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Abstract

The efficient and biocompatible cross-linking of recombinant polypeptide hydrogels offers
opportunities to develop these materials for applications in tissue regeneration. Accordingly, a
range of chemical strategies have been developed for cross-linking these scaffolds, although few
photocross-linking approaches for recombinant polypeptides have been reported. Here, we
capitalize on the novel mechanical properties of the insect protein, resilin, and the versatility of
click reactions to introduce a chemically modified resilin-like polypeptide (RLP) that is capable of
photoinitiated cross-linking via a thiol-ene step polymerization. Lysine residues present in the RLP
were functionalized with norbornene acid and the resulting RLPN conjugates confirmed via 1H-
NMR spectroscopy. RLPNs were subsequently cross-linked with multi-arm PEG thiols in the
presence of a photoinitiator and UV light to form elastic hybrid hydrogels as confirmed via
oscillatory rheology. Further, the crosslinking and resulting RLP-PEG networks demonstrated
cytocompatibility with human mesenchymal stem cells in both 2D cell-adhesion and 3D
photoencapsulation studies.

aSupporting Information is available online from the Wiley Online Library or from the author.
Correspondence to: Kristi L. Kiick, ki i ck@idel . edu.
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Graphical Abstract

Efficient photoinitiated cross-linking via thiol-ene step polymerization is conferred to hybrid
hydrogels composed of poly(ethylene glycol) star macromers and a recombinant elastomeric
protein polymer based upon resilin, an insect protein The hybrid hydrogels form elastic
polymer networks and demonstrate cytocompatibility with human mesenchymal stem cells making
them potential candidates as tissue engineering scaffolds for mechanically-demanding

applications.
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1. Introduction

Over the last few decades, photopolymerization has become an important technique utilized
in the development of materials for biomedical applications.[*=5] In tissue engineering
applications, photo-initiated reactions have been employed both to cross-link
macromolecules into hydrogel networks[2: 3. 6-10] and to pattern materials with enhanced
functionality.[11-17] The use of visible or UV light to initiate polymerization or cross-linking
reactions has significant advantages, including very fast cure rates under physiological
conditions, generation of very little heat, the ability to be performed using aqueous
precursors that are generally biocompatible,[?] and the spatiotemporal control over cross-
linking, a feature which provides a more direct means of manipulating the material
properties of the hydrogel[2 6 13. 14,16, 18] than afforded by conventional chemical
strategies.[19 201 |n addition, light intensity, exposure time, and/or location of the
irradiation(® 21 may be manipulated so that a single precursor composition may be cross-
linked into hydrogels with various mechanical stiffness.[22] Additionally, precursors remain
stable after mixing and may be easily positioned prior to irradiation;[8] hydrogels can be
formed into a variety of complex shapes that conform and adhere to tissue,[?] as well as
patterned to create precise two and three dimensional geometries.[11-17. 23, 24] NMore recently,
photodegradation strategies have afforded means to manipulate the mechanical and
biochemical properties of hydrogels post-gelation.[25-28]

Although synthetic polymers, such as PEG, have been the main macromolecular precursors
employed for photocross-linkable hydrogels, well-defined biosynthetic protein polymers
offer an interesting alternative for imparting specific biofunctionality and desirable
mechanical properties to photocross-linked tissue engineering scaffolds.[29-33]
Implementing sequences from elastomeric structural proteins, including those from the
mammalian protein elastin and the insect protein resilin, has demonstrated tremendous
utility in the developing materials with novel mechanical properties.[29: 31. 32, 34-42] For
example, hydrogels composed of resilin-like polypeptides (RLPs) demonstrate the same
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outstanding extensibility and resilience that is characteristic of the natural protein[32 36. 37]
and enables its high-frequency performance in insect organs.[3% 361 Despite the advantages
of employing such mechanically interesting polypeptides in hydrogels, there has been
limited exploration of photoreactive chemistries for their cross-linking.[11: 34, 37-39, 43, 44]
Most reports have focused instead on creating photocross-linkable materials via the
acrylation/methacrylation of naturally-derived proteins (e.g. gelatin, fibrinogen).[45-611 we
thus sought to establish the feasibility of producing RLP-based hydrogels that could be
cross-linked via efficient photocross-linking strategies while maintaining their excellent
mechanical properties and cytocompatibility.[31: 32, 35, 36, 62]

