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ABSTRACT

Over the past few decades, technological progress in the life sciences and
engineering has combined with important insights in the fields of biology,
biotechnology and materials science to make possible the design and synthesis of
biological substitutes whose goal is the restoration dysfunctional tissue. The
interdisciplinary field of tissue engineering has the explicit goal of developing
methods and materials which aim to restore, maintain or improve the function of
tissues and organs. Researchers believe that proper biological function of diseased or
damaged tissue can be restored through a rational combination of biological signals,
cells and material scaffolds. This has led to the development of numerous biomimetic
matrices that attempt to drive regenerative processes through replicating or mimicking
the biological cues present in the extracellular-matrix, the natural scaffolding of tissue.
Hydrogels, which are water-swollen networks of macromolecules, have emerged as
popular material for tissue engineering applications.

Often hydrogels are composed of synthetic or naturally-derived polymers, but
a third category, biosynthetic protein polymers, has become a popular alternative.
Recently, a number of recombinant protein polymers with sequences derived from
natural protein elastomers have been investigated due to their outstanding mechanical
properties. Resilin, a rubber-like protein found in specialized compartments of
arthropods, is one such protein elastomer and possesses exceptional mechanical
properties including: high resilience, long fatigue lifetime and superior extensibility.

The Kiick laboratory has led the development of recombinant resilin-like polypeptides
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(RLP) for tissue engineering applications by designing novel protein polymers which
combine the sequences of natural resilin with biomimetic domains which confer cell-
material interactivity. Previous studies by our laboratory introduced RLP hydrogels
which were formed through a Mannich-type condensation reaction between
hydroxymethyl phosphine cross-linkers and lysine residues contained within the RLP.
These hydrogels proved to be cytocompatibile, hydrated networks of protein that
reproduced the rubber-like properties of native resilin

In this work, we introduce a hybrid material composed of RLP cross-linked
with a synthetic polymer: poly(ethylene glycol) or PEG. These hybrid hydrogels
combine the chemical flexibility and biocompatibility of PEG with the precise control,
high fidelity and inherent bioactivity of biosynthetic proteins. Two versions of RLP-
PEG hydrogels with different methods of cross-linking were investigated: the first is
based upon a Michael-type addition reaction between the thiols of cysteine residues
contained within RLP and vinyl sulfone moieties end-functionalized on a multi-arm
PEG macromer; the second uses a norbornene-functionalized RLP to cross-link with a
thiol-functionalized multi-arm PEG macromer via a photoinitiated thiol-ene step
polymerization.

Recursive ligation of an RLP gene (RLP12) encoding for twelve repeats of a
resilin-like sequence and including bioresponsive domains led to a family of high
molecular weight RLPs: RLP24, RLP36, and RLP48. As characterized via oscillatory
rheology, these RLPs could be cross-linked with a vinyl sulfone PEG macromer into
elastic hydrogels. Subsequent encapsulation and three-dimensional culture of human
aortic adventitial fibroblasts and human mesenchymal stem cells demonstrated the

cytocompatibilty of these RLP-PEG networks. Tensile testing of RLP24-PEG
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hydrogels demonstrated that they were resilient, elastic hydrogels whose mechanical
stiffness could be modulated by manipulating the cross-linking ratio of vinyl sulfone
to cysteine thiol. The resilin-like polypeptides were susceptible to degradation by
matrix metalloproteinase enzymes as both a soluble polypeptide and when cross-
linked into hydrogels. Finally, the RLP24-PEG hydrogels demonstrated phase
separation behavior that led to the formation of distinct micro-phases within the cross-
linked hydrogel.

Photopolymerization of polymer hydrogels has the advantage of
spatiotemporal control over the formation of network cross-links; a strategy which has
been successfully applied to RLP-PEG hydrogels. RLPs were functionalized with a
norbornene acid through simple amide bond coupling chemistry and the functionality
of the RLP-norbornene conjugates were characterized via ‘H NMR spectroscopy. The
RLP conjugates were then photocross-linked with thiol-terminated PEG when exposed
to ultra violet irradiation. The mechanical properties were analyzed through oscillatory
rheology and the cytocompatibility was assessed through the three-dimensional
photoencapsulation and culture of human mesenchymal stem cells.

These RLP-PEG hydrogels demonstrate the utility in hybrid materials that
combine biosynthetic proteins with synthetic polymers. As versatile, mechanically
resilient and cytocompatible materials, RLP-PEG hybrid hydrogels offer a unique and

exciting strategy for the development of biomimetic tissue engineering scaffolds.
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Chapter 1

INTRODUCTION

1.1 Tissue Engineering & Regenerative Medicine

Recent advances in the life sciences and engineering has made possible the
design and synthesis of biological substitutes which aim to restore, maintain or
improve the function of native tissues and organs. The development and investigation
of methods for the regeneration of dysfunctional tissues/organs is the domain of the
interdisciplinary fields of tissue engineering and regenerative medicine.! % The
central hypothesis of these fields is that proper biological function can be restored
through a rational combination of biological signals, cells and biomimetic matrices.”
I More specifically, provided with the correct biochemical and biophysical cues in
addition to a supportive scaffold, cells with a degree of plasticity™ will reestablish the
structure and function of native tissue. The goal of tissue engineers is to draw upon
knowledge from various disciplines, such as cell biology, chemistry, biomedical
engineering and materials science, in the attempt to design materials or systems that
promote this regenerative behavior.!*'? Synthetic polymeric scaffolds have emerged as
a promising technology in tissue engineering as they can be facilely designed and
modified to mimic the natural microenvironment of cells and tissue.® In fact, mimicry
of the extracellular matrix (ECM), the collection of molecules that provide structural
and biochemical support to cells within tissue, is a well-established paradigm followed

by many in the tissue engineering field.l") In the pursuit of functional, biomimetic



scaffolds, hydrogels have emerged as a popular subset of tissue engineering

scaffolds.l®%

Cells

stem cells. progenioor cells.

differentiated cells
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Figure 1.1 The basic principle of tissue engineering is to utilize a rational combination
of cells, signals and a material scaffold to help drive the regeneration of
healthy, functional tissue.

1.2 Hydrogels for Tissue Engineering

Hydrogels are networks of macromolecules, chemically or physically cross-
linked, which swell large quantities of water without dissolution;™® ! a property that
allows for relatively flexible materials which resemble natural tissue.!*” Depending
upon the specific polymer and method of implantation, hydrogels usually exhibit
excellent biocompatibility and minimal thrombosis, inflammation or tissue damage.®

2] Furthermore, due to their swollen nature, they generally have high permeability for



oxygen, nutrients and other water-soluble metabolites.*? These qualities make
hydrogels an ideally suited method of delivering cells and signals to damaged tissue.

Hydrogels may be composed of either naturally-derived or synthetic polymers.
Common naturally-derived polymers used for tissue engineering hydrogels include
collagen/gelatin, hyaluronate, fibrin, alginate, agarose and chitosan.’®! In general,
naturally-derived polymers are utilized because they are either components of native
ECM or have macromolecular properties similar to ECM. ™ For example, collagen is
the most abundant protein found in mammalian tissue™*! and is also major constituent
of the extracellular matrix.l'” Naturally-derived polymers are advantageous due to
their biocompatibility, innate bioactivity and cell-directed degradability. **
However, these polymers can exhibit batch variability, their hydrogels possess a
limited range of mechanical properties and there are concerns over potential pathogen
transmission as well as immunogenicity.® **!

Synthetic polymers used for tissue engineering hydrogels can include poly(2-
hydroxyethyl methacrylate), poly(N-isopropylacrylamide), poly(vinyl alcohol) and
poly(ethylene glycol) or more commonly referred to as PEG.® In contrast to natural
polymers, synthetics are appealing as hydrogel precursors since their chemistry and
physical properties can be more precisely controlled and reproduced.® *! By
modulating the molecular weight, chemical identity, chain architecture and cross-
linking functionality, one can control the gelation kinetics, mechanical properties and
degradation kinetics of synthetic hydrogels.™ While synthetic hydrogels benefit from
a greater range of material properties, they usually display limited bioactivity and may

require extensive purification from toxic byproducts that result from their synthesis."!

Furthermore, the limited biodegradation of synthetics necessitates engineered



degradability usually through hydrolytic or proteolytic mechanisms.®® ¥! Table 1.1

summarizes the differences between natural polymers and synthetics.™

Table 1.1 Selecting materials for hydrogel preparation. Comparison of natural and
synthetic polymers typically used for preparation of cell compatible
hydrogels — [15] — Published by The Royal Society of Chemistry.

_Featureffunction ________________Natural polymers _Synthetic polymers
Biocompatibility Polymer dependent  Polymer dependent
Bioactivity (i.e. cell specific receptor) Possible Limited
Inherent biodegradability Vv v
Tunability of degradation kinetics v vv
Degradation byproducts Biocompatible Potentially harmful
Flexibility for chemical modification v v
Flexibility of working range (i.e. pH & ionic strength) v/ vv
Tuning of mechanical properties v vv
Commercial availability v v
Batch to batch variations Likely Controlled

1.2.1 Biomimetic PEG Hydrogels for Tissue Engineering

Hydrogels based upon the synthetic polymer, polyethylene glycol (PEG), have
become especially attractive to biomedical researchers in the last decade.® **! The
polymer has been approved by the FDA for medical applications due to its
biocompatibility, low toxicity, low immunogenicity and resistance to protein
adsorption® ***) The hydrophilic polymer can be synthesized through anionic or
cationic polymerization™ and into linear or branched (multiarm or star) chain
architectures.®® The hydroxyl end groups of PEG macromers can be easily converted
into a variety of functional groups including: acetylene, acrylate, amine, azide,
carboxyl, methyloxyl, methacrylate, norbornene, tetrazine, thiol, vinyl sulfone, etc.®
18191 additionally, the end groups of an individual PEG molecule may be identical

(homofunctional) or dissimilar (heterofunctional) depending upon the synthesis and



intended application.®® The chemical flexibility of PEG allows it to be cross-linked
into hydrogels using a wide range of chemistries. Furthermore, the macromers can be
easily modified with bioactive molecules prior to or post gelation in order to
incorporate greater functionality into the final material.!® 2-2"]

The chemical flexibility of PEG makes the polymer relatively ubiquitous in the
field of tissue engineering, but its hydrophilicity and resistance to protein adsorption
make the polymer especially important. The non-fouling, low immunogenic properties
of the polymer in biological environments allow PEG hydrogels to effectively behave
as ‘blank slates’ to which precise bioactivity may be incorporated through added
biomolecules.?® 2! peptides, proteins, polysaccharides, etc. may be conjugated to or
sequestered within what otherwise are inert materials in order to impart properties of
cell adhesion, enzyme-sensitive degradation or the capacity to influence cell behavior
(e.g. differentiation). In this way, PEG hydrogels offer a practical means of controlling
cell-material interactions in a manner that mimics the function of natural ECM.®!

For example, cell adhesion is an important prerequisite for a multitude of
cellular functions including migration and proliferation.>** The primary mode of cell
attachment in native tissues is performed through cell-surface integrin binding to
specific molecular domains present in ECM proteins such as fibronectin, laminin,
elastin and collagen.!**" Integrin binding is crucial to tissue development and
organization as it triggers important pathways which direct cell function and change
cell phenotype.®*Y The most prevalent means of introducing cell adhesive properties
to PEG hydrogels is through the incorporation of short peptides which mimic these
binding domains;® short peptides benefit from facile synthesis and higher stability in

comparison to full-length proteins.’*>**! A variety of cell-adhesive peptides, derived



from ECM proteins, have been incorporated into PEG hydrogels,® but the RGD
sequence found in fibronectin, laminin and collagen is by far the most common.[® 4
The RGD sequence is useful for cell adhesion as it can bind to roughly half of the
known integrins.[**] Often, a linear or cyclic RGD peptide is conjugated to the chain
end of a PEG macromer incorporated into the hydrogel network. If provided with
enough space cells will form focal adhesions with the peptide and bind to the

material.[4? 6]
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Figure 1.2 Bioactive modification of a PEG hydrogel. Bioactivity can be incorporated
through the addition of matrix degradable cross-links, cell adhesion
peptides and growth factors.

Another important design criterion of tissue engineering scaffolds is
degradability; as the defect site is regenerated with healthy, functional tissue, it is
important that the scaffold simultaneously disappears to prevent the obstruction of the
replacement tissue.® Since the polyether bonds which compose PEG polymers are
relatively stable under physiological conditions,” *®! PEG hydrogels must incorporate

a mechanism through which they are able to degrade. This can be either chemical




degradation*”*% or it can be proteolytic degradation.®** Proteolytic degradation is
an important feature of natural ECM and plays a role in many biological processes
including cell migration, tissue repair and matrix remodeling.”**®! Many ECM
proteins contain sequences which are selectively cleaved by proteolytic enzymes.
PEG hydrogels will often incorporate these cleavage domains, in the form of short
peptides, into the backbone of the network in order to impart cell-directed
degradability to the biomaterial.[® 535758 This approach allows PEG hydrogels to
be selectively degraded by the cells driving the regeneration process.

The presentation of biological cues/signals is another crucial aspect of natural
tissue development.® These signaling molecules consist of mitogens, responsible for
cell division; morphogens, responsible for controlling tissue formation; and growth
factors (GF).”®! Growth factors, which are a class of pro- or antiproliferative proteins,
influence a variety of cell behavior including differentiation, migration, proliferation
and gene expression.[®® %! Native ECM serves an important role in regulating the
activity of GF by sequestering the soluble forms through bound proteoglycans; this
maintains the active conformation of the GF as well as its local concentration.®”
Recent study has demonstrated that bound GF may elicit a different biological
response than soluble versions of the same molecule.[®®! For example, bound vascular
endothelial growth factor (VEGF) induces the sprouting of blood vessels while soluble
VEGF encourages vessel dilation.’* " Mimicry of the dynamic relationship between
ECM and GF has been attempted through the bioactive modification of PEG
hydrogels using two different methods: (1) covalent attachment and (2) specific
interaction. Covalent attachment of GF molecules to PEG hydrogels can be achieved

through chemistries already present on the protein or through chemical modification of



the GF.®! In some cases, researchers forgo full-length proteins in favor of short
peptide sequences derived from the active domains of a particular GF.[** 4 7
Incorporating molecules with binding affinity for GF is another method of introducing
this form of bioactivity to PEG hydrogels. For instance, research by the Kiick
laboratory has utilized the growth factor binding property of the glycosaminoglycan

(GAG), heparin, to sequester VEGF and other GFs within PEG hydrogels.[?® 2" 72 73l

1.2.2 Biomimetic Protein Hydrogels for Tissue Engineering

Over the past two decades a third class of macromolecules, biosynthetic
protein polymers, have become an increasingly popular field of polymer research.[’¥
Protein polymers are polypeptides distinguished from other proteins, such as enzymes
or cytokines, by their highly conserved and repetitive sequences. In addition, they
generally serve a structural function for organisms rather than a strictly biological role.
Discoveries in the field of biotechnology and protein engineering have made it
possible to engineer mimetic polypeptides derived from natural proteins in addition to
de novo sequences. The advantage of the biosynthetic approach is the high fidelity of
synthesis and the precise control over chemical composition, chain length and
structure. Gene sequences encoding for the protein polymer of interest can be easily
synthesized, manipulated through genetic cloning and very effectively expressed in a
variety of host organisms.[’* These technological developments have opened up a
world of opportunity for the design of novel and highly functional materials.[’>""!

Tissue engineering has been quick to adopt protein engineering methods for
the purpose of developing scaffolds composed of protein polymers;™® ! recombinant
DNA technology has been applied to the production of collagens,®®®% spider silks,®*

81 elastin-like polypeptides (ELPs),’”*° and fibronectins.®™™ %2 Additionally,



researchers have used these methods to combine the properties of two different
proteins into a single macromolecule in order to impart the final material with
enhanced bioactivity. These so-called ‘chimeric proteins’ illustrate the design
flexibility and potential of protein-engineered materials.!”®! For example, researchers
fused spider silk sequences with antimicrobial domains derived from human
neutrophil denfensins and hepcidin peptides in an attempt to bestow the material with
antibacterial activity.®! In fact, many of the same biomimetic properties described in
Section 1.2.1 have been engineered into protein polymers.!®*2%4

Biomimetic hydrogels derived from elastomeric proteins have been a
particularly exciting subset of materials designed for tissue engineering applications.
Elastomeric proteins occur naturally in a wide range of biological systems where their
outstanding mechanical properties serve to provide organs/tissues with rubber-like
elasticity.?® Many elastomeric proteins have been studied including: abductin and
byssus found in bivalve mollusks; gluten derived from wheat; elastin and titin found in
vertebrate connective tissues; as well as resilin and silks found in arthropods.%% 103
Elastin, resilin and flagelliform silk have been characterized as “intrinsically
disordered proteins” due to the lack of long range structure. As cross-linked networks
the proteins are able to withstand large deformation without rupture and will recover
to their original state upon unloading of the external stress. The process is thought to
be entropically-driven: disordered protein chains fall into a low entropy state when
stretched (greater chain organization/less degrees of freedom) and are driven to regain
a high entropy state (disorder) when the force is removed.!"% Recreating these

properties in protein-engineered hydrogels for application in tissue engineering has

been desirable especially for tissues that are mechanically-active and require



reversible elasticity.[%% 1 121971 As will be described in the following section, resilin
is a particularly interesting material due its outstanding rubber elasticity and its

hydrophilicity.

1.3 Resilin and Resilin-like Polypeptides

Resilin is an elastomeric protein found in specialized compartments of
arthropods and insects. The cross-linked, hydrophilic protein displays extraordinary
elasticity, extensibility, fatigue resistance and resilience. Remarkably, the mechanical
properties of this hydrated protein network are in near-agreement with classic rubber-
elasticity theory. Facilitated by the advances made in recombinant DNA technologies
and protein engineering, resilin has become an exciting topic of study for a new class
of biomaterials that may see application in tissue engineering, drug delivery,
biosensors and nanobiotechnology.®®” The following sections review the occurrence of
resilin in nature and the development of resilin-like polypeptides. Section 1.3.1
provides a brief description of the synthesis and significance of resilin in nature.
Section 1.3.2 covers the properties of natural resilin and the final two sections
(Section 1.3.3 & Section 1.3.4) review the development of resilin-like materials as

well as their role in the field of biomaterials.
1.3.1 Resilin Occurrence and Biosynthesis

1.3.1.1 Occurrence

The natural covering or integument of arthropods is a hardened, colored cuticle
composed of a complex extracellular product made of chitin (a polysaccharide) and
tanned or fibrous proteins.'® In 1947, La Greca identified and described a colorless,

clear material within the cuticle of locusts that sharply contrasted with the typical
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hardened cuticle associated with insects. These elastic hyaline structures were named
“rubber-like cuticle” and were largely ignored until Weis-Fogh’s investigations of
arthropod flight in the 1950s.129° 1% He reported that these colorless, swollen
proteinaceous patches exhibited perfect long-range elasticity, superior extensibility
and a unique amino acid composition; further the material could support rapid
deformation in insect organs without hysteresis.t!%% 109 1111121 The protein was named
resilin, which is derived from the latin resilire meaning “to spring back. ! 112
Resilin was found to be an extremely stable cross-linked protein network and was
insoluble in all solvents that did not break peptide bonds.***! The protein is commonly
found in insect tissue as part of a composite containing chitin.[%% 14

Following the initial descriptions of resilin in dragonfly and locust [tendons of
dragonflies (Odonata) and wing hinges of locusts (Orthoptera)]i % ! the protein was
discovered in other arthropods where it generally serves as the function of an elastic
spring.l*® 15118 Examples of this include the salivary pump of assassin bugs as well
as the feeding/pumping mechanisms of the tsetse fly, reduviid bug and honey bee.!***
116-118] Resilin plays an important role in the sound production of a variety of
arthropods.!****?1 |n the tymbals of cicada, relatively thick patches of resilin (100-150
pm) experience stress-release cycles in the 1-10 kHz frequency, and despite this
mechanically demanding environment the energy losses can be less than 209,13 1%
122-124] This low energy dissipation serves a particularly important role in insect
locomotion. The protein contributes to the mechanism of insect flight in locust and
dragonfly,™* but also damselflies,™*! beetles!**®! and other species in the

Dermapteran order.'?”! Additionally, resilin appears to facilitate the jumping

mechanism of fleas™™ 33! and other leaping arthropods.™***¥ Finally, the remarkable
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capacity of resilin to stretch is demonstrated by the swelling of the honey ant’s

abdomen, which enlarges considerably when the ant gorges on food.*3"!
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Figure 1.3 (A) Location of dragonfly tendon and magnified image of resilin patch
within tendon. Due to di- and trityrosine molecules resilin has a
characteristic blue fluorescence under UV light (B) A schematic of the
putative resilin gene, CG15920, derived from Drosophila melanogaster.
Reproduced from Ref. [138] with permission from The Royal Society of
Chemistry.

1.3.1.2 Biosynthesis

The amino acid composition of resilin was first reported in 1960;™% however,
it was not until the early 1990s that its primary structure was investigated. A study by
Lombardi and Kaplan published resilin sequences which were acquired through the
tryptic digests of cockroach resilin.**¥ In 2001, Ardell and Andersen compared the

cockroach sequences as well as sequences derived from locust resilin with the
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Drosophila melanogaster genome. Their effort discovered two genes that would
produce peptides homologous to the tryptic digest sequences from both species.[*'* 4
One gene, CG15920, (see Figure 1.3) expressed a product that had an amino acid
composition and isoelectric point that very closely resembled natural resilin.**¥ The
gene product also contained a signal peptide sequence at the N-terminus which
indicates that it may be a secreted protein. Furthermore, the protein contained a variant
of the Rebers-Riddiford consensus sequence that has been identified as a chitin-
binding domain found in insect proteins.!**> **! perhaps the most important clue was
the highly conserved and repetitive nature of the CG19520 gene product. In the first
exon, a 15 amino acid long ‘motif” sequence, GGRPSDSYGAPGGGN, is roughly
repeated and in the third exon a sequence of 13 amino acids, GYSGGRPGGQDLG, is
similarly repeated.™ The first exon sequence has been utilized in a number of
recombinant resilin-like polypeptides which demonstrate properties very similar to
that of natural resilin.0% 2421441

The source of resilin’s hydrophilic properties is derived from its amino acid
composition (see Table 1.2). Compared to collagen, elastin and silk fibroin, resilin
contains a greater percentage of acidic residues and fewer non-polar residues.!%% %2
Resilin also contains a fair amount of tyrosine that is found to form two fluorescent
amino acids: dityrosine and trityrosine. These two amino acids are responsible for the
protein’s covalent cross-links (see Figure 1.4).145%48 |t js hypothesized that tyrosine
cross-linking in natural resilin is the result of the coupling of two phenoxy radicals.™**
150 The cross-linking and immobilization of resilin in the insect cuticle appears to

occur very quickly; however, the exact mechanism is still largely unknown, % 111541
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Table 1.2 Amino acid composition of resilin from wing-hinge and prealar arm of
locust — Reproduced from Ref. [112] with permission from Elsevier.

Amino Resilin Comparison
acid Residues/10° g protein Residues/10° g protein
Elastin (ox
Average wing- ligamentum Silk fibroin
hinge Prealar arm Collagen (ox-hide) nuchae) (bombyx mori)

Asp 113 122 52 45 16
Thr 35 34 19 8 12
Ser 91 91 41 8 160
Glu 53 54 76 14 14
Pro 87 89 125 156 5
Gly 448 414 354 398 590
Ala 129 120 116 212 389
Val 30 36 21 148 30
Met Nil Nil 6.5 (<1) Nil
iLeu 20 19 14 31 9
Leu 26 27 28 66 7
Tyr 29 35 5 9 69
Phe 30 27 14 30 8
Amide (102) - (46) ©)) -
N

Lys 6 - 27 3 4
His 8.5 - 4.5 0.5 2
Arg 40 - 47 5 6
Tota 1,145 1,128 1,063 1,093 1,321

Reseults of amino acid analysis performed on resilin from the locust Schistorcerca

gregaria, compared with values for collage, elastin and silk fibroin.
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Figure 1.4 Schematic illustrating a dityrosine cross-link.

1.3.2 General Properties of Natural Resilin

Natural resilin is a remarkably stable protein that is resistant to both high
temperatures and protein coagulants. Degradation only occurs at 140-150°C and a
number of fixatives, tanning agents and coagulants fail to alter the protein from its
rubbery state. Only by drying or dehydrating in alcohol will the protein behave like a
glassy polymer, but its rubber-like properties will return when reintroduced to water.
The protein will only degrade in either extreme pH or in the presence of proteolytic
enzymes. Natural resilin is a very concentrated material with a water-content near 50%
at neutral pH and a refractive index that exceeds 1.4. Finally, due to its stable covalent
cross-links, the protein is insoluble in all solvents and is resistant to common protein

chaotropes.**®!
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Table 1.3 Mechanical properties of structural proteins and synthetics. Reproduced
from Ref. [87] with permission from Springer.

Material Modulus, Strength Extensibility ~ Toughness Resilience
. Ent(GPa) 6y (GPa) Emax (MJ/m°) (%)

Elastin (bovine 0.0011 0.002 1.5 1.6 90
ligament)

Resilin (dragonfly 0.002 0.004 1.9 4 92
tendon)

Collagen (mammalian 12 0.12 0.13 6 90
tendon)

Mussel byssus, distal 0.87 0.075 1.09 45 28

(M. californianus)
Mussel byssus,

proximal (M. 0.016 0.035 2.0 35 53

californianus)
Dragline silk (A.

diadematus) 10 1.1 0.3 160 35
Viscid silk (A. 0.003 05 2.7 150 35

diadematus)
Kelvar 130 3.6 0.027 50 -
Carbon fibre 300 4 0.013 25 -
High-tensile steel 200 15 0.008 6 -
Poly(glycerol-sebacate) 0.00028 - 2.67 - -
Poly(PEG-citrate) 0.00191 0.00151 15.05 - -
Natural rubber 0.002 0.030 9 - -
Chloroprene rubber 0.003 0.022 10 - -

Table summarizes the mechanical properties of structural proteins, high performance
synthetic materials and synthetic elastomers.

Along with elastin, resilin is a structural protein which fulfills both definitions
of an “elastic” material: (1) it is stretchy or flexible (i.e. extensible) and (2) it deforms
in proportion to the magnitude of an applied stress without a loss of energy and it
recovers completely (i.e. resilience).l**® Resilin from the dragonfly tendon was
capable of stretching up to 400% of its resting length before breaking. Additionally,
weeks of an applied tensile stress did not permanently deform the protein and it was
still able to return to its original length following removal of the stress.[** Dynamic
mechanical analysis of resilin revealed very little energy loss to heat as a percentage of

stored elastic energy: only 3.5% per half cycle when strained at 15-20 cycles/s. At
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higher frequencies (200 cycles/s) the energy losses only crept up to 10% and as

mentioned previously, the protein in cicada tymbals was similarly resilient,[*** 114119,

123, 124]

An interesting characteristic of resilin is the complete lack of long-range
structure. No fine structure could be revealed through electron microscopy and zero
crystallinity was detected by X-ray diffraction measurements conducted on natural
resilin. Only when the protein was strained did any evidence for microcrystalline
structure emerge and this was likely due to chain alignment.>® The lack of structure
might explain the near-ideal rubber elasticity of resilin. As a network of disordered
protein chains, resilin would lose entropy when an external force is applied because
the strain would limit the number of available chain conformations. Once the external
force is removed, the protein chains are driven back to a high entropy (disordered)
state and the material is restored.!**" 1*" 58] Resilin was in remarkable agreement with
rubber elasticity theory despite the fact that it was a hydrated protein that could
participate in a variety of hydrophobic and electrostatic interactions.[*'* 1*7]

The inherent disorder of the resilin network and its subsequent mechanical
properties may be explained through its amino acid sequence and composition.
Analysis of elastomeric protein sequences reveals a highly-conserved motif: the
proline-glycine dyad. This amino acid dyad has been found in vertebrae elastins,
molluscan byssus fibers, glutenin, and spider silks.>**%" It has been suggested that
the B-turn, a conformation of proline-glycine dyad, is responsible for elastomeric
behavior of some of these proteins.™ 1 One mechanism that has been proposed for
elastin and glutenin is based upon the tendency for those proteins to form tandem j-

turns. The dampening of internal chain dynamics upon extension of the resulting -
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spiral structure is considered to be responsible for the elasticity.[**? However, it
should be mentioned that this is not necessarily settled within the literature. The
presence of the proline-glycine dyad in resilin suggests some sort of structural
importance, but investigations have provided very little evidence for the B-spiral
model.[**¥! In fact, rigorous analysis of resilin-like polypeptides indicates an
equilibrium between folded B-turns and extended structures which would suggest that
resilin behaves like an entropic spring™*®. An interesting theory proposed by Rausher
et al. speculates that the role of the proline glycine dyad is simply to prevent regular
structure: prolines have the tendency to disrupt secondary structure due to their rigid
conformation while glycines are too flexible too form secondary structures.X#* 1% The
combination of both within the resilin sequence provides the protein with disordered

polypeptide chains that behave like entropic springs.

