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Abstract
Development of Diverse Hydrogels from the Protean Polymer, Elastin-like Polypeptide
by
Malav S. Desai

Joint Doctor of Philosophy in Bioengineering with University of California, San
Francisco

University of California, Berkeley

Professor Seung-Wuk Lee, Chair

Hydrogels have been used to develop scaffolds to address challenges in tissue
engineering and drug delivery for several decades. The major advantage of using
hydrogels is that their high water content and low stiffness enables them to mimic tissue-
like environments. In my work, I develop four unique hydrogels using a single polymer,
elastin-like polypeptide. The first challenge I address is that of hydrogel extensibility.
Typical hydrogels cannot undergo large strains, which limits their durability and
applicability to active tissues such as muscles. I use ELP to create a rubber-like elastic
hydrogel that can stretch to 15 times its original length. Unlike most previous ELP
hydrogels, our gels can reach such high strains due to the well-defined structure of our
materials with minimal crosslinks. Next, I focus on developing an adhesive hydrogel
using ELP. Unlike most adhesives, especially protein-based adhesives, our adhesive
hydrogels are flexible and deswell in physiological conditions. This improves their
potential for success in practical applications. We also developed a self-healing hydrogel
by combining ELP with bioglass. Unlike other strategies that use reversible physical
bonds, we use pH driven reversible Schiff base formation to synthesize hydrogels.
Bioglass raises the localized pH to yield ideal conditions that favor gelling in our system.
We also show that our materials can self-heal after being severed, which makes them
durable and ideal for topical applications. Finally, we employ our efforts in the design
and synthesis of protein-based beads for biolaser development. These devices are stimuli-
responsive, which makes them ideal for optical sensing applications for biomolecule
sensing and the flexibility of the hydrogels also makes them suitable for studying cellular
biophysics. Through my dissertation, I hope to convey the versatility of ELP and the
potential of structural design that can lead to the development of hydrogels with diverse
functions.
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Chapter 1 Protein biomaterials — hydrogel design
and applications

1.1 Hydrogels

Water is an essential part of biological systems. Without water, the protein based
tissues would be brittle and unable to support the cells they host. Although cells can
typically maintain their surroundings, recovery from significant damage requires
intervention. And the goal of this intervention is to replace the damaged tissues with a
support structure that not only mimics the tissue, but also allows cells to penetrate,
repopulate and replace the support with natural tissue.! Hydrogels are ideal for this need
due to their high water content and a myriad series of available polymers, design
strategies and cell-/tissue-specific interactions.*®

In my thesis, I will mainly focus on the use of polymer chains to synthesize
hydrogels. Polymer chains can be used to form stable networks by crosslinking them
using physical or chemical bonds. Design of such a hydrogel requires the selection of at
least two important parameters: type of polymer and crosslinking scheme. Synthetic
polymers, such as polyethylene glycol, are readily available or can be synthesized using
readily available components. The ability to tailor the composition of synthetic polymers
and copolymers is an obvious advantage for designing unique hydrogels with properties
such as controlled degradation, crosslink-density, adhesion or anti-fouling and cell-
interactions. Alternately, natural polymers can also be used to synthesize hydrogels.’
Nature-derived polymers such as polysaccharides and proteins are also readily available.
Natural polymers can also be customized to display functional molecules and many
already show great biocompatibility and safe degradation.” Both synthetic and natural
polymer chains can be crosslinked using either physical crosslinks, such as hydrophobic
interactions, ionic interactions and hydrogen bonding, or chemical crosslinks, through
reactions such as Michael reaction, Diels-Alder reaction, Click chemistry and others or
enzymatic reactions using transglutaminase, peroxidase, tyrosinase and others.

Despite the fact that there are many materials and strategies that can be used to
create a functional hydrogel, these strategies have unresolved complications that impedes
their application. For example, synthetic polymers cannot be directly degraded by the
cells and the management of degradation products is another issue altogether.! On the
other hand, in addition to difficulty with degradation, natural polymers can show batch-
to-batch variability depending on the source of the material and the method of
extraction.”!? Theoretically, the use of proteins to replace damaged tissues makes logical
sense because proteins are the polymers produced and used by our cells for support.
However, the use of animal-derived proteins such as gelatin, collagen, a-elastin and other
proteins also suffer from batch-to-batch variability as they are already in their mature and
fully crosslinked form and require random hydrolysis for extraction.” Additionally,
animal-derived proteins carry the risk of disease transfer from the host animal.
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Recombinant proteins are an excellent alternative to the standard polymer
choices.!! Similar to natural proteins, recombinant proteins are composed of the same
amino acid monomers. Yet, the synthesis of recombinant proteins begins with the design
of the protein genes. The genes are then inserted into a host organism that expresses the
prescribed protein. This process gives us the ultimate precision to control the sequence of
the protein at the molecular level. Moreover, the expressed polymer chains are
monodispersed both chemically and physically unlike other synthetic and natural
polymers. I believe that recombinant proteins have great potential in the future even
though it has met with limited adoption due to the need for specialized skills and the high
cost of scaling up.!?

