 16 The use of PEG as a cross-linker in the hybrid hydrogels would not 

immediately suggest such a disparity in extensibility; in fact, wholly PEG hydrogels formed 

through step-polymerization cross-linking were extensible to 300% strain.79 The disparities 

here may result, at least in part, from the fact that the RLP24-PEG hydrogels were more 

swollen and softer than the RLP hydrogels, and thus may have been more susceptible to 

damage when compressed by the metal clamps of the axial tensile geometry during sample 

loading. The water content for each RLP24-PEG hydrogel composition was greater than 

90% (see Figure S8A/B), which while consistent with values reported for other protein-PEG 

hydrogels,70, 94 is higher than those observed for the RLP-only hydrogels (approximately 

80–90%).1415 As elastomers absorb large quantities of solvent, the molecular interactions 

that lead to their toughness diminish: first, fewer network chains occupy the cross-sectional 

area of the hydrogel, which implies fewer chains need to be fractured to propagate a crack; 

second, separation between segments of the network would provide less opportunity for 

crystallization and viscoelastic energy dissipation.95 In addition, and perhaps a main 

contribution, the RLP24-PEG hydrogels were found to partition into different protein-rich 

and PEG-rich phases (see below). As a result, less than expected cross-linking may occur 

within these domains; a factor which could be contrasted with microgel-reinforced hydrogel 

films where the continuous phase is hardened using highly cross-linked double-network 

microparticles,96 Heterogeneous microstructure in RLP24-PEG hydrogels may dampen the 

toughness of hydrogels as fracture can propagate through more loosely cross-linked 

matrix.95 While the heterogeneity and the highly swollen nature of the RLP24-PEG 

hydrogels both likely contribute to the lower extensibility the materials retain resilience that 

is characteristic of high-performance resilin-based materials.

HYDROGEL MICROSTRUCTURE

Upon mixing, transparent precursor solutions of RLP24 and PEG instantly turn opaque 

before gradually regaining optically clarity as the hydrogels were cross-linked; phase 

contrast microscopy revealed a unique spherical heterogeneity within the hydrogels. To 

determine the qualitative composition of this microstructure, the RLP24 and PEGVS 

precursors were labeled with rhodamine and fluorescein, respectively, prior to being cross-

linked into hydrogels and imaged via confocal microscopy. Figure 4 depicts all three 

channels and a composite acquired from imaging a fluorescent RLP24-PEG hydrogel; the 

PEG phase is highlighted in green (Figure 4A) while the RLP24 phase is in red (Figure 4B). 

Figure 4C displays the transmitted channel and Figure 4D is a composite image of all three 

channels. The figure clearly indicates that the RLP24-PEG hydrogel (20 wt%, 3:2 ratio of 

vinyl sulfone to thiol) comprises a heterogeneous structure with RLP-rich (red spheres) and 

PEG-rich (green interstitial region) phases. Importantly, the two precursor macromolecules 

did not precipitate and have only partially partitioned into separate phases; this avoids the 

complete exclusion of one macromolecule from a particular phase and thus permits cross-

linking of the hybrid gels.49, 97, 98 As indicated in Figure S10, the hydrogel microstructure 

persisted even after twelve hours of swelling in PBS buffer. The phase separation observed 

in RLP24-PEG hydrogels was distinct from the behavior of the RLP-only hydrogels (cross-

linked with THP) and was also exclusive to those cross-linked with a higher molecular 

weight (~10 kDa) PEG precursor (see Figure S11). RLP24 hydrogels cross-linked with a 
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smaller PEG (~2 kDa, Figure S11) lacked phase-separated heterogeneity, but also lacked the 

mechanical integrity necessary for further testing.