Thiol-ene reactions have been an important part of polymer chemistry for the better part of a
century,[63-671 but more recently have been applied to formation of PEG-based hydrogels for
tissue engineering and drug delivery applications.[8: 68-73] Traditional photoreactive
chemistries, such as the acrylate/methacrylate systems mentioned above, are sensitive to
oxygen inhibition[%4] and are driven by radical chain-growth polymerization that results in
networks with heterogeneous cross-links composed of poly(meth)acrylate chains of varying
size.[6. 28] |n contrast, thiol-ene chemistry is less sensitive to oxygen inhibition and proceeds
via step-growth mechanisms that form cross-links between complementary reactive groups
which results in more homogeneous networks suggested to possess superior mechanical
properties to those of chain-growth networks.[®: 741 Fairbanks et al. introduced PEG-peptide
hydrogels that are cross-linked via a photoinitiated thiol-norbornene step polymerization;[6]
norbornene serves as an efficient ‘ene’ moiety due to its high reactivity and selectivity for
thiol-ene click reactions.[64 731 A number of hydrogels successfully utilizing the thiol-
norbornene chemistry have been reported since its introduction;[23: 6870, 72, 76-83] g jn-
depth review of these hydrogels has been reported by Lin et al.[18] Of particular relevance
for the development of these photochemical methods for biological applications, has
recently been demonstrated that thiol-norbornene chemistry may be more cytocompatible
than radical chain growth mechanisms due to the relatively fast gelation kinetics, which
limits cell exposure to damaging radical species.[8%

Here we introduce a thiol-ene photocross-linkable recombinant polypeptide-PEG hybrid
hydrogel comprising a chemically modified RLP and a multiarm star PEG macromer. RLPs
were functionalized with norbornene acid through simple amide bond coupling chemistry
with lysine residues contained in the RLP sequence; functionality was determined via 1H
NMR spectroscopy as well as a TNBSA assay that is specific for primary amines.
Oscillatory rheology was utilized to investigate the gelation and resulting mechanical
properties of these hybrid hydrogels while cyto-compatibility was confirmed through cell
adhesion studies as well as the encapsulation and long-term culture of human mesenchymal
stem cells.

2. Experimental Section

2.1. 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 (Valencia, CA) or Thermo
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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). The thiol-terminated 4-arm star PEG (10 kDa) was purchased
from JenKem Technology USA (Plano, TX). The photoinitiator, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), was synthesized as described previously.[22]

2.2. Expression and Purification of RLPs

The design and cloning of the RLP and RLPRGD protein has been previously reported
elsewhere.[31 351 Expression was performed using the QIAexpress® expression system
(QIAGEN, Valencia, CA). Briefly, £. coli M15[pREP4] was transformed with a pQE-80L
plasmid containing the RLP or RLPRGD gene. To express the RLP proteins, overnight
cultures of transformed £. coliwere used to inoculate six Fernbach flasks containing 500 or
750 mL of 2xYT medium containing 100 pg/mL ampicillin. To express the polypeptide
these cultures were induced at an O.D. of approximately 0.6 by adding isopropyl -D-
thiogalactopyranoside (IPTG) at a 1 mM final concentration and were then cultured for four
hours at 37 °C. Cells were pelleted via centrifugation and frozen at =20 °C. The polypeptide
was purified under native conditions according to the manufacturer’s guidelines for Ni-NTA
affinity chromatography.[84] The eluate containing the RLP or RLPRGD product was
dialyzed in a 20:1 volumetric ratio of dialysis buffer to protein solution once against 1 M
NaCl and then against ddH,O (5%). The dialyzed solutions were subsequently frozen and
lyophilized to a dry powder. The purity of the polypeptide was monitored via gel
electrophoresis (SDS-PAGE),[85] and the composition confirmed via amino acid analysis as
has been previously reported (see Table S1).[31]