1.2 Recombinant structural proteins

Proteins are an essential part of all biological systems. They have diverse and
intricate life sustaining functions and have evolved tremendously to make us all fit for
survival. Among the numerous proteins that exist, structural proteins are of particular
interest in the design of nanomaterials for bioengineering and medicine. By
understanding and using the naturally occurring proteins as a starting point to design new
materials, we can improve upon evolution and design solutions that currently do not exist.
The proteins that will be discussed in this review are the mammalian elastin and collagen
as well as insect-derived silk and resilin. These proteins have been studied extensively
and have been employed as scaffolds for tissue engineering and drug delivery.!® Protein-
based polypeptide (PBP) materials possess various advantageous features: 1) genetic
engineering allows for the synthesis of precisely designed sequences, 2) recombinantly
expressed PBPs enable preparation of monodispersed stock materials, and 3) careful
sequence selection can facilitate mimicking natural extracellular matrix without the fear
of rejection and disease transmission compared to allo- & xeno- grafts or the intricate
chemical synthesis involved in synthetic scaffolds. Additionally, PBPs are easy to
employ in biomedical applications due to their innate biocompatibility and
biodegradability.'*!°

PBPs described here are relatively simple polypeptides composed of the identified
consensus sequences that hold the major properties of their host protein such as elasticity
of elastin and strength of silk. Recombinantly expressed PBPs can either be full protein
genes for instance recombinant tropoelastin and recombinant collagen or the fully
synthetic versions composed of tandemly repeated consensus sequences. The fully
synthetic PBPs are of great interest as they allow for the incorporation of functionalities
abnormal to their natural counterpart, for example, cell adhesive resilin'® and silk!'” or
hydroxyapatite binding elastin.'® The idea of incorporating functional modules into
recombinant PBPs is nothing new, however creating more comprehensive PBPs with
multiple functionalities is a growing field." The development of more extracellular
matrix-like PBPs is possible as now a single network of PBP can contain cell adhesion
sites, biomolecule binding sites, matrix metalloprotease sites, etc. Additionally,
combining multiple structural motifs to create PBPs such as silk-elastin,? silk-collagen,?!



and even resilin-elastin-collagen?* has led to self-assembling novel materials with
previously unobserved properties.

We will first provide brief backgrounds for each of the four structural proteins
followed by updates on the types of strategies being used for developing PBP-based
tissue engineering materials. This is followed by a description of a range of modular
PBPs developed for similar applications and future prospective on the field.
Comprehensive collections of research for each PBP such as elastin,'®!423-27
collagen, 32728 silk,!3-27-2-32 and resilin!>*334 can be found in recent reviews.

1.2.1 Elastin & Elastin-like polypeptides (ELP)

Elastin is one of the major mammalian structural proteins present in blood vessels,
lung epithelium, skin, and other tissues to provide them with high elasticity and
resilience.>> The highly repetitive elastin proteins are secreted by cells in their vicinity
and crosslinked soon after. This crosslinked (or mature) elastin is fibrous and
hydrophobic making it insoluble and difficult to isolate and sequence. In order to study
elastin, it was critical to isolate the 72 kDa soluble protein known as tropoelastin upon
secretion from cells.*>*® Tropoelastin is composed of lysine-rich hydrophilic crosslinking
domains and elastic hydrophobic domains. Once outside the cell, lysine is enzymatically
converted to allysine (a reactive moiety that forms desmosine or isodesmosine crosslinks)
by lysyl oxidase, a copper-dependent enzyme.*® As a result, soluble tropoelastin was first
isolated from copper-deficient pigs by Sandberg and co-workers.?”*® This was a major
breakthrough in identifying the protein sequence and genes expressing this highly
repetitive protein. Since then, there have been numerous studies about the biochemistry
and structure of tropoelastin increasing our understanding of the role of elastin and its
potential to solve problems.