The partitioning of two different polymers in aqueous solutions has been a well-known 

phenomenon for more than a century.99 The behavior is most simply described using the 

statistical mechanical treatment of ternary polymer solutions in Flory-Huggins theory,100, 101 

in which the free energy of mixing is dominated by polymer-polymer interactions owing to 

the high molecular weight of the polymer chains. Two dissimilar polymers that interact 

unfavorably phase separate even at low concentrations of polymer solute.49, 50, 100, 101 

Aqueous mixtures of PEG and protein have been widely studied owing to their relevance to 

protein crystallization,51, 52 separation/purification strategies,53–55 and the analysis of 

disease progression.97 However, most protein-PEG solutions eventually form macroscopic 

phases;49, 97 in the RLP-PEG hydrogels, the cross-linking reaction competes with the 

process of macroscale phase separation and effectively captures heterogeneous micron-size 

domains of different compositions. Other work within our lab further supports that PEG-

induced phase separation, rather than the cross-linking chemistry, is a driving factor behind 

the generation of microstructure in these hydrogels. RLP-PEG hydrogels employing amine-

functionalized precursors cross-linked with THP, exhibit similar phase separation 

(unpublished observations), and recently reported photocross-linkable RLP-PEG hybrid 

hydrogels also share the observed heterogeneity. The domains in the photocross-linked gels 

were smaller (1 to 10 μm) than those observed here for the RLP24-PEG gels (10–100 μm), 

owing to the more rapid gelation (30–45 seconds) imparted by the photo-initiated thiol-ene 

click chemistry; the separated phases have less time to coalesce into larger domains as 

compared to the RLP24-PEG hydrogels reported here.38 Simple strategies, such as 

controlling gelation times, thus provide powerful alternatives for the generation of 

microstructured materials that may direct cell location and signaling.

HYDROGEL DEGRADATION

The RLP24 polypeptide was designed with two MMP cleavage domains (GPQGIWGQ) 

derived from human α(I) collagen72 to impart cell-directed degradability to the material and 

because of the role MMPs play in tissue remodeling,72, 73 cell migration, and cell 

proliferation.65, 67, 68, 102 Therefore, it is important that these domains remain sensitive to 

degradation even when the polypeptide is cross-linked into a hydrogel network; to confirm 

this sensitivity to enzyme-mediated degradation, proteolytic degradation of RLP24-PEG 

hydrogels by rhMMP1 was investigated through in situ monitoring of hydrogel mechanical 

properties via compression testing. The RLP24-PEG hydrogels (20wt%, 3:2 vinyl sulfone to 

thiol ratio) were tested without enzyme for 12 hours before buffer containing rhMMP1 (171 

nM, 1.5 mL total volume) was substituted for an additional 10 hours of testing. Figure 5 

depicts the simple mean and error (standard deviation) of the normalized compressive 

modulus for three different RLP24-PEG hydrogels. The black squares, indicating the control 

period, demonstrated an approximate 20% decrease in the normalized storage modulus 

following the start of the experiment; this initial decrease likely resulted from the swelling of 

the RLP24-PEG hydrogel as it stabilized after only three hours of testing. Importantly, after 

introduction of the enzyme, the normalized storage modulus decreased from approximately 

80% to 20% of its original value over the remaining course of the experiment, indicating the 
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cleavage of the MMP domains in the hydrogel (consistent with observed degradation of the 

soluble RLP, see Supporting Information, Figure S13) and suggesting opportunities for 

engineering cell-directed degradability to these biomaterials. The decrease in RLP24-PEG 

hydrogel storage moduli was more rapid than that reported for either ELP hydrogels with 

uPA-degradable domains37 or pure RLP hydrogels with MMP-sensitive domains 

(unpublished data). In both of these other reports, the networks were formed using small-

molecule cross-linkers that likely decrease the network mesh size and may consequently 

restrict access of the enzyme; both approaches offer select advantages in tuning degradation 

rates of these materials.