2.3. Functionalization and Characterization of RLPN

The RLP proteins were functionalized with norbornene via modification of regularly
positioned lysine residues on the polypeptide chain (see Figure 1A/B, Figure S1IA/B, Figure
S2). Simple amide bond coupling chemistry was employed to conjugate exo-5-
norbornenecarboxylic acid (Sigma Aldrich) to the amine side chain of the lysine residues.
First, the RLP proteins were dissolved using heat and sonication into dimethyl sulfoxide
(DMSO) at a 5 mg/mL concentration; drop-wise addition of triethylamine (TEA) was
performed until the protein dissolved. The molar ratio of TEA to lysine for any given
reaction was never greater than 10:1. The norbornene acid was separately dissolved in
DMSO with TEA added in a 1:1 ratio. To initiate the reaction, the coupling reagent, (2-(7-
Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate) (HATU) was
dissolved in DMSO, combined with the norbornene/DMSO/TEA mixture and promptly
added to the RLP/DMSO/TEA solution.

The reaction was incubated at room temperature for approximately 2 hours. The ratio of
norbornene acid to lysine was varied depending upon the desired functionality of the
conjugate. However, the ratio of HATU to norbornene was kept at a 1:1 stoichiometry to
avoid side reactions. The reaction was terminated with the addition of an equal volume of
water containing 100 uM ammonium hydroxide. This solution was promptly dialyzed at
room temperature (Snakeskin™, 10 kDa, Thermo Scientific) against ddH,O for two hours in
a 20:1 volumetric ratio of buffer to dialysate; this removed most of the DMSO. In later
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stages of dialysis, precipitation was prevented by adding a minute concentration (< 10 pM)
of sodium hydroxide to the ddH,O dialysis solution. However, in the final step of dialysis,
the protein was always returned to pure water. Finally, the RLPN (or RLPRGDN) solution
was filtered, frozen in liquid N, and lyophilized.

The functionality of the RLP proteins was characterized via 1H NMR. Samples were
prepared at a ~5 mg/mL concentration of functionalized protein in D,O with approximately
0.2% NaOD (Cambridge Isotope Laboratories, Tewksbury, MA) and were analyzed using
either an AVIII 600 MHz NMR spectrometer equipped with a 5 mm Bruker SMART probe
or an AV400 NMR spectrometer equipped with a cryogenic QNP probe (Bruker, Billerica,
MA) courtesy of Dr. Shi Bai (Department of Chemistry and Biochemistry, University of
Delaware, Newark, DE). Water suppression was employed in the analysis. Eight
phenylalanine residues per RLP molecule were used as a reference for the quantification of
norbornene functionality. The integration of the aromatic protons of phenylalanine (8 7.15-
7.35 (m, 5H)) was compared to the integration of the olefin protons of the norbornene (8
6.00-6.15 (d, 2H)). A modified TNBSA assay (Life Technologies, Carlsbad, CA) for
primary amines confirmed the functionality of the RLPRGD conjugate (see Supporting
Information, Figure S2).

2.4. Cross-linking and Oscillatory Rheology of RLPN-PEGSH Hydrogels

Characterization of gelation and the mechanical properties of the hydrogels was conducted
using an AR-G2 Rheometer (TA Instruments, New Castle, DE) equipped with an
OmniCure® S1000 UV lamp assembly for photocuring applications; a stainless steel 8 mm
diameter parallel plate geometry was used for these experiments. RLPN and PEGSH were
dissolved separately in PBS buffer (pH 7.4) that included the LAP photoinitiator at a 0.067
wt% (w/v) concentration (2.3 mM). Different weight percentages of precursor (i.e., total
solids of both the RLP and PEG) were analyzed, but the cross-linking stoichiometry of
norbornene to thiol was kept constant at a 1:1 ratio. Precursor solutions were briefly mixed
on a vortex mixer and deposited on to a quartz crystal that would guide UV light and serve
as the rheometer stage during the experiment. Unless otherwise noted, the solutions were
cured using 365 nm light at an intensity of 5 mW/cm?2. Oscillatory time sweeps were
conducted at 1% strain (in the linear viscoelastic regime) and 1 Hz while frequency sweeps
from 0.01 — 10 Hz were analyzed at 1% strain. For all gels analyzed, the composition of the
RLPN-PEGSH hydrogels was approximately 50% protein and 50% PEG. The elastic moduli
are reported as a simple mean of three experiments and the error is reported as the standard
deviation.