As mentioned, tropoelastin is a highly repetitive protein with hydrophilic and
hydrophobic domains. The hydrophilic domains mainly contain a series of lysine residues
interspersed with alanine, while the hydrophobic domains contain repetitive sequence
units such as the tetra-, penta- and hexa-peptides ‘VPGG’, ‘VPGVG’ and ‘VAPGVG’,
respectively.’® The hydrophobic domains are the source of elasticity and the unique
thermo-responsiveness of proteins related to elastin. These two properties are recaptured
within recombinantly produced elastin-like polypeptides or ELP (also known as elastin-
like recombinamer, ELR) that commonly use the hydrophobic domain derived
pentapeptide repeats ‘“VPGVG’ or more generally ‘VPGXG’ (‘X’ can be any amino acid
except proline).'*(Figure 1.1) In mammalian tissues, the intriguing thermal response of
tropoelastin is critical for mature elastin formation as the phenomenon localizes the
secreted tropoelastin until crosslinking. Localization occurs as tropoelastin phase-
separates into a coacervated state above its characteristic transition temperature (Tt). This
phenomenon is fully reversible and is known as inverse temperature transition (ITT).>
Thus, ELPs also have ITT and numerous sequences produced over years of research
show that this ITT depends on the sequence (i.e. hydrophilicity of the guest residue ‘X’)
and the length/molecular weight (Mw) of the ELP, as well as the pH and ionic strength of
the environment.>*4°
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Figure 1.1 Elastin-like polypeptide sequence and stimuli-response. a) Consensus
sequence derived from tropoelastin (Val-Pro-Gly-Val-Gly) can be tandemly repeated to
synthesize elastin-like polypeptides (ELPs). (b) Stimuli-responsive properties of the
ELPs, which exhibit inverse temperature transition. They are highly soluble in low
temperature and coacervate above low critical solution temperature (Ti). Reprinted
(adapted) with permission from Wang E., Desai M.S., Lee S.-W. Light-Controlled
Graphene-Elastin Composite Hydrogel Actuators. Nano Lett 2013, 13(6):2826—2830.
doi:10.1021/nl401088b. Copyright 2013 American Chemical Society.

Understanding the mechanisms for the properties of elastin and its derivatives has
been a challenge as the protein cannot be crystallized making structure determination and
visualization challenging. Although only supported by circumstantial evidence, Urry and
coworkers have claimed from early on that elastin has a B-spiral structure with ‘“VPGV’
sequences creating type II B-turns.*! Nonetheless this is not probable because a rigid p-
spiral structure with intra-chain hydrogen-bonding would contradict the rubber like
entropic mechanism observed for the elasticity of the protein; for example, stretching a
single tropoelastin chain using an atomic force microscope does not produce a saw-tooth
profile expected from unfolding of secondary or tertiary structures but instead shows
single and repeatable change in cantilever deflection.*> Recent studies using complex 2D
NMR modalities to determine distances between '3C-'H and '*C-'°N as well as to observe
5N within labeled elastin reveal the lack of a B-spiral structure but indicate that the
entropically driven elasticity mechanisms rely on the entropy of water around
hydrophobic elastin segments as opposed to the entropy of intra-chain hydrogen
bonding.**** This conclusion agrees with the tropoelastin chain stretching experiment in
which elastin returns to its original conformation or something similar after the chain is
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relaxed. Additionally, it also helps explain the thermo-responsiveness of elastin that
depends on the changes in the entropy of water molecules resulting from the changes in
water/elastin hydrogen bonding stability as the temperature increases. The theory can also
be used to explain the increases in the proportions of ordered structures as seen in Fourier
transform infrared (FTIR) and circular dichroism spectra resulting from elastin
dehydration during its ITT that likely concentrates B-turns as the protein coacervates.*>*®

In biomaterial research, three main derivatives of elastin have been utilized: o-
elastin, recombinant human tropoelastin (trTE), and ELP (or ELR). The commercially
available a-elastin is obtained from processed mature elastin derived from bovine tissues,
however these polypeptides have predefined sequences, a broad distribution of Mw and
can have batch-to-batch variability as they are tissue derived.*’ rTE and ELP allow for
better control of polypeptide dispersity with the fully synthetic ELP being the most
biochemically customizable.'* Recombinant expression of elastin derivatives is mainly
done in engineered E. coli with relative ease of protein purification due to the thermo-
responsiveness of elastins.'* As will be discussed in section 1.3.1, elastins are extremely
valuable for making highly extensible structures as well as for stimuli-responsive
applications including stimuli-triggered self-assembly and molecule delivery. Outside of
their usefulness as structural proteins, the thermo-responsive ELP sequences can also be
used as fusion tags for purification of other recombinantly expressed proteins. Examples
include purification of thioredoxin and tendamistat as shown by Meyer et al., and more
recently to purify beak and feather virus capsid proteins expressed in tobacco plants by
Duvenage et al.*3%