1.3.3 Development and Properties of Recombinant Resilins

Following the discovery of the Drosophila resilin gene, CG15920, Elvin et al.
cloned, expressed and purified the first exon of the gene as a soluble protein using an
Escherichia coli host. This protein, named rec1-resilin, could form concentrated
hydrogel networks (greater than 20 wt%) through the reaction of tyrosine residues
using a Ru(ll)-mediated photochemical method or by a peroxidase from Arthomyces
ramosus. The protein was initially produced using isopropyl p-D-
thiogalactopyranoside (IPTG)-induced expression, but yields of rec1-resilin were
relatively low: 15 mg/L culture volume.™? Later improvements using high cell
density fermentation and a two-step induction method inspired by Studier auto-
induction lead to higher yields of relatively pure rec1-resilin. Reported yields were as

high as 300 mg/L culture volume.[*%® 1 The purification of rec1-resilin was

18



improved by replacing affinity chromatography with a facile non-chromatographic
“salting-out and heating” method. This method precipitated proteins from cell-free
lysate using ammonium sulfate precipitation and was followed by a heating step that
selectively precipitated bacterial proteins. Resilin’s extraordinary heat stability and
hydrophilicity kept the protein soluble while other proteins denatured, aggregated, and
precipitated out of solution. By separating the resilin from the aggregated protein via
centrifugation relatively pure product could be obtained.!**®!

Resilin-like polypeptides (RLPs) have been constructed using recursive
ligation of short double stranded oligonucleotides which encode for the consensus
motif sequence of different resilins. One such polypeptide, Dros16, contains sixteen
repeats of the resilin consensus sequence, GGRPSDSYGAPGGGN, derived from
recl-resilin (the first exon of the CG19520 gene). Another polypeptide, Anl6, was
synthesized using the same cloning technique, but the consensus sequence,
AQTPSSQYGAP, is a homolog found in Anopheles gambiae (African malaria
mosquito). The Anopheles sequence contains a different amino acid composition from
the Drosophila sequences, recl-resilin and Dros16, but the YGAP motif is
conserved.!*®®

Investigations into the physical properties of recombinant resilins reveal
behavior that closely matches natural resilin. Elvin et al. and Lyons et al. reported that
as network hydrogels, the recombinant resilins (recl, An16, Dros16) all exhibited blue
fluorescence that is characteristic of the tyrosine cross-links.** **4 Additionally, the
proteins demonstrated remarkable heat stability, which was another trait identified in
natural resilin.X%® 26 2681 gtryctural investigations of the An16 resilin via Raman

spectroscopy, 2D-NMR and small angle X-ray scattering indicated a lack of consistent
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secondary structure when the protein was either a cross-linked gel or a soluble
polypeptide.[**® Circular dichroism (CD) studies on all three recombinant resilins
demonstrated a variety of different conformations, including f-sheets, turns, and poly
(L-proline I1) (PPI1I) structures. However, the vast majority, approximately 45-60% of

the proteins, remain disordered.™**!

Table 1.4 Secondary structure analysis: a comparison of resilin-like polypeptides.
Reproduced from Ref. [87] with permission from Springer.

Unordered Beta

Resilin-like polypeptide and Helices Strands Turns (%) (or sheet  PPII
sequence motif Technique (%) (%) (%) random coil) (%) (%)
Anl6 - AQTPSSQYGAP CD 5 - 11 64 10 10
Dros16 -
GGRPSDSYGAPGGGN CD 53 - 11.8 457 273 9.9
Rec1 resiln-
GGRPSDSYGAPGGGN CD 2 - 11 58 18 11
irregularly repeating
Full-length Drosophila FTIR 119 153 291 438 i i
Resilin (two motifs) cD 98 161 175 416 ) )
Cross-linked Drosophila FTIR 14.2 19.9 24.4 414 - -
resilin (two motifs) cD 93 157 179 427 ) )

Table illustrates the preponderance of disorder or random coil structure for resilin-like
polypeptides.

A critical test of a successfully designed resilin-like polypeptide is whether the
mechanical properties of the protein match that of natural resilin. Mechanical testing
of recombinant resilin has been conducted through tensile measurements or atomic
force microscopy (AFM). Hydrogels comprising cross-linked recl-resilin, Anl16, and
Dros16 measured using AFM were found to have negligible hysteresis and resilience
of 97+3%, 98+4% and 91+5%, respectively. The resilience was confirmed through

tensile testing measurements which were also used to investigate the extensibility of
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these materials. Recl-resilin hydrogels had strain-to-break values of 250+43% while
An16 hydrogels could be stretched up to 347+61% before breaking. A lower degree of
cross-linking might explain the disparity in the strain-to-break values. The An16
hydrogels had only a 14.3% dityrosine content compared to the 18.8-21% dityrosine
content of recl-resilin. Finally, the tensile modulus was found to be 26.9+9 kPa for

rec1-resilin and 5.7+2 kPa for An16.[ 144

6H-res 6H-resChRBD
X B UB kDa T B UB

- 70
- 60

- 40

Figure 1.5 Chitin binding of a resilin-like polypeptide bearing the second exon of
CG19520 analyzed via the SDS-PAGE of chromatographic eluents. The
resilin without the domain (6H-res) does not bind to the chitin conjugated
beads and elutes in the unbound (UB) fraction (or flow-through). However,
the inclusion of second exon in the RLP (6H-resChBD) enables binding
and the protein adheres to the chitin-bearing beads. It is removed in the
bound (B) fraction. The ‘T’ fractions are purified protein for reference.
Reprinted with permission from Ref. [169]. Copyright 2009 American
Chemical Society.

In a more recent investigation, Qin et al. cloned and expressed the full-length

resilin protein derived from the Drosophila CG15920 gene (see Figure 1.3B); this
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protein included all three of the exons contained in the gene. Two additional resilin
proteins were produced in this study: one encoded for the first exon alone and a
separate encoded the first two exons. The second exon contains the Rebers-Riddiford
sequence variant that is important for chitin binding. Following purification, it was
demonstrated that the inclusion of the second exon was necessary for the resilin
protein to bind to chitin-conjugated beads (see Figure 1.5); the resilin which encoded
only the first exon did not bind to beads.

Through infrared spectroscopy (FTIR) and CD analysis, it was found that the
full-length protein exhibited structure in approximately 60% of the sequence (see
Table 1.4). In both the soluble protein and in cross-linked gels this structure was
composed of turns, strands and helical structures. The full-length resilin was cross-
linked into hydrogels using horseradish peroxidase and the mechanical properties
tested via AFM. It was found to contain very similar resilience to other RLPs and
natural resilin.**! In a separate study, the researchers compared a recombinant resilin
protein derived from the first exon of the CG19520 gene to one derived from the third
exon. Interestingly, both proteins were largely unstructured and both exhibited
resilience, but the resilience of the first exon protein more closely matched that of
natural resilin. Therefore, it was suggested that the first exon may be more important
to the elastomeric behavior of resilin. In the same study, the researchers introduced a
new way to cross-link the protein through a citrate-modified photo-Fenton system that
uses a combination of citrate, iron, peroxide and UV light to initiate cross-linking.!*"”
A third report by Qin et al. attempted to describe the mechanism of resilin elasticity
through analysis of the full-length Drosophila resilin protein. Based upon observations

of resilin self-assembly, they believe that the first exon of the resilin protein transmits
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elastic energy to the third exon sequence which then transforms into a highly ordered
B-turn structure that behaves as a temporary energy depot. When the stress is removed
or reduced the third exon region unravels and releases the potential energy back to the
network via the first exon sequence.*” This model for the elasticity of resilin is an
interesting one, but further evidence, such as an exploration of naturally-derived

resilin for this behavior, would be necessary for confirmation.

1.3.4 Applications of Resilin-Like Polypeptides

Thermo-responsive behavior is a characteristic of many polymers and often
manifests itself through the presence of an upper or lower critical solution temperature
(UCST or LCST, respectively). A mixture of polymers will lose miscibility and form
separate phases when the temperature is raised/lowered past this critical
temperature.l'’? In 2005, Elvin et al. reported upon the thermo-responsive behavior of
recl-resilin: when cooled a resilin solution would separate into protein-rich and
protein-poor phases. 1**? Other recombinant resilin protein polymers demonstrated this
cold coacervation behavior, which was also found to be reversible upon heating®®!.
Following the initial descriptions of this behavior, Dutta et al. used dynamic light
scattering measurements to precisely quantify what was reported to be the dual phase
behavior of rec1-resilin. In other words, the protein appeared to have both UCST and
LCST behavior.l'”®! Lyons et al., took advantage of the UCST behavior by using
resilin-like polypeptides as fusion tags for the purification of recombinant proteins.
Purification through cold-coacervation led to pure, highly concentrated product.!*™!

This method mirrors the inverse transition cycling (ITC) method of purification that

uses ELPs as thermo-responsive fusion tags to purify protein.'" By incorporating
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ELPs or RLPs as fusion tags in the design of biosynthetic proteins, one could expedite

and improve the process of purification.*™!

Figure 1.6 Purification of recombinant protein by cold-coacervation. (A) Green
fluorescent protein (GFP) with resilin-like fusion tag in white light is
shown as two phases following coacervation. (B) The sample is shown
under blue light and illustrates how the GFP is concentrated in the bottom
solution. (C) Following enzymatic cleavage the liberated GFP can be
separated from resilin-like fusion tag. Reproduced from Ref. [174] with
permission from John Wiley and Sons.

Understanding and controlling protein adsorption to surfaces is crucial for any
application where an artificial material is place in a complex biological environment.
Dutta et al. reported the fabrication of controlled nanostructures composed of recl-
resilin protein adsorbed to different substrates. By modulating pH and surface
hydrophilicity, the researchers were able to assemble a variety of different
morphologies of adsorbed resilin-like polypeptide.l*"® In a different application of

recl-resilin, Truong et al. demonstrated that the protein adsorbed to the surface of a
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gold substrate with different conformations and that the behavior was pH dependent.
Adsorbed resilin could be induced into compact or brush-like conformations that
formed quickly and were reversible. It is thought that such a property might have
application in nanobiotechnology as either a biosensor or for control over cell
behavior.l'’" Vashi et al. found that rec1-resilin and the RLP, An16, were able to
easily passivate tissue culture polystyrene (TCPS) through photochemical conjugation
of the polypeptides to the surface. Normally adherent fibroblasts would lose the ability
to bind to the plastic following this passivation. This method presented a fairly simple
means of modifying TCPS and could potentially be used to introduce specific
bioactive functionality to the surface.l!’®

Driven by the excellent mechanical properties of resilin materials, a number of
research groups have designed tissue engineering scaffolds composed of RLPs. In
2009, Charati et al. introduced a modular RLP (RLP12) that contained twelve repeats
of a slightly modified resilin-like motif sequence: GGRPSDSFGAPGGGN. The
tyrosine residues normally present in the resilin motif were replaced with
phenylalanine to facilitate potential future studies involving photochemical
crosslinking using non-canonical amino acids. In addition to the resilin sequences, the
RLP12 polypeptide contained domains for cell binding, proteolytic degradation, and
heparin immobilization. The cell binding domain was derived from the tenth type-1iI
domain of fibronectin, RGDSP, and was incorporated in several locations along the
polypeptide chain. The degradable domain was based upon a matrix metalloproteinase
sensitive sequence, GPQG|IWGQ, and the heparin-binding domain was composed of
the following positively-charged sequence: KAAKRPKAAKDKQTK. The purpose of

including a heparin-binding domain was to immobilize heparin which could in turn
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bind growth factors such as vascular endothelial growth factor (VEGF) or basic

fibroblast growth factor (bFGF).

Modular Resilin-Like Polypeptide (RLP12) Scheme Key
=== Nonspecific Sequence

W= 6xHisTag

w== Cell Adhesion Domain (RGDSP)

=== MMP Degradation Domain (GPQGIIWGQ)

HOOC S— NH,
Heparin Binding Domain (KAAKRPKAAKDKQTK)

Resilin-like Motif (GGRPSDSFGAPGGGN)

Figure 1.7 Schematic illustrating the modular RLP12 protein polymer which contains
repetitive elastomeric domains (blue), cell adhesion domains (red), a
degradation domain (magenta) and a heparin binding domain (yellow). A
6xHis tag (bright red) for affinity chromatography is present at the N-
terminus.

RLP12 was expressed using a BL21Star(DE3)/pET28a expression system and
Studier auto-induction. Bacterial cell pellets were lysed and the cell free lysate could
be purified using Ni-nitrilotriacetic acid (NTA) chromatography since the RLP12
incorporated a 6xHis fusion tag. The structure of RLP12 was investigated using CD
and FTIR spectroscopy; the results demonstrated that the recombinant protein was
largely unordered, but there was evidence for a small population of B-turns. Unlike the
previously mentioned RLPs, RLP12 was crosslinked through the Mannich-type
reaction between lysine residues and a hydroxymethyl phosphine cross-linker (THPP:

b-[Tris(hydroxymethyl) phosphino] propionic acid). Hydrogels were cross-linked at
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25 wit% precursor concentration and the mechanical properties were analyzed via
oscillatory rheology and tensile testing. Two-dimensional culture of NIH-3T3 cells
indicated initial evidence for the cyto-compatibility of the material. The cells appeared

to adhere and proliferate on RLP12 scaffolds.[*"
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Figure 1.8 Proliferation data and fluorescent microscopy for NIH-3T3 cells seeded on
a control TCPS and on RLP12 films. Scale bars represent 100 pm.
Reproduced from Ref. [100] with permission from The Royal Society of
Chemistry.

A more thorough analysis of the properties of the RLP12 gels demonstrated
that the stiffness of the hydrogels could be modulated by adjusting the cross-linking
ratio (lysine:hydroxyl). Further tensile testing demonstrated that the hydrogels were
mechanically resilient (in excess of 90% resilience) and highly extensible (strain-to-

breaks reaching 335%). Furthermore, the moduli of these hydrogels were comparable
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to vocal fold tissue which would make the RLP12 hydrogels excellent candidate
scaffolds for vocal fold tissue engineering. Even when the material was tested at high

frequencies (30-150 Hz), its properties appeared suitable for that application.!*%!
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Figure 1.9 Tensile testing experiments of 20 wt% RLP-based hydrogels. The different
ratios indicate the cross-linking conditions (lysine:hydroxyl). Minimal
hysteresis indicates the resilience of the hydrogels. Reprinted with
permission from Ref. [105]. Copyright 2011 American Chemical Society.

Renner et al. has also pursued the development of modular RLPs for tissue
engineering applications, but based the elastomeric domain off of the resilin sequence

derived from Anopheles gambiae resilin (AQTPSSQYGAP). Two RLPs were
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synthesized: the first included repeats of the A. gambiae sequence and a cell binding
domain; the second substituted the cell binding domain for a VEGF mimetic peptide.
The expression of these RLPs proved to be difficult as only truncated or degraded
RLP was produced using standard protocols. Only by lowering the expression
temperature and protecting against ‘leaky’ expression were the researchers able to
successfully produce the RLPs.™! In a following publication, these resilin-like
polypeptides were cross-linked using tris(hydroxymethyl)phosphine (THP), an
analogue to THPP. Oscillatory rheology and compression testing demonstrated that
the hydrogels exhibited stable, viscoelastic properties. Two dimensional culture of
hMSCs demonstrated negligible cytotoxicity and the hMSCs appeared to bind to the
resilin sequences containing cell adhesion domains.

A final application of RLPs in tissue engineering materials was reported by Lv
et al. In this report, a biomimetic of the giant muscle protein, titin, was constructed as
block copolymer of immunoglobulin-like domains separated by resilin sequences.
Native titin contains an alternating ordered/unordered structure which allows the
protein to behave as a complex molecular spring. Under high stretching forces the
immunoglobulin-like domains can unfold, dissipate energy and prevent damage. The
mechanical properties of the biomimetic were analyzed through AFM techniques: the
AFM tip pulled on single molecules of the protein while the researchers monitored the
stress response. As shown in Figure 1.10, this AFM method could demonstrate the
sequential unfolding of the ordered domains. Additionally, the titin-mimetic could be

cross-linked into a hydrated biomaterial via a [Ru(bpy)®]** photochemical strategy.[*®"
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Figure 1.10 AFM of single molecules of the titin mimetic protein. As the protein is
extended by the AFM tip the force curve increases as a GB1 domain
unfolds. The schemes illustrate the structure of two different versions of
the titin mimetic. GB1 are the immunoglobulin-like domains and R stands
for the resilin sequence. (A) GB1-R-GB1-R-GB1-R-GB1-R. (B) GB1-R-
(GB1)s-R(GB1)s-R. Reproduced from Ref. [180] with permission from the
Nature Publishing Group.

1.4 Biosynthetic Protein-PEG Hybrid Hydrogels
As discussed in Section 1.2.1 and Section 1.2.2, many hydrogel materials for
biomedical applications have been developed using PEG macromers or biosynthetic

proteins. The chemical flexibility and biocompatibility of PEG as well as the precise
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control and high fidelity of biosynthetic proteins make these precursor
macromolecules ideally suited for tissue engineering applications. It should come as
little surprise that hybrid materials, which see to combine the advantages offered by
both macromolecules, have also been investigated. In 2002, Halstenberg, et al.
reported upon hydrogels that were constructed using a protein-graft-PEG macromer
cross-linked through photopolymerization. Briefly, a recombinant protein containing
fibrinogen and ATI1I-mimetic domains was engineered and expressed in E. coli.
Purified protein was conjugated with PEG-acrylate chains that were subsequently
photopolymerized to form cross-linked hydrogels. These hydrogels were found to
cross-link instantly upon exposure to light as well support the culture and migration of
neotnatal human foreskin fibroblasts (hFF).*! In two publications, Rizzi et al.
explored hybrid hydrogels consisting of vinyl sulfone functionalized PEG macromers
and recombinant protein mimetics based upon fibrinogen and collagen. These
hydrogels were cross-linked using a mild Michael-type addition reaction between
thiols of cysteine residues contained within the polypeptide and vinyl sulfone moieties
present at the chain ends of PEG macromers. The mechanical and swelling properties
of the hydrogels could be modulated through precursor concentration while the
degradability was controlled through the inclusion of proteolytic domains within the
polypeptide sequence. The author demonstrated that hFF cells could adhere to the
hybrid hydrogels and that encapsulated cells migrated within the material. Finally, in a
rat calvarial defect model, only the hydrogels sensitive to proteolytic degradation were
found to support bone regeneration.!*® %1

Despite this apparent success of the hybrid hydrogel approach there were not

any other reports of such materials in the tissue engineering field for many years. To
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this author’s knowledge, the initial work by the Hubbell laboratory described above
was the extent of research into recombinant protein/PEG hydrogels for tissue
engineering applications. Fortunately, there has been renewed interest in this approach
by the Kiick laboratory!®!! and the Heilshorn laboratory.!*®"! Both research groups
have created hydrogels composed of PEG and a recombinant elastomeric protein. The
Heilshorn laboratory uses ELPs and PEG while our laboratory has pursued RLP-based
hybrid materials.*** ¥ As will be demonstrated in the following chapters, RLP-PEG
hydrogels are cytocompatibile, bioactive, and mechanically resilient networks that
support three-dimensional cell culture. RLP-PEG hydrogels are promising materials
that may serve as cell-instructive scaffolds for mechanically-demanding tissue

engineering applications such as vocal fold™®* 1% or cardiovascular tissue.

1.5 Coronary Bypass Surgery and Cardiovascular Tissue Engineering

Cardiovascular diseases are the leading cause of mortality in the world with an
estimated 17.3 million deaths caused by disorders of the heart and blood vessels in
2008 alone.*® Of those deaths, coronary heart disease was responsible for an
estimated 7.3 million.*® By 2030 the number of deaths caused by cardiovascular
diseases will climb to 23.3 million and most will be the result of heart disease or
stroke.[*82 184 Cuyrrently, the principal treatment for coronary artery disease is to utilize
angioplasty to open blockages or to surgically place bypass grafts derived from
saphenous vein tissue. Unfortunately, these grafts are susceptible to failure due to
maladaptive remodeling of the vein graft in response to the elevated mechanical
stresses characteristic of arterial tissue.™*®!

Grafts derived from synthetic materials, such as PTFE or Dacron™, are

vulnerable to thrombosis or even infection; additionally, synthetics lack growth
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potential which limits their use in the pediatric population.™*®! Tissue-engineered
blood vessels (TEBVSs) offer promise as completely biological, living, autologous
vessels produced in vitro for application as small-diameter conduits for bypass
surgery. ¥ TEBVs are artificial vessels which are fabricated using cells from
patient tissue; they may fabricated by seeding a tube-shaped scaffold which degrades
leaving a mature vessel or by rolling 2D cell-sheets into tubes which are then
assembled into a vessel. Unfortunately, an autologous source of cells must be
expanded ex vivo for the creation of the construct and extensive culture is required for
the vessel to mature; both requirements means long lead times (months) for the bypass
surgery, a condition that may be unacceptable for the patient. Decellularization of the
TEBV would allow for long-term storage, but acellular grafts have their own
challenges. They often fail if their diameter is less than 6 mm due to thrombosis and
they often need mechanical support from synthetic materials.™*!

A third approach would use hydrogels as a therapeutic agent for saphenous
vein bypass graft surgery. By themselves vein grafts may have unsuitable mechanical
properties to function as arterial tissue. However, cell-instructive hydrogels applied to
the exterior of the vein graft could provide mechanical support while potentially
guiding the development of healthy neo-adventitium as well as attenuating the
maladaptive responses which ultimately lead to graft failure. Such an approach would
negate the need for long periods of ex vivo vessel growth and maturation as the
material could be readily applied during surgery. Hybrid hydrogels based upon
recombinant resilin-like polypeptides and PEG macromers are well suited for this
application for several reasons: (1) they can be cross-linked quickly following

injection; (2) the can be easily engineered for bioactivity through inclusion of different
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biological domains and (3) the sharness the reversible elasticity of resilin that would

help the material deal with the repetitive forces associated with blood flow.

Instructive Hydrogel Application in
Coronary Bypass Surgery

Saphenous Vein Graft

Surrounded with hydrogel

Surgery without hydrogel
following surgery

leads to maladaptive remodeling,
occlusion and failure of graft

Development of healthy
vasa vasorum; withstands
arterial pressure and forces

Figure 1.11 A scheme illustrating how the bioinstructive scaffold would be utilized
during coronary bypass surgery.

1.6 Dissertation Summary

This dissertation reports the investigation of the mechanical and biological
properties of hybrid hydrogels composed of biosynthetic resilin-like polypeptides and
PEG macromers. This introduction, Chapter 1, reviewed several topics important to

this project including: the types and properties of hydrogels used for tissue
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engineering, resilin and resilin-like materials, recombinant protein-PEG hybrid
hydrogels and the motivation for this project, cardiovascular tissue engineering. In
Chapter 2, the first description of resilin-PEG hybrid hydrogels is presented. This
chapter covers the initial cloning, expression and purification of RLP, the
characterization of the gelation of RLP with PEG and some initial cytocompatibility
testing in the form of 3D cell encapsulation experiments. Chapter 3 will introduce
additional rheological testing of the RLP-PEG hydrogels, tensile testing for assessing
mechanical resilience, experiments demonstrating the proteolysis of the RLP via
incorporated MMP-sensitive domains and the 3D cell culture of encapsulated human
mesenchymal stem cells (hnMSC). Additionally, liquid-liquid partitioning behavior of
these hydrogels and its implications are discussed. In Chapter 4, a novel cross-linking
chemistry based upon the photoinitiated thiol-ene click chemistry is introduced to
RLP-PEG hybrid hydrogels. This chemistry is applied to a new RLP designed to
include a more flexibly edited gene sequence. The chapter reports the conjugation of
photochemical groups to the RLP and its characterization via *H NMR. In addition,
the mechanical properties of the hybrid gels and their cyto-compatibility with
encapsulated hMSCs were investigated and reported. Chapter 5 will conclude the
document by summarizing the major discoveries of this work, their impact on the

tissue engineering field and future directions for RLP-PEG hybrid hydrogels.
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Chapter 2

RESILIN-BASED HYBRID HYDROGELS FOR CARDIOVASCULAR TISSUE
ENGINEERING

2.1 Introduction

The development of materials for regenerative medicine can be especially
challenging when the target tissues or organs undergo periodic loading forces as a part
of proper function. Materials designed for these mechanically active environments
must be able to withstand these forces without a loss in performance while
additionally serving as a guide for tissue repair and regeneration. Cardiovascular
tissue, in particular, has distinct elastomeric propertiest**! where elastic fibers, such as
collagen and elastin, serve as critical structural components.***®! Therefore, it is
important that cardiovascular biomaterials incorporate elasticity into their design to
ensure proper function.%-192

Biosynthetic approaches to the design of biomaterials for regenerative
medicine have been widely studied owing to their exceptional control over the
properties of the resulting recombinant polypeptides.t™ *°** 2! Biomimetic domains or
biological recognition sequences derived from components of the extracellular matrix
(ECM) may be directly engineered into these polymers in an attempt to confer cell-
instructive signals that guide tissue repair and regeneration.'® " *! Utilizing sequences
from elastomeric proteins as the structural domains in these recombinant polypeptides
offers a particularly exciting strategy given the outstanding mechanical properties of

the protein polymers when cross-linked into gels.™*" %! Elastin-like polypeptides
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(ELP) in particular have garnered much focus as potential materials for tissue
engineering,’® **® and cross-linked ELPs have shown promise as injectable scaffolds
for tissue repair.® 1% |n addition, polypeptides based on the insect structural
protein resilin have also emerged as potential candidates for material-based
regenerative therapies for mechanically demanding applications.!*® %! Resilin is an
elastomeric protein found in specialized compartments of arthropods where it provides
the rubber elasticity necessary for flight,'**®! sound production,***! and feeding.™"!
This highly disordered, cross-linked protein is rich in proline and glycine residues that
may work mutually to confer chain disorder by providing conformation-restricted
rigidity and chain flexibility, respectively.0% 1% 165.2001 Tha reqyiting randomly
coiled, isotropic three-dimensional network has been shown to behave as an ideal
rubber with near-perfect reversible long-range elasticity.!**® 2%

Following the identification of a resilin-like motif sequence by Ardell and
Andersen, % there have been numerous recent reports of recombinant resilin-like
polypeptides (RLPs), but these studies have focused largely on the physiochemical
properties or the structure-function properties of the protein.[142-144 163, 164, 166, 168-170, 173,
176,177,201, 2021 After our initial reports describing the excellent elastomeric properties of
RLPs explicitly designed for regenerative medicine applications,™* there have been a
handful of additional reports exploring engineered RLPs for biomedical
applications, [0 105 179.180] Thage R| P-hased materials have also inspired the
development of highly resilient synthetic hydrogels composed of poly(ethylene glycol)
PEG and PDMS.?®! The novel RLP (RLP12) designed and reported by our group has

a modular sequence that incorporates 12 repeats of the resilin-like consensus sequence

in addition to domains for cell adhesion, cell-directed degradation, and heparin
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binding. Our previous work has demonstrated that, when cross-linked into hydrogels
by reaction with an amine-reactive phosphine-based cross-linker, the hydrogels were
highly resilient (>90%) and recovered reversibly following deformation,™* a
characteristic trait of natural resilin, [0 109 157, 2001

In order to further expand the versatility of these RLP materials, we have
investigated the production of RLP—PEG hybrid hydrogels that are cross-linked
through a Michael-type addition reaction between the thiols of cysteine residues on the
polypeptide and a vinyl sulfone-terminated four-arm star PEG cross-linker (see Figure
2.1). The reaction between the cysteine thiol and vinyl sulfone has been shown to be
highly selective at relatively mild pH *”-2%4 and has been widely applied as a cross-
linking mechanism for biomaterial hydrogels.[®? % 972052181 The yse of
multicomponent PEG hydrogels has been widely employed owing to the fact that PEG
macromers are nonimmunogenic, resist protein adsorption and may utilize a variety of
cross-linking chemistries and chain architectures.® The development of protein-PEG
hybrid hydrogels combines the advantages of PEG macromers with those of
biosynthetic polypeptides, namely the cross-linking chemistry and chain architecture
flexibility of the PEG macromers and the specificity and inherent bioactivity of the
polypeptide component.l®® -7 |n early reports by the Hubbell and co-workers,® "
11 PEG macromers were used to cross-link recombinant polypeptides through either
vinyl sulfone-based Michael-type addition!®® *- " or photoinitiated polymerization of
acrylate groups.'®® Sequences derived from fibrinogen, collagen and anti-thrombin 111
were utilized in the recombinant polypeptide component and provided cell-matrix
interactivity.l®** In addition, Ehrbar and co-workers® 219?211 have demonstrated that

enzymatically cross-linking hydrogels via the activity of transglutaminase factor Xllla
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offers a promising strategy for mild and specific cross-linking of multicomponent PEG
hydrogels. Other strategies include the photoinitiated thiol-ene chemical cross-linking

of peptides and PEG macromers developed by Anseth and co-workers.® 222

Cross-linking scheme

PEG vinyl sulfone Resilin-like polypeplide (RLP24)

o /(13 W« / F \[\J

Hybrid hydrogel

RLP amino acid sequence

MGSSHHHHHHSSGLVPRGCHMASMTGGQQMGRGSHLRGGGG D[QK((GGRPSDSFGAPGGGN];GGK};GGGH(;USF’G
((GGRPSDSFGAPGGGN);GGK),GGGRGDSPGGGPOGIWGOGGRGGC KAAKRPKAAKDKQTKGED], LGDPMASMTGGQOMG