2.5. 3D Photoencapsulation and Viability of hMSCs

The viability of bone-derived human mesenchymal stems encapsulated within RLPN-PEG
hydrogels was analyzed via confocal microscopy. The hMSCs (Lonza, Basel, Switzerland)
were subcultured according to the manufacturer’s specifications at 37 °C, 5% CO,, and
using the BulletKitTM hMSC growth medium provided by Lonza. The cells were kept
below 80% confluency and utilized between passage three and ten. The RLPN-PEGSH
hydrogels used for the encapsulation experiments were 6 wt% (w/v) (total solids) and had a
final volume of 50 pL. First, the LAP initiator was dissolved in PBS buffer at a 0.084%
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(w/v) concentration to compensate for the lack of photoinitiator in the cell media. RLPN and
PEGSH were then dissolved separately in this PBS buffer; usually, a small amount (< 1 uL)
of 2 N NaOH was needed to help solubilize the protein in the 50 pL sample. Next, the
hMSCs were lifted via treatment with tryspin/EDTA (Lonza), counted using a
hemocytometer, and separated into 10 uL aliquots of 20,000 cells. The precursors were
vortex mixed and then triturated with the cells before being deposited onto a glass-bottom
dish (MatTek Corporation, Ashland, MA), which was then placed under 365 nm UV light
(B-100 High Intensity Long Wave Length Lamp, UltraViolet Products, Upland, CA) at ~5
mW/cm? for 30 seconds. Immediately following, 3 mL of growth media was added to the
dishes and the gels containing encapsulated cells were placed in an incubator (37 °C, 5%
COy); lifting the gels encouraged diffusion to the bottom edge and improved cell viability.

Live/Dead® stain (Life Technologies) was utilized to determine the viability of the hMSCs
over a 28 day time period. Prior to imaging, hydrogels were placed in PBS buffer containing
2 UM Calcein AM and 4 uM ethidium homodimer-1 for 30 minutes. The cell-gels were then
imaged via laser scanning confocal microscopy on a Zeiss LSM 510 NLO multiphoton
microscope (Carl Zeiss, Inc., Thornwood, NY) courtesy of the Delaware Biotechnology
Institute (Newark, DE) Bioimaging Center. Z-stack images were acquired from several
sample gels for a given time point. Representative maximum intensity projections are
reported.

2.6. 2D Cell Culture and Adhesion of hMSCs

The adhesion of hMSCs to the RLPN-PEG hydrogels with and without integrin binding
domains (RGD) was assessed using two dimensional cell-seeding studies. The hMSCs were
subcultured according to protocols stated above. RLPN-PEGSH or RLPRGDN-PEGSH
hydrogels were prepared at 6 wt% (w/v) (total solids) and had a final volume of 30 uL; LAP
initiator was dissolved into PBS buffer at a 0.067 wt% (w/v) concentration and the
precursors were dissolved separately into the buffer containing initiator. The precursors were
mixed and then deposited onto a glass-bottom dish that was then placed under 365 nm UV
light at ~5 mW/cm? for 45 seconds. Gels were prepared under sterile conditions in a
biosafety cabinet to prevent contamination and sterilized using UV light (254 nm) for a
period of 30 minutes. Following lifting and counting per the protocols stated above, the
hMSCs were seeded at a 3500 cells/cm? density to the gel surface in approximately 20 pL of
cell media and incubated for 15 minutes at 37 °C; gels were then immersed in 3 mL of cell
media. Cell attachment and spreading was analyzed the following day via the use of a
commercially available F-actin staining kit (Alexa Fluor® 568 Phalloidin) from Life
Technologies. The manufacturer’s instructions were followed: briefly, the cells were fixed in
a 4% paraformaldehyde solution, permeabilized using 0.1% Triton X-100 and stained using
the Alexa Fluor-568 conjugated phalloidin. Syto13, prepared at 1:1000 ratio in PBS, was
used to stain for cell nuclei. The cell-seeded gels were then imaged via laser scanning
confocal microscopy on a Zeiss 5 LIVE DUO Highspeed/Spectral confocal microscope
(Carl Zeiss, Inc., Thornwood, NY) courtesy of the Delaware Biotechnology Institute
(Newark, DE) Bioimaging Center. Z-stack images were acquired from several sample gels
for a given time point. Representative maximum intensity projections are reported.
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3. Results and Discussion