1.2.2 Collagen & Collagen-like polypeptides (CLP)

Collagen is the most abundant structural protein in mammalian tissues. The
characteristic structure of collagen is the triple helix composed of three separate o chains
that form homotrimers if the chains are identical or heterotrimers if they are different.>
(Figure 1.2) In addition to the six a chains, al thru a6, further complexity arises as o
chains can be composed of different domains due to alternative splicing of exons.’® The
variety of triple helices can then assemble into higher ordered supramolecular structures
like fibrils, beaded filaments, anchoring fibrils, networks and hexagonal networks in
addition to fibril associated collagens with interrupted triple helices (FACITs) that latch
onto assembled fibrils.’® So far, 29 different types of collagen have been identified
serving different purposes in tissues.’®>! Among these, collagen type I is a major
component forming tissues such as skin, tendons, blood vessels, organs and bone.
Collagen type III is also present in many tissues alongside collagen type I, while collagen
type II makes up majority of the cartilage tissues as well as vitreous humour in the
eye.’> Due to the relative abundance and applicability of these three types of collagen,
they have been used in biomedical research as well as for more basic research to
understand collagen structure and stability.
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Figure 1.2 Human collagen structures that are visualized using PDB: IBKV in two
different forms: Space-fill model (left) and Ball & Stick model (right).

The polypeptide chains of collagen are composed of highly repetitive tripeptide of
the general from ‘GXY’.5%3 The presence of hydroxyproline (O) at ‘X’ and proline at Y’
is relatively common in collagen sequences. Through studies of chemically synthesized
collagen-mimetic peptides (CMP) of the form [GOP]n, researchers have identified that
hydroxyproline and proline are critical for the stability of mammalian collagen triple
helices as the residues constrict the conformation of the chains to entropically stabilize
the structure even at 37°C.2%% The stereoelectronic effects of the electronegative
hydroxyl group on the hydroxyproline has been indicated to promote the trans-isomer of
the hydroxyprolyl amide bond thus increasing triple helix stability.?®3¢ Although this
knowledge is valuable, recombinant synthesis of collagen-like polypeptides (CLP) still
remains a challenge. Chemical synthesis allows the use of hydroxyproline, an unnatural
amino acid, however CMP/CLP is of limited length as well as expensive to produce in
large quantities. Biological systems such as E. coli lack prolyl 4-hydroxylase required for
post-translational modification of proline to hydroxyproline and the high G-C content of
CLP genes also limits the size of peptide that can be successfully expressed. Other
organisms such as plants and yeast have thus been commonly used to express CLP with
the drawback of increased genetic complexity.

A solution to this problem came to light upon the identification of collagen-like
sequences in bacteria such as Streptococcus pyogenes, Bacillus anthracis, Clostridium
perfringens, etc.’’> This bacterial protein capable of forming triple helices is naturally
expressed on the cell walls of the host bacteria and is used by the bacteria to anchor onto
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human cells.’® These proteins are also composed of repeating ‘GXY triplets with ‘X’ and
‘Y’ positions having high frequencies of charged amino acids such as lysine, glutamic
acid, aspartic acid as well as rigid proline residues. The presence of charged residues
enables bacterial collagen to mimic mammalian collagen-like triple helical structures
without the need for hydroxyproline.>® This phenomenon has also been replicated using
chemically synthesized CMPs containing charged amino acids instead of [GOP]a
sequence.’® The bacterial collagens have been shown to have melting temperatures
around 35°C to 39°C,**>° which is quite remarkable as it makes this simple and scalable
recombinant CLP useful for biomedical applications. Currently, a critical property
missing from bacterial collagen is that the protein cannot undergo mammalian collagen-
like hierarchical assembly into complex structures.’® However, research using CMPs or
model collagen-like particles to understand collagen stability and self-assembly is already
underway and will help determine the criteria useful for future design and tuning of
bacterial CLPs.>6-60-61