ENCAPSULATION, VIABILITY AND PROLIFERATION OF hMSCS

As potential injectable scaffolds for tissue engineering, the RLP24-PEG hydrogels should 

have the capacity to deliver viable cells to target tissues. Therefore, the cytocompatiblity of 

RLP24-PEG hydrogels was investigated by testing the viability of hMSCs encapsulated 

within the gels and cultured in 3D over a two-week period. Adult human mesenchymal stem 

cells (hMSCs) are particularly useful as they are easily expanded, relatively non-

immunogenic, and capable of multilineage differentiation.103 It has been suggested that 

hMSCs can function as vascular progenitors104–106 and support the development of healthy 

vascular tissue following coronary bypass surgery. hMSCs therefore may have significant 

utility in cardiovascular tissue engineering applications. Bone-marrow-derived hMSCs were 

chosen for this study owing to their capacity for self-renewal and differentiation107 as well 

as their vascular differentiation potential.108 Encouraging results from MSC-seeded vascular 

grafts suggest their potential as a source of an allogenic cell line for vascular therapies.108 

For example, MSC-seeded nanofibrous grafts demonstrated greater anti-thrombogenic 

properties and developed a more highly organized elastic lamina layer as compared to 

acellular grafts.109

Figure 6 presents representative results of the LIVE/DEAD confocal microscopy assay used 

to assess cell viability. The day 0 image, depicted in Figure 6A, illustrates the high viability 

of the hMSCs immediately following encapsulation; panels B, C, and D depict results for 

days 5, 10, and 15, respectively. Consistent with our previous studies encapsulating AoAFs 

within RLP24-PEG hydrogels,17 the hMSC-laden hydrogels formed rapidly and within 5–7 

minutes displayed elastic solid-like behavior, similar to that of cell-lacking hydrogels as 

assessed qualitatively via tilt-test and observations of physical properties during handling. 

Following encapsulation, the hMSCs demonstrated good viability; a majority of the cells 

were stained green, indicating intact, metabolically active cells. Importantly, as depicted in 

the subsequent time points (see Figure 6B–D), the hMSCs remained viable throughout the 

entire culture period, though in later time points the cell density was reduced due to gel 

degradation and swelling. The high and extended viability of the bone-derived hMSCs in 

this study suggests the suitability of these matrices for the delivery and use of hMSCs in the 

types of applications described above.

As also illustrated in Figures 6B–D, the hMSCs were able to spread out and adopt 3D 

spindle-like morphologies when encapsulated in the RLP24-PEG gels, similar to our 

previous observations of the spreading of adventitial fibroblasts in the RLP-PEG gels,17 but 
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in contrast to the lack of spreading of cells in early examples of cell encapsulation within 

RLP and ELP hydrogels cross-linked via small molecules.15, 110 More recently, pure ELP 

hydrogels cross-linked via tetrakis(hydroxymethyl)phosphonium chloride (THPC) have 

exhibit improved spreading, but these gels are formed at lower precursor concentrations (≤5 

wt%).111, 112 Therefore, the improved cell spreading in these matrices and in the RLP-PEG 

hydrogels most likely results, at least in part, from the greater mesh size of the hydrogels and 

improved accessibility of the MMP-sensitive domains when they exist. Photocross-linkable 

RLP-PEG hydrogels developed by our lab and reported previously cross-linked rapidly and 

demonstrated remarkable hMSC viability, but there was minimal cell spreading even in the 

presence of RGD ligands;38 the lack of MMP degradable domains in the photoreactive RLPs 

may have been detrimental to cell spreading. Anderson et al., demonstrated the necessity of 

MMP-sensitive cross-links in facilitating the spreading behavior of hMSCs encapsulated 

within PEG networks.102 The observed spreading of the hMSCs is also consistent with other 

reports of cell encapsulation and migration within recombinant protein-PEG hybrid 

hydrogels containing MMP sensitive domains.65

Interestingly, the hMSCs were also found to spread around and onto the phase-separated 

domains depicted in Figure 5; a sequence of composite confocal images, presented in Figure 

S14, illustrates this behavior. Recently, Lee et al. demonstrated the use of PEG as a 

porogenic agent in fibrinogen-based hydrogels; during the photocross-linking of fibrinogen-

PEG diacrylate conjugates, phase separation was induced by the presence of free hydroxyl-

terminated PEG. The free PEG was subsequently leached from the gels, but left porosity that 

enhanced the spreading of encapsulated smooth muscle cells.58 While the PEG component 

in the RLPL24-PEG hydrogels remains cross-linked within the hydrogels reported here, the 

heterogeneity (and corresponding interfaces) introduced by phase separation is suggested to 

enhance cell spreading behavior.