3.1. Design, Expression, and Purification of RLP

The design, expression, and purification of RLPs has been previously reported by Li, et
al3 As illustrated in Figure 1A/B, the RLP protein comprises 12 repeats of a resilin-like
sequence based upon the consensus sequence (GGRPSDSYGAPGGGN) derived from the
first exon of the Drosophila melanogaster gene, CG15920.[86] Fifteen lysine residues are
intermittently distributed throughout each RLP molecule in five distinct “cross-linking
domains’ composed of three lysine residues separated by two glycine spacers
(GGKGGKGGKGG); the lysine residues enabled the functionalization of the RLP through
amide bond coupling of norbornene acid to the N-alkyl amine side chain of the lysine. Two
versions of RLP were investigated in this report: the first (RLP) contained no bioactive
domains while the second (RLPRGD), contained the well-established integrin binding
domain, RGDSP (see Figure S1A/B). The RLPs, when functionalized with norbornene, are
referred to as RLPN or RLPRGDN; both were capable of cross-linking with thiol-
functionalized PEG macromers to form hydrogels as illustrated in Figure 1C.

The expression of RLP and RLPRGD was performed as previously described;[31: 35, 84] the
high purity of the RLP polypeptide product was indicated by acrylamide gel electrophoresis
(see Figure S3) and confirmed via amino acid compositional analysis (Table S1). The yield
for expressions varied between 10-30 mg/L of culture and between 1.90-5.03 mg/g of cell
paste, consistent with previous reports.[31]

3.2. Functionalization of RLP

To equip the RLP proteins with photoreactive groups, norbornene acid was conjugated to the
polypeptide via simple amide bond coupling of the acid to the lysine side chains (see Figure
1A). Modification of the RLP was selected as the means to enable thiol-ene cross-linking,
rather than use of a thiolated RLP and PEG-norbornene, owing our interests in exploring a
range of cross-linking approaches for these RLP constructs; the lysine-rich domains of the
RLP can be modified with a variety of different cross-linkable groups to facilitate these
comparisons. Following purification via dialysis, the norbornene functionality of the RLP
was determined utilizing the downfield region of the IH NMR spectrum owing to the
complexity of the upfield region (see Figure S4). By comparing the integration of the
phenylalanine benzyl ring protons (8y 7.15-7.35 (m, 5H)) with that of the norbornene
alkene protons (8 6.00-6.15 (d, 2H)), the extent of functionalization of the RLPN was
determined.

The norbornene functionality of RLPN could be modulated through variations in reaction
stoichiometry. Figure 2A depicts the entire 1H NMR spectra of an unfunctionalized RLP
polypeptide (red) as well as RLPNs prepared using four different norbornene to lysine
reaction stoichiometries: 1:1 (purple), 3:4 (blue), 1:2 (green) and 1:4 (yellow). The
expansion of the 6.0-8.0 ppm region shown in Figure 2B clearly presents the decreasing
intensity of the norbornene alkene proton peaks; the functionality of RLPN calculated from
NMR indicated that, depending on the reaction stoichiometry, approximately 3 to 13 of the
15 lysine residues of the RLP were modified with norbornene (Table 1). Given that the
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RLPNs of the highest functionality were only sparingly soluble and precipitated when mixed
with PEG thiol, RLPNs with approximately 10 norbornenes were employed in subsequent
rheology and cell culture experiments. The high reactivity of the norbornenes in the thiol-
ene reaction rendered the modified RLPs reactive for efficient photocross-linking even at the
lower functionalities, which motivated our use of the norbornene in these modifications.
Figure S5 and Figure S6 present the NMR spectra of a preparation of RLPN and
RLPRGDN, respectively; RLPN was equipped with approximately 9 norbornenes (ca. 60%
conversion of lysines to norbornenes) while the RLPRGDN was functionalized with
approximately 11 norbornenes (ca. 73% conversion). Batch preparations of the norbornene-
functionalized RLPs could be achieved in as high as 80% yield.