1.2.3 Silk & Silk-like polypeptides (SLP)

Silk is one of the most important and ancient insect-derived protein materials used
by humans. The protein has come a long way from being used in textiles to being FDA
approved for use in various biomedical applications.?’ Silk is expressed by many insects
as a supportive structural material and it has piqued the interest of many due to its
astonishing properties. It is extremely tough with high strength and elasticity, properties
that tend to be mutually exclusive. In fact, silk can be compared to and has been shown to
surpass the properties of materials such as tensile steel and kevlar.?” Among the different
sources of silk, silkworm silk and spider silk have been studied heavily with dragline
spider silk being the toughest of all types.? Several domains and consensus repeat units
have been identified in natural sequences of spider silk, for example rigid B-sheet forming
‘[Aln’ and ‘[GA]n’ repeats, highly elastic B-spiral forming ‘GPGGX’ and ‘GPGQQ’
repeats, 310 helix forming ‘GGX’ repeats, charged non-repetitive spacers, and N- & C-
terminal domains critical for pH responsive fiber spinning in insect glands.?-**6? (Figure
1.3)
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Figure 1.3 Schematic showing the different types of silks spun by spiders. Each type of
silk has different modular domains that vary the strength, elasticity, and adhesiveness of
the silk. Reprinted (adapted) with permission from Tokareva O., Michalczechen-Lacerda
V.A., Rech E.L., Kaplan D.L. Recombinant DNA production of spider silk proteins.
Microb Biotechnol 2013, 6(6):651-663. doi:10.1111/1751-7915.12081. Copyright 2013
John Wiley and Sons.
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The mechanical properties of silk depend on the order and proportions of
crystalline and elastic domains involved, thus making the proteins intrinsically modular.
Spiders alone combine these different modules in varying proportions to create an
assortment of silks for example: dragline silk from major ampullate glands, viscid silk
from flagelliform glands, and adhesive silks from aggregate and piriform glands as well
as accessory silks such as tubiliform silk from cylindrical glands and capture silk from
aciniform glands.®*% Among these proteins, the dragline silks: major ampullate spidroin
1 & 2 form the toughest fibers and are therefore used extensively for recombinant
expression.®* Highly extensible silks have also been studied by recombinant expression of
flagelliform silk containing the elastic ‘GPGGX’ repeats.®> Recently, a chimeric silk
composed of a combination of major ampullate spidroin 2 and flagelliform silk modules
was also created to show the formation of a highly extensible yet strong silk-like
polypeptide (SLP) with a young’s modulus of 4.6 GPa, toughness of 93.5 MJ/m* and
extensibility of 80.3 %.% Although individually, the native dragline (10 GPa; 160 MJ/m?;
27-35 %, resp.) and flagelliform (0.003 GPa; 150 MJ/m?; 200-270 %, resp.) silks have
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higher toughness and excel in young’s modulus and failure strain, respectively, the
properties of the chimeric SLP are remarkable considering that it is only 1/5" of the
native protein length.%

Chimeric and multimeric SLPs combining multiple properties in a single
polypeptide will be extremely valuable in the future especially if the hurdle of
recombinant expression is overcome. SLP length is a critical factor defining its
mechanical properties, but longer proteins are challenging to express due to factors such
as highly repetitive gene sequences rich in guanine-cytosine pairs, high glycine content,
and insoluble expression products.®”-%® Fortunately, over time, longer SLPs have been
expressed in a variety of hosts such as bacteria (E. coli), transgenic silkworms, transgenic
plants and mammalian cells.®” Recently, Xia et al. successfully expressed a full length
284.8 kDa SLP composed of major ampullate spidroin 1 derived sequence from Nephila
clavipes using engineered E. coli.®® Compared to this, the more commonly expressed
SLPs using similar sequences tend to be in the range of 60 — 130 kDa.

In addition to the protein sequence and length, silk properties are also affected by
the process of fiber spinning. As revealed through studies of spider silk glands, a highly
concentrated aqueous silk dope undergoes phase separation and transitions to a solid from
due to ion exchange, acidification, and water removal as it travels out from ampulla (sac)
through a tapered duct.® It is proposed that the amphiphilic silk proteins are able to form
micelles with semi-crystalline domains and these micelles further organize into stable
supramolecular assemblies via the N- and C- terminal domains.®” As the solution travels
through the tapered duct, the micelles elongate and fuse due to phase separation and
transition of the dope solution into a solid fiber.*” The increasing shear forces and post-
draw stretching further help align crystalline domains of silk giving the fibers their
remarkable properties.”®’! Attempts have been made to copy this process, however
obtaining highly concentrated silk dopes (up to 50 % w/v in silk glands) is not yet
possible.”> Being able to fully replicate such a process would greatly improve the
properties of synthetic silks to match or even surpass the properties of natural silk fibers.