The proliferation of hMSCs encapsulated within the RLP24-PEG hydrogels was analyzed 

between days 3 and 5 of culture via fluorescence microscopy and a Clickit™ EdU assay. 

Figure 7 depicts the results from a representative cell-gel construct with panels A and B 

representing cell nuclei stained with DAPI and the Alexa Fluor™ 555 dye, respectively, and 

panel C depicting a merged image. DAPI non-specifically stains all nuclei present while the 

Alexa Fluor™ 555 dye stains only the small fraction of nuclei that recently divided. 

Although the cell density is reduced in these images owing to swelling (as noted above), the 

composite image clearly depicts that several nuclei, appearing in purple, recently divided 

and that the hMSCs are proliferating within the RLP24-PEG hydrogels. These results 

compare well with our previous encapsulation results with aortic adventitial fibroblasts17 as 

well as with hMSC proliferation within bioactive PEG hydrogels102 and various silk-

composite gels.113–115 The Clickit™ EdU was the most successful method that provided 

evidence for hMSC proliferation within RLP24-PEG gels; other methods such as 

alamarBlue® and PicoGreen® assays were unsuccessful due to dye retention and poor DNA 

recovery, respectively. The clear cytocompatibility and mechanical properties of the RLP24-

PEG hydrogels illustrate their utility as bioactive hydrogels for tissue engineering 

applications that require soft elasticity.
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Increasingly important to the design of tissue engineering scaffolds is nano-/microscale 

control over material properties like topography, matrix stiffness or biological signal 

distribution;43 morphogenesis of complex tissues, as well as the associated behaviors of 

differentiation, proliferation, adhesion, and migration, within a 3D scaffold relies on precise 

signaling to seeded or infiltrating cells.43 Currently, post-gelation methods, including 

photolithographic patterning44, 45, 116 and leaching inert elements,58, 117, 118 offer methods 

for creating hierarchal structures within gels, but these techniques suffer from either low-

throughput or extensive post-processing. The phase separation action of concentrated 

protein-polymer solutions and its consequent generation of hydrogel microstructure may 

offer unique, one-step opportunities to localize biological signals, cells or physical material 

properties (e.g. matrix elasticity) within a single 3D material to better mimic the hierarchal 

structure of native ECM.

CONCLUSIONS

Hybrid hydrogels comprising a resilin-like polypeptide, RLP24, and vinyl sulfone 

functionalized PEG macromer are elastic, resilient materials capable of the successful 

encapsulation and 3D culture of hMSCs. Cross-linked via a Michael-type addition between 

vinyl sulfone and thiol, these hydrogels rapidly form and have rubber-like properties that 

would be useful for mechanically-demanding tissue engineering applications, especially 

those aiming to remedy cardiovascular pathologies. The resilin-like polypeptides are 

sensitive to degradation via rhMMP1 both as soluble polypeptide and as cross-linked 

hydrogels. Encapsulated hMSCs remain viable and proliferate within the hydrogels over a 

15 day time period and adopt a spread, spindle-like morphology. Finally, the RLP24-PEG 

hydrogels demonstrate liquid-liquid partitioning behavior that gives rise to heterogeneous 

microstructure which might have implications for controlling the mechanical and biological 

properties of these hydrogels and directing cell behavior.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematics illustrating the formation of hybrid hydrogels and the design of the RLP24 

polypeptide. (A) Vinyl sulfone terminated four-arm star PEG macromers cross-link with the 

thiols of cysteine residues through a Michael-type addition reaction to form hydrogels. (B) 
The overall design of the RLPs and respective location of different bioactive domains. 