HHHHHH - His Tag GGRPSDSFGAPGGGN - Resilin sequence RGDSP - Integrin binding domain
GPQGIWGQ - MMP degradation sequence KAAKRPKAAKDKQTK - Heparin binding domain  C - Cysteine

[. . .]x- Sequence repeated in higher molecular weight RLPs

Figure 2.1 Scheme of the hydrogel formation and details of the cross-linking
chemistry are presented alongside the amino acid sequence of the RLPs.
Additionally, a legend indicating the resilin-like and biological domains is
presented beneath the amino acid sequence. The parentheses indicate
repeated sequences; in total, there are 12 repeats of the resilin sequence and
two repeats of the integrin-binding domain within the larger brackets. The
brackets indicate the repeated sequences of the higher molecular weight
RLPs (RLP12 x =1, RLP24 x=2, RLP36 x=3, RLP48 x=4).
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The production of RLP—PEG hydrogels is motivated by these previous reports
with the incorporation of resilin-like sequences intended to confer elastomeric
properties to hybrid matrices containing cell-instructive domains. Reversible elasticity
would be particularly advantageous in cardiovascular applications where the
biomaterial would be subjected to hemodynamic cyclic loading forces™ A
compliant, cell-instructive biomaterial could serve as a beneficial therapeutic material
in vascular grafts, angioplasties, or other cardiovascular surgeries. Adventitial
fibroblasts, which are located in the tunica adventitia of blood vessels, ! have
emerged as an important regulator of vessel health and thus serve as an appropriate
model for assessing the viability of RLP—PEG hydrogels as potential three-
dimensional matrices for cardiovascular applications. This work reports the
development of higher molecular weight RLPs with increasing numbers of cysteines
to permit their incorporation into PEG-based hybrid materials. The cross-linking and
mechanical properties of these RLP—PEG hydrogels were assessed via dynamic
oscillatory rheology; homogeneous, stable networks are rapidly formed upon mixing
of the two components. In addition, the encapsulation of adventitial fibroblasts
demonstrates the cytocompatibility of these matrices for primary cells derived from
human cardiovascular tissue. These RLP—PEG hydrogels are thus exciting
biomaterials with potential as an injectable tissue engineering scaffold for

cardiovascular applications.
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2.2 Experimental Section

2.2.1 Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher
Scientific (Waltham, MA) and used as received unless otherwise noted. Ni-NTA
agarose resin was purchased from Qiagen (Valencia, CA). Water was deionized and
filtered through a ThermoFisher Barnstead NANOpure Diamond water purification
system. The RLP12 gene™™ 1%l jn a pUC57 plasmid was obtained from Genscript
Corporation (Pistcataway, NJ) and the cloning plasmid pGEM-3z was purchased from
Promega (Madison, WI). The expression plasmid, pET28a, was obtained from
Novagen (EMD Chemicals, Gibbstown NJ). Restriction enzymes, phosphatases, and
ligases were purchased from New England Biolabs (Ipswich, MA). Electroporation
was performed using a Gene Pulser Xcell Microbial System from Bio-Rad
Laboratories (Hercules, CA). Three Escherichia coli strains utilized for cloning
included DHS5a chemically competent cells and ElectroMax DH10B electrocompetent
cells purchased from Life Technologies (Carlsbad, CA) as well as dam-/dcm- SCS110
cells purchased from Agilent Technologies (Santa Clara, CA). BL21Star™(DE3) cells

from Life Technologies served as the expression strain, as previously reported.!*%% 101

2.2.2 Recursive Ligation and Mutagenesis

Recursive ligation methods were employed to construct the higher molecular
weight RLPs through the use of the flanking restrictions sites Bglll and Bcll as
depicted in Figure 2.2. Due to the methylation sensitivity of the Bcll enzyme, dam-
/decm- SCS110 cells had to be utilized to produce plasmid DNA from which the
RLP12 gene could be wholly digested. The RLP12 gene was initially supplied in a

pUC57a plasmid as reported in Charati, et. al.;!*%! the RLP12 gene was digested and
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purified from this plasmid using the BamHI and HindlII1 restriction sites (represented
in blue). It was then ligated into a pGEM-3z plasmid for the recursive ligation

procedure.

Bami

Hindlll

pGEMAz-RLPIZ
darmidem -

Ser13—Cys19

‘ pETZBa-RLF24 pET28a-RLP24c
‘ RLP24 "

Figure 2.2 Scheme depicting of the genetic engineering for recursive ligation of
RLP12 gene and final mutagenesis. The construction of each gene (RLP24,
RLP36, RLP48) was the same, but only the example of the cloning of
RLP24 is illustrated in the figure.

The pGEM-RLP12 plasmid is represented in step (a) of Figure 2.2.
Transformation into SCS110 cells and DH5a cells provided stocks of dam/dcm
negative (unmethylated) and dam/dcm positive (methylated) pGEM3zRLP12 plasmid

as represented in step (b). As shown in step (c) the dam/dcm negative the RLP12 gene
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was digested and purified from the plasmid using Bgll restriction enzyme and the
methylation sensitive Bcl | restriction enzyme. The dam/dcm positive pGEM3z-
RLP12 was linearized using the Bgl Il restriction enzyme as shown in step (d). The
cohesive ends created by the digestion of the Bgl 11 and Bcl I restriction enzymes were
complimentary to the Bgl 1l site on the linearized pPGEM-RLP12 plasmid in step (d).
This allowed for the ligation of the RLP12 gene into that restriction site which
effectively doubled the length of the RLP12 gene to create pPGEM3z-RLP24 [step (e)].
The pGEM3z-RLP36 & pGEM3z-RLP48 were prepared in the same manner, but the
linearized pGEM3z-RLP12 plasmid was swapped for either linearized pPGEM3z-
RLP24 or linearized pGEM3z-RLP36. The ligation of the sticky ends representing the
Bcl | site on the RLP12 gene and the Bgl |1 site on the plasmid led to the elimination
of both of the sites as represented by the ‘X’ in step (e). To move the entire gene
(RLP12, RLP24, RLP36 or RLP48) into an expression plasmid, the BamHI and
Hindlll sites (again, indicated in blue) were used to digest the gene from the cloning
plasmid and to ligate the gene into the expression plasmid, pET28a(+), as shown in
steps (f) and (). In step (g), the black hash mark on the pET28a-RLP24 plasmid
indicates the start codon of the protein. Site-directed mutagenesis of the Ser19 residue
is represented in step (h) by the red arrow; each RLP was subjected to a mutagenesis
step to introduce a cysteine residue at the N-terminus of the expressed proteins.
Standard molecular biology techniques were used to complete the recursive
ligation of the RLPs.1?*!! Gene sequencing (Delaware Biotechnology Institute,
Newark, DE) and DNA gel electrophoresis confirmed each stage of cloning as well as
the final recombinant genes: RLP24, RLP36 & RLP48. The Ser19 residue of the RLPs

was mutated to a cysteine using site-directed mutagenesis via the QuikChange 11 XL
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Site-Directed Mutagenesis Kit from Agilent Technologies (Santa Clara, CA). Gene
sequencing confirmed the successful mutation. Chemically competent
BL21Star™(DE3J) cells were transformed with the mutated pET28aRLP plasmids to

yield the host strains used for expression.

2.2.3 Expression, Purification, and Characterization of RLPs

As previously reported, %% 1%

protein expression was achieved via Studier
auto-induction techniquest®”! using ZYP-5052 media, with cultures grown at 37 °C
for 4 h before the temperature was lowered to 24 °C for an additional 24 h of
expression.

Following expression, cells were harvested via centrifugation and the cell
pellets stored at -20°C. The frozen cell pellets were thawed and resuspended in native
lysis buffer (50 mM NaH,PO,4, 300 mM NaCl, 10 mM imidazole, 10 mM f-
mercaptoethanol, 0.1% Tween 20) under stirring at 4°C. Lysozyme was added at a
concentration of 1 mg/mL to the lysed cells for 30 minutes to an hour before the lysate
was further disrupted by using a Fisher Scientific Sonic Dismembrator 500 equipped
with a 10 mm tapered probe. The lysate was sonicated until there was a noticeable
decrease in lysate viscosity and the lysate developed a darker color. The cell lysate
was then centrifuged at 30000g for 60 minutes and the soluble extract decanted:;
additional B-mercaptoethanol was added to the soluble extract to raise its
concentration to 20 mM. The cell-free extract was then heated to 90°C in a water bath
for 10 minutes or until a white precipitate formed in solution. This precipitate was
spun out via centrifugation (3000g, 10 min) and the soluble lysate was diluted using

additional native lysis buffer chilled at 4°C. The pH of cell lysate was adjusted to

approximately 8.0 before incubation for several hours with the Ni-NTA resin
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(QIAGEN). The mixture was loaded onto gravitational flow columns and washed with
10 column volumes of native lysis buffer followed by 10 column volumes of native
wash buffer (50 mM NaH,PO,4, 300 mM NaCl, 20 mM imidazole, 10 mM j-
mercaptoethanol). The RLP was eluted with 2-3 column volumes of native elution
buffer (50 mM NaH,PQO,4, 300 mM NacCl, 250 mM imidazole) and dialyzed
(MW10000) first against 4L of 1 M NaCl and then against 4L of pure water (5x).
Following dialysis the protein solution was filtered, frozen and lyophilized to a white
fluffy solid. The introduction of a heating step and the incorporation of the -
mercaptoethanol were found to enhance the purity of the product. Depending upon the
protein expressed, yields ranged between 50-100 mg of protein per liter of expression
culture.

Protein expression was confirmed and monitored via sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and visualized via Coomassie blue
staining. The molecular weight of the RLPs was confirmed by MALDI-TOF analysis
conducted at the W.M. Keck Biotechnology Resource Laboratory at Yale University
(New Haven, CT). Amino acid analysis confirmed the composition of the polypeptides
and was performed by the Molecular Structure Facility at the University of California,
Davis (Davis, CA) using a Hitachi L-800 sodium citrate-based amino acid analyzer

(Tokyo, Japan).

2.2.4 Preparation of Reduced Proteins

Pure lyophililzed RLP was reduced using tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCI) ina 10 mM MES, 500 mM NaCl buffer (pH 5.6) and
desalted using a Zeba™ Spin desalting column (7 kDa MWCO, Pierce Rockford, IL).

The flow-through was immediately frozen in liquid N, and lyophilized. The free thiol
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content of protein was measured using the Ellman’s assay protocol (in 100 mM Tris,
2.5 mM sodium acetate, 40 uM DTNB, pH 8.0);12% 2! the colorimetric change of the
solution upon reduction of the DTNB by the RLPs was monitored using an Agilent

8453 UV-Vis spectrophotometer.

2.2.5 Synthesis of PEG Vinyl Sulfone Cross-linker

Hydroxyl-terminated four-arm star PEG (10 kDa) was purchased from JenKem
Technology USA (Allen, TX) and functionalized with vinyl sulfone following
previously established protocols by Lutolf and Hubbell.®? *H NMR (400 MHz,
CDCl3) confirmed quantitative functionalization (Figure 2.3): 6 = 3.6 ppm (PEG
backbone), 6.1 ppm (CH,=CH-SO,, d, 1H), 6.4 ppm (CH,=CH-SO,, d, 1H), 6.8 ppm
(CH,=CH-S0, dd, 1H).
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Figure 2.3 H NMR of PEGVS Functionalization. This figure represents the complete
H-NMR spectrum of the functionalized four-arm PEG vinyl sulfone (10
kDa), an insert depicts the 6.0-7.0 ppm region with the assignments for
the olefin protons on the vinyl sulfone moiety and an image of the vinyl
sulfone moiety. Integration of the olefin protons was based upon an
assumed 909 protons present in the PEG backbone; the values indicate
approximately four vinyl sulfone groups per polymer (quantitative
functionalization)

2.2.6 Hydrogel Formation and Oscillatory Rheology

RLP-PEG hydrogels were formed by simple mixing of precursor solutions of
the PEG and RLP under specific conditions described below. Oscillatory rheology
experiments conducted on a stress-controlled AR-G2 rheometer (TA Instruments,
New Castle, DE) were used to characterize the cross-linking and subsequent
mechanical properties of the RLP-PEG hydrogels. Experiments were conducted at 37
°C using a 20 mm diameter cone-on-plate geometry with 1° cone angle and 25 pm gap

distance. Time and frequency sweeps were performed on all hydrogels. The RLP and
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PEG precursors were dissolved separately in PBS buffer (pH 7.4); a 0.2 uL drop of
concentrated NaOH was used to adjust the pH of RLP solution to approximately 8.0
and both precursors were kept on ice prior to the experiment. The precursors were then
combined, vortexed briefly, and loaded onto the rheometer stage maintained at a
temperature of 4 °C. This slowed the cross-linking reaction so that the geometry could
be lowered into place prior to gelation. Once the experiment was started, the
temperature was quickly increased to and maintained at 37 °C; mineral oil was used to
seal the hydrogel and prevent evaporation. The RLP—PEG hydrogels were prepared at
concentrations of 20 wt% and were cross-linked at vinyl sulfone to cysteine residue
(VS:CYS) ratios of 1:1 and 3:2. Experiments were repeated on three to four samples

and representative data presented.

2.2.7 InVitro Cell Culture of Aortic Adventitial Fibroblasts

Human aortic adventitial fibroblasts (AoAF) were a generous gift of Dr.
Robert Akins (Nemours, Wilmington, DE). The cells were cultured according to
protocols provided by Lonza (Basel, Switzerland) and using the Lonza SCGM™
BulletKit™ media system. The cells for the encapsulation experiments were between
passage numbers 7 and 11. Prior to the encapsulation, the AoAF cells were lifted,
counted, and resuspended in stromal cell growth media (SCGM) at a concentration of
5,000,000 cells per mL. Aliquots of 50,000 cells (10 uL) were prepared in
microcentrifuge tubes for each of the gels. A solution of the PEG precursor was
prepared in 10 puL of PBS buffer (pH 7.4) while the RLP24 was dissolved into 30 pL
of PBS buffer (pH 7.4) with phenolphthalein (1 mM) included as a pH indicator. The
pH of the RLP solution was adjusted using 0.2 pL drops of 2 N NaOH until a slight

pink hue was observed indicating the pH was approximately 8.2. Hydrogels were
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produced at 20 wt% concentration and cross-linked at a 3:2 ratio (VS:CYS) to ensure
sufficient cross-linking in the presence of cells. The precursors were mixed and briefly
vortexed before being gently triturated with the 10 puL of media containing the cells.
This solution was then loaded onto a glass-bottom dish (MatTek Corporation Ashland,
MA) and placed into a cell culture incubator where the hydrogels were cross-linked at
37 °C; media (3 mL) was added to the gels after 3 min of cross-linking. Hydrogels
were lifted from the glass-bottom dish after an hour of incubation to facilitate
diffusion of media into the hydrogel; media was exchanged every 3 d. Cell viability
and proliferation analysis were performed on three sample hydrogels at days 0, 1, 3,
and 7. Hydrogels were costained with Calcein AM and Ethidium homodimer-1
(Live/Dead® Life Technologies Carlsbad, CA) and DRAQS5™ stain (BioStatus
Limited Shepshed, United Kingdom) to assess the viability of encapsulated cells and
the total number of cell nuclei, respectively. Hydrogels were washed 2-3x with
approximately 5 mL of PBS and then incubated at 37 °C in a 5% CO2 incubator for 30
min in 700 pL of PBS containing: 5 uM DRAQS5, 2 uM Calcein AM, and 4 pM
Ethidium homodimer-1. Cell viability and nuclei number were visualized using
fluorescence laser scanning confocal microscopy (Zeiss LSM 510 NLO multiphoton,
Carl Zeiss, Inc., Thornwood, NY). To ascertain proliferation of the aortic fibroblasts in
the PEG—RLP gels, microscopy data were acquired, in each hydrogel, from four
adjacent regions approximately 1800 pum in length and width and 400 pm in depth.
The numbers of cells in each tile were determined via image analysis (see below).
Three hydrogels were imaged in this manner for each time point; the center of the four
tiles was chosen to be the middle of the hydrogel and the tiles were independently

assigned. In total, approximately 5 mm? (5 pL) of each hydrogel (50 pL) was imaged

49



and analyzed. These data were processed using Volocity 3D Image Analysis Software
(PerkinElmer, Waltham, MA) to determine numbers of cell nuclei for both the
membrane-permeable Drag5 stain as well as the membrane-impermeable ethidium
homodimer-1 stain; the number of living cells was calculated as the difference

between the two counts.
2.3 Results and Discussion

2.3.1 Design of RLPs

The sequences of all the RLPs, with the detailed amino acid sequences of the
various domains, are presented in Figure 2.1. As previously reported,% 1! these
constructs utilized a slightly modified version of the putative resilin-like sequence
(GGRPSDSFGAPGGGN) derived from the first exon of the Drosophila melanogaster
CG15920 gene.**% The tyrosine residue included in the original motif was substituted
with a phenylalanine residue (shown in bold) for the potential future incorporation of
nonnatural amino acids that would confer photocross-linking properties. Tensile
testing and oscillatory rheology have shown that this substitution does not affect the
mechanical properties of the RLP12 hydrogels.*® 1! Additionally, the RLP includes
sequences for cell-matrix interactions including an integrin-binding domain for cell
adhesion (GRGDSPG),!*?! a matrix metalloproteinase (MMP) sensitive sequence
(GPQG | IWGQ)??™ for cell-directed matrix degradation, and a heparin-bindng domain
(HBD) (KAAKRPKAAKDKQTK)®?? for the sequestration of heparin and growth
factors.

RLPs of higher molecular weight were produced to yield polypeptides with

multiple cysteine residues, which would permit cross-linking of these RLP sequences
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into a network using Michael-type addition reactions. Recursive ligation of the
original RLP12 gene yielded RLP24, RLP36, and RLP48 with cysteine functionalities
of two, three, and four, respectively (see Figure 2.4). A restriction digestion using
BamHI and HindlIlI of the four pET28a/RLP genes and a pET28a plasmid, followed
by DNA gel electrophoresis, was performed; results are shown in Figure 2.5A. As
illustrated in the figure, bands are present at approximately 800, 1500, 2200, and 2900
bp; these lengths correspond to the expected base-pair length of the four RLP genes.
(The band at 5300 bp results from the linearized expression plasmid.) These results
confirm the success of the recursive ligation of the RLP genes and their insertion into
the pET28a expression plasmid. Further confirmation of these results was provided by

gene sequencing (data not shown).

RLP12 S r*

cysteines - 2 ( ’ recursive ligation

RLP24 /o NN
cysteines - 3 O
RLP36 S " N *
cysteines - 4 Q
C c C C
RLP48 S % SN N %"

cysteines - 5

Figure 2.4 This image provides a visual representation of the recursive ligation and
the location of the resulting cysteine residues. The blue ‘¢’ represents the
cysteine residues that were engineered via site-directed mutagenesis. The
black ‘c’ represents the cysteine residues that were originally encoded in
the RLP12 gene and doubled, tripled or quadrupled by recursive ligation.
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Figure 2.5 (A) Agarose gel showing the BamHI/Hindl1l digestion of pET28aRLP48,
PET28aRLP36, pET28aRLP24, pET28aRLP12, & pET28a (left to right).
The linearized pET28a plasmid is clearly resolved between 5000 and
6000 bp while the RLP genes are represented by the bands migrating at
approximately 800 bp to 3200 bp. (B) Coomassie stained SDS-PAGE gel
(12%) showing the purified RLP proteins, RLP48, RLP36, RLP24 &
RLP12 (left to right).

The original RLP12 gene encoded for a single cysteine residue that was
located near the C-terminus of the polypeptide; recursive ligation introduced
polypeptides with higher functionality, but with cysteine residues that were located
only toward the C-terminal end of the domains (Figure 2.4) rather than throughout the
full polypeptide, which caused a significant fraction of the N-terminal end of the RLP
to not be cross-linked into the network. Initial rheological characterization of RLP—
PEG hydrogels using these original RLP constructs yielded materials with moduli far
below predicted values and too low for practical use in clinical application (data not

shown). In order to permit effective crosslinking of the N-terminal end of each
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polypeptide chain and minimize any deleterious effect of dangling chain ends,!**®! the
Serl9 residue at the N-terminus of each polypeptide was mutated to a cysteine via
site-directed mutagenesis (data not shown). The polypeptides with this S19C mutation

have been used for all further characterization and application.

2.3.2 Protein Expression, Purification, Characterization, and Reduction

Each of the RLPs was expressed using Studier auto-induction techniques and
purified under native conditions using Ni-NTA affinity chromatography. SDS-PAGE
analysis was conducted on the purified RLP fractions (Figure 2.5B). The bands on the
gel are present at 30, 52, 76, and approximately 100 kDa, consistent with the expected
molecular weights of the RLP12, RLP24, RLP36, and RLP48 proteins, respectively.
The lack of any other significant bands in the SDS-PAGE analysis indicates the purity
of the RLPs. In this analysis, the RLPs migrate slightly higher than their theoretical
values, but this is consistent with our previous results for RLP12 as well as with
results from RLPs expressed by other laboratories.[**% %81 Atypical SDS-binding has
been described as cause for this discrepancy and has been noted for proteins with
unusual amino acid composition.?% 681

Matrix-assisted laser desorption/ionization (MALDI-TOF) analysis of intact
RLPs was performed to confirm the exact molecular weights of the proteins; analysis
shows that the major peaks fall within 1% of the theoretical molecular weights. The
MALDI mass spectrometry results obtained for the RLP12, RLP24, RLP36 and
RLP48 are presented in Figure 2.6. Lyophilized samples were dissolved in an
appropriate volume of 50% acetonitrile, 0.1%TFA at a concentration of 100 pmol/uL.
A 1ul aliquot of the sample was then diluted 10-fold into matrix solution (10mg/ml

sinapinic acid in 50% acetonitrile/0.1% TFA), and 1ul was spotted on the MALDI
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target. The final concentration of the sample was 10 pmol/spot. Data were acquired on

an Applied Biosystems/MDS SCIEX 4800 MALDI TOF/TOF Analyzer with external

calibration.
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Figure 2.6 MALDI-MS Spectrum of the RLP proteins. The major peaks are as
follows: 27509.27 for RLP12; 49389.46 for RLP24; 71315.64 for RLP36;
and 93189.71 for RLP48.

RLP12 exhibits a major peak at 27509 with a possible truncation product at

24352. Each of the RLP proteins exhibited a small truncation product which was on

average 3167Da less in molecular weight. This has been observed in other resilin-like
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polypeptide systems and is possibly early termination of transcription or
translation.!”?) In the RLP12 spectrum, other peaks include dimers at 55068Da
(homodimer of main peak) and 51912 (heterodimer), trimers at 82575, as well as a
doubly-charged trimer at 41313. RLP24 exhibits a major peak at 49389 with a
possible truncation product at 46223. Other peaks include dimers at 98780 Da
(homodimer of main peak) and 95621, as well as doubly-charged monomers at 24669.
The peaks in the 70K-74K range are doubly-charged trimers. RLP36 exhibits a major
peak at 71315 with a possible truncation product at 68139. The peaks at 35656 and
34078 are doubly-charged monomers. RLP48 exhibits a major peak at 93187 with a
possible truncation product at 90023. The peaks at 46594 and 45025 are the doubly-
charged monomers, while the peak at 31061 is probably a triple charged monomer.
The peaks at 16000 and 21100 appear in RLP24, RLP36 and RLP48 with various
intensities. It is possible that these are contaminating proteins or degraded RLP, but it
is important to note that that peak intensity does not correlate with quantity as
different species have different ionization efficiencies and lower molecular weight
species usually have a stronger signal. Additionally, these species do not have
corresponding bands in the SDS-PAGE gels and therefore, probably exist in negligible
quantities.

Amino acid analysis of the RLPs demonstrated that the composition of the
purified proteins was within 10% of the expected values (Table 2.1). Given that the
composition of the protein is consistent with that expected theoretically, the existence,
in low percentages, of a slightly lower molecular weight product probably results from
truncation or degradation as has been described in other reports of RLP expression.!¢®

1691791 |solation of products that lack these lower molecular weight contaminants can
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be achieved by lowering the temperature of the expression culture and by harvesting
during the exponential phase of the expression.*”®! Since the small overall percentage
of sample comprising truncated product was small, such optimization was not

conducted in these studies and the polypeptides were used without further purification.

Table 2.1 Amino acid analysis of the RLPs

RLP12 RLP24 RLP36 RLP48
Amino Acid Measured Theor. Measured Theor. Measured Theor. Measured Theor.

[nmol] [%] [%] [nmol] [%] [%] [nmol] [%] [%] [nmol] [%] [%]

Cysteic Acid  0.039 0.19 0.037 0.041 0.028

Cystine 0.020 0.10 0.024 0.000 0.023
Cys 0.38 0.70 0.49 0.50 0.21 0.50 0.36 0.50
Asp +Asn  2.144 10.33 10.00 1.889 10.80 10.60 2.133 11.1310.80 2.340 11.29 11.00
Thr 0.200 096 1.00 0.110 0.63 0.70 0.110 0.57 0.60 0.122 0.59 0.60
Ser 2.046 9.86 10.90 1.693 9.68 10.80 1.857 9.69 10.70 1.969 9.50 10.70
Glu+GIn 0722 3.48 290 0.467 2.67 260 0474 247 240 0567 2.73 2.30
Pro 1961 9.45 9.90 1.781 10.1910.60 2.283 11.9110.90 2.345 11.31 11.00
Gly 7.846 37.81 37.70 6.775 38.7538.90 7.330 38.2539.40 8.062 38.89 39.60
Ala 1.297 6.25 6.00 1.056 6.04 6.20 1.165 6.08 6.30 1.293 6.24 6.40
Val 0.156 0.75 0.30 0.060 0.34 0.20 0.028 0.15 0.10 0.042 0.20 0.10
Met 0.145 0.70 230 0.068 0.39 1.30 0.041 0.21 0.90 0.045 0.22 0.70
lle 0.079 0.38 0.30 0.065 0.37 0.40 0.107 0.56 0.40 0.092 0.44 0.40
Leu 0.213 1.03 100 0.091 052 050 0.107 0.56 0.40 0.111 0.54 0.30
Tyr 0.020 0.10 0.00 0.000 0.00 0.00 0.000 0.00 0.00 0.000 0.00 0.00
Phe 0.869 4.19 400 0.820 469 4.40 0.891 4.65 450 0.993 4.79 4.60
His 0542 261 260 0294 168 150 0.289 151 1.00 0.270 1.30 0.80
Lys 0.764 3.68 3.60 0.806 461 4.00 0907 473 420 0.939 453 4.20
Trp 0.265 1.28 0.30 0.234 134 040 0.109 0.57 0.40 0.049 0.24 0.40
Arg 1422 6.85 6.30 1.191 6.81 640 1.289 6.73 6.40 1.419 6.84 6.50

Amino acid composition analysis was performed by the Molecular Structure Facility
at the University of California, Davis (Davis, CA) using a Hitachi L-8800 sodium
citrate-based amino acid analyzer (Tokyo, Japan). Protein samples were cleaved by
HCI hydrolysis, separated with ion exchange chromatography and detected using a
ninhydrin reaction. The results indicate that the protein sample compositions closely
match the expected compositions.
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With molecular weights of 71.1 kDa and 92.9 kDa, the RLP36 and RLP48
proteins represent the highest molecular weight RLPs reported to date; additionally,
these RLPs represent some of the highest yielding RLPs expressed outside of high-cell
density fermentation.!:% 1661791801 Aq shown in Table 2.2, each of the RLPs could be
expressed and purified in significant quantities ranging from 50 to 100 mg/L culture
depending on the specific polypeptide. RLP24 yielded the greatest quantity per liter of
expression (100 mg/L culture), which although less than values reported for elastin-
like polypeptides (1.6 g/L of expression media),’?*" is greater than yields often
reported for other protein polymers.!®® °1 The high yields under native conditions for
purification suggest that these RLPs are highly soluble and easily expressed by their
bacterial hosts. Natural resilin and RLPs have been shown to be relatively heat
stable!%% 1661681 ang this property has proven useful in the purification of RLPs
including the RLPs described in this work. ™ %8 pyrification of RLPs was improved
through the inclusion of f-mercaptoethanol to the purification buffers to prevent
disulfide formation and through the addition of a heating step to selectively precipitate
non-resilin bacterial proteins from the cell-free lysate. RLPs with free thiol were
prepared by first reducing the cysteine residues of the RLP via treatment with TCEP-
HCI in an acidic buffer, followed by desalting, freezing and lyophilization. Using this
method, RLPs with approximately 90%-100% free thiol content could routinely be

produced.
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Table 2.2 Resilin-like polypeptides molecular weights and yields

rLp  Theoretical Molecular Weight Protein YieId_"‘) Specific Yield®
[Da] [[mg/ L expression]  [mg/g cell pellet mass]
RLP12 27590.0 77.2 3.96
RLP24 49389.7 99.6 5.20
RLP36 71189.3 79.0 4.05
RLP48 92989.0 53.2 2.65

% values are mean of at least two separate purifications.