An alternative to the more conventional silks is silk produced by bees, hornets and
ants.”® Unlike the B-sheet rich spider and silkworm silks, these silks have four proteins
each with a central a-helical structure that induces the formation of coiled-coils. The
coiled-coil silks are weaker but more elastic than spider and silkworm silk. For example,
hand-drawn fibers from honeybee larvae have a tensile strength of 132 MPa and failure
strain of 204% in dry conditions.” These silks are also readily expressed in E. coli due to
the small protein size (30-45 kDa for each of the four proteins) compared to the full
length major ampullate spidroin proteins (250-320 kDa) that require genetically modified
E. coli for expression.®”®®’* Additionally, due to sequence similarity among the four
proteins it was found that a single protein can also accomplish the same coiled coil
structure eliminating the need to express all four proteins in E. coli for silk fiber
formation.” Although these small and elastic silk proteins are still relatively unexplored
in the field of bioengineering, they may be useful alternatives to keep in mind for future
applications due to their proven biocompatiblity.”®



1.2.4 Resilin & Resilin-like polypeptides (RLP)

Resilin is a highly resilient protein that is also a critical component for the
extraordinary abilities of insects to fly, move and produce sound.”” Among the structural
proteins described so far, resilin is the newest member to be recombinantly expressed. It
was only about a decade ago that resilin from Drosophila melanogaster was expressed
using E. coli, a critical milestone that boosted structural studies of this protein and
interest in its use for bioengineering applications.”” The protein is composed of three
segments with the hydrophilic N-terminal segment being highly elastic, hydrophobic
mid-segment containing chitin binding sequence and the hydrophilic C-terminal segment
that can reversibly undergo conformational changes indicating energy storage.’”s’®
(Figure 1.4) The phenomenon of energy storage in the C-terminal segment has been
explained by thermally induced changes in its conformation from random coil to B-turns
that reverses when the protein is cooled. This reversible transition can also be observed
when a gel made of the full protein or just the C-terminal segment is mechanically
stretched indicating that this mechanical energy may be also be absorbed. Qin ef al. drew
a correlation that similar to the heat absorbed during conformational changes with
thermal input, energy from a mechanical input is absorbed and stored in resilin; the stored
energy can be released and use for mechanical work upon removal of this input.”® Thus,
for insects, resilin is not only a soft highly extensible spacer, but it reversibly stores
energy that is used to give a significant boost to the moving appendages enabling insects
to jump and/or fly with great efficiency.
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Figure 1.4 Resilin structure from Drosophila melanogaster. 4 single molecule of resilin
(bottom right) contains three segments: elastic segment (yellow) from exon 1, chitin
binding segment (gray) exon 2, and energy storing segment (blue) exon 3. Resilin
molecules crosslinked via dityrosine bridges organize into a nanocomposite structures
due to self-association of exon 3 protein segment and give insects remarkable abilities of
locomotion, flight and sound production. Reprinted (adapted) with permission from Qin
G.,, Hu X, Cebe P., Kaplan D.L. Mechanism of resilin elasticity. Nat Commun 2012,
3:1003. doi:10.1038/ncomms2004. Copyright 2012 Nature Publishing Group.

Recombinantly expressed resilin-like polypeptide or RLP is composed of tandem
repeats of consensus sequences from the N-terminal segment of resilin. These include D.
melanogaster derived ‘GGRPSDSYGAPGGGN’ as well as Anopheles gambiae derived
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‘AQTPSSQYGAP’ repeating units.>*> RLP using both of these sequences have been
shown to have similar elastomeric properties. In addition to the elastomeric properties,
resilin and RLP are also thermo-responsive. Similar to elastin and ELP, resilin and RLP
sequences undergo a sharp transition from hydrophilic to hydrophobic above a transition
temperature, a property known as lower critical solution temperature (LCST). However,
unlike elastin, resilin and RLP also undergo a similar transition when cooled below a
second transition temperature, a phenomenon known as upper critical solution
temperature (UCST). Due to the presence of many hydrophilic residues in RLP
sequences, the LCST of the protein occurs at a relatively high temperature of 70°C, while
UCST occurs below 6°C.”” One last property of natural resilin is that it undergoes
fluorescence resulting from its dityrosine crosslinks. The phenomenon can be replicated
in RLP when it is crosslinked via tyrosine residues.’’