3.3. Oscillatory Rheology of Photopolymerized RLPN-PEG Hydrogels

The RLPN-PEGSH hybrid hydrogels were formed via a thiol-ene step polymerization
between the norbornenes of the RLPN and thiols of the PEG macromer. Of the many
potential photoinitiators, LAP was chosen due to its demonstrated water solubility and its
robust reactivity when exposed to light at 365 nm.[22] To analyze the gelation and
mechanical properties of the RLPN-PEGSH hydrogels, oscillatory rheology was employed
with /n situ photopolymerization of the precursors conducted via a photocuring accessory on
the rheometer. Precursors of RLPN and PEG thiol were prepared at 3, 4 and 6 wt% (w/v)
concentrations while maintaining a 1:1 ratio of thiol to norbornene; the resulting data are
presented in Figure 3. The oscillatory rheology time sweeps presented in Figure 3A illustrate
the rapid gelation of the precursor solutions when cross-linked at a 5 mW/cm? irradiation
intensity; the storage modulus of each formulation stabilized approximately 30—-45 seconds
after the start of irradiation. Figure 3B illustrates that the storage moduli of the RLPN-
PEGSH hydrogels could be varied, in a range relevant to the engineering of soft tissues, by
altering the precursor concentration. 3 wt% gels exhibited storage moduli of approximately
400 Pa; 4 wt% gels exhibited storage moduli of approximately 1500 Pa; and 6 wt% gels
exhibited storage moduli of approximately 3500 Pa, commensurate with the elastic moduli
of tissues including brain, kidney, liver, thyroid and lung.[87] In comparison, RLP-only
hydrogels, cross-linked via tri(hydroxyl methyl) phosphines, exhibited shear moduli
between 1.2 and 20 kPa; however, these hydrogels required concentrations greater than 10
wit% RLP in order to reach these moduli.[31: 361 The photocross-linked hybrid hydrogels
reported here form elastic networks at far lower concentrations, which conserves the RLP
protein and suggests more robust network formation. All formulations of the RLPN-PEG
hydrogels exhibited frequency-independent behavior consistent with that expected for
networks with permanent cross-links (Figure S7). Further, RLPN-PEGSH gels tested in
cyclic tension experiments demonstrated very low hysteresis (with resilience calculated to be
approximately 90% resilience at 60% strain, see Figure S8), which is in excellent agreement
with the resilience values of other RLP hydrogels cross-linked via alternative chemistries, as
well as with the reported properties of the native resilin protein.[3% 36.37] Together these
observations suggest that the RLPs can undergo a variety of chemical modifications and
cross-linking approaches and still maintain mechanical behavior similar to that of the native
protein. In addition, PEG hydrogels cross-linked using the same chemistry and similar
precursor concentrations were found to have shear moduli ranging from 300 to 6000

Pa,[6: 68] consistent with the mechanical properties of the RLPN-PEGSH hydrogels. These
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results reflect the efficiency of the thiol-ene chemistry as examples of other hydrogels
polymerized via traditional radical polymerization require greater precursor concentrations
to match the elasticity of the RLPN-PEGSH hydrogels. [>1. 801

To confirm the temporal control over cross-linking of these gels, precursor solutions were
irradiated at low intensity in a step-wise manner and monitored via oscillatory rheology as
depicted in Figure 4A. Over three separate periods of irradiation, the stiffness of the
hydrogel was increased, from approximately 45 Pa to 2.2 kPa to 3.5 kPa, as indicated by the
open symbols. By switching off the UV light, the cross-linking reaction and the
corresponding increase in storage modulus was halted as indicated by the closed symbols in
Figure 4A. Fairbanks et al, demonstrated similar control over hydrogel mechanical
properties through step-wise irradiation of solutions of PEG-norbornene and bis-thiol
peptides.[8] Additionally, the intensity of irradiation could be utilized to control the cross-
linking rate of the RLPN-PEGSH precursors. As depicted in Figure 4B, at the highest
irradiation intensity, cross-linked hydrogels were formed within 15 seconds, while at the
lower intensities, cross-linked networks were formed after 30 seconds, with the storage
moduli of the hydrogels increasing more gradually. Taken together, these data illustrate the
control over cross-linking afforded by the photocross-linking of the RLPN-PEGSH system;
a single precursor composition may be cross-linked into hydrogels with a variety of different
moduli simply by controlling exposure to light or the irradiation intensity.