2.3.3 Oscillatory Rheology Experiments

The gelation and mechanical properties of the RLP-PEG hydrogels play an
important role in determining whether the materials could be potentially useful in a
desired clinical capacity. In situ oscillatory rheology offers a practical approach to
elucidating the gelation kinetics and the ultimate mechanical properties of the RLP—
PEG hydrogels, and also provides direct correlation to our previous work on PEG-
based hydrogels and their impact on cardiovascular cell phenotypes. Thorough
evaluation of the tensile properties of these materials, to permit comparison of the
elastomeric behavior of these RLP-PEG hydrogels versus the highly elastomeric
behavior of RLP-only hydrogels, is currently underway. For the oscillatory rheology
experiments, RLP—-PEG hydrogels prepared in PBS at a 20 wt% concentration were
characterized via dynamic oscillatory rheology using a cone-on-plate geometry at
either a 1:1 or 3:2 ratio of vinyl sulfone groups to cysteine residues. Figure 2.7 shows
representative time sweeps for the cross-linking of RLP24-PEG hydrogels at the two
cross-linking ratios investigated. These data demonstrate that the 3:2 cross-linking
ratio leads to higher moduli and more rapid cross-linking than the 1:1 cross-linking
ratio; the final moduli of the 3:2 hydrogels were consistently in the 12—-13 kPa range
while the 1:1 hydrogels had final moduli in the 8-9 kPa range. As the inset in Figure

2.7 shows, gelation took place in under a minute [as indicated here by the crossover of
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the storage modulus (G') and loss modulus (G")], although the storage modulus did
not reach a plateau until much later, which may suggest that the reaction of the thiol
and vinyl sulfone groups is incomplete at shorter timescales during gelation. While we
did not explicitly evaluate the extent of reaction in these gels in this initial report, such
evaluation will be a part of future studies. In situ oscillatory rheology for RLP—-PEG
hydrogels cross-linked with RLP12, RLP36, or RLP48 indicated similar results (data
not shown). These data are consistent with the gelation profiles of other

multicomponent-PEG hydrogel networks cross-linked via Michael-type additions,®*

%71 although are in contrast to the gelation profiles of RLP12 hydrogels (25 wt%)
cross-linked with B-[tris(hydroxymethyl)phosphino]propionic acid (THPP) (which
reached plateaus within 10 min).'*! This disparity is likely due to the difference in the
cross-linker; the diffusion of small molecule cross-linkers such as THPP is not as

restricted as macromolecules such as the PEG-VS.
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Figure 2.7 Oscillatory rheology time sweep of a 20wt% RLP24-PEG hydrogel cross-
linked at 1:1 (gray) or 3:2 (black) molar ratios of vinyl sulfone to
cysteine, at 37°C with an angular frequency of 6 rad/s and a strain of 1%.
The inset demonstrates that the storage modulus (G’, solid squares)
exceeds the loss modulus (G”, open squares) within a minute.

To assess the stability of the RLP—PEG hydrogels across a range of shear rates,
dynamic oscillatory frequency sweeps ranging from 0.1 to 100 rad s~' were employed:
Figure 2.8 provides representative data from experiments with the RLP24-PEG
hydrogels. The values of the storage modulus were insensitive to frequency over the
frequencies investigated, indicating that the hydrogels behave as elastic solid-like
materials expected of permanently cross-linked networks. Similar insensitivity to
angular frequency was observed for the RLP—PEG hydrogels cross-linked with
RLP12, RLP36, and RLP48 (data not shown) and for the previously reported RLP

hydrogels cross-linked with THPP.% 1% [nterestingly, at higher angular frequencies
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the RLP—PEG networks behaved more elastically than other recombinant protein-PEG

hydrogels cross-linked by the same chemistry;®”!

the recombinant protein-PEG
hydrogels reported by Rizzi et al. demonstrated increasing phase angle and loss
modulus starting at angular frequencies beginning in the 2-5 Hz range, which was
attributed to network structure relaxations at those higher frequencies. The relative
insensitivity of the RLP—PEG hydrogels at high angular frequencies indicates a robust

network with a potential wider range of clinical applications.
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Figure 2.8 Oscillatory rheology frequency sweep experiments for RLP24-PEG
hydrogels. Frequency sweeps were conducted over a range from 0.1 to
100 rad/s for 20wt% hydrogels cross-linked at 1:1 (red) or 3:2 (black)
vinyl sulfone to cysteine at 37°C. The closed squares indicate the storage
modulus (G") and the open circles indicate the loss modulus (G").
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Table 2.3 provides a summary of the observed final elastic moduli for
hydrogels cross-linked with all four of the RLPs. With the exception of RLP12, there
was little change in the final elastic moduli of the RLP—PEG hydrogels regardless of
the number of cysteines on the RLP, owing to the fact that the molecular weight
between cross-links does not change between the various RLP constructs.[*%* 158!
Hydrogels cross-linked using RLP24, RLP36, and RLP48 had elastic moduli in the 7—
9 kPa range when cross-linked in a 1:1 ratio and of approximately 11-12 kPa when
cross-linked in a 3:2 ratio of vinyl sulfone to cysteine thiol. The reason that RLP12,
which contains only two cysteine residues, does not follow this trend is likely due to
its propensity to form network defects; the failure of one cysteine to react with a load
bearing part of the network would result in the formation of a dangling chain end.*
158, 230 Nevertheless, the final mechanical properties of these hydrogels fall within 5—

10 kPa, a suitable range for cardiovascular applications.t® 23!
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Table 2.3 Summary of mechanical properties for RLP-PEG hydrogels

Cross-linking Ratio[VS:CYS]”

Number of 11 3:2
RLP Cysteines? Storage Modulus Storage Modulus
(Pa)® (Pa)®
RLP12 2 2628.0 + 620.8 7187.3 £ 378.9
RLP24 3 8038.0 + 1383.6 12297.5 + 1571.3
RLP36 4 7769.6 + 394.4 11930.6 + 1631.9
RLP48 5 8947.5 + 730.4 11480.9 + 361.7

% number of cysteines contained on the polypeptide; ® the ratio of vinyl sulfone
groups to cysteine residues in a 20wt% hydrogel; © value for storage modulus is an
average of at least three samples and the (x) error is equal to the one standard
deviation.

2.3.4 Encapsulated Cell Viability and Proliferation Assays

Human aortic adventitial fibroblasts (AoAF) were mixed at room temperature
into a solution containing RLP24 and PEG-VS at a 3:2 ratio of vinyl sulfone to
cysteine; the resulting hydrogels were cultured at 37 °C in a 5% CO; incubator in
SCGM growth media. Cell viability was analyzed several hours following
encapsulation, out to 7 d of culture, using fluorescent laser scanning confocal imaging
via live/dead staining. Representative images shown in Figure 2.9 illustrate the great
excess of the calcein-AM stain (green) and relative absence of ethidium homodimer-1
(red), indicating that the majority of cells survive encapsulation and remain viable out
to 7 d; indeed, the AoAFs not only survive encapsulation but also begin to spread out
and adopt a spindle-shaped morphology by day 7. Figure 2.9A presents day 0 data for

the AoAFs a few hours following encapsulation and shows viable cells with a rounded
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morphology that are small in size. Twenty-four hours following encapsulation (Figure
2.9B), the majority of the AoAFs remain rounded, but a few appear to begin spreading
in the hydrogel. By day 3 (Figure 2.9C), these extensions become more clearly
defined and more cells adopt this phenotype; additionally, the cells have also increased
in size. By day 7 (Figure 2.9D), a majority of the AoAFs has adopted a spread
phenotype and the cells have also grown considerably larger in comparison to those
analyzed immediately following encapsulation (Day 0). The data clearly show that the
RLP—PEG matrices can support encapsulated fibroblasts, but it also suggests that the
cells may be interacting with the biological cues engineered into the RLP. The
transition from a rounded to extended morphology over the course of a week suggests
that these cells may be locally degrading the RLP—PEG matrix and perhaps are
forming focal adhesions to the integrin binding domains.*? % 221 |t is well
documented the inclusion of matrix degradation sequences and cell adhesion domains
facilitates cell spreading in 3D™® 2 % 2221 gn{ that the absence of these domains
results in cells that remain rounded.®® " Therefore, due to the clear morphological
change of the AoAFs and the fact that it took several days for this transformation to
occur, it is reasonable to suggest that the cells are remodeling and adhering to the
RLP—PEG matrix. RLPs that lack the cell-binding domains and MMP-sensitive

sequences are currently under investigation.
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Figure 2.9 Fluorescent laser scanning confocal microscopy of human aortic
adventitial fibroblasts (AoAF) encapsulated in 20wt% RLP24-PEG
hydrogel cross-linked at a 3:2 vinyl sulfone to cysteine ratio, stained using
Live/Dead stains.™ Calcein AM (Live) stain is shown in green and
ethidium homodimer (Dead) stain is shown in red. Images are z-stacks of
hydrogels (200 um thick) taken at 10x magnification using a water lens.
Representative images from (A) Day 0, (B) Day 1, (C) Day 3 and (D) Day
7 are presented; the AoAFs remain viable throughout the entire experiment.
Initially, the cells are rounded but as the experiment progresses they begin
to adopt a spread morphology

To determine whether the fibroblasts were proliferating, cell nuclei were
stained with Draq 5 in addition to Live/Dead stains and imaged using fluorescent laser

scanning confocal microscopy; the number of nuclei was counted using Volocity 3D
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Image Analysis Software imaging software. Three individual hydrogels were imaged
per time point and a significant area of each hydrogel was imaged (=5 pL) in an effort
to prevent bias. It is assumed that all nuclei would be stained with the membrane
permeable Drag 5 and that only the membrane-compromised cells would be stained
with the ethidium homodimer, therefore the difference between the two counts
represents the number of living cells. Figure 2.10 reports the average number of living
cells at each time point in approximately a 5 pL. volume of RLP-PEG hydrogel. In the
figure, the bars represent the average of three gels with the error bars indicating one
standard deviation; the open circles provide the actual numbers of living cells recorded
for an individual hydrogel. The general trend of the data indicate that the number of
living cells drops initially, as has been reported for other 3D cell constructs,??* %2 put
recovers by the final time point at day 7. Unfortunately, there is a large spread in the
data (particularly for days 0 and 7), which most likely results from an initial lack of
homogeneity of cell dispersion in these gels during gelation. Despite this experimental
error, the number of living cells remains stable, and perhaps increases with time,
providing further evidence that the RLP—PEG matrices can successfully support

encapsulated fibroblasts.
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Figure 2.10 Proliferation data for encapsulated human aortic adventitial fibroblasts
(AOAF) in RLP24-PEG hydrogels over seven days of cell culture. The
bars represent the average number of living nuclei counted at a given
timepoint; the error bars represent one standard deviation from the mean
and the open circles represent the counts for each hydrogel analyzed (n =
3). The number of living cells was determined by finding the difference
between the number of nuclei stained by membrane-permeable Drag5
and the number of nuclei stained by membrane-impermeable ethidium
homodimer. Fluorescent laser scanning microscopy was used to analyze
four adjacent z-stacks that were 1800 pum x 1800 pm x 400 pum (length x
width x depth) for three different hydrogels at each timpoint. VVolocity
was used to count the cell nuclei for both the Drag5 and the ethidium
homodimer channels. The results show that the number of nuclei remains
relatively stable and that by day 7 the cells may be beginning to
proliferate.

Hybrid hydrogels consisting of protein and PEG offer a strategy to designing
tissue engineering materials that combine the inherent bioactivity of proteins with the
versatility of synthetic systems. Seliktar and co-workers®** have employed

PEGylated-fibrinogen/fibronectin copolymers that could be cross-linked into hybrid
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hydrogels through the photoinitiated polymerization of acrylate moieties on the PEG
chains. These hydrogels demonstrated utility in the three-dimensional cell culture of
cardiomyocytes, >4 neonatal human foreskin fibroblasts,'** and smooth muscle
cells.[?% Although the fibrinogen/fibronectin conferred the hydrogels with cell
adhesive and cell-mediated degradation properties,’?*>**®! there was still little to no
control over the size and sequence of the protein component of these hydrogels and
therefore cell-matrix interactions could not be adapted to specific biological
applications.”” Halstenberg et al.l®™ and Rizzi et al.®® °"! demonstrated that protein
polymers, in which size and amino acid sequence are exactly controlled, could be
cross-linked using PEG cross-linkers into elastic hybrid matrices using
photopolymerization and Michael-type addition, respectively. The protein polymers
contained sequences derived from extracellular matrix (ECM) proteins that conferred
enzyme-degradable and cell adhesive properties. Encapsulated neonatal foreskin
fibroblasts demonstrated the ability to migrate through the matrices which contained
the degradable sequences suggesting that the cells were actively remodeling and
interacting with their microenvironment.!*>%"1

The results presented here indicate the potential of RLP-PEG matrices as
tissue engineering materials for cardiovascular tissue engineering. Future work will
investigate the role of the MMP-sensitive domain and the presence of integrin-binding
domains in the development of the spindle-like AoAF morphology. Additionally,
matrix stiffness has previously been indicated by our group as having an impact on the
proliferation and phenotypes of AoAFs,[™* %™ and the use of RLP—PEG hydrogels for
3D encapsulation of these cells may provide a more physiologically relevant analysis

of the effects of matrix elasticity on these cells.
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2.4 Conclusions

This study reports the development and production of three high-molecular-
weight RLPs, which can be cross-linked into elastic hybrid hydrogels via a Michael-
type addition reaction with a PEG-vinyl sulfone cross-linker. These hydrogels can be
cross-linked under benign conditions and successfully encapsulate human aortic
adventitial fibroblast cells. The encapsulated cells remained viable over 7 d of culture
and began to adopt a spread morphology consistent with the natural fibroblast
phenotype. These hybrid hydrogels present a promising strategy to the development of

tissue engineering materials for cardiovascular applications.
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Chapter 3

THE RESILIENCE, DEGRADATION, CYTOCOMPATIBILITY AND
LIQUID-LIQUID PARTITIONING OF RESILIN-PEG HYBRID HYDROGELS

3.1 Introduction

One of the primary motivations behind the design of elastomeric protein
hydrogels is to recreate the flexible, reversible elasticity of native soft tissues. In tissue
engineering applications, the hydrogel scaffold needs to serve as a temporary
substitute while healthy tissue regenerates and it is therefore important to engineer a
durable scaffold that may withstand the repetitive mechanical forces characteristic of
some soft tissues.!**!. Research into “intrinsically disordered proteins” (IDP) such as
elastin, resilin and flagelliform spider silk have become increasingly important as
these proteins display remarkable elasticity and fatigue resistance.**? Recombinant
protein polymers based upon the characteristic sequences of IDPs have demonstrated
mechanical properties comparable to the natural proteins.’*? Previously mentioned in
Chapter 1, our laboratory has recently developed resilin-like polypeptides (RLPs) for
mechanically-demanding tissue engineering applications. RLP hydrogels cross-linked
using a small amine-reactive molecule formed elastic hydrogels that were shown to be
stable, resilient and highly extensible via tensile testing and oscillatory rheology. %"
1072381 Lybrid hydrogels, composed of RLPs cross-linked with PEG macromers, were
introduced in the following chapter (see Figure 2.1) and were found to be stable,
viscoelastic materials as characterized by oscillatory rheology. However, it was left

undetermined as to whether the RLP-PEG hydrogels shared the rubber elasticity of
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their amine cross-linked counterparts. To address this shortcoming, tensile testing of
these hydrogels was employed using a dynamic mechanical analyzer and the results
are reported in this chapter.

For tissue engineering scaffolds to perform well as temporary substitutes, they
must have suitable mechanical properties, such as rubber elasticity, but also need to
contain a mechanism through which they are eventually removed and replaced by the
new tissue. Degradation of the scaffold through either chemicall®® **2*# or biological
means?>® %8 %2141 js ahsolutely essential. However, it is important that the material
degrade in synchrony with the formation of new tissue so as to prevent either the
failure of the scaffold prior to tissue maturation or the obstruction of regenerating
tissue.’® Cell-mediated degradation has been proposed as one method of achieving this
type of control; as cells proliferate and populate the scaffold, the matrix is degraded
through the digestion of proteolytic cross-links.*? 2l Essentially the scaffold is
remodeled ‘on-demand’ by infiltrating or encapsulated cells. Numerous materials have
employed this paradigm including recombinant protein polymers,[%5-97: 100, 101. 1041 1y
fact, since proteolytic sequences can be directly engineered into the backbone of
protein polymers, it is quite easy to introduce the functionality to these materials.[’*
10 A number of elastin-like, silk-like and resilin-like polypeptides have been
engineered with proteolytic domains.!®® 1% 19721 The R|Ps described in Chapter 2
(see Figure 2.1) were engineered with matrix metalloproteinase (MMP) sensitive
domains as MMPs have been implicated the remodeling of ECM and structural
proteins.??" 2% Matrix remodeling by MMP is an important function of tissue
morphogenesis and repair.?**! This chapter reports the degradation of both soluble

RLP and RLP-PEG hydrogels by MMP.
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In the previous chapter, the cyto-compatibility of the RLP-PEG hydrogels was
demonstrated through encapsulation experiments of human aortic adventitial
fibroblasts. These cells remained viable following a week of culture within the RLP-
PEG hydrogels and after a few days the cells began to spread and adopt a spindle-like
morphology not present in other hydrogels constructed from recombinant, elastomeric
proteins.l% 221971 | the present chapter, the survival and behavior of encapsulated
human mesenchymal stem cells (hMSCs) is investigated. Stem cells are an important
aspect of tissue engineering. Their capacity for self-renewal and potential for
differentiation are traits that researchers seek to incorporate into tissue engineered
materials.® Adult hMSCs are a particularly useful subset of stem cells that are easily
expanded, relatively nonimmunogenic and can be differentiated into several different
types of tissue.’?*? In cardiovascular tissue engineering applications, it has been found
that populations of hMSCs express endothelial markers while others express smooth
muscle markers. It has also been hypothesized that hMSCs may function as vascular
progenitors,?*32*! which may have important applications in the development of
healthy vascular tissue following coronary bypass surgery.

Finally, this chapter reports on the liquid-liquid partitioning behavior which
unexpectedly occurred upon the mixing of precursor solutions to form the RLP-PEG
hydrogels. Liquid-liquid partitioning is well known behavior for macromolecular
solutions of PEG and protein,?*® %1 but previous recombinant protein-PEG hydrogels

make no mention of the phenomenon.®>9" 184
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3.2 Experimental Section

3.2.1 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 (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). The synthesis and
characterization of the 4-arm PEG vinyl sulfone cross-linker was previously
described™® and used established protocols.*? The vinyl sulfone functionality of the
PEG macromer was found to be ~4 based upon *H NMR analysis reported

previously.**

3.2.2 Expression and Purification of RLP24

All the studies described in this chapter were performed using a single resilin-
like polypeptide, RLP24, (see Figure 2.1) derived from the previously reported family
of RLPs constructed by the Kiick laboratory. The RLP24 polypeptide was found to
cross-link as effectively as higher molecular weight RLPs, but RLP24 expressed in
higher yields. For these studies, RLP24 was expressed and purified using the same
methods reported on in the earlier publication.X®" In brief, Studier auto-induction and
ZYP-5052 media was used for the expression;!**”! 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. Sonication and detergent-containing lysis buffer
was used to disrupt the cell walls and centrifugation cleared the lysate of insoluble

debris. As reported previously, a heating step under reducing conditions improved the
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final purity of the RLP24 polypeptide. The protein contained a 6xHis fusion tag for
affinity chromatography purification and the protein was dialyzed against pure water
to remove salts prior to lyophilization. The purity of the protein was confirmed using
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) visualized
with Coomassie blue staining. The characterization of the RLP24 polypeptide via

amino acid analysis and mass spectroscopy was previously reported.!**!

3.2.3 Preparation of Reduced RLP24

Pure lyophilized protein was reduced using tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCI) in a 10 mM MES, 500 mM NaCl buffer (pH 5.5).
Depending upon the initial free thiol content of the RLP, the TCEP-HCI to thiol ratio
and the incubation time was modulated. However, conditions usually consisted of a 1-
3x TCEP-HCI to thiol ratio and an incubation period of approximately one hour at
room temperature with mixing. The protein was reduced at a 20 mg/mL concentration,
but was diluted to 10 mg/mL by additional MES buffer in preparation for the desalting
process.

Two methods were employed for the removal of salts and TCEP-HCI prior to
freezing and lyophilization. The first method utilized Zeba™ Spin desalting columns
(7 kbDa MWCO, ThermoFisher, Rockford, IL). The flow through was collected and
immediately frozen using liquid N and lyophilized.™® This method proved suitable
for the production of reduced protein, but inconsistent results required multiple
attempts that proved expensive and resulted in lost protein. Fast protein liquid
chromatography (FPLC) was employed to improve upon 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
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Institute, Newark, DE) equipped with a HiPrep™ 26/10 Desalting column was used.
RLP24 protein was reduced using the same conditions as described above and was
pumped to the column at a rate of 8-10 mL/min using a mobile phase of chilled,
deionized and filtered water. The UV/vis detector set at 280 nm monitored the flow of
protein in the mobile phase while the conductivity detector was used to measure salt
concentration. The RLP24 protein eluent was collected, immediately frozen in liquid
N and lyophilized.

The free thiol content of lyophilized protein was determined using an Ellman’s
colorimetric assay and UV/vis spectroscopy. A sample of reduced protein was
weighed and a theoretical thiol content was estimated using the molecular weight and
sequence of RLP24. The sample was dissolved in a solution containing the Ellman’s
reagent (100 mM Tris, 2.5 mM sodium acetate and 40 uM DTNB, pH 8.0) and the
absorbance at 412 nm was measured using an Agilent 4853 UV-vis
spectrophotometer. The free thiol content of the sample was calculated using the

absorbance and the extinction coefficient of TNB? ion.[?%% 2261

3.2.4 Hydrogel Formation and Characterization of Swelling

All of the RLP24-PEG hydrogels in this study were cross-linked using a 20
wt% precursor solution including both RLP and PEG; however, three different cross-
linking ratios were explored: 3:2, 1:1 and 1:2 of vinyl sulfone to cysteine thiol. Since
the weight percent remained constant but the cross-linking ratios differed the final

composition of the hydrogels changed slightly as summarized in Table 3.1.
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Table 3.1 Summary of RLPL24-PEG Hydrogel Compositions and Precursor

Properties
Vinyl Sulfone:Cysteine Mass % Mole Ratio
Cross-linking Ratio RLP24 PEGVS RLP24:PEGVS
3:2 81.45 18.55 2.67
1:1 86.82 13.18 1.33
1:2 92.94 7.06 0.89
Precursor Molecular Weight (Da) Functionality
PEG-Vinyl Sulfone 10,000 4
RLP24 49,389 3

To prepare cross-linked RLP-PEG hydrogels, the precursors were first
dissolved separately in PBS buffer (pH 7.4). For mechanical testing and swelling
studies, the RLP24 was dissolved in enough PBS to equal 80% of the final volume of
the hydrogel solution. For example, a 100 uL hydrogel would have been cross-linked
using an 80 uL RLP solution and a 20 uL. PEG solution regardless of the cross-linking
ratio. A 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 phenolphthalein (colorless = pink) undergoes at pH
8.2.

To create hydrogels for the swelling investigations, 40 uL hydrogels were
prepared on Parafilm™ substrates and cross-linked overnight at 37°C in a humidified
chamber. The gels were swelled for 120 hours 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 using a Kimwipe and measured gravimetrically
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on a microbalance. To measure the dry weight of the RLP-PEG hydrogel the

hydrogels were frozen in liquid N, and lyophilized. The swelling ratio and water

content were calculated using the following equations: % 2% 1!

=
m.—m
Wwe = ———%%100%
mS

where q is the swelling ratio at equilibrium, WC is the water content at equilibrium,
mg is the mass of the swollen hydrogel and m, 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.

3.2.5 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 pm 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. Quickly, the RLP-PEG solution was deposited onto a prechilled (4°C)
rheometer stage while the cone-on-plate geometry was brought to the appropriate gap.
Mineral oil sealed the geometry and prevented evaporation; 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 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
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was reported as the simple mean. The error was the corresponding standard deviation

of the samples tested.

3.2.6 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 and immersion chamber. Previously, hydrogel films of cross-linked RLP
were cast in a contact lens molds and a stainless steel dye was used to cut dog-bone
shaped specimens.['% 1% 2% However, this method proved to be unsuitable for the
RLP-PEG hydrogels as the instrument could not measure these smaller hydrogels.
Instead, polytetrafluoroethylene (PTFE) molds (prepared courtesy of Derrick Allen,
Department of Chemistry & Biochemistry, University of Delaware, Newark, DE) were
used to cast comparatively larger RLP-PEG hydrogels. Two different formats were
used for these experiments: large gels for uniaxial cyclic strain testing and smaller gels
for strain-to-break measurements.

To construct the molds small rectangular indentations were carved/drilled into
a block of PTFE (Industrial Plastic Supply, Anaheim, CA) and on the reverse side two
injection holes were drilled at either end of the rectangular indentation. Figure 3.1
provides an image of the two types of molds. The dimensions of the mold are provided

in Table 3.2.
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Figure 3.1 Image of the large and small Teflon molds. On the left is the mold used for
cyclic strain testing and on the right is the mold for strain-to-break
hydrogels. (A) Front side of the mold containing the indentation. (B)
Reverse side of the mold for loading precursor solution. The mold on the
left had one larger injection hole due to the size of the pipette tip used to
fill the mold.

Table 3.2 Dimensions of the Tensile Molds

Mold Type Length (mm) Width (mm) Depth (mm)
Cyclic Testing 20.0 6.3 15
Strain to Break 15.0 3.5 0.75

To create the hydrogels, a glass slide was placed over the indentation and
sealed using vacuum grease. The RLP24 and PEGVS precursors (again, prepared as
described in Section 3.2.3) would be mixed on a vortex mixer and then pipetted into
the mold through the injection holes. Figure 3.2 provides an illustration of this process

using water dyed with bromophenol blue for contrast.
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Figure 3.2 lllustration of the process for making the RLP24-PEG hydrogels for tensile
testing. (A) A glass slide is used to cover the mold which is then flipped
over and (B) injected with the precursor solution (water + bromophenol
blue is shown for contrast). The mold is filled with the precursor (C, D)
and cross-linked in a humidified chamber, overnight at 37°C. (E) The
cross-linked gel is removed from the mold and small rectangular pieces of
steel mesh are placed at either end to provide friction for the DMA
geometry. An actual RLP24-PEG gel is shown in final image.
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The mold would then be placed in a humidified chamber and cross-linked
overnight at 37°C. The following day gels would be carefully removed in a bath of
water to provide lubrication and to prevent the gel from tearing. The gels were then
swelled under the conditions described above for a minimum of 48 hours before
testing. Gels were stored at 4°C in sealed containers with a small amount of the PBS
buffer containing antimicrobial reagents. The dimensions of the swollen hydrogel
were measured using calipers before testing.

Small pads of steel mesh (McMaster-Carr, EImhurst, IL) were cut and placed
at either end of the rectangular gels. These helped provide friction and prevented
slipping when the gels were placed in the axial tensile geometry of the DMA. An
immersion chamber kept the gels hydrated in PBS buffer during the 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. The gels used for the strain-
to break measurements were similarly strained at a 0.1 mm/s strain rate.

The raw data were entered into Origin™ 8.5.1 (OriginLab Corporation,
Northampton, MA) for analysis. In order to calculate the resilience of these materials
the raw data points were converted into smooth curves using a Signaling Processing
function, “Adjacent Averaging.” This function generated a curve based upon the
average of a five data point window for each raw data point gather by the DMA. An
example of this is presented in Figure 3.3. To determine the resilience of the material
the adjacent average extension and retraction curves were integrated to find the
corresponding area beneath the curve. Resilience is measured as the percent of energy
recovered following deformation and was calculated by dividing the area of the

retraction curve by the area of the extension curve.!%® 2 The resilience for a
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Example of Adjacent Averaging
RLP24-PEGVS (1:1, CYS:VS)
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Figure 3.3 Representative graph of how adjacent averaging was utilized to create
curves for resilience measurements. The black dots represent the raw data
for the extension, the red dots represent the raw data for the retraction, the
black line represents the adjacent average curve for extension and the red
line represents the retraction adjacent average curve.

particular sample was the simple mean for all 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 three or four samples. The Young’s modulus for a
particular sample was found by taking a linear fit of the extension curve (up to 10%
strain) for each cycle of a 60% strain experiment. The slope for each curve was
averaged to give the modulus.”®® The Young’s modulus for a given cross-linking ratio
was the simple mean of a three or four samples. For the strain-to-break measurements,
an adjacent average curve was generated using the same procedure. The strain-to-

break was determined to be the percent strain at which the stress dropped by 20% or
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more (tearing was considered breaking). The final strain-to-break values reported were
the simple mean of three or four samples for each cross-linking ratio. The error for all

of the reported data is the standard deviation of three or four samples.