1.3 Design and applications of protein hydrogels

1.3.1 Elastin & Elastin-like polypeptides

Recombinant tropoelastin (r'TE) has helped reveal many properties of elastin and
its derivatives. Along with basic biological studies, rTE has also been used to develop
various tissue engineering substrates. The advantages of using rTE are that it does not
induce blood clot formation due to its low thromogenicity,**®! it forms compliant
structures,? and it is compatible with many cell-types including vascular endothelial and
smooth muscle cells.®?%* Additionally, rTE also contains a hydrophilic cell-interactive C-
terminal domain with positively charged ‘GRKRK’ domain that induces cell adhesion via
integrin binding.*>*%%5 The first example of rTE based scaffolds is electrospun fabrics
composed of rTE.?** rTE has mainly been spun in 1,1,1,3,3,3—hexafluoro-2-propanol
(HFIP) followed by crosslinking (necessary fiber stability) with amine reactive 1,6-
diisohexanecyanate and glutaraldehyde (GTA),** and disuccinimidyl suberate.®>%3 The
disuccinimidyl suberate crosslinked electrospun fabrics formed using 15 % w/v solutions
are soft as revealed by tensile testing of phosphate buffered saline soaked fiber mats
showing a young’s modulus of 0.15 MPa, failure strain of 75 % and a tensile strength of
0.38 MPa. Interestingly, the use of higher weight/volume ratios of spinning solution
results in ribbon-like instead of cylindrical fiber morphology for recombinant tropoelastin
(rTE) also seen in electrospun ELPs.3%%7 The phenomenon of ribbon-formation with rTE
and ELP may result from coacervation interactions that are enhanced in elastin solutions
with higher concentrations.®” Similar to electropun ribbons of poly(ether imide), the
rTE/ELP may quickly form a thin skin around the spinning jet and the remaining solvent
diffuses out of the skin instead of quick evaporation.®® Since the elastin skin is soft, the
fiber collapses into ribbons as observed with rTE and ELP electrospun fabrics.’%87-88
Another example of rTE-based tissue engineering scaffold is a photocrosslinkable
compliant hydrogel.® Annabi et al. synthesized methacrylated tropoelastin (MeTro) by
reacting rTE with methacrylate anhydride. MeTro can then be mixed with the
photoinitiator ~ 2-hydroxy-1-(4-(hydroxyethoxy) phenyl)-2-methyl-1-propanone and
crosslinked under UV to create both 2D cell culture substrates and 3D cell encapsulating
gels.® Microgrooved compliant MeTro gels that allow for cell alignment have also been
used for cardiac tissue engineering with control over cell orientation.”® These gels have
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variable young’s modulus from 2 to 14 kPa and can undergo up to 400% strain with low
energy loss.®** Porous tropoelastin hydrogels have also been produced by chemical
crosslinking using disuccinimidyl suberate as described by Tu et al.’! In addition to the
direct utilization of rTE, many researchers have also explored its use in improving and
tuning properties of materials made of polymers such as polycaprolactone,” natural
polysaccharides such as heparin and dermatan sulfate® and proteins such as collagen®
and silk.%>*7

Although recombinantly expressed tropoelastin is a homogeneous polypeptide
able to mimic natural elastin, only fully synthetic ELPs give the user freedom over
sequence design that could be advantageous for developing diverse biomaterials. ELP is
also highly biocompatible and therefore has already been used in applications such as
cartilage, ocular and liver tissue engineering.'* A common type of scaffold useful for
such applications is a compliant hydrogel, which is achievable for a soft protein such as
ELP.*> An important aspect of hydrogel formation using ELP has been the use of lysine
for chemical crosslinking. Succinimidyl derivatives such as tris-succinimidyl
aminotriacetate,”® and N-hydroxysuccinimide functional 4-arm PEG®® have been used for
ELP hydrogel formation. The use of organic solvents to avoid hydrolysis of succinimide
derivatives has an additional advantage of preventing ELP temperature-transition during
crosslinking and thus allowing the formation of optically clear gels with constant gel
crosslinking.”® ELP hydrogels are also thermoresponsive due to the ITT property of
ELP; coacervation of ELP with increasing temperatures results in gel dehydration and a
decrease in gel volume as a consequence.”®® This reversible property also affects gel
mechanical properties as seen with TSAT crosslinked gels that show a softer range of
young’s modulus of 0.24 to 3.7 kPa at 7°C, while relatively dehydrated gels show a range
of 1.6 to 15 kPa at 37°C.*