Additionally, the amino acid sequence of the protein is provided with important sequences 

colored. Parentheses indicate repeated sequences.
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Figure 2. 
Oscillatory rheology of RLP24-PEG hydrogels. (A) Representative time sweeps of RLP24-

PEG hydrogels cross-linked at different ratios of vinyl sulfone to thiol. (1% strain, 6 rad/s) 

(B) The summary of the effect the cross-linking ratio had on the storage modulus (G′)(Pa) 

for RLP24-PEG hydrogels as analyzed via oscillatory rheology.
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Figure 3. 
Tensile testing of RLP24-PEG hydrogels. (A) Representative loading/unloading curves of 

the RLP24-PEG hydrogels strained to 60% at a rate 0.1 mm/s. (B) Deformation responses at 

20, 40 and 60% strain for RLP24-PEG hydrogels cross-linked at 3:2 vinyl sulfone to thiol 

ratio. (C) Representative strain-to-break curves for each of the RLP24-PEG cross-linking 

ratios. Strain rate 0.1mm/s.
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Figure 4. 
Confocal microscopy of the fluorescently-labeled RLP24-PEGVS hydrogels. Panels depict 

the (A) fluorescein channel and the PEG component of the hydrogel, (B) the rhodamine 

channel and the RLP24 component of the hydrogel, and (C) the transmitted channel. Panel 

(D) provides a composite image of all three channels. Scale bar is 200 μm.
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Figure 5. 
Normalized compressive storage modulus of RLP24-PEG hydrogels (20wt%, 3:2 vinyl 

sulfone to thiol) incubated in MMP1 enzyme buffer without (closed, black) and with (open, 

red) MMP1 enzyme. Data points were acquired every 15 minutes using 5% strain at a 

frequency of 1Hz.
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Figure 6. 
Analysis of viability of hMSCs encapsulated in RLP24-PEG hydrogels (20wt% 3:2 vinyl 

sulfone:thiol) at day 0 (A), day 5 (B), day 10 (C) and day 15 (D). Maximum intensity 

projections of z-stacks (200–250 μm thick) are presented. The objective was a 10x water 

lens and the scale bars represent 200 μm.
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Figure 7. 
Proliferation of hMSCs analyzed via Click-it™ Edu Assay and fluorescence microscopy 

between days 3 and 5 of cell culture. All cell nuclei are stained with DAPI (A) and 

proliferative cell nuclei stained with the Alexa Fluor™ 555 (B). The final panel (C) provides 

a merged image with the proliferative nuclei appearing purple. Maximum intensity 

projection of z-stacks are depicted.
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Table 1

Summary of the mechanical and physical properties of RLP24-PEG hydrogels at three cross-linking ratios.

Cross-linking Ratio (VS:CYS) Water Content (%) Shear Modulus (Pa) Young’s Modulus (Pa) Strain to Break (%)

3:2 92.1 ± 0.5 12300 ± 1601a 11530 ± 2340 68.1 ± 7.9

1:1 93.8 ± 0.4 8040 ±1385a 7070 ± 1350 85.6 ± 9.0

1:2 95.5 ± 0.3 4205 ± 415 4250 ± 1250 173.4 ± 34.9

a
previously reported data.17
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Table 2

Resilience of RLP24-PEG hydrogels. Each value represents the mean of three separate sample measurements.

Cross-linking Ratio (VS:CYS)
Resilience at percent strain (%)

20% 40% 60%

3:2 93 ± 4 90 ± 4 88 ± 4

1:1 90 ± 4 89 ± 3 87 ± 3

1:2 98 ± 2 92 ± 1 89 ± 1

Each value represents the simple mean of 3 samples; the error is reported as the standard deviation.
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