3.2.7 Biochemical Degradation of RLP24 and RLP24-PEG Hydrogels

The RLP24 protein was engineered to contain two MMP sensitive domains for
matrix degradation (see Figure 2.1). The biochemical degradation of RLP24 was
analyzed by incubating free polypeptide with MMP enzyme and sampling the reaction
over a 24-hour period. These samples were then characterized using SDS-PAGE and
densitometry. The effect MMP had on the mechanical properties of RLP-PEG
hydrogels was also investigated. Hydrogel degradation was monitored in situ by
compression testing on the DMA over a 10-hour time period.

The soluble degradation experiments was carried out in triplicate at 37°C by
degrading a 7.3 uM (0.36 pg/mL) concentration of RLP24 in a buffer (50 mM
HEPES, 2 mM CaCl,, 0.05% Brij-35) containing 56 nM (1.1 mg/L) of cecombinant
catalytic domain of the human MMP-1 enzyme (rhMMP1) (Enzo Life Sciences,
Farmingdale, NY). The temperature was maintained using a Mastercycler™ PCR
thermal cycler (Eppendorf, Hamburg, Germany). Over a 24 hour time period 20 uL
samples were removed from a 320 pL reaction volume and were mixed with SDS
sample buffer to neutralize the enzymatic activity. The samples were then immediately
frozen to await further analysis via gel electrophoresis (12% SDS-PAGE).!**®! The
gels were stained with Coomassie Blue and densitometry analysis was performed on
scanned images of dried gels (NIH ImageJ software, Bethesda, MA).

The mechanical properties of RLP24-PEG hydrogels incubated in the presence

of the rhMMP1 enzyme were monitored using compression testing via the RSA-G2
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DMA. Using the same cross-linking protocol described in the sections above, cylinder
shaped RLP24-PEG hydrogels (50 pL, 20wt%, 3:2 ratio of vinyl sulfone to cysteine
thiol) were cross-linked using modified syringes. These gels were swelled for ~3 days
in the antimicrobial/EDTA PBS buffer at 37°C and stored at 4°C. Gels were allowed
to come to room temperature prior to the start of the experiment. The immersion
chamber provided by TA Instruments had a volume of ~35mL and would require a
significant amount of enzyme. Therefore, a smaller chamber with a volume of 1.5 mL
was constructed from a cylinder of PTFE (courtesy of Derrick Allen). Essentially, the
chamber was a small PTFE cup with a hole to fit the compressive geometry (Figure
3.4). The bottom plate would be sealed using vacuum grease to prevent the enzyme
buffer from leaking and a clear plastic covering was used to reduce evaporation.

The dimensions of the hydrogel were measured using calipers and loaded on to
the bottom plate of the geometry. The top plate was brought into contact with the top
of the gel and then pre-strained another 10% to prevent detachment during the
experiment. For the first 12 hours of the experiment, the enzyme buffer contained no
enzyme; this period of testing served as the control. After the initial phase of the
experiment the buffer was carefully removed via pipet and replaced with buffer
containing the rhAMMP1 enzyme at a 171 nM (3.33 mg/L) concentration. The
experiment was monitored for another 10 hours. The DMA was set to an oscillatory
time sweep experiment where gels were compressed to 5% strain 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 average of the normalized data points of three

separate samples was used to generate curves; error is the standard deviation.
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Figure 3.4 lllustration of how the mechanical property testing under degradation
experiments were performed. (A) The PTFE cup and bottom plate for the
compression geometry shown individually and (B) assembled. Vacuum
grease sealed the junction between cup and plate. (C) The entire
assembly installed on the DMA including the top plate for the
compression geometry. Not shown was a clear plastic covering that was
used to prevent evaporation.

3.2.8 Encapsulation, Viability and Proliferation of hMSCs

Bone-derived human mesenchymal stem cells (Lonza, Basel, Switzerland)
were cultured according to the manufacturer’s specifications at 37°C, 5% CO, and
using the BulletKit™ hMSC growth medium sold by Lonza. The cell passage number

for these experiments ranged between P5 and P10; confluency was kept below 80%.

85



The encapsulation of hMSCs was performed using the same protocol as reported
previously for the encapsulation of human aortic adventitial fibroblast in RLP24-PEG
hydrogels.!"®The hydrogel composition remained 20wt% with a 3:2 cross-linking
ratio (vinyl sulfone:thiol). For cell viability and proliferation imaging, hydrogels with
a volume of 50 pL were seeded at a density of 200,000 per mL (10,000 per hydrogel).

Over a two week period, cell viability within the RLP24-PEG hydrogels was
analyzed via laser scanning confocal microscopy (Delaware Biotechnology Institute,
Newark, DE) and Live/Dead® staining (Life Technologies). Hydrogels were placed in
PBS buffer containing 2 uM Calcein AM and 4 pM Ethidium homodimer-1 for 30
minutes prior to imaging on the confocal (Zeiss LSM 510 NLO multiphoton, 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 were reported here.

Proliferation of encapsulated cells was investigated using a Click-iT EdU cell
proliferation assay (Life Technologies). Cell-gels were pulsed for 48 hours with a 20
mM concentration of 5-ethynyl-2’-deoxyuridine (EdU) on day 3 of culture. The gels
were then fixed with paraformaldehyde (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 a Eclipse Ti-E fluorescent
microscope (Nikon, Tokyo, Japan). Experiments were run in triplicate and several z-

stacks were acquired.
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3.2.9 Analysis of Liquid-Liquid Partitioning Behavior

Initially, to investigate the liquid-liquid partitioning behavior of RLP24-PEG
hydrogels (20 wt%, 3:2 VS:CYS) phase contrast imaging was employed on the
Eclipse fluorescence microscope. RLP24-PEG hydrogels were compared to pure RLP
hydrogels cross-linked with an amine-reactive small molecule,
tris(hydroxymethyl)phosphine, at a 3:1 ratio of hydroxyl group to lysine in 20wt%
solutions of RLP24. The gelation of the pure RLP hydrogels was performed at 37°C
for a period of a few hours. Images of the hydrogels were taken immediately following
cross-linking using 5x and 10x magnification.

Fluorescent confocal microscopy was also used to investigate the phase
separation of the RLP24-PEG hydrogels. For this analysis, RLP24 and PEGVS were
labelled 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 at 4°C overnight 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. The protein would later be reduced and lyophilized using the
protocols described above. The PEGVS was labelled through the reaction of the vinyl
sulfone group with the thiol present on the SAMSA fluorescein (1:250 thiol:vinyl
sulfone): the SAMSA was prepared according the manufacturer 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 and lyophilized to a dry powder. The fluorescently-tagged

precursors were diluted into unlabeled precursors at a 1:100 ratio to form the RLP24-
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PEGVS hydrogels. Hydrogels were cross-linked at 37°C within CoverWell™

perfusion chambers (Grace Bio-Labs, Bend, OR) on glass slides and imaged directly.
3.3 Results & Discussion

3.3.1 Design, Expression, Purification and Preparation of Reduced RLP24

The design and cloning of the RLP24 gene has already been described in
Chapter 2.1%! The gene was the result of recursive ligation of the original RLP12
gene reported in previous publications.'® 1% A number of high molecular weight
RLPs were created using the same method,*? but only RLP24 was chosen for the
following studies. This was due to its superior expression and the negligible change in
hydrogel mechanical properties for the higher molecular weight RLPs.?*'The RLP24
protein contains 24 repeats of a slightly modified resilin-like sequence
(GGRPSDSFGAPGGGN) derived from the Drosophila melanogaster CG15920
gene.l290: 1041401 Aq indicated in bold, a phenylalanine residue was incorporated in lieu
of a tyrosine residue for potential incorporation of non-canonical amino acids that
would confer photocross-linking properties. While this tyrosine—>phenylalanine
substitution removes the amino acid responsible for the cross-links of natural

n,1142: 1481 it does not affect the elastomeric behavior of cross-linked RLP

resili
hydrogels.'%® %8 To impart the RLP24 with cell adhesion properties, four integrin
binding domains (RGDSP) were included in regular intervals along the polypeptide
chain.B* 1% Additionally, RLP24 includes two heparin binding domains
(KAAKRPKAAKDKQTK) for the potential sequestration of heparin and growth
factor.'%* 2491 Two matrix metalloproteinase (MMP) sensitive sequences

(GPQGIWGQ) were included toward the middle and near the C-terminus of the
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RLP24 protein. Finally, three cysteine residues are present along the polypeptide chain
for cross-linking with the PEG vinyl sulfone.*!

RLP24 was expressed using Studier auto-induction and purified under native
conditions using affinity chromatography as previously reported.**” The yield of the
protein following purification could vary significantly: between 40-100 mg/L of
expression culture and in terms of specific yield from 2.5-5.6 mg/g of cell pellet mass.
This is partially be attributed to the reuse of the Ni-NTA resin, which appeared less
effective at binding RLP after a number of purifications. Another potential source of
low protein yields may be due to the scaling of the expression media from 3L to 4.5L.
The additional volume was intended to increase yield, but may have limited aeration
or gas exchange in the shaker cultures and hampered the expression of RLP24. Batch
fermentation of RLPs has proven effective at increasing product with reported yields
as high as 450 mg/L for a resilin-like polypeptide based upon the Anopheles
gambiae.™* Under optimized conditions, elastin-like polypeptides have been
expressed at an astounding 1.6 g/L expression culture.!?” However, the expression
and purification of RLPs is not necessarily trivial. Renner et al. struggled to express an
RLP based upon the same resilin-like motif (AQTPSSQYGAP) from the A. gambiae
gene. Only through reduced culture temperatures and early harvesting could non-
degraded RLP be attained.™"® RLP24 has been the most successful RLP produced by
our laboratory in terms of yield, but there is room for improvement and quantity will
always be important for the use of RLP as a material.

The purity of RLP24 preparations could be improved through the inclusion of
-mercaptoethanol (5-20 mM) in the lysis and wash buffers during purification. This

prevented the formation disulfide bridges with bacterial proteins that would
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contaminate the final product. Unfortunately, it left an unreactive mercaptoethanol
adduct on the purified protein. Unless removed, the protein could not be cross-linked
with the PEG vinyl sulfone. As demonstrated in Chapter 2, the mercaptoethanol
adduct was reduced using TCEP-HCI and subsequently removed via a centrifugal
desalting column.™™ This method was successful in producing reduced RLP24
protein, but the disposable columns and the low throughput made the process very
expensive. Furthermore, there no way of tracking successful separation of TCEP, salt
and protein.

Rizzi et al. found success in preparing reduced fibrinogen-collagen mimetic
proteins using TCEP-HCI and dialysis at low temperatures over a period of ~9
hours.®"1 However, this method could not be applied successfully to the RLP24
protein due to the number of basic residues (lysine and arginine) on the polypeptide
and the potential for electrostatic interactions with the TCEP molecule. Despite being
one of the more effective reducing agents available,'”” TCEP suffers from the
disadvantage that it made up of three carboxylic acid groups which may form salt-
bridges with positively charged residues in the absence of charge-screening.
Therefore, it was not uncommon to find that a prep of RLP24 had a free thiol content
greater than 100% of the total number of cysteine residues; some preparations of
RLP24 were retaining unreacted TCEP. This residual TCEP had to be removed
because it potentially interfered with mass measurements of lyophilized protein and it
may also be detrimental to cell viability within RLP-PEG hydrogels. The dialysis
procedure, even one that included a concentrated salt step to screen TCEP, proved

insufficient at producing reduced RLP24.
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Fast protein liquid chromatography (FPLC) equipped with a desalting column
was employed as a means of improving throughput, lowering cost and providing on-
line monitoring of component elution. RLP24 protein was reduced in a high salt buffer
(10mM MES, 500 mM NacCl) with an acidic pH of ~5.5 for an hour at room
temperature. The lower pH was intended to prevent the reformation of disulfide bonds.
An even lower pH may have been desirable, but the protein precipitated in buffers
with a pH lower than ~5.3. The salinity of the buffer would help screen charges and
prevent TCEP from co-eluting with the protein. After an hour of reduction, protein
solutions were diluted and promptly processed on the FPLC with chilled, ddH,O

serving as the mobile phase.
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Desalting of RLP24
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Figure 3.5 Representative chromatogram from a desalting preparation of reduced
RLP24. The black curve indicates UV absorbance (mAU) at 280 nm and
represents the protein component. The red curve indicates the conductivity
(mS/cm) and represents the salt component. The blue curve is the
temperature (°C).

Figure 3.5 depicts the chromatogram from a representative desalting
preparation. At pumping rates of ~9 mL/min, the protein, indicated by the black curve,
was well-separated from the salts, indicated by the red curve, and the entire process
was complete in less than 15 minutes. The eluted protein was captured, immediately
frozen in liquid N and lyophilized to a dry powder. This method was able to produce
reduced RLP24 with functionality ranging between 85% and 95% of total thiol content

as determined via an Ellman’s assay.*®" ?®! The FPLC method proved to be a fast,
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reliable and cost-effective way of obtaining reduced RLP. As much as ~500 mg could
be processed in a 2-3 hour period and since the column was reusable the method was
less costly than disposable centrifugal columns. Furthermore, the online detectors
provided a means of tracking progress, which was not available in either the dialysis

or centrifugal desalting methods.

3.3.2 Oscillatory Rheology

To determine the gelation and mechanical properties of RLP24-PEG
hydrogels, in situ oscillatory rheology was employed. As previously reported in
Chapter 2, the mechanical properties of RLP-PEG hydrogels did not change
significantly with increasing RLP molecular weight and functionality. Recursive
ligation of the original gene increased the size and functionality of the RLPs, but the
number of cysteines per unit of chain length remained roughly equivalent for each
polypeptide. Therefore, the cross-link density in the final RLP-PEG hydrogel stayed
the same regardless of the RLP molecular weight.**!! In order to modulate the
mechanical properties of these hydrogels, it was decided to use only the RLP24
construct and instead to vary the vinyl sulfone to cysteine thiol stoichiometry. The
following reports the gelation and mechanical properties of three cross-linking ratios
used to form RLP24-PEG hydrogels: 3:2, 1:1, and 1:2 (vinyl sulfone:thiol). The 3:2
ratio was included due to the observation that in order to achieve optimal mechanical
properties a slight stoichiometric imbalance is necessary to overcome non-ideal cross-
linking behavior in polymer networks." 251252
In Figure 3.6A and Figure 3.6B, representative oscillatory time sweeps and

frequency sweeps are presented. Regardless of reactive group stoichiometry, RLP24-

PEG hydrogels cross-linked rapidly (<5 min) and had storage moduli that were
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insensitive to the strain rate (angular frequency). The gelation time was comparable
other recombinant protein-PEG hydrogels cross-linked using the same chemistry and
similar conditions;"®” furthermore, the relatively quick gelation of RLP24-PEG
hydrogels indicates the potential for application as an injectable material. The stable
storage modulus over a range of strain frequencies is a characteristic of elastic, solid-
like materials with permanently cross-linked networks. This is an important property
that is not universally found in protein-PEG hydrogels®” and it represents the

formation of a robust material that can withstand a variety of strain conditions.
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Representative Oscillatory Rheology
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Figure 3.6 (A) Representative time sweeps of RLP24-PEG hydrogels cross-linked at
different ratios of vinyl sulfone to cysteine thiol. (1% strain, 6 rad/s) (B)
Representative frequency sweeps of RLP24-PEG hydrogels cross-linked
at different ratios of vinyl sulfone to cysteine thiol (1% strain). All
RLP24-PEG hydrogels were 20wt% and tested at 37°C.
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The average storage moduli for the RLP24-PEG hydrogels are presented in
Figure 3.7. RLP24-PEG hydrogels cross-linked at a 3:2 ratio of vinyl sulfone to
cysteine thiol formed hydrogels with stiffness in the 12-13 kPa range while the
hydrogels cross-linked at 1:1 and 1:2 had moduli in the 8-9 kPa and 3-4 kPa ranges,
respectively. The upward trend in stiffness with respect to the cross-linking
stoichiometry was observed in other protein-PEG hydrogelst®”! and was also observed
in RLP hydrogels cross-linked using small molecules.'®! As mentioned previously,
this behavior indicates the formation of network defects which have to be
compensated for through the inclusion of additional cross-linker. The higher
concentration of precursors (20wt% compared to 9 wt% in Rizzi et al.)®” undoubtedly
contributed to the overall higher stiffness and wider range of attainable moduli.
However, it should be noted that this actually reveals an important and useful trait of
RLP24-PEG hydrogels. The RLP24 precursor was soluble in concentrations as high as
40 wt% (during precursor preparation) and this highlights the ability of resilin-based
materials to overcome a potential design constraint: protein polymer solubility.
Secondary and tertiary structure effects complicate the prediction of protein solubility
and proteins that are insoluble under physiological conditions would not be useful as
hydrogel precursors.”) Proteins based upon resilin-like sequences do not appear to be
susceptible to this constraint and it is likely due to the inherent disorder and

hydrophilicity of resilin.
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Summary of the Effect of Cross-linking Ratio (VS:CYS)
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Figure 3.7 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.

3.3.3 Swelling Measurements

The swelling behavior for all three RLP24-PEG hydrogel compositions was
investigated using simple gravimetric methods. Following gelation, the hydrogels
were immersed in PBS buffer containing EDTA, sodium azide and
antibiotic/antimycotic for a period of five days at 37°C. The addition of EDTA was a
preventative measure against protease activity and the inclusion of sodium azide and
antibiotic/antimycotic was simply to inhibit the growth of microorganisms. The
swollen hydogel weight was measured on a microbalance and then compared to the

dry weight following lyophilization.
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A Swelling Ratio: fRLP24-PEGVS Gels
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Figure 3.8 (A) Illustrates the effect cross-linking stoichiometry has on the swelling
ratio and (B) equilibrium water content. The RLP24-PEG hydrogels with
lower cross-linking ratios exhibited a greater degree of swelling as
anticipated.

The results of the analysis are presented in the terms of the swelling ratio in
Figure 3.8A and the equilibrium water content in Figure 3.8B. The swelling ratio and

subsequent water content decreased with an increasing stoichiometry of vinyl sulfone
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to thiol. This evidence supports the rheometry data that the cross-linking density of the
hydrogels could be controlled by modulating the ratio of vinyl sulfone to thiol.
Overall, the RLP24-PEG hydrogels were swollen materials. The initial precursor
concentration was 20 wt%, but following swelling the water content was as high as
95% for the 1:2 cross-linked hydrogels and over 90% for the other two compositions.
These results are in stark comparison to other reports by our laboratory where RLP is
cross-linked through lysine residues using small molecule hydroxymethyl phosphines.
In one report, 20 wt% RLP12 hydrogels had water contents that ranged from 80-90%
over the cross-linking ratios investigated./*®! In another report, a recently introduced
RLP protein, RLPX, exhibited no swelling behavior when cross-linked into hydrogels.
The equilibrium water content of the RLPX hydrogels was 80% when the polypeptide
was cross-linked in a 20 wt% precursor concentration (1:1 ratio of lysine to
hydroxymethyl).'?! Additionally, elastin-like polypeptides cross-linked through small
molecules exhibited a similar low degree of swelling.!® ***1 However, other protein-
PEG hydrogels displayed swelling that was more comparable to what was found in the

RLP24-PEG hydrogels.[* 9]

3.3.4 Tensile Testing

Tensile testing of RLP24-PEG hydrogels was used to investigate the
mechanical properties of the swollen hydrogels under uniaxial strain. Samples
representing all three cross-linking ratios were placed under repeated cycles of
extension and contraction at different percent strain in order to determine the elasticity
and resilience of the networks. The hydrogels were formed overnight using PTFE
molds and were swelled in PBS buffer for a period of at least two days prior to testing.

Hydrogels were immersed in PBS buffer at room temperature and tested using a RSA-
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G2 DMA equipped with an axial tensile geometry; a small pad of wire mesh affixed to
the hydrogel helped provide friction at the contact point with the geometry and
prevented slipping. Cyclic strain measurements were performed at 20, 40 and 60%

strain for each sample and multiple samples were analyzed for each cross-linking

ratio.

Representative Loading/Unloading of
RLP24-PEG Hydrogels at 60% Strain
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Figure 3.9 Representative loading/unloading curves of the RLP24-PEG hydrogels
strained to 60% at a rate 0.1 mm/s. The curves depict elastic materials that
exhibit a small degree of hysteresis. This corresponds to the resilience in
the 85-92% range of RLP24-PEG hydrogels.

Figure 3.9 depicts representative loading and unloading cycles at 60% strain

for all three hydrogel cross-linking ratios. As anticipated, the more tightly cross-linked
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hydrogels exhibited steeper extension/contraction curves which reflected their greater
stiffness. Table 3.3 reports the Young’s modulus for each cross-linking ratio as
determined from the slope of the first 10% strain of the extension curve. Overall, the
tensile moduli were lower than expected based upon the shear modulus data from
rheological testing. For homogeneous isotropic materials the Young’s modulus is
related to the shear modulus through the following equation:

E=2G(1+v)
where E is the Young’s (tensile) modulus, G is the shear modulus and v is the Poisson
ratio.””®® Since rubber materials are assumed to have a Poisson ratio of ~0.5,1* the
Young’s modulus ought to be ~36.9 kPa for the 3:2 cross-linked RLP24-PEG
hydrogel whose shear modulus is ~12.3 kPa. This discrepancy with theory is likely
due to the different experimental conditions of the two mechanical testing methods.
The rheology was not conducted on swollen hydrogels as it was performed in situ to
analyze the properties of gelation. However, it has been shown that the RLP24-PEG
hydrogels swell considerably and therefore, it is reasonable to assume that the network
structure of the hydrogels has changed. The swollen gels analyzed via tensile testing
will have lower cross-link densities and fewer chain entanglements which will
correlate to softer materials. This observation is supported by the lack of disparity
between theory and experiment for the RLP12 and RLPX hydrogels cross-linked by
small molecules. As discussed, these hydrogels did not swell to the same degree as the
RLP24-PEG hydrogels and therefore, the mechanical properties remained similar for

both the tensile and rheological measurements. 0% 23!
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Table 3.3 Summary of the mechanical and physical properties of RLP24-PEG
hydrogels at three cross-linking ratios

Cross-linking

Ratio Water Shear Modulus Youngs Strain to Break
(VS:CYS) Content (%) (Pa) Modulus (Pa) (%)
3:2 92.1+0.5 12300 + 1601% 11530 + 2340 68.1+7.9
1:1 93.8+0.4 8040 +1385° 7070 + 1350 85.6 +9.0
1:2 95.5+0.3 4205 + 415 4250 + 1250 173.4+£34.9

% previously reported data.[™"

Figure 3.10A-C represents the deformation response of a single
loading/unloading cycle at the three tested strains for each hydrogel composition. Each
curve represents the fourth of five consecutive stress/release cycles at 20, 40 or 60%
strain for a representative sample. These graphs show that hysteresis, or the difference
between the loading and unloading curve, increased with higher strain, but overall, the
hydrogels remained elastic. Figure 3.10D shows all five cycles to 60% strain
experienced by a representative 3:2 cross-linked hydrogel. The cycles overlay each
other very closely which illustrates the lack of plastic deformation experience by the
RLP24-PEG hydrogels. Consecutive strain cycles did not appear to have deleterious
effects on the properties of these hydrogels. The hysteresis of the RLP24-PEG gels
was larger than for the small molecule cross-linked RLP hydrogels, % 2% put
resilience calculations determined that RLP-PEG hydrogels were between 87-98%
resilient depending upon the strain. Table 3.4 summarizes the resilience calculations;

each cross-linking value represents the mean of three samples.
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Figure 3.10 Illustrates the deformation response at 20, 40 and 60% strain of RLP24-
PEG hydrogels cross-linked at (A) 1:2, (B) 1:1 and (C) 3:2 ratios of vinyl
sulfone to thiol. (D) The hydrogels demonstrated a small degree of
hysteresis, but there was negligible plastic deformation as consecutive
tensile cycles overlaid each other in panel (D). All hydrogels were
strained at 0.1 mm/s.

Table 3.4 Summary of resilience calculations of RLP24-PEG hydrogels

Cross-linking Ratio Resilience at percent strain (%)
(VS:CYYS) 20% 40% 60%
3:2 93+4 90+4 88+4
1:1 904 89+3 87+3
1:2 98 +2 92+1 89+1

Each value represents the simple mean of 3 samples; error is the standard deviation.
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At 60% strain the resilience of the RLP24-PEG hydrogels was greater than
87% for each cross-linking ratio and slightly lower than the hydroxymethyl phosphine
cross-linked RLPs. The resilience of those hydrogels was in the 90-96% range at 60%
strain using a similar strain rate.'®® 2*® In general, RLP-based hydrogels, when tested
under similar conditions, exhibit resilience in the 90-98% range.l**> 1“1 RLP24-PEG
hydrogels still represent an improvement in resilience compared to polybutadiene
rubber (~80%),*?! and some elastin-like polypeptide materials.””>>*"! Available data
on physically and covalently cross-linked ELP films demonstrates mechanical
resilience only in the 50-60% range.>%" Recently, silk/elastin-like materials have
improved upon the mechanical properties of ELP films, but even these materials have
resilience in only the 80-90% range.®® %! Interestingly, the resilience of aortic
elastin is ~ 77%”® indicating that the resilience of RLP24-PEG hydrogels falls within
a favorable regime in terms of potential application.

In addition to the cyclic strain measurements, the RLP24-PEG hydrogels were
subject to strain-to-break experiments in order to explore the extensibility of the gels.
Figure 3.11 depicts representative strain-to-break measurements for the three RLP24-
PEG cross-linking ratios and Table 3.3 summarizes the results of the experiments. As
was the case with other RLP hydrogels the more densely cross-linked networks proved
to be the least extensible.™! The 3:2 cross-linked RLP24-PEG hydrogels exhibited
strain-to-break of ~68% while the 1:2 cross-linked gels could be strained to 175%
before breaking. Pure RLP hydrogels exhibited maximum strain that was far higher
than the hybrid hydrogels.% 423 This was a perplexing development for two
reasons: (1) the pure RLP hydrogels usually had a higher cross-link density; (2) the

resilience of the hybrid networks was comparable to the pure RLP hydrogels. One
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explanation for the lower strain-to-break might be the experimental set up and the
relatively soft RLP24-PEG hydrogels. The hydrogels were more susceptible to
microfracture that occurred upon sample loading especially when compressed by the
metal clamps which held the gel to the axial tensile geometry. Another explanation for
the difference in extensibility may be attributed to how swollen the RLP24-PEG
hydrogels were as compared to the pure RLP hydrogels. Absorption of large quantities
of solvent diminishes the mechanisms that lead to tough elastomers: 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 mean less opportunity for crystallization and viscoelastic energy

dissipation.[?!
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Figure 3.11 Representative strain-to-break curves for each of the RLP24-PEG cross-
linking ratios.

The network architecture of the RLP24-PEG hydrogels would not immediately
suggest this disparity in extensibility. In fact, a report by Cui, et al. demonstrated that
wholly PEG hydrogels formed through step-polymerized cross-linking had
outstanding mechanical resilience and extensibility.?®*! However, the use of PEG to
form these hydrogels offers another potential explanation; it was discovered that the
RLP24-PEG hydrogels contained a high level of heterogeneity not present in the other

RLP gels. This heterogeneity may have contributed to the propagation of gel fracture
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at high strains. The liquid-liquid partitioning behavior of the RLP24-PEG hydrogels

that gave rise to this heterogeneity is further discussed in Section 3.3.8.

3.3.5 Biochemical Degradation

The RLP24 gene encoded for two short domains which are sensitive to
cleavage by MMP enzymes. The GPQGIWGQ domain, derived from human a(I)
collagen, ! was incorporated into the RLPs in order to impart cell-directed
degradability to the polypeptides. Since MMPs play an active role in tissue
remodeling,'??" *”) incorporating these short peptide domains into synthetic polymeric
biomaterials as labile cross-links has been an important tissue engineering strategy.
Hydrogels with this design improve the migration and proliferation of encapsulated
cells.[52:58:96.2221 The degradation properties of RLP24 were first analyzed without
being cross-linked into hydrogels. Soluble RLP24 was incubated at 37°C for a 24-hour
period with a recombinant enzyme representing the catalytic domain of human MMP-
1. At regular intervals small samples of the biochemical reaction were removed for
analysis via gel electrophoresis (SDS-PAGE). The enzyme concentration (56 nM) was
not chosen based upon any in vivo observation, but merely provided a degradation rate
that could be easily monitored over the 24 hour time period. Likewise, the
concentration of RLP24 (7.3 uM) was chosen based upon effective protein
visualization via Coomassie staining following gel electrophoresis. For a negative
control, RLP24 was incubated at 37°C in the enzyme buffer without MMP1 and

samples were taken over the same time period.
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Figure 3.12 Representative gel electrophoresis of the incubation of RLP24 (7.3 uM)
without enzyme (A) and with the catalytic domain of human recombinant
MMP1 (56 nM) (B). Over a 24-hour period MMP1 cleaved RLP24
which led to the development of lower molecular weight fragments.
These fragments had molecular weights that roughly corresponded to the
expected products given the position of the MMP domain in RLP24.