3.4. Photoencapsulation and Spreading Analysis of hMSCs

The cytocompatibility of the RLPN-PEGSH and RLPRGDN-PEGSH hydrogels was
demonstrated through the photoencapsulation and 3D culture of human mesenchymal stem
cells. As displayed by the representative composite Live/Dead™ confocal images for the
RLPN-PEGSH hydrogels presented in Figure 5A/B, encapsulated hMSCs remained viable
through the experimental period and out to 28 days of culture. In fact, nearly universal
viability was observed within the hydrogels at day 0, day 14 and day 28 as depicted by
representative confocal microscopy (see Figure S9); viable cells (green) comprised
approximately 99% of the entire population of encapsulated cells. This outstanding
cytocompatibility of the RLP-PEG hydrogels is in agreement with that observed for other
hydrogels utilizing thiol-ene reactions of thiol with norbornene. (6. 23. 69, 80, 82] The fast
kinetics of the thiol-ene chemistry and consequent rapid gelation of the networks likely
limits cell exposure to cytotoxic UV irradiation and radical species.[23 8% The highly viable
hMSCs extended a few small processes into the matrix but mainly remained small and
rounded, which is consistent with our previous studies of 3D cell encapsulation in
homogeneous RLP-based matrices.[31]

Two-dimensional hMSC studies were thus undertaken to confirm that cells could interact
with cell adhesion domains in the RLP-PEG hydrogels; Figure 5C/D depicts the confocal
microscopy results of actin and nuclei-stained hMSCs a day following their initial seeding
on RLP-PEG gels. A substantial increase in spreading and adhesion of the hMSCs was
observed on the RLPRGDN-PEGSH gels, while the cells on the RLPN-PEGSH gels
remained largely rounded. The hydrogels incorporating RGD (at an approximate 1.1 mM
concentration) clearly demonstrated that hMSCs adopted a more natural spindle-like
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phenotype, confirming the specific interaction of RGD with the seeded cells as expected and
in agreement with previously explored RLP-RGD hydrogelst3] and with many other
examples of RGD-mediated cell adhesion.[88. 891 |nterestingly, hMSCs encapsulated in
RLPN-PEGSH networks with tethered RGD peptide conjugates were unable to spread
(unpublished observation), in contrast with the behavior of cells encapsulated in our other
reported RLP-PEG hydrogel networks;[32] this is likely due to the lack of degradability of
the RLPN-PEGSH hydrogels (which do not carry enzymatically degradable domains) and/or
due to potential differences in microstructure. Nevertheless, the superb cytocompatibility of
the photo-crosslinked RLPN-PEGSH networks illustrates the promise of recombinant
resilin-PEG hybrid hydrogels for use as mechanically robust, chemically versatile, cell-
compatible scaffolds.

4. Conclusions

Recombinant resilin-like polypeptides can be modified readily with photoreactive molecules
to facilitate the use of photocross-linking methods in the production of hybrid hydrogels
containing a PEG macromer. Various degrees of functionalization can be achieved simply by
modulating the ratio of norbornene acid to lysine residue. The resulting RLPN were
successfully cross-linked into hybrid hydrogels via thiol-ene reactions with a thiol-
terminated PEG and using the photoinitiator LAP. Oscillatory rheology confirmed that gels
quickly form within 45 seconds when irradiated with UV light and that the stiffness of the
hydrogels could be modulated through precursor concentration and light exposure; the final
mechanical properties were consistent with intended applications in soft tissue engineering.
Finally, the cytocompatibility and cell adhesive nature of the materials was demonstrated
through the viable 3D encapsulation and 2D spreading in cultures of hMSCs, suggesting the
potential of photochemical approaches for the production of RLP-based hydrogels.
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Figurel.
Schemes illustrating the norbornene functionalization of RLP, the RLP sequence and the