Many researchers have also sought cell encapsulation using ELP hydrogels to
mimic extracellular matrix like 3D environments for tissue engineering.'® For example,
lysine containing ELPs were enzymatically crosslinked using transglutaminase.'®! The
resulting hydrogels could encapsulate chondrocytes and induce formation of hyaline
cartilage-like substrate rich in collagen-I1.'"°! Non-enzymatic alternative that also use
amines for crosslinking in mild aqueous conditions is the use of (hydroxymethyl)
phosphine  derivatives such as [tris(hydroxymethyl)phosphino]propionic  acid
(THPP)!92193 and tetrakis(hydroxymethyl) phosphonium chloride (THPC).!* The fast
reaction between phosphines and amines enables rapid crosslinking that can also be done
in situ.'%1%* THPP crosslinked gels with an elastic modulus of about 11 kPa have been
used for cartilage engineering,'®® while the more recent THPC crosslinked soft gels with
an elastic modulus of about 810 Pa (estimated from shear modulus assuming v = 0.5)
have been combined with vascular endothelial growth factor (VEGF) derived QK motif
to stimulate human umbilical vein endothelial cell (WUVEC) behavior'® as well as to
study neurite growth in 3D environments.!® The THPP crosslinked gels also show a
sequence dependent elasticity tuning with an increasing distance between crosslinking
lysine domains resulting in softer gels.!'”® In situ crosslinkable ELP hydrogels using
cysteine based disulfide bridge crosslinks have also been engineered by Chilkoti and
coworkers.!?1% These soft gels with an estimated elastic modulus as high as 450 Pa
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undergo crosslinking in oxidizing conditions in the presence of H202 with gelation rate
and gel stiffness controlled by amounts of H202 and protein concentration,
respectively.'?”!%® The mild concentration of H202 enables cell encapsulation and in situ
formation of these soft gels useful in tissue engineering.'"’?

The cell encapsulating ELP hydrogels mentioned so far use natural amino acids as
reactive groups and mild reaction conditions; however, residues such as lysine are an
integral part of other biomolecules and the side-reactions with crosslinkers can result
unwanted modifications. Ways to avoid this include: using bio-orthogonal chemistry or
using physical crosslinking. Bio-orthogonal chemistry involves the use of reactants that
do not interact with biological molecules like the catalyst-free click reaction between
azide and cyclooctyne developed by Bertozzi and coworkers.!” In a recent report, Torre
et al. functionalized ELP with either azide or cyclooctyne; the copper-free click reaction
spontaneously occurs when the two ELPs are mixed to create hydrogels with elastic
moduli between 1.8 and 7.5 kPa at 37°C."° The advantage of these gels over the azide-
alkyne “clickable” gels developed by Teeuwen et al. is that they do not require the
cytotoxic copper catalyst and can safely be used for in situ gel formation.!'%!!! A major
disadvantage for the clickable gels is that ELP functionalization with azides and
cyclooctayenes requires complex chemical processing compared to other methods and
especially compared to physical crosslinking. Physical crosslinking can be accomplished
using two elastin-derived plastic, self-associating sequences: ‘VGGVG’ and ‘I/V-
PAVG’.112115 Although not used for gel formation, a tri-block elastin-mimic polypeptide
with self-associating ‘“VGGVG’ end-block sequences and hydrophilic ‘VPG(V/F)G’ mid-
block have been shown to self-assemble into beaded fibrils.!!? This is expected as
‘VGGVG’ is known to form amyloid-like fiber aggregates.!'® Similarly, tri-block
polypeptides using plastic-like ‘I/'V-PAVG’ repeats can form hydrogels as shown in
several studies.!!*!'!1® The gels can assemble thermoresponsively with the plastic
‘IPAVG’ blocks self-associating into physical crosslinks.!!*!17:118

Interestingly the physically forming gels of elastic/plastic tri-block ELPs have
also been cast into elastic films. Upon film formation, the film crosslinking can be further
enhanced by introducing chemical crosslinks between lysine via GTA!® or by
introducing hydrazone crosslinking between tri-block ELPs functionalized with
hydrazide and aldehyde groups.!!” The tough physically crosslinked films result in a
young’s modulus (E) of 0.74 MPa and failure strain of 437 % and the films increase in
stiffness to E = 1.53 MPa and E = 3.16 MPa for chemical crosslinking with hydrazone
and GTA, respectively.!!” Several other types of films have been synthesized with a focus
on the use of ELPs fused with ‘RGD’ and related functional modules. Similar to
hydrogels, film crosslinking strategies have relied on lysine residues linking using
chemicals such as bis(sulfosuccinimidyl) suberate,'!!?* disuccinimidyl suberate,!' and
hexamethylene diisocyanate.'?"!?2 ELPs with cell adhesive motifs such as ‘RGD’ and
CS5 domain have also been used as simple surface coatings to study their biochemical
effects on cells.'”>!'** Some recent film/coating work includes ELP membranes for
maintenance of retinal pigment epithelial cells,'?! fibronectin mimicking ELP surface
coatings to grow and stimulate fibroblasts and neuroblasts,'?>!?% and in general to
improve cell-interactive properties of synthetic polymer scaffold surfaces such as
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poly(lactic) acid surfaces.!”” Improved osteogenic differentiation of hMSCs in the
absence of osteogenic medium has also been shown on microtextured ELP membranes
fused with ‘RGDS’