Figure 3.12 presents representative gel electrophoresis of the degradation
studies: Figure 3.12A depicts the control and Figure 3.12B depicts the degradation
experiment. As shown in the gels, the RLP24 is clearly degraded when incubated with
the MMP1 enzyme. The full-length protein represented by the top band in the control

lane (CON) disappears over the course the experiment and is replaced by lower
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molecular weight fragments. Additionally, the absence of the enzyme in the control
results in intact RLP24 throughout the entire experimental time period. More
importantly, the molecular weights of the degraded fragments roughly correspond to
the theoretical sizes based upon the location of the MMP domains within RLP24.
Figure 3.13 provides a scheme of the degradation products and their molecular

weights.
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\ Resilin-like sequence

Figure 3.13 Scheme illustrating the degradation of soluble RLP24 via MMP1. The
degradation products will have molecular weights corresponding to the
fragments in the image. The different biological domains of RLP24 are
labeled.

It has been well-documented that RLP proteins, including RLP24, run higher
than their theoretical molecular weight in SDS-PAGE.[* 242268 This hehavior was
also noticed in the RLP24 degradation fragments. However, the protein bands’ pattern

and their general vicinity within a lane made clear the identity of the degradation
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products. The first clear evidence of degradation product appears at 30 minutes. Upon
close inspection, the 45 kDa fragment is present at this time point, but its band was
slightly obscured by the full length protein. It is more apparent at the 4-hour and 8-
hour time points. The lower molecular weight fragments (26, 23 and 21 kDa) were
more obvious at the earlier time points. The 26 kDa fragment can be distinguished
from the other two as it only makes a temporary appearance over the course of the
experiment. This fragment contains a degradation domain and therefore, it was not a
permanent species. At 24 hours there is no longer any presence of the fragment in the
SDS-PAGE gel. At the conclusion of the experiment, the only remaining species were
the 23 and 21 kDa bands as well as the faintest evidence of a 4 kDa band.
Densitometry was used to quantify the disappearance of the major band over
the 24-hour time period of the experiment. This was done in triplicate using SDS-
PAGE gels from three different experiments. The results are depicted in Figure 3.14.
The degradation of the major band occurs very rapidly with more than 50% of the
band disappearing within the first few hours. In another report by our laboratory, an
RLP containing a single MMP domain was degraded by the enzyme, but it occurred
more slowly than for RLP24. However, this may have been due to a higher ratio of
substrate to enzyme in that study: 410:1 for the RLP as compared to 260:1 for RLP24.
In addition, the RLP24 degradation used a specific MMP1 enzyme buffer whereas the
other RLP was degraded in PBS which may have affected the efficacy of the
enzyme.'® Regardless, these soluble studies confirmed the reports made by others

that protein polymers can be engineered with site-specific degradability.[®* %!
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Figure 3.14 Densitometry of the RLP24 band degraded by MMP1. Each point
represents the mean of three different samples; the error is the standard
deviation of those samples. Major band indicates intact RLP24 band in

gel.

3.3.6 Hydrogel Degradation

The degradation of RLP24-PEG hydrogels by MMP1 was investigated by
measuring the change in the mechanical properties of hydrogels exposed to the
enzyme. However, rather than testing the hydrogels at regular intervals, a method was
employed that continuously monitored the hydrogel’s mechanical properties while it
was incubated with MMP1 enzyme. This in situ method of analyzing hydrogel
degradation was successfully demonstrated by Baldwin et al. who used rheometry to
investigate the reverse gelation of PEG hydrogels.”® For the RLP24-PEG hydrogels,
unconfined compression testing using a DMA was chosen due to the greater hydrogel

surface area available to the enzyme. Initially, hydrogels were loaded on to the DMA
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and immersed in enzyme buffer without the MMP1 enzyme. Oscillatory compressive
testing (1 Hz, 5% strain) was conducted on the hydrogels for a period of
approximately 12 hours with data points collected every 15 minutes. The buffer was
then replaced with buffer containing the enzyme (171 nM, 1.5 mL total volume) and
the testing was continued for another 10 hours. The experiment was carried out in
triplicate and the raw storage modulus data were normalized to the initial compressive
modulus. Figure 3.15 depicts the simple mean and the error (standard deviation) of
those samples.

The black squares in Figure 3.15 depict the compressive modulus of the
hydrogel during the 12-hour testing period when it was not exposed to the enzyme.
The initial decrease of ~20% in the storage modulus of the material is likely due to the
swelling of RLP24-PEG hydrogel. During storage the hydrogels were not immersed in
buffer and were only briefly washed with the enzyme buffer prior to loading onto the
DMA. Therefore, the hydrogels were probably not at equilibrium swelling for the first
few hours of testing. However, the modulus did stabilize after the first 200 minutes,
which indicates that, absent any other stimulus, the mechanical properties of the
hydrogels were stable. Only when the buffer was exchanged and the MMP enzyme
was exposed to the hydrogels did the normalized storage modulus decrease. The red
squares depict the period when hydrogel was incubated with the enzyme and the
resulting difference in the mechanical properties is quite clear. In the first two hours
the normalized storage modulus dropped from ~80 to ~50% and continued until the

hydrogels were only ~20% of their original elasticity.
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Figure 3.15 Normalized compressive storage modulus of RLP24-PEG hydrogels
(20wt% 3:2 vinyl sulfone to thiol) incubated in MMP1 enzyme buffer
without (BLACK) and with (RED) MMP1 enzyme. Data points were
acquired every 15 minutes using 5% strain at a frequency of 1Hz.

This dramatic change in the normalized storage modulus of the hydrogels in
the presence of MMP1 is demonstrable proof that the hydrogels, like the soluble RLP,
were susceptible to enzymatic cleavage. This result indicates the availability of the
MMP domain to proteolysis and to the ability for cells that express MMP to
potentially remodel and degrade the RLP24-PEG hydrogels. The in situ method of
monitoring gel degradation is a powerful technique that is not fully explored in this

work. For example, Baldwin et al. was able to determine degradation kinetics of the
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PEG gels using rheometry data and standard rubber elasticity theory.® This type of
analysis was outside the scope of the current work, but it illustrates how this method
could be applied to the investigation and optimization of the degradation properties of

tissue engineering scaffolds like RLP24-PEG hydrogels.

3.3.7 3D Encapsulation and Proliferation of hMSCs

The cytocompatiblity of RLP24-PEG hydrogels was investigated through the
three-dimensional encapsulation and culture of hMSCs. As potential injectable
scaffolds for tissue engineering, the RLP24-PEG hydrogels must have the capacity to
deliver viable cells to target tissues. Previously, it was demonstrated that human aortic
adventitial fibroblasts survived encapsulation within RLP24-PEG hydrogels and could
be successfully cultured in 3D for a week.[™® In this study, bone-derived hMSCs were
chosen for encapsulation as stem cells have two valuable traits for tissue engineering:
the capacity for self-renewal and for differentiation™™ as well as their vascular
differentiation potential.”**? By demonstrating cytocompatibility with stem cells, the
RLP24-PEG hydrogels would clear an important benchmark for application as tissue
engineering scaffolds.

The hMSCs were encapsulated using the same procedure that was performed
with the fibroblasts.['® The RLP24 and PEG precursors were prepared separately in
PBS buffer and were briefly mixed before triturated with a small amount of cell media
containing the hMSCs. The RLP24-PEG solutions containing cells were quickly
deposited into glass wells and allowed to cross-link at 37°C for 5 to 10 minutes. The
cell-gels were then immersed in media and cultured for up to 15 days. To assess the

dTM

cell viability, the gels were fluorescently stained via Live/Dead ™ and imaged using

confocal microscopy.
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Figure 3.16 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 pm
thick) are presented. Objective was 10x water lens and scale bar
represents 200 pm.

Figure 3.16 depicts the results of the viability imaging experiments. The day 0
image, depicted by Figure 3.16A, represents the viability of the h(MSCs immediately

following encapsulation. Panels B, C and D of Figure 3.16 represent days: 5, 10, and
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15, respectively. Following encapsulation the hMSCs demonstrated great viability. A
large number of the cells were stained green indicating intact, metabolically active
cells. The bright red spots are nuclei stained with ethidium homodimer-1 and represent
cells with compromised membranes that are likely undergoing cell death. While the
number of dying cells was greater for the hMSCs than for the adventitial
fibroblasts, [ it was clear from the day 0 image that a majority of the cells survived.
Furthermore, as depicted in the subsequent time points (Figure 3.16B-D), the hMSCs
remained viable throughout the entire culture period indicating successful
encapsulation.

Importantly, the hMSCs were able to spread out and adopt 3D spindle-like
morphologies when encapsulated in the RLP24-PEG gels. This behavior was an
exciting development as it had not been previously reported in RLP or ELP hydrogels
cross-linked via small molecules.!!®" *1 Adventitial fibroblasts also spread into the
RLP24-PEG hydrogels following 3-5 days of culture. X! Taken together, these data
suggests the cells are interacting with the engineered biological domains of the RLP24
protein. The cells appear to be adhering to the matrix and may even be locally
degrading the hydrogel via MMP. A variety of MMP enzymes, including MMP1, are
known to be expressed by hMSCs.1??! Furthermore, Anderson, et al. demonstrated
that hMSCs encapsulated in PEG hydrogels with MMP-sensitive cross-links would
degrade the gels and spread out in the matrices.”??? In other studies, cells encapsulated
within recombinant protein-PEG hydrogels have demonstrated similar spreading and
migration behavior.l°®! The difference in cell behavior between the pure RLP
hydrogels and protein-PEG gels may have to do with the mesh-size of the respective

hydrogel network. The cross-links in RLP24-PEG gels are separated by long chains of
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PEG and polypeptide that would provide ample space for cleavage by enzymes such
as MMP. Visual inspection of the hydrogels at day 10 and day 15 revealed materials
that were much softer and beginning to lose their shape; an observation that supports
the cell-directed degradation of these hydrogels. By day 15, the gels were becoming
viscous and had swelled considerably. This would explain why there appears to be
fewer cells in the day 15 image (Figure 3.16D) as the expansion of the hydrogel
pushed hMSCs outside the microscope field of view.

The proliferation of hMSCs encapsulated within the RLP24-PEG hydrogels
was analyzed through fluorescent microscopy. Cell-gels were incubated for two days
with a BrDU-type compound (EdU) which would be incorporated into the DNA of
dividing cells. The EdU could then be selectively stained with an Alexa Fluor™ dye
and visualized using a fluorescent microscope. The RLP24-PEG gels were incubated
with the EdU on day 3 and were imaged on day 5. DAPI was used as a counterstain to
reveal both proliferative and non-proliferative cell nuclei. Figure 3.17 depicts the
results from a representative cell-gel analyzed for proliferation. In panels A and B, the
cell nuclei are represented by DAPI and the Alexa Fluor™ 555 dye, respectively.
Panel C depicts a merged image. All of the nuclei in this particular location of the gel
are stained with DAPI, but only a handful of nuclei were stained with the Alexa
Fluor™ 555 dye. The presence of these red nuclei indicates that those hMSCs had
recently divided. In the composite image (panel C) the purple nuclei provide a clear

representation of the proliferative cells in relation to the other cells.
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Figure 3.17 Proliferation of hMSCs analyzed via Click-it™ Edu Assay and
fluorescent microscopy. 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.

The images presented in Figure 3.17 clearly demonstrate that the hMSCs are
proliferating within the RLP24-PEG hydrogels. In panel B, two of the proliferative
nuclei were found in very close proximity to each other. These nuclei may represent

daughter cells which recently underwent division. However, proliferative nuclei were

118



generally found further away from each other (>100 pum); it is possible that this is due
to cell migration within the hydrogel. Similar distributions of proliferative nuclei were
observed in PEG hydrogels./???! Regardless, the presence of proliferating hMSCs is an
important sign of cell viability and it also implies that the hMSCs have not reached
terminal differentiation within these hydrogels./?? Stem-like’ hMSCs within RLP24-
PEG hydrogels could be coaxed down a number of differentiation lineages for a
variety of tissue engineering applications by incorporating specific biological cues into

these encapsulation experiments.

3.3.8 Liquid-Liquid Partitioning Behavior

An interesting phenomenon was discovered during the preparation of the
RLP24-PEG hydrogels. Upon mixing, transparent precursor solutions of RLP24 and
PEG would instantly turn opaque before gradually regaining optically clarity as the
hydrogels cross-linked. Using phase contrast microscopy, the RLP24-PEG hydrogels
were found to be composed of a heterogeneous structure filled with spherical domains
that were tens to hundreds of micron in size. The cause of this heterogeneity was
attributed to the liquid-liquid partitioning behavior of RLP and PEG.

The partitioning of two different polymers in aqueous solutions has been a
well-known phenomenon for more than a century.?®® The behavior is most simply
explained using the statistical mechanical treatment of polymer solutions in Flory-
Huggins theory.[?®* 2% Essentially, the theory indicates that due to the high molecular
weight nature of polymer chains the Gibb’s free energy of mixing is dominated by
polymer-polymer interactions. Two dissimilar polymers are likely to interact
unfavorably which will lead to phase separation even at low concentrations of polymer

solute.[246:247. 264,265 Aqueous mixtures of PEG and protein have been a popular
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system to study as the interactions between the two macromolecules prove important
to protein crystallization,?*® %7 separation/purification strategies?®®?" and the

analysis of disease progression.™

Figure 3.18 Phase contrast images of THP cross-linked RLP hydrogels (A, C) and
RLP24-PEG hydrogels (B, D). Panels (A) and (B) are taken at 5x
magnification (scale bar is 500 pum) and panels (C) and (D) are taken at
10x magnification (scale bar is 100 um).

The partitioning behavior of RLP24-PEG hydrogels was initially analyzed
through phase contrast microscopy. Figure 3.18 presents images of RLP24-PEG
hydrogels and pure RLP24 hydrogels cross-linked via tris(hydroxymethyl)phosphine
(THP). In Figure 3.18A, the edge of the pure RLP24 hydrogel under 5x magnification
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depicts a material that is slightly opaque but absent of any heterogeneity. There is
evidence of some particulate matter, but this was typical of lyophilized RLP24
attracting dust during hydrogel preparation. The dark arc intersecting the image was
the edge of the hydrogel and coincides with the edge of a well in which the hydrogel
was formed. Figure 3.18B represents the RLP24-PEG hydrogel in the same location
at the edge of the gel and under the same magnification. The image illustrates the
dense heterogeneous structure that comprises the RLP24-PEG hydrogels. These
spherical domains are the result of the liquid-liquid partitioning behavior caused by
the introduction of PEG into the RLP24 precursor solution. Panels C and D provide
images within the main-body of the hydrogels at 10x magnification. The difference
between the two types of hydrogels is very clear even under phase-contrast
microscopy. The small molecule cross-linked hydrogels are perfectly homogeneous
with only a few contaminating artifacts, while the RLP24-PEG gels are rich in
spherical bodies of many sizes.

It would be reasonable to suspect that the RLP24-PEG hydrogels are filled
with air bubbles, but when the hydrogels were temporarily deformed with a
mechanical force the image shown in Figure 3.19 was acquired. Figure 3.19A shows
the RLP24-PEG hydrogel prior to deformation while panel B depicts the same
hydrogel depressed with a pipet tip. The spherical domains deform under the stress

while air bubbles (present in the top right) remain rigid and spherical.
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Figure 3.19 Phase contrast image of RLP24-PEG hydrogels illustrating the
deformation of the spherical phases due to mechanical stress; a behavior
which implies an element of viscoelasticity. Air bubbles in the top right
do not deform in the same way.

Further evidence for the formation of separate phases is presented via
fluorescent confocal microscopy. The RLP24 and PEGVS precursors were labeled
with different fluorophores and then cross-linked into hydrogels. The different phases
within the hydrogel could then be illuminated through the fluorophores. Figure 3.20
depicts all three channels and a composite acquired from imaging a fluorescent
RLP24-PEG hydrogel. PEG was labeled with a fluorescein-type molecule and is
depicted in green by panel A. The RLP24 was labeled with rhodamine and is
represented by the red in panel C. Panel B displays the transmitted channel. In panel
D, a composite image of all three channels is presented. From this image, it is very
clear that the two precursors have separated into protein-rich and PEG-rich phases.
However, the separation is not complete: the spheres appear to contain more RLP24
but are not devoid of PEG. Likewise, there is RLP in the interstitial space that is
dominated by the PEG component. The incomplete separation is characteristic of

protein-PEG partitioning systems. Unless precipitation occurs, there is not total
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exclusion of one macromolecule from a particular phase./?*” 2% 2’2 Of course, this is
beneficial for the RLP24-PEG system as it ensures the cross-linking of the

macromolecules and subsequent gelation.

i
2

s il

Figure 3.20 Confocal microscopy of the fluorescently-labeled RLP24-PEGVS
hydrogels. Panels depict the (A) fluorescein channel and the PEG
component of the hydrogel, (B) the transmitted channel, and (C) the
rhodamine channel and the RLP24 component of the hydrogel. Panel (D)
provides a composite image of all three channels. Scale bar is 200 pum.
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The truly interesting aspect of this behavior is how it relates to other protein-
PEG liquid-liquid partitioning systems. Normally, the protein-rich and PEG-rich
phases continue to agglomerate resulting in the formation of two macroscopic
phases.!?*" 21 |n fact, this would occur when hydroxyl-terminated PEG was mixed
with RLP (data not shown). However, the cross-linking reaction competes with the
process of agglomeration in mixtures of RLP24 and PEG vinyl sulfone. The result is
that the phase separated domains become kinetically trapped within the material. In
others, incomplete phase separation is what causes the hydrogel’s heterogeneity.

This entrapped phase separation might explain the relatively low extensibility
of the RLP24-PEG hydrogels. Under high extension, the interface between the
spherical domains and interstitial space may propagate fractures within the hydrogel
and cause premature failure. Despite the deleterious effect the partitioning may have
on the mechanical properties, there is some evidence that it may be beneficial to 3D
cell culture. In Figure 3.21, hMSCs are depicted as spreading around and onto the
phase separated domains. This suggests that a degree of heterogeneity within hydrogel
materials facilitates important cell behavior such as attachment and migration. More
work will be necessary to fully characterize both the partitioning behavior and the
resulting heterogeneity of the hydrogels. However, it is clear that hybrid hydrogels
composed of RLP and PEG lead to interesting materials with useful physical and

biological properties that are well-suited for application in tissue engineering.
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Figure 3.21 Depicts slides from a z-stack confocal image of encapsulated hMSCs
within an RLP24-PEG hydrogel. Faint outlines of the hydrogel
heterogeneity can be identified via phase contrast and cells (represented
in green) appear spread around and in between this heterogeneity. (Scale
bar is 100 pum)

3.4 Conclusions

Hybrid hydrogels composed of 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 thiols of cysteine residues, these hydrogels rapidly
form and have rubber-like properties that would be useful for mechanically-
demanding tissue engineering applications. The resilin-like polypeptides are sensitive
to degradation via MMP1 both as soluble polypeptide and as cross-linked hydrogels.

Encapsulated hMSCs remain viable and proliferate within the hydrogels over a 15 day
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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 the mechanical and

biological properties of these hydrogels.
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Chapter 4

PHOTOCHEMICAL CROSS-LINKING OF RESILIN-LIKE
POLYPEPTIDE/PEG HYBRID HYDROGELS USING THIOL-ENE CLICK
CHEMISTRY

4.1 Introduction

Photopolymerization has become increasingly important to the biomedical and
tissue engineering fields over the last few decades. The use of visible or UV light to
initiate polymerization or cross-linking reactions has several advantages over
conventional chemistries. Photopolymerized materials often have very fast cure rates
under physiological conditions, generate very little heat and can be performed using
aqueous precursors that are relatively biocompatible.™? However, the most significant
advantage comes from the spatial and temporal control over the cross-linking, which
provides unparalleled control over the final properties of a material [} 18 20:273.274 ope
of the most familiar applications of photopolymerization has been in the dentistry field
where it has been widely applied in dental sealants and restorations.?”> 7!

In the tissue engineering field, photo-initiated reactions have primarily been
employed as a method of cross-linking macromolecules into networks!® 10 1218277, 278]
and patterning materials to add functionality. 2 2 24273, 274.279.280] The apjity to
control the degree of polymerization via exposure time or irradiation intensity allows
an operator a greater degree of control as compared to conventional cross-linking
chemistries. For example, in a conventionally cross-linked hydrogel, the mechanical

properties are often manipulated through reactive group stoichiometry, precursor
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concentration and precursor molecular weight; or, effectively, the cross-linking
density.?®" 282 A photochemically cross-linked hydrogel introduces one further
controllable variable: the extent of reaction. By simply switching off or altering the
intensity of light, the reaction kinetics of photoinitiation may be altered affecting the
extent of reaction and the resulting cross-link density."*® ¥ An advantage of light-
mediated cross-linking for clinicians is that the precursors may be premixed and
positioned prior to gelation.[*® The spatial control over the reaction is another
advantage of photocross-linkable materials. By directing the geometry of light
exposure, a material can be formed into a variety of complex shapes that conform and
adhere to tissue structures."? More recently, researchers have used light to pattern
photoreactive hydrogels with fluorescent tags and biomolecules in order to impart
enhanced bioactivity to the scaffolds. Several laboratories have demonstrated that PEG
hydrogels may be patterned to create specific two and three dimensional geometries of
conjugated molecules.[?% % 24 273.274.279. 280 o yer et al. has demonstrated that the 3D
patterning of adhesion molecules via two-photon laser scanning lithography led to the
migration of cells and the development of vascular-like structures within the patterned
hydrogel.[2!

Synthetic polymers, such as PEG, often serve as the macromolecular
precursors for photocross-linkable hydrogels. However, biosynthetic protein polymers
have emerged as an exciting alternative precursor for use in tissue engineering
scaffolds. Recombinant protein polymers offer the advantages of precise control over
composition, sequence and molecular weight as well as the ability to engineer
biological activity directly into the polypeptide backbone.t* 9% 100. 101 104]

Unfortunately, there has been a limited exploration of introducing photoreactive
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chemistries to biosynthetic protein polymers for the creation of tissue engineering
scaffolds.[°> 279 28428 |nstead research has focused on the acrylation/methacrylation
of naturally-derived proteins (e.g. gelatin, fibrinogen) and creating materials from
these modified proteins.[233 234236, 286-299]

In this chapter, we introduce a photocross-linkable recombinant protein-PEG
hybrid hydrogel composed of a resilin-like polypeptide (RLP) and a multiarm star
PEG macromer. Lysine residues present in regular intervals along the RLP chain have
been modified with a norbornene acid via amide bond coupling chemistry (see Figure
4.1). This norbornene can be reacted with a thiol-functionalized PEG through a highly
efficient and selective step-polymerization reaction: thiol-ene click chemistry.%”
Thiol-ene reactions have been an important part of polymer chemistry for the better
part of a century.?® However, more recently, the chemistry has been applied to
formation of PEG-based hydrogels for tissue engineering and drug delivery
applications.!*® °% 222232 Traditional photoreactive chemistries, such as the
acrylate/methacrylate systems mentioned above, differ from thiol-ene chemistries in
that the cross-linking is driven by radical chain-growth polymerization. This results in
networks with heterogeneous structures consisting of poly(meth)acrylate chains of
varying size.[® 3% As a step-growth polymerization, thiol-ene chemistry forms cross-
links between complementary reactive groups and results in more homogeneous
network shown to possess superior mechanical properties than chain-growth
networks.['® 22! Further, it has recently been demonstrated that thiol-ene chemistry

made be more cyto-comptabile than radical chain growth mechanisms.%!
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Figure 4.1 Scheme illustrating the sequence of RLPX and the attachment of the
norbornene acid. (A) Scheme illustrating the cross-linking of the RLPXN-
PEGSH hydrogels (B).
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Here, we report the functionalization of the RLP with norbornene and its
characterization via 'H NMR. The mechanical properties of these hybrid hydrogels are
analyzed via oscillatory rheology. Initial cyto-compatibility measurements are
performed through the encapsulation and culture of human mesenchymal stem cells
within these hydrogels. To our knowledge, this is the first application of thiol-ene
photocross-linking to the formation of recombinant protein hydrogels for tissue

engineering applications.
4.2 Experimental Section

4.2.1 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 (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). 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 kindly
prepared by Dr. Kenneth C. Koehler.

4.2.2 Expression and Purification of RLPX

The design and cloning of the RLPX protein has been previously reported
elsewhere.!*% 28] Expression was performed using the QlAexpress® expression
system (QIAGEN, Valencia, CA). Briefly, E. coli M15[pREP4] was transformed with

a pQE-80L plasmid containing the RLPX gene. To express the RLPX protein, the E.
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coli host was grown in 2xYT medium containing proper antibiotics to an O.D. of ~0.6.
These cultures were then induced to express the protein through the addition of
isopropyl p-D-thiogalactopyranoside (IPTG) to a 1 mM final concentration. The
cultures were then allowed to express for four hours at 37°C. Cells were pelleted via
centrifugation and frozen at -20°C. Purification was performed using native conditions
according to the manufacturer’s guidelines for Ni-NTA affinity chromatography.%4
The eluent containing the RLPX product was dialyzed against 1 M NaCl once and
then against ddH,O (5x). The dialyzed solutions were subsequently frozen and
Iyophilized to a dry powder. The purification was monitored via gel electrophoresis
(SDS-PAGE).™* Amino acid analysis and mass spectroscopy characterization for

RLPX has been previously reported. !

4.2.3 Functionalization and Characterization of RLPXN

The RLPX protein was functionalized with norbornene through regularly
occurring lysine residues on the polypeptide chain (see Figure 4.1A). Simple amide
bond coupling chemistry conjugated exo-5-norbornenecarboxylic acid (Sigma
Aldrich) to the amine side chain of the lysine residues. First, RLPX was dissolved
using heat and sonication into dimethyl sulfoxide (DMSO) at a 5 mg/mL
concentration; the drop-wise addition of triethylamine (TEA) assisted with the
dissolution. The norbornene acid was separately dissolved in DMSO with TEA added
ina 1:1 ratio. The total molar ratio of TEA to lysine for any given reaction was never
greater than 10:1. To initiate the reaction the coupling reagent, ((1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate), or HATU, was dissolved in DMSO, combined with the
norbornene/DMSO/TEA mixture and promptly added to the RLPX/DMSO/TEA
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solution. The reaction ran at room temperature for approximately 2 hours. The ratio of
norbornene acid to lysine residue varied depending upon the desired functionality of
the RLPX conjugate. However, the ratio of HATU to norbornene was kept at 1:1
stoichiometry to avoid side reactions. The following table illustrates the different

reactions performed and the corresponding ratios of all the reagents:

Table 4.1 Summary of reaction conditions investigated for RLPXN functionalization

Reaction HATU:NORBORNENE:LYSINE

A 1.00:1.00:1.00
B 0.75:0.75:1.00
C 0.50:0.50:1.00
D 0.25:0.25:1.00

Due to the efficiency of the reaction, the norbornene did not need to be
included in excess. The reaction was terminated through the addition of an equal
volume of water containing a 100 uM concentration of ammonium hydroxide. This
solution was promptly dialyzed (Snakeskin™, 10 kDa, Thermo Scientific) against
ddH,0 for two hours in a 20:1 volumetric ratio of buffer to dialysate; this removed
most of the DMSO. In later stages of dialysis, precipitation was prevented by adding a
minute concentration (<10 uM) of sodium hydroxide to the dialysis buffer. However,
in the final step of dialysis, the protein was always returned to pure water. Finally, the
RLPXN solution was filtered, frozen in liquid N and lyophilized.

The functionality of the RLPX protein was characterized via 'H NMR.
Samples were prepared in a ~5mg/mL concentration of functionalized RLPX
dissolved in D,O with ~0.2% NaOD (Cambridge Isotope Laboratories, Tewksbury,
MA). They were analyzed using either a AVII1 600 MHz NMR spectrometer equipped
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with a 5-mm Bruker SMART probe or a 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. As an engineered protein, the sequence of
RLPX was known and the presence of eight phenylalanine residues per RLPX
molecule was used as a reference for the quantification of norbornene. The integration
of the phenyl ring protons (7.15-7.35 ppm) could be compared to the integration of the

olefin protons present on the norbornene (6.00-6.15 ppm).