formation of hybrid hydrogels. (A) Lysine residues occurring in five ‘cross-linking bundles
along the polypeptide chain can be functionalized with photoreactive norbornene acid
through simple amide bond coupling. (B) The amino acid sequence of RLP; parentheses
indicate repeated sequences and (F/M) indicates the presence of either a phenylalanine or
methionine residue. For each group of three resilin repeats, there were two phenylalanine
residues and one methionine residue encoded in the gene sequence; the RLP had a total of
eight phenylalanine and four methionine residues. (C) Scheme illustrating the cross-linking
reaction between 4-arm star PEG thiol macromers and RLPN to form hybrid hydrogels.
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1H NMR spectra of RLPN with different functionality as a function of stoichiometric ratio.
By modulating the stoichiometric ratio of norbornene to lysine, RLPN with different
functionality could be attained as reflected by the corresponding increase in peak size at 6.1
ppm with increasing stoichiometric ratio of norbornene to lysine. A full spectrum is
presented for the 1:1 (purple), 3:4 (blue), 1:2 (green) and 1:4 (yellow) stoichiometries in
panel (A) and an expansion of the 6.0-8.0 ppm region in panel (B). The bottom (red)
spectrum represents an unfunctionalized RLP control.
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Figure 3.

Iwt% 4 wt % 6wt%

Effect of weight percent on the mechanical properties of RLPN-PEGSH hydrogels. A
representative oscillatory rheometry time sweep conducted at using 1% strain at 1 Hz was
used to investigate the gelation (A). A summary of the average storage moduli for hydrogels
with different polymer concentrations is also presented (B). The simple mean of at least
three samples for a given concentration was used for the summary; the error represents the

standard deviation.
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Figure 4.
The effect of irradiation on RLPN/PEGSH solutions (6 wt% (w/v); 1:1, norbornene to thiol)

is demonstrated via oscillatory rheology. (A) RLP-PEGSH precursors were irradiated (open
symbols): at 1.5 min at an intensity of 1 mW/cm? for 30 seconds and cross-linked to
approximately 45 Pa (G’, storage modulus); at 7 min at an intensity of 1 mW/cm? for 60
seconds and cross-linked to approximately 2.2 kPa; and, at 13 min at a 0.1 mW/cm?
intensity for 10 minutes that cross-linked to a final stiffness of approximately 3.5 kPa. In the
intervening periods (closed symbols) the samples were not exposed to UV irradiation and
the modulus did not change. (B) The effect of irradiation intensity on gelation is depicted.
Solutions exposed to the higher irradiation intensity, 5 mW/cm?, cross-linked within 15
seconds and quickly reached a plateau. Solutions exposed to the lower irradiation intensities,
1 mW/em? and 0.5 mW/cm?, required approximately 30 seconds to form networks and the
rate of increase in the storage moduli was much slower.
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Figure5.
Representative images of composite (‘live’, ‘dead’, and transmitted channels) confocal z-

stack maximum intensity projections for 3D cultures of encapsulated hMSCs in RLP-PEG
hydrogels at day 0 (A) and day 28 (B). Representative images of cell spreading/adhesion
analysis for the 2D cultures of seeded hMCs; composite confocal images of actin-stained
(red) and nuclei-stained (green) cells for RLPN-PEGSH (control) gels (C) and RLPRGDN-
PEGSH (adhesive) gels (D) one day following hMSC seeding. Images are 10x magnification
and Z-stacks were between 100 to 300 um in depth. (Scale bar represents 200 pm).
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Table 1

Reaction stiochiometries and functionalities of RLPN

Feed Ratio (Nor:Lys®  #of Norbornene'HP  Norbornene Functionality 9 Lysine Reacted®

1:1 25.8 12.9 85.9
075:1 18.2 9.1 60.9
050:1 14.8 7.4 49.3
025:1 7.7 3.3 22.0

4Ratio of norbornene acid to lysine in the reaction.
DNumber of norbornene protons calculated from NMR integration.

SNorbornene functionality divided by the 15 available lysine residues in the RLP
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