4.2.4 Cross-linking and Oscillatory Rheology of RLPXN-PEGSH Hydrogels
Characterization of gelation and the mechanical properties 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
8mm diameter parallel plate geometry was used for these experiments. RLPXN and
PEGSH were dissolved separately in PBS buffer (pH 7.4) that included the LAP
photoinitiator at a 0.067 wt% concentration. Different weight percentages of precursor
(RLP and PEG included together) were analyzed, but the cross-linking stoichiometry
of norbornene to thiol was kept constant at 1:1 ratio. Precursor solutions were briefly
mixed on a vortex mixer and deposited on to a quartz crystal that would guide UV
light to the solution 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?. Oscillatory time sweeps were conducted using 1% strain at 1 Hz and
frequency sweeps from 0.01 — 10 Hz used 1% strain. The composition of the each

RLPXN-PEGSH hydrogel was always ~50% protein, ~50% PEG. The elastic moduli
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were reported as a simple mean of three experiments and the error is the standard

deviation.

4.2.5 Photoencapsulation, Culture and Viability of hMSCs

The viability of bone-derived human mesenchymal stems encapsulated within
RLPXN-PEG hydrogels was analyzed through confocal microscopy. The hMSCs
(Lonza, Basel, Switzerland) were cultured according to the manufacturer’s
specifications at 37°C, 5% CO, and using the BulletKit™ hMSC growth medium sold
by Lonza. The passage number for these cells ranged between P5 and P10 and
confluency was kept below 80%. The RLPXN-PEGSH hydrogels used for the
encapsulation experiments were 6wt% (RLPXN and PEGSH) and had a final volume
of 50 pL.

Initially, the LAP initiator was dissolved in PBS buffer at a 0.084%
concentration to compensate for the lack of photoinitiator in the cell media. RLPXN
and PEGSH were dissolved separately in this PBS buffer; usually, a few drops (0.2
pL) of 2N NaOH were needed to help solubilize the protein. Prior to the
encapsulation, the hMSCs were lifted via tryspin/EDTA (Lonza), counted using a
hemocytometer and separated into 10 pL aliquots of 20,000 cells. The precursors were
vortex mixed and then triturated with the cells before deposited on to a glass-bottom
dish (MatTek Corporation, Ashland, MA). These dishes were then placed under
365nm UV light (B-100 High Intensity Long Wave Length Lamp, UltraViolet
Products, Upland, CA) at ~6 mW/cm? for 30 seconds. Immediately following, 3 mL of
growth media was added to the dishes and the cell-gels were placed in an incubator
(37 °C, 5% COy,); lifting the gels encouraged diffusion to the bottom edge and

improved viability.
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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 pM Calceim AM and 4 pM Ethidium homodimer-1 for 30
minutes. The cell-gels were then imaged using 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 were reported.
4.3 Results & Discussion

4.3.1 Design, Expression and Purification of RLPX

The design, expression and purification of RLPX has been previously reported
by Li et. al., but a summary of the important details will be provided here.l"*! The
RLPX protein consists of 12 repeats of a resilin-like sequence based upon the
consensus sequence (GGRPSDSYGAPGGGN) derived from the first exon of
Drosophila melanogaster gene, CG15920.4°! One major difference between the
RLPX sequence and the one found in the Drosophila gene was the substitution of
tyrosine residues for phenylalanine or methionine (GGRPSDSE/MGAPGGGN). This
substitution enabled future incorporation of non-canonical amino acids with side-chain
chemistries that could serve as potential cross-linking sites. The resilin-like motifs
were organized in four groups of three repeats along the RLPX sequence. These resilin
domains were flanked by five ‘cross-linking domains’ containing three lysine residues
for a total of 15 lysines per RLPX molecule. The cross-linking domains also contained

two glycine spacers between each lysine residue to form the following sequence:

136



GGKGGKGGKGG. Figure 4.1 provides an illustration of the RLPX polypeptide and
its sequence. The cross-linking domains were important to this work because they
enabled the functionalization of the RLPX protein through amide bond coupling
chemistry. It should be noted that the RLPX gene is so name because of its flexible
gene sequence which can incorporate bioactive domains, such as integrin-binding,
with great specificity and relative ease. Therefore, the X’ in RLPX, denotes both the
variability of the sequence as well as its lack of bioactive domains. Other bioactive
versions of RLPX (RLP-RGD, RLP-MMP, etc.) have been constructed,™ but the
addition of photoreactive chemistries to these species was outside the scope of this
work.

The expression of RLPX was performed using the QlAexpress system and the
protocols set forth by the manufacturer.2%! Briefly, overnight cultures of transformed
E. coli were used to inoculate six Fernbach flasks containing 500 or 750 mL of 2xYT
medium. These were allowed to grow in shaker incubators at 37°C until they achieved
an O.D. of ~0.6. The cultures were then induced using a 1 mM concentration of IPTG
and allowed expressed for four hours at 37°C. Purification was performed under
native conditions using Ni-NTA affinity chromatography; the product eluent was
dialyzed against pure water, frozen and lyophilized. The yield for expression ranged
between 10-30 mg/L of expression media and between 1.90-5.03 mg/g of cell paste.
Although the protein yield differed between preparations it was still consistent with
previous reports.'®Y) Characterization of RLPX preparations was performed using gel
electrophoresis. Figure 4.2 depicts a representative SDS-PAGE gel containing

samples from a purification.
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Figure 4.2 Representative SDS-PAGE gel of an RLPX purification. Lanes 1 is the
cell-free lysate prior to incubation with Ni-NTA resin. Lane 2-3 are the
cell-free lysate ‘flow-through’ fractions. Lanes 4-7 are wash buffer
fractions and lane 8 is the elution fraction containing the RLPX. The
benchmark protein ladder is in the final lane.

Lane 1 in Figure 4.2 represents the cell-free lysate prior to incubation with the
Ni-NTA resin. This fraction contains all of the soluble bacterial proteins and RLPX.
The band denoting the RLPX protein can be identified in this fraction by its
approximate molecular weight and the disappearance of the band in lanes 2 & 3. The
second and third lanes of the gel represent the ‘flow-through’ fractions and consist of
only proteins that do not bind to the resin. Subsequent wash steps removed
contaminating proteins and in lane 8 the RLPX protein is eluted using a high
concentration of imidazole. As indicated by the gel, the RLPX protein is fairly pure at

this step. Dialysis of the protein elution removed buffer salts and the RLPX was
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lyophilized to a dry powder. Previously, Li et al. reported the mass spectroscopy and
amino acid composition analysis of RLPX preparations that further confirmed the

production of the protein.*]

4.3.2 Functionalization of RLPX

To impart photoreactivity to the RLPX protein, norbornene acid was
conjugated to the polypeptide through the lysine residues. Since the protein was found
to be soluble in DMSO, it was decided to use the highly efficient peptide coupling
reagent, HATU, to perform the conjugation. The HATU coupling resulted in high
conversion of lysine residues at stoichiometrically equivalent ratios of reactive groups,
a factor that simplified purification. Lyophilized RLPX protein was dissolved into a
solution of DMSO. Separately, a solution of DMSO, norbornene acid, HATU and
TEA were combined to pre-activate the carboxylic acid. The activated norbornene and
RLPX solutions were then mixed and allowed to react for two hours at room
temperature. At the end of the two-hour period, water containing a small concentration
of ammonium hydroxide (< 0.1 mM) was added to the reaction. Initially, dialysis
against pure water was used to remove the DMSO and any byproducts of the reaction.
To prevent precipitation of the protein, the dialysis buffer was switched to water
containing a small concentration of sodium hydroxide (<0.1 mM). Before the protein
solution was frozen and lyophilized, a final dialysis step against pure water was
performed to remove any remaining salt. The decision to switch from ammonium
hydroxide to sodium hydroxide was empirical and based upon the finding that
lyophilized RLP dissolved more easily when previously dialyzed against water
containing NaOH. One concern was that the electrostatic interactions between TEA

and the protein could potentially drag the RLPX out of solution when transferred to
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the aqueous phase. The addition of the hydroxide bases to the dialysis steps was
intended to mitigate these interactions by swapping the TEA for smaller counter ions.
The yields for conjugation reaction varied between 59 and 79%. Following the
conjugation reaction, the protein was denoted RLPXN for RLPX-norbornene.

To determine the functionality of RLPXN, samples of the protein were
dissolved into D,O containing a small concentration of NaOD (0.2% w/v) and
analyzed using *H NMR. Figure 4.3 depicts representative NMR spectra of RLPXN
and unconjugated RLPX. The NMR spectra were very complex in the upfield region
due to the number of different amino acids that made the RLPX sequence. The number
of potential chemical shifts and their tendency to overlap complicated the analysis in
this region. Fortunately, the 6.0-8.0 ppm region was far less complex and could be
utilized to determine norbornene functionality. Three important chemical shifts were
present in the downfield region of the RLPX NMR spectra. The inclusion of a 6xHis
fusion tag on the RLPX protein for purification gave rise to the peaks at ~6.75 and
~7.6 ppm. These peaks corresponded to the two protons present on the imidazole ring
of the histidine side chain. However, it was the inclusion of eight phenylalanine
residues in RLPX sequence that proved to be critical for the calculation of norbornene
functionality. The phenylalanine side chain, a benzyl ring, contains five protons which
appear very characteristically around 7.4 ppm. This region could be integrated and
used to compare integrations in the 6.1 ppm region for the alkene protons of the
norbornene.*® Figure 4.3A displays the entire spectra of RLPXN (turquoise) and

RLPX (red). Panel B provides a close up of the downfield region of the spectra.
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Figure 4.3 'H NMR spectra of RLPXN (turquoise) and RLPX (red). The entire
spectrum for both is depicted in (A) and a close up of the downfield
region used for analysis is depicted in (B).

Figure 4.4 displays the integration calculation for determining the

functionality of an RLPXN preparation. Additionally, the protons used in the analysis
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are shown in their corresponding chemical structures. For this particular preparation of
RLPXN the norbornene acid was reacted with lysine in a 3:4 (0.75:1) ratio. The
benzyl ring proton region was integrated to equal 40 protons based upon 8
phenylalanine residues per RLPX molecule and 5 protons per ring. The region at 6.1
ppm, which corresponds to the two alkene protons on the norbornene, was integrated

to be 18.21 protons and the functionality was determined to be ~9.1 norbornenes per
RLPX molecule.
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Figure 4.4 'H NMR spectrum of RLPXN functionalized with norbornene using a 3:4
reaction stoichiometry of norbornene acid to lysine residue. The five
protons on eight phenylalanine benzyl rings will integrate to 40H and the
integration of the alkene protons of norbornene (6.1 ppm) equals roughly

18.21 protons for this preparation. This equates to roughly 9.1
norbornenes per RLPX molecule.
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The functionality of the RLPXN protein could be modulated by altering the
reaction stoichiometry. As mentioned previously, the efficient HATU conjugation
meant that it was not necessary to exceed a 1:1 reaction stoichiometry of norbornene
acid to lysine. High functionalities could be attained without including excess reagent.
Four different reaction stoichiometries outlined in Table 4.1 were investigated and
analyzed using "H NMR. The results of the NMR are presented in Figure 4.5. The
functionality of each preparation was determined through NMR and the results are

presented in Table 4.2.

Table 4.2 Summary of the different reaction stiochiometries and their effect on the
functionality of RLPXN

Norbornene:Lysine “H Integration Functionality % of Lysine

1.00:1.00 25.78 12.9 85.9
0.75:1.00 18.21 9.1 60.9
0.50:1.00 14.79 7.4 49.3
0.25:1.00 7.68 3.3 22.0

As illustrated by the table, the functionality of RLPXN was easily tailored
through modification of the reaction stoichiometry. RLPXN with low or high
functionality could be easily produced. However, the reaction efficiency at the 1:1 and
0.75:1 ratios was lower due to the precipitation of highly conjugated RLPXN as it was
transferred to aqueous solutions. The addition of large hydrophobic norbornene
moieties and the simultaneous removal of charged lysine residues were detrimental to
the solubility of the RLPX. A larger degree of precipitation nearly always occurred in
the preparations pursuing a higher functionality. For this reason, it was chosen to use a
3:4 (0.75:1) ratio of norbornene acid to lysine for future experiments. RLPXN with 9.1

norbornenes appeared to strike a balance between functionality and solubility.
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Figure 4.5 'H NMR spectra of different preparations of RLPXN. By modulating the
stoichiometric ratio of norbornene to lysine, RLPXN with different
functionality could be attained. The decrease in functionality is reflected
in the decrease in peak size at 6.1 ppm. A full spectrum is presented for
the 1:1 (purple), 3:4 (blue), 1:2(green), and 1:4 (yellow) reactions in
panel (A) with a close up of the 6.0-8.0 ppm region in panel (B). The
decrease in alkene peak size is clearly related to the change in
stoichiometry. The control RLPX is presented as the red spectra.
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4.3.3 Oscillatory Rheology of Photopolymerized RLPXN-PEGSH Hydrogels
To form hydrogels, RLPXN was cross-linked with thiol-terminated PEG
macromer using a photo-initiated thiol-ene step polymerization. The precursors were
prepared separately by dissolving RLPXN or PEG thiol into PBS solutions containing
0.067wt% LAP photoinitiator. The solutions were promptly combined and exposed to
UV light at 365 nm to initiate the cross-linking reaction. A few photoinititators were
explored, but the LAP initiator demonstrated the best water solubility and had the
greatest reactivity when exposed to light at 365 nm. %! The mechanical properties of
the RLPXN-PEGSH hydrogels were explored through oscillatory rheology with in situ
photopolymerization of the precursors using a photocuring accessory attached to the
rheometer. The mechanical stiffness of the hydrogels was modulated by controlling
the weight percent of the precursor solutions while maintaining a 1:1 ratio of thiol to
norbornene. Precursors of RLPXN and PEG thiol were prepared at the following
concentrations: 6, 4 and 3wt%. Figure 4.6A depicts representative oscillatory time
sweeps of RLPXN-PEGSH gelation and the effect that weight percent had on the final
mechanical properties. As illustrated by the figure, gelation was nearly instantaneous
for the precursor solutions when cross-linked using a 5 mW/cm? irradiation intensity.
Further, the gelation time was independent of the precursor concentration. Figure
4.6B depicts the frequency dependence of RLPXN-PEGSH hydrogels at different
precursor concentrations. For strain frequencies approaching 5 Hz the RLPXN-
PEGSH hydrogels demonstrated behavior consistent with permanently cross-linked
networks. However, there was an upward trend in the storage and loss modulus at the
higher strain frequencies. This was likely due to physical chains entanglements
constraining the network and causing it to behave more elastically.®° The source of

these entanglements may be related to the proximity of the network junctions within
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these hydrogels. Each cross-linking domain contains three lysine residues separated by
only two glycines. Once conjugated with norbornene and reacted with the PEG
macromer, several chains of synthetic polymer and polypeptide would be in close
proximity. Thus, the potential for physical entanglement increases and the chains
would not be able to behave viscously at higher testing frequencies. Other RLP-PEG
hydrogels with better cross-link distribution did not demonstrate this frequency
dependence.l*%

Figure 4.6C depicts the range of mechanical properties that could be attained
by the hydrogels at the investigated precursor concentrations. The moduli of the
RLPXN-PEGSH hydrogels could be very low in the 400-500 Pa at 3wt% or more
elastic in 3000-4000 Pa range at 6wt%. The elasticity of RLPXN-PEGSH hydrogels
compared well with PEG hydrogels using the same chemistry as well as with a
number of tissues within the body, an important attribute for potential tissue
engineering scaffolds.!*®! An important advantage of the RLPXN-PEGSH hydrogels is
that they use far less polypeptide than other RLP hydrogels. Usually, RLP hydrogels
are cross-linked at 20wt% or 25wt% concentration, which creates a huge requirement
for the polypeptide especially when performing a multitude of experiments. For the
6wt% RLPXN-PEGSH hydrogels, only 3 mg of protein would be necessary for a 100
pL hydrogel while 20 mg would be necessary for a pure RLPX hydrogel cross-linked

with a small molecule.
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Figure 4.6 Effect of weight percent on the mechanical properties of RLPXN-PEGSH
hydrogels. Oscillatory rheometry was used to investigate the gelation (A)
and frequency dependence (B) of the hydrogels. A summary of the
average storage moduli for the different weight percent gels is also
presented (C). The oscillatory time sweep was conducted using 1% strain
at 1 Hz and the frequency sweep was conducted between 0.01-10 Hz at
1% strain. The simple mean of at least three samples for a given
concentration was used for the summary; the error represents the standard
deviation.

Spatiotemporal control over cross-linking was the major motivation behind the
development of the RLPXN-PEGSH hydrogels. The effect that light had on the cross-
linking of the hydrogels was investigated using oscillatory rheology. One experiment,
depicted in Figure 4.7A, exposed the precursor solutions for only brief periods and at

low irradiation intensity. The open symbols represent when the UV light was turned
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on while the closed symbols represent when the UV light was turned off. As indicated
by the figure, the cross-linking reaction and corresponding increase in the storage
modulus (black symbols) only occurred when the precursor solution was exposed to
light. When the light was switched off, the photoinitiation reaction did not occur and
the step polymerization ceased. An important implication of this experiment is that
control over the gelation and subsequent mechanical properties of RLPXN-PEGSH
hydrogels can be achieved by altering its exposure to light. A single precursor
composition may be used to create photocross-linked hydrogels with a range of
different mechanical properties. Additionally, it was demonstrated that the irradiation
intensity could modulate cross-linking rate. At lower intensities, the photoinitiation
proceeded more slowly and as depicted in Figure 4.7B the gelation correspondingly
occurred more slowly. The mechanical testing of the RLPXN-PEGSH hydrogels
demonstrates a high degree of control over the final properties of these materials. The
cross-linking/gelation of these hydrogels is clearly light-dependent and at the

discretion of the operator.
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Figure 4.7 The effect of irradiation on RLPXN/PEGSH solutions is demonstrated via
oscillatory rheology. (A) At the beginning of the experiment (solid
symbols) the RLPX-PEGSH solution was a viscous liquid, but when
irradiated to an intensity of 1 m\W/cm? for 30 seconds the solution began
to cross-link (open symbols) as indicated by the increase in modulus.
Switching off the light stopped the reaction which is reflected by the first
plateau. The gelation was restarted for 60 seconds with irradiation set to
1 mW/cm? before being switched off again. The result was another
increase in modulus followed by a plateau. The gels were then cross-
linked to completion. (B) The effect of irradiation intensity on gelation is
depicted. Higher irradiation intensity led to faster gelation rates of the
RLPXN-PEGSH hydrogel (6wt%).
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4.3.4 Photoencapsulation of hMSCs

The photoencapsulation and culture of human mesenchymal stem cells was used to
demonstrate the cytocompatibility of the RLPXN-PEGSH hydrogels (6wt% 1:1 ratio
of norbornene to thiol). The hMSCs were cultured within the gels for a period of 28
days and their viability was determined via Live/Dead ™ staining and confocal
microscopy. The encapsulation process was fairly straightforward: RLPXN and PEG
precursors were dissolved in PBS buffer containing LAP initiator and then mixed into
cell media containing the hMSCs. Small aliquots were deposited on to glass plates and
cross-linked using a UV lamp (~6 mW/cm?, 30 seconds). The entire encapsulation
procedure was performed within a biosafety cabinet to prevent contamination. The
hydrogels were then immersed in cell media and analyzed at day 0, day 14 and day 28
for cell viability. Figure 4.8 depicts composite images containing the ‘live’ channel,
the ‘dead’ channel and the transmitted channel. Each image represents the maximum
intensity projection of z-stacks a few 100 um in depth. Panels A and B represent 5x
and 10x magnification of day 0 acquisitions; panels C and D represent day 14 and
panels E and F represent day 28. The viability of the hMSCs was analyzed directly
following encapsulation for a day 0 time point. Immediately, it was clear that the
hMSCs survived the photocross-linking reaction and that there were few, if any, dead
cells. In fact, cell viability remained excellent throughout the entire experimental time
period. There did not appear to be a loss in viability or even a change in the number of
the encapsulated hMSCs. To date, the culture of hMSCs to 28 days is the longest
reported period of encapsulated cell culture within RLP hydrogels. By the final time
point, the gels had started to lose their elasticity possibly due to the degradation of the
hydrogels by the cells. In the transmitted channel, the hydrogels appeared ‘rougher’

and texturized in a way that was unlike earlier time points.
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Figure 4.8 Representative images of composite (‘live’, ‘dead’, and transmitted
channels) z-stack maximum intensity projections at day 0, 5x (A) and
10x (B) magnification; at day 14, 5x (C), 10x (D) magnification; and at
day 28, 5x (E), 10x (F) magnification. Z-stacks range from 100 to 300
pm in depth. (Scale bar represents 200 pm).
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As noted earlier, the RLPX protein did not include any biological domains
conferring degradability or cell binding properties. This is reflected by the lack of
interaction between the cells and the matrix. A few hMSCs extended processes into
the matrix, but the majority remained rounded. Other RLP-PEG hydrogels that
incorporated both degradation and cell adhesion domains, such as those described in
Chapter 2 and Chapter 3, were clearly interacting with encapsulated cells. Within
those hydrogels, the cells spread and formed spindle-like morphologies. The
promising viability, however, of the RLPXN-PEGSH hydrogels warrants further

investigation especially with bioactive RLPs.

4.4  Conclusions

Recombinant resilin-like polypeptides were expressed, purified and conjugated
with photoreactive molecules in order to photocross-link the protein into a hybrid
hydrogel containing a PEG macromer. Lysine residues included in the polypeptide
were functionalized with norbornrene acid using HATU coupling and the degree of
functionality could be assessed using *H NMR. The resulting RLPXN was then cross-
linked using the photoinitiator, LAP, and thiol terminated PEG to create elastic hybrid
hydrogels. The mechanical properties of these thiol-ene step polymerized hydrogels
were investigated via oscillatory rheology. The cytocompatibility of the materials was
demonstrated through the viable encapsulation and 3D culture of hMSCs. The
RLPXN-PEGSH hybrid hydrogels demonstrate that click chemistries may be simply

and effectively applied to materials composed of biosynthetic protein polymers.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions and Significance

Over the past few decades, the design of materials for tissue engineering and
regenerative medicine has started to reflect the biological complexity of tissue
development. It has become clear that new materials must incorporate a wide range of
biological cues and signals in order to spur regenerative processes. The extracellular-
matrix has proven to be an important source of these signals and mimicry of the ECM
has led to scaffolds with enhanced cell-material interaction. Many tissue engineering
materials incorporate bioactive moieties for cell adhesion, enzymatic cleavage and
growth factor sequestration. Both naturally-derived and synthetic polymers serve as
valuable precursors for hydrogel scaffolds due to their relative biocompatibility and
hydrophilicity. However, more recently, biosynthetic protein polymers have emerged
as an alternative macromolecular precursor for the development of tissue engineering
materials. Recombinant protein polymers are valuable due to the precise control and
high fidelity over the sequence afforded by Nature’s highly evolved mechanism for
protein synthesis.

Within the field of protein polymers, elastomeric proteins have stood out as
useful archetypes for the design of elastic, mechanically tough materials. These
proteins are naturally repetitive, highly disordered polypeptide chains that have
rubber-like properties when cross-linked into networks. Furthermore, the ability to

genetically engineer bioactivity directly into the polypeptide has made these
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macromolecules valuable precursors for tissue engineering applications. Sequences
derived from the protein elastomer, resilin, have been applied in the development of a
number of biomaterials. Previous work by our laboratory has demonstrated that a
resilin sequence derived from a Drosophila melanogaster gene has led to recombinant
proteins with excellent rubber elasticity and cytocompatibility. As cross-linked
hydrogels, these resilin-like polypeptides exhibited the same elastomeric behavior of
natural resilin.

This dissertation describes work that builds upon our previous studies by
introducing resilin-PEG hybrid hydrogels. These hybrid materials combine the
advantages of biosynthetic proteins with the chemical flexibility of synthetic
polymers. Resilin-PEG networks may be cross-linked using Michael-type addition or
thiol-ene photoinitiated step polymerization. Both cross-linking chemistries lead to
elastic hydrogel networks with outstanding cytocompatibility. Chapter 2 described
the genetic engineering, expression and purification of high molecular weight RLPs
based upon the RLP12 gene. The RLP12 protein was the first recombinant resilin-like
polypeptide to be constructed for tissue engineering applications and was the Kiick
laboratory’s first foray into the development of elastomeric materials. Recursive
ligation of the RLP12 gene was used to construct the high molecular weight RLPs
which were then expressed using Studier autoinduction methods. The purification of
the RLPs was optimized through the introduction of a heating step that selectively
precipitated contaminating bacterial proteins. Purified high molecular weight RLPs
(RLP24, RLP36, and RLP48) were reduced and desalted to create precursors with the
ability to cross-link with vinyl sulfone terminated PEG macromers. These reactions

created elastic hydrogels whose gelation and mechanical properties could be assessed
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through oscillatory rheology. Unfortunately, the high molecular weight RLPs were not
found to enhance the elasticity of the RLP-PEG hydrogels. The culprit was likely the
negligible change in cross-linking density between the different molecular weight
RLPs. Nevertheless, RLP-PEG hydrogels were found to successfully encapsulate and
culture human aortic adventitial fibroblasts in three dimensional matrices. More
importantly, these cells were found to form spindle-like structures within the gels.
This initial work demonstrated the success of a hybrid material approach. The reaction
between vinyl sulfone moieties and free thiol on the polypeptide was only feasible
through the inclusion of a synthetic PEG macromer. Additionally, the hybrid gels
facilitated cell-matrix interaction in a way not previously identified in other RLP
hydrogels. The only spreading behavior prior to the RLP-PEG hydrogels experiments
occured in two dimensional cultures on RLP12 films. By enabling these cell-matrix
interactions in 3D, the hybrid hydrogels more closely mimic the native
microenvironment of tissue.

In Chapter 3, a more thorough analysis of the mechanical and biological
properties of RLP-PEG hydrogels was reported. Oscillatory rheology revealed that the
elasticity of RLP24-PEG hydrogels could be modulated by altering the cross-linking
ratio of vinyl sulfone to cysteine thiol and tensile testing provided crucial
measurements that confirmed the resilience of these materials. Additionally, the
engineered degradation domains of the RLP24 protein were found to be specifically
cleaved by matrix metalloproteinase enzymes. The RLP24-PEG hydrogels were found
to be similarly degradable by MMP. These studies supported previous reports that
these matrices were interactive with cells and that they could be remodeled by cell-

directed degradation. The encapsulation and 3D culture of hMSCs demonstrated that
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RLP24-PEG hydrogels were compatible with stem cells. The hMSCs were viable
within the hybrid hydrogels and even demonstrated proliferation. Finally, the hybrid
materials demonstrated interesting liquid-liquid partitioning behavior which created a
heterogeneous gel microstructure. If the experiments in Chapter 2 introduced the idea
of RLP-PEG hydrogels as potential tissue engineering scaffolds, then the experiments
in Chapter 3 confirmed this potential through the demonstration of mechanical
resilience, degradability and stem cell cytocompatibility.

In Chapter 4, photoinitiated cross-linking, widely applied in synthetic
hydrogels, was utilized with recombinant RLP and PEG to form hybrid materials. The
RLPX protein was functionalized through lysine residues with photoreactive
norbornrene acid using HATU coupling. The degree of functionalization was
controllable and could be assessed using *H NMR. The resulting RLPXN was then
photocross-linked with thiol-terminated PEG in the presence of light and a
photoinitiator. Elastic hydrogels were created through this thiol-ene step
polymerization. Furthermore, these hydrogels were found to encapsulate and culture
viable hMSCs for up to four weeks. The application of click chemistry to recombinant
protein polymers was a significant departure from the normal design of protein
hydrogels. However, the work presented in Chapter 4 illustrated the feasibility of this
approach. It demonstrated that the spatiotemporal control over cross-linking that is
characteristic of many synthetic polymer hydrogels can be equally applied to systems
which utilized biosynthetic proteins.

Hybrid hydrogels are an interesting class of materials that ought to have
greater application in tissue engineering. Here, two systems were developed and

characterized, but there is significant potential for the design of other hybrid systems.
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There is a wealth of biology present in the extracellular matrix and a vast array of
chemistry at the disposal of the polymer scientist. Combining the advantages of the
two different macromolecules into single material is a valuable paradigm for tissue
engineers that could be greatly expanded upon as more is discovered about the process

of tissue regeneration.

5.2 Future Directions
Throughout the project, potential future investigations did not go unnoticed

and several prospective areas of research are discussed in the following sections.

5.2.1 Expression and Purification of RLPs

One of the major limitations concerning the development of RLPs for
biomaterials is the current production level of the polypeptides. The RLPX protein and
the RLP12 family of proteins are produced at much lower rates than other RLPs.[M4
166,168, 1741 Eor example, a successful RLPX expression and purification provides only
135 mg of protein for several days’ worth of labor (4.5L at 30 mg/L of expression
culture). To obtain RLP in quantity, a significant amount of time is devoted to the
expression and purification of the protein. This is time and labor that may be better
spent on experiments and investigations with higher value in the biomaterial field.
Furthermore, as the number of batches increase the potential for variability increases
as well. This is a huge concern with respect to troubleshooting experiments and
reproducing results.

To address these issues, large scale production of the RLPs is absolutely

necessary. Other laboratories that have utilized fermentation technology to produce

RLPs have had great success increasing productivity and creating large quantities of
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the protein. Also, the use of a two-step induction protocol where IPTG ‘primes’ an
expression culture has proven to be highly effective at increasing expression
yields.[144 166.168.174] pepicating those procedures with RLPX or the RLP12 family of
proteins might provide a facile approach to improving protein production.

Additionally, small changes in the purification process may eliminate
bottlenecks that hamper the production of RLP. For example, sonication is currently
used as the primary method of membrane disruption, but it is a low through-put
method as only a few hundred milliliters of cell lysate can be processed at a time. A
high pressure homogenizer could substitute for sonication as the processing capacity is
much greater. Bench-top homogeneizers can disrupt 1-5 liters of cell lysate per hour.
Alternatively, it may be worth revisiting the buffer composition and switching to a
denaturing protocol. As an intrinsically disordered protein, there is little concern
related to maintaining the secondary or tertiary structure of RLP. Therefore, chemical
lysis of cell pellets in denaturants such as urea or guanidine hydrochloride may offer a
simple alternative to recovery of protein. Large quantity of cell pellet may be easily
lysed in 6 or 8 M urea overnight and quickly purified the following day.

Future application of the RLPs will rely on the development of methods that
ensure the production of non-immunogenic protein. Bacterial expression is easy to
perform, but there is a risk of contamination by immunostimulatory components of
bacteria such as lipopolysaccharide. Another consideration is the presence of N-
formylmethionine in bacterial proteins which may be used by eukaryotes to
distinguish from non-self.%" 3% |ncomplete or non-removal of this chemical group
from the N-terminus of RLP may have an immunogenic effect, especially when the

RLP is cross-linked at high concentrations into hydrogels. Expression of RLP in
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alternative host organisms may be a longer-term project, but it would have benefits for

the application of the material.

5.2.2 Invivo Experiments and Immunogenicity

The RLP-PEG hydrogels performed uniquely well with respect to cell
encapsulation and 3D culture. While this in vitro testing is important in determining
compatibility with biological systems, it is no substitute for the complexity of natural
tissue. The subcutaneous injection or implantation of RLP-PEG hydrogels will
provide valuable data as to whether the materials elicit a response from the host
immune system. A degree of immune stimulation may be desirable for wound healing,
but prolonged inflammation would be damaging and unproductive.

To quickly assess the immunogenicity of the RLP-PEG hydrogels,
macrophages (or some similar immune cell) may be seeded onto the gels and
measured for stimulatory cytokine secretion. In a previous study, hydrogels had been
seeded with J774 mouse peritoneal macrophages and the secretion of TNF-a was
measured via ELISA.B%! These experiments are not as informative as in vivo testing,
but they are less complicated to perform. Furthermore, a wider range of RLP-PEG
compositions may be analyzed using this method as compared to in vivo experiments,

which are limited by the number of host animals available for experimentation.

5.2.3 Expanded Analysis of RLPXN-PEGSH Hydrogels

The successful functionalization and cross-linking of norbornene conjugated
RLPX only provided a glimpse into the potential of this material. The RLPXN-
PEGSH hydrogels were elastic networks with demonstrable cytocompatibility, but

unfortunately displayed limited cell-matrix interaction. Furthermore, the functionality
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of RLPXN was easily varied, but only a single construct was explored for cross-
linking into hydrogels. Further analysis of this system would be highly beneficial and

could take the following forms.

5.2.3.1 ECM Biomimicry

The RLP12 family of polypeptides did not have an effective ‘control’ for
different experiments concerning the biological domains. These domains conferring
heparin binding, cell adhesion and MMP degradation were fixed in the gene sequence
and could not be easily removed nor their ratio easily changed. However, the RLPX
system is perfectly suited for the differential analysis of biomimetic domains. The
flexibility of the RLPX gene sequence allows for the incorporation of multiple and
different biomimetic sequences. Effectively, one could create a library of RLPs (see
Figure 5.1) with different biological domains that could be mixed in various

concentrations to create hydrogels with tailored properties.[*!
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Figure 5.1 Schematic illustrating the different RLPs in the RLPX system and the
ability to tailor the biological properties of the final hydrogels.
Reproduced from Ref. [101] with permission from The Royal Society of
Chemistry.

Work performed by Li et al. has already demonstrated that the incorporation of
RGD or MMP cleavage sequences contributes to the cell-matrix interactivity of the
small molecule cross-linked RLPX hydrogels.!**! Therefore, there is good reason to
create photocross-linkable RLPs containing these same biological domains to try to
impart the hybrid hydrogels with enhanced bioactivity Additionally, other biomimetic
domains, such as growth factor mimetic domains, may further enhance the potential of

these materials as tissue engineering scaffolds.

5.2.3.2 Photopatterning
Admittedly, one important and yet largely unexplored aspect of the RLPXN-
PEGSH hydrogels was the ability to spatial control the photocross-linking. A few

attempts, not presented here, were made to try to pattern the hydrogels with
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fluorescent molecules. Unfortunately, these investigations were not optimized and
remained inconclusive. Further research ought to take advantage of collimated UV
irradiation and thinner RLP-PEG hydrogels. In addition, two-photon laser scanning
lithographic techniques have bene applied in the patterning of PEG hydrogels and may

also have application in this photocross-linkable system.?%%

5.2.3.3 Solubility and Liquid-Liquid Partitioning Analysis

The RLPXN polypeptide functionalized with 9.1 norbornenes displayed
greater solubility than the more highly functional conjugate. Based upon this
observation, most of the experiments in Chapter 4 were carried out using that version
of RLPXN. It would be interesting to revisit the other versions of RLPXN to more
thoroughly investigate their solubility as well as their ability to cross-link with PEG.

The solubility of RLPXN appeared to have larger implications for material
than initially anticipated. Similar to the RLP24-PEG hydrogels, the RLPXN-PEGSH
hydrogels also partitioned, but it was dependent on the buffer composition. The
hydrogels presented in Chapter 4 were created in PBS buffer; a condition that was
chosen for the cell encapsulation experiments. However, if the protein was dissolved
in pure water containing only a small concentration of NaOH the protein did not
partition when PEG was introduced. The result was that the mechanical properties of
these hydrogels were far higher than what was reported in the PBS buffered gels.
Figure 5.2 depicts the results of oscillatory rheology on RLPXN-PEGSH hydrogels
that did partition. This was an interesting discovery because it meant that the buffer
composition of the solution was affecting the solubility characteristics of the protein

and its ability to cross-link. A more thorough analysis of this behavior may lead to a
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better understanding of RLP-PEG partitioning as well as the effect it has on the

material properties of these hydrogels.
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Figure 5.2 Depicts the oscillatory time sweep (A) and frequency sweep (B) of
RLPXN-PEGSH hydrogels dissolved in pure water. The mechanical
properties of these hydrogels were greater than for RLPXN-PEGSH gels
dissolved in PBS.

163



5.2.4 Liquid-Liquid Partitioning of RLP-PEG Hydrogels

The partitioning behavior of the RLP-PEG mixtures and formation of
heterogeneous structures within the hydrogels is another important area of future
research. This dissertation provided clear evidence that partitioning occurred and that
it became ‘fixed’ as the hydrogels cross-linked. However, the exact mechanisms for
this behavior and whether it may be controlled are still under investigation. Control
over the size and distribution of the microstructure within the phase-separated gels
may be another important tool in the design of tissue engineering scaffolds, especially
if it influences cell behavior.

To determine whether the heterogeneity facilitates cell spreading and
migration, cell encapsulation needs to be performed on RLP hydrogels that do not
partition. Recently, these experiments have been attempted, but not with any success.
RLP24 was cross-linked with a vinyl sulfone PEG macromer with a 2 kDa molecular
weight and in a separate experiment RLP24 was cross-linked with the amine-reactive
small molecule, THP. Partitioning did not occur in either of the systems as the
molecular weights of cross-linkers were too small. Unfortunately, the RLP24-
PEG(2kDa) mixtures did not form elastic hydrogels during cell encapsulation and the
THP cross-linked gels resulted in a high rate of cell death. Further optimization will be

necessary to perform these studies.

5.25 A New RLP Family

Due to the ‘fixed’ nature of the RLP12 family of proteins, it would be difficult
to use the polypeptides in future tissue engineering applications. However, there were
important lessons learned from the RLP24-PEG gels that might be applied to a revised

RLP gene. For instance, the Michael-type addition chemistry proved to be highly
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effective at cross-linking RLP into hydrogels under relatively mild conditions.
Cysteines are easy functional group to incorporate into biosynthetic polypeptides and
may be utilized in a number of cytocompatible cross-linking chemistries. In addition
to the Michael-type addition reaction, thiol containing RLPs may be cross-linked in a
thiol-ene photopolymerization with RLPXN. A revised design of the RLPX gene
might swap the lysine residues for cysteines and reduce the overall functionality from
15 reactive groups to five. One criticism of the RLPX protein is that the number and
distribution of the lysine residues creates hydrogels that are cross-linked too tightly.
Fewer cross-linking groups would potentially create a more ‘open’ hydrogel with a
larger mesh size that facilitates diffusion and cell-material interaction.

A new cysteine bearing RLP with facile gene editing would be one way to
apply the findings of this dissertation to a new generation of elastomeric biomaterials.
As with other technologies, successive iterations of biomaterial design will bring to
light new ideas and new discoveries that further enrich the field and expand its utility.
The mechanically resilient, cytocompatibile RLP-PEG hybrid hydrogels described in
this work represent one step towards the development of materials that regenerate

damaged tissue and restore health to dysfunctional organs.
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transaction, (ii) these terms and conditions and (iii) CCCs Billing and Payment
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journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a
choice of Creative Commons Licenses:: Creative Commons Attribution (CC-BY)

license Creative Commons Attribution Non-Commercial (CC-BY-NC)

license and Creative Commons Attribution Non-Commercial-NoDerivs (CC-BY-NC-ND)
License. The license type is clearly identified on the article.

Copyright in any research article in a journal published as Open Access under a Creative
Commons License is retained by the author(s). Authors grant Wiley a license to publish the
article and identify itself as the original publisher. Authors also grant any third party the
right to use the article freely as long as its integrity is maintained and its original authors,
citation details and publisher are identified as follows: [Title of Article/Author/Journal Title
and Volume/lssue. Copyright (c) [year] [copyright owner as specified in the Journal]. Links
to the final article on Wiley€ps website are encouraged where applicable.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-commercial re-use of an open access article, as long as
the author is properly attributed.

The Creative Commons Attribution License does not affect the moral rights of authors,
including without limitation the right not to have their work subjected to derogatory
treatment. It also does not affect any other rights held by authors or third parties in the
article, including without limitation the rights of privacy and publicity. Use of the article
must not assert or imply, whether implicitly or explicitly, any connection with,
endorsement or sponsorship of such use by the author, publisher or any other party
associated with the article.

For any reuse or distribution, users must include the copyright notice and make clear to
others that the article is made available under a Creative Commons Attribution license,
linking to the relevant Creative Commons web page.

To the fullest extent permitted by applicable law, the article is made available as is and
without representation or warranties of any kind whether express, implied, statutory or
otherwise and including, without limitation, warranties of title, merchantability, fitness for
a particular purpose, non-infringement, absence of defects, accuracy, or the presence or
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Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC) License permits use,

distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by non-commercial users

For non-commercial and non-promotional purposes, individual users may access,
download, copy, display and redistribute to colleagues Wiley Open Access articles, as well
as adapt, translate, text- and data-mine the content subject to the following conditions:

e The authors' moral rights are not compromised. These rights include the right of
"paternity” (also known as "attribution™ - the right for the author to be identified as
such) and "integrity" (the right for the author not to have the work altered in such a
way that the author's reputation or integrity may be impugned).

e Where content in the article is identified as belonging to a third party, it is the
obligation of the user to ensure that any reuse complies with the copyright policies
of the owner of that content.

« Ifarticle content is copied, downloaded or otherwise reused for non-commercial
research and education purposes, a link to the appropriate bibliographic citation
(authors, journal, article title, volume, issue, page numbers, DOI and the link to the
definitive published version on Wiley Online Library) should be maintained.
Copyright notices and disclaimers must not be deleted.

e Any translations, for which a prior translation agreement with Wiley has not been
agreed, must prominently display the statement: "This is an unofficial translation of
an article that appeared in a Wiley publication. The publisher has not endorsed this
translation.”

Use by commercial ""for-profit" organisations
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Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee. Commercial
purposes include:

« Copying or downloading of articles, or linking to such articles for further
redistribution, sale or licensing;

« Copying, downloading or posting by a site or service that incorporates advertising
with such content;

« The inclusion or incorporation of article content in other works or services (other
than normal quotations with an appropriate citation) that is then available for sale or
licensing, for a fee (for example, a compilation produced for marketing purposes,
inclusion in a sales pack)

o Use of article content (other than normal quotations with appropriate citation) by
for-profit organisations for promotional purposes

e Linking to article content in e-mails redistributed for promotional, marketing or
educational purposes;

o Use for the purposes of monetary reward by means of sale, resale, licence, loan,
transfer or other form of commercial exploitation such as marketing products

« Print reprints of Wiley Open Access articles can be purchased
from:corporatesales@wiley.com

Further details can be found on Wiley Online
Libraryhttp://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
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material and it is not used for commercial purposes.
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refund payable to you. Notice of such denial will be made using the contact information
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15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights
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translator must perform all translations and reproduce the content word for word
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16. Posting licensed content on any Website: The following terms and conditions apply
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peer-reviewed, nor has it had any other value added to it by a publisher (such as
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Authors can share their preprints anywhere at any time. Preprints should not be added to
or enhanced in any way in order to appear more like, or to substitute for, the final versions
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If accepted for publication, we encourage authors to link from the preprint to their formal
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communications.
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be shared in alignment with our hosting policy not be added to or enhanced in any
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repository: Authors are permitted to post a summary of their chapter only in their
institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may
be submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

204


http://www.crossref.org/crossmark/index.html
http://www.elsevier.com/about/open-access/open-access-policies/article-posting-policy

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in
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Permitted third party re-use of these open access articles is defined by the author's choice
of Creative Commons user license. See our open access license policy for more
information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
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FIGURE 1.3 Reproduced from Ref. [138].
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RESERVATION OF RIGHTS
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The RSC reserves the right to revoke this license for any reason, including, but not limited
to, advertising and promotional uses of RSC content, third party usage, and incorrect
source figure attribution.

THIRD-PARTY MATERIAL DISCLAIMER

If part of the material to be used (for example, a figure) has appeared in the RSC
publication with credit to another source, permission must also be sought from that source.
If the other source is another RSC publication these details should be included in your
RightsLink request. If the other source is a third party, permission must be obtained from
the third party. The RSC disclaims any responsibility for the reproduction you make of
items owned by a third party.

PAYMENT OF FEE
If the permission fee for the requested material is waived in this instance, please be advised
that any future requests for the reproduction of RSC materials may attract a fee.

ACKNOWLEDGEMENT
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For figures originally published in PCCP:
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permission of the PCCP Owner Societies.

HYPERTEXT LINKS

With any material which is being reproduced in electronic form, you must include a
hypertext link to the original RSC article on the RSC’s website. The recommended form
for the hyperlink is http://dx.doi.org/10.1039/DOI suffix, for example in the link
http://dx.doi.org/10.1039/b110420a the DOI suffix is ‘b110420a’. To find the relevant DOI
suffix for the RSC article in question, go to the Journals section of the website and locate
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LICENSE CONTINGENT ON PAYMENT

While you may exercise the rights licensed immediately upon issuance of the license at the
end of the licensing process for the transaction, provided that you have disclosed complete
and accurate details of your proposed use, no license is finally effective unless and until
full payment is received from you (by CCC) as provided in CCC's Billing and Payment
terms and conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as well
as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and the RSC reserves the right to take any and all action to protect
its copyright in the materials.

WARRANTIES
The RSC makes no representations or warranties with respect to the licensed material.

INDEMNITY

You hereby indemnify and agree to hold harmless the RSC and the CCC, and their
respective officers, directors, trustees, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this licence.

NO TRANSFER OF LICENSE
This license is personal to you or your publisher and may not be sublicensed, assigned, or
transferred by you to any other person without the RSC's written permission.

NO AMENDMENT EXCEPT IN WRITING

This license may not be amended except in a writing signed by both parties (or, in the case
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OBJECTION TO CONTRARY TERMS

You hereby acknowledge and agree that these terms and conditions, together with CCC's
Billing and Payment terms and conditions (which are incorporated herein), comprise the
entire agreement between you and the RSC (and CCC) concerning this licensing
transaction, to the exclusion of all other terms and conditions, written or verbal, express or
implied (including any terms contained in any purchase order, acknowledgment, check
endorsement or other writing prepared by you). In the event of any conflict between your
obligations established by these terms and conditions and those established by CCC's
Billing and Payment terms and conditions, these terms and conditions shall control.

JURISDICTION

This license transaction shall be governed by and construed in accordance with the laws of
the District of Columbia. You hereby agree to submit to the jurisdiction of the courts
located in the District of Columbia for purposes of resolving any disputes that may arise in
connection with this licensing transaction.

LIMITED LICENSE
The following terms and conditions apply to specific license types:
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This permission is granted for non-exclusive world English rights only unless your license
was granted for translation rights. If you licensed translation rights you may only translate
this content into the languages you requested. A professional translator must perform all
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Intranet

If the licensed material is being posted on an Intranet, the Intranet is to be password-
protected and made available only to bona fide students or employees only. All content
posted to the Intranet must maintain the copyright information line on the bottom of each
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Copies of Whole Articles
All copies of whole articles must maintain, if available, the copyright information line on
the bottom of each page.

Other Conditions
v1.2

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
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yourpayment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you
will be invoiced within 48 hours of the license date. Payment should be in the form of a
check or money order referencing your account number and this invoice number (Invoice
Number).

Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.
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P.O. Box 843006
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Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
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FIGURE 1.5 Reproduced from Ref. [169].
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FIGURE 1.6 Reproduced from Ref. [174].
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Christopher L McGann
201 DuPont Hall

Newark, DE 19716
United States
Attn: Christopher L McGann

Total
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Terms and Conditions
TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons,
Inc. or one of its group companies (each a"Wiley Company") or handled on behalf of
a society with which a Wiley Company has exclusive publishing rights in relation to a
particular work (collectively "WILEY"). By clicking €raccept€y in connection with
completing this licensing transaction, you agree that the following terms and
conditions apply to this transaction (along with the billing and payment terms and
conditions established by the Copyright Clearance Center Inc., ("CCC's Billing and
Payment terms and conditions™), at the time that you opened your Rightslink account
(these are available at any time athttp://myaccount.copyright.com).

Terms and Conditions

o The materials you have requested permission to reproduce or reuse (the "Wiley
Materials™) are protected by copyright.

e You are hereby granted a personal, non-exclusive, non-sub licensable (on a
stand-alone basis), non-transferable, worldwide, limited license to reproduce
the Wiley Materials for the purpose specified in the licensing process. This
license is for a one-time use only and limited to any maximum distribution
number specified in the license. The first instance of republication or reuse
granted by this licence must be completed within two years of the date of the
grant of this licence (although copies prepared before the end date may be
distributed thereafter). The Wiley Materials shall not be used in any other
manner or for any other purpose, beyond what is granted in the license.
Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also
duplicate the copyright notice that appears in the Wiley publication in your use
of the Wiley Material. Permission is also granted on the understanding that
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nowhere in the text is a previously published source acknowledged for all or
part of this Wiley Material. Any third party content is expressly excluded from
this permission.

With respect to the Wiley Materials, all rights are reserved. Except as
expressly granted by the terms of the license, no part of the Wiley Materials
may be copied, modified, adapted (except for minor reformatting required by
the new Publication), translated, reproduced, transferred or distributed, in any
form or by any means, and no derivative works may be made based on the
Wiley Materials without the prior permission of the respective copyright
owner. You may not alter, remove or suppress in any manner any copyright,
trademark or other notices displayed by the Wiley Materials. You may not
license, rent, sell, loan, lease, pledge, offer as security, transfer or assign the
Wiley Materials on a stand-alone basis, or any of the rights granted to you
hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at
all times remain the exclusive property of John Wiley & Sons Inc, the Wiley
Companies, or their respective licensors, and your interest therein is only that
of having possession of and the right to reproduce the Wiley Materials
pursuant to Section 2 herein during the continuance of this Agreement. You
agree that you own no right, title or interest in or to the Wiley Materials or any
of the intellectual property rights therein. You shall have no rights hereunder
other than the license as provided for above in Section 2. No right, license or
interest to any trademark, trade name, service mark or other branding
("Marks™) of WILEY or its licensors is granted hereunder, and you agree that
you shall not assert any such right, license or interest with respect thereto.

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE
MATERIALS OR THE ACCURACY OF ANY INFORMATION
CONTAINED IN THE MATERIALS, INCLUDING, WITHOUT
LIMITATION, ANY IMPLIED WARRANTY OF MERCHANTABILITY,
ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A
PARTICULAR PURPOSE, USABILITY, INTEGRATION OR NON-
INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY
EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED BY YOU

WILEY shall have the right to terminate this Agreement immediately upon
breach of this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any
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actual or threatened claims, demands, causes of action or proceedings arising
from any breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU
OR ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR
ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED,
ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING,
PROVISIONING, VIEWING OR USE OF THE MATERIALS
REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE,
INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES,
USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES),
AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF
ANY LIMITED REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of competent
jurisdiction to be illegal, invalid, or unenforceable, that provision shall be
deemed amended to achieve as nearly as possible the same economic effect as
the original provision, and the legality, validity and enforceability of the
remaining provisions of this Agreement shall not be affected or impaired
thereby.

The failure of either party to enforce any term or condition of this Agreement
shall not constitute a waiver of either party's right to enforce each and every
term and condition of this Agreement. No breach under this agreement shall be
deemed waived or excused by either party unless such waiver or consent is in
writing signed by the party granting such waiver or consent. The waiver by or
consent of a party to a breach of any provision of this Agreement shall not
operate or be construed as a waiver of or consent to any other or subsequent
breach by such other party.

This Agreement may not be assigned (including by operation of law or
otherwise) by you without WILEY"s prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30)
days from receipt by the CCC.

These terms and conditions together with CCC€ps Billing and Payment terms

and conditions (which are incorporated herein) form the entire agreement
between you and WILEY concerning this licensing transaction and (in the
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absence of fraud) supersedes all prior agreements and representations of the

parties, oral or written. This Agreement may not be amended except in writing
signed by both parties. This Agreement shall be binding upon and inure to the
benefit of the parties' successors, legal representatives, and authorized assigns.

« Inthe event of any conflict between your obligations established by these
terms and conditions and those established by CCCs Billing and Payment
terms and conditions, these terms and conditions shall prevail.

e WILEY expressly reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the
course of this licensing transaction, (ii) these terms and conditions and (iii)
CCCes Billing and Payment terms and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or
Requestor Type was misrepresented during the licensing process.

« This Agreement shall be governed by and construed in accordance with the
laws of the State of New York, USA, without regards to such state€ps conflict
of law rules. Any legal action, suit or proceeding arising out of or relating to
these Terms and Conditions or the breach thereof shall be instituted in a court
of competent jurisdiction in New York County in the State of New York in the
United States of America and each party hereby consents and submits to the
personal jurisdiction of such court, waives any objection to venue in such court
and consents to service of process by registered or certified mail, return receipt
requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in
Subscription journals offering Online Open. Although most of the fully Open Access
journals publish open access articles under the terms of the Creative Commons
Attribution (CC BY) License only, the subscription journals and a few of the Open
Access Journals offer a choice of Creative Commons Licenses:: Creative Commons
Attribution (CC-BY) license Creative Commons Attribution Non-Commercial (CC-
BY-NC) license and Creative Commons Attribution Non-Commercial-NoDerivs (CC-
BY-NC-ND) License. The license type is clearly identified on the article.

Copyright in any research article in a journal published as Open Access under a
Creative Commons License is retained by the author(s). Authors grant Wiley a license
to publish the article and identify itself as the original publisher. Authors also grant
any third party the right to use the article freely as long as its integrity is maintained
and its original authors, citation details and publisher are identified as follows: [Title
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of Article/Author/Journal Title and VVolume/Issue. Copyright (c) [year] [copyright
owner as specified in the Journal]. Links to the final article on Wiley€ps website are
encouraged where applicable.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute
and transmit an article, adapt the article and make commercial use of the article. The
CC-BY license permits commercial and non-commercial re-use of an open access
article, as long as the author is properly attributed.

The Creative Commons Attribution License does not affect the moral rights of
authors, including without limitation the right not to have their work subjected to
derogatory treatment. It also does not affect any other rights held by authors or third
parties in the article, including without limitation the rights of privacy and publicity.
Use of the article must not assert or imply, whether implicitly or explicitly, any
connection with, endorsement or sponsorship of such use by the author, publisher or
any other party associated with the article.

For any reuse or distribution, users must include the copyright notice and make clear
to others that the article is made available under a Creative Commons Attribution
license, linking to the relevant Creative Commons web page.

To the fullest extent permitted by applicable law, the article is made available as is and
without representation or warranties of any kind whether express, implied, statutory or
otherwise and including, without limitation, warranties of title, merchantability, fitness
for a particular purpose, non-infringement, absence of defects, accuracy, or the
presence or absence of errors.

Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC) License permits

use, distribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-
ND) permits use, distribution and reproduction in any medium, provided the original
work is properly cited, is not used for commercial purposes and no modifications or
adaptations are made. (see below)

Use by non-commercial users
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For non-commercial and non-promotional purposes, individual users may access,
download, copy, display and redistribute to colleagues Wiley Open Access articles, as
well as adapt, translate, text- and data-mine the content subject to the following
conditions:

e The authors' moral rights are not compromised. These rights include the right
of "paternity"” (also known as "attribution" - the right for the author to be
identified as such) and "integrity"” (the right for the author not to have the work
altered in such a way that the author's reputation or integrity may be
impugned).

e Where content in the article is identified as belonging to a third party, it is the
obligation of the user to ensure that any reuse complies with the copyright
policies of the owner of that content.

o If article content is copied, downloaded or otherwise reused for non-
commercial research and education purposes, a link to the appropriate
bibliographic citation (authors, journal, article title, volume, issue, page
numbers, DOI and the link to the definitive published version on Wiley Online
Library) should be maintained. Copyright notices and disclaimers must not be
deleted.

« Any translations, for which a prior translation agreement with Wiley has not
been agreed, must prominently display the statement: "This is an unofficial
translation of an article that appeared in a Wiley publication. The publisher has
not endorsed this translation."

Use by commercial "*for-profit' organisations

Use of Wiley Open Access articles for commercial, promotional, or marketing
purposes requires further explicit permission from Wiley and will be subject to a fee.
Commercial purposes include:

« Copying or downloading of articles, or linking to such articles for further
redistribution, sale or licensing;

« Copying, downloading or posting by a site or service that incorporates
advertising with such content;

« The inclusion or incorporation of article content in other works or services
(other than normal quotations with an appropriate citation) that is then
available for sale or licensing, for a fee (for example, a compilation produced
for marketing purposes, inclusion in a sales pack)
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o Use of article content (other than normal quotations with appropriate citation)
by for-profit organisations for promotional purposes

« Linking to article content in e-mails redistributed for promotional, marketing
or educational purposes;

o Use for the purposes of monetary reward by means of sale, resale, licence,
loan, transfer or other form of commercial exploitation such as marketing
products

« Print reprints of Wiley Open Access articles can be purchased
from:corporatesales@wiley.com

Further details can be found on Wiley Online
Libraryhttp://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the
US) or +1-978-646-2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this
printable license for your reference. No payment is required.
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FIGURE 1.8 Reproduced from Ref. [100].
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FIGURE 1.9 Reproduced from Ref. [105].

/= Copyrigh . )
@ &= RightsLink £ 5l

ACSPublications Title: Tunable Mechanical Stability and  Logged in as:
"R ost Trusted. Most Cted. Most Read. Deformation Response of a Christopher McGann
Resilin-Based Elastomer Account =:
Author: Linging Li, Sean Teller, Rodney 3, 3000309309

Ciften, ot

Publication: Biomacromolecules
Publisher: American Chemical Society
Date: Jun 1, 2011

Copyright @ 2011, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

» Permission i1s granted for yvour request in both print and electronic formats, and

translations.

If figures and/or tables were requested. they may be adapted or used in part.

Please print this page for vour records and send a copy of it to vour publisher/graduate

school.

» Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE EEFERENCE CITATION). Copyright
(YEAR) American Chemical Society.” Insert appropriate information in place of the
capitalized words.

» One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as dervative works or other editions). For any other uses. please
submit a new request.

If credit 1s given to another source for the material vou requested. permission must be obtamed
from that source.
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FIGURE 1.10 Reproduced from Ref. [180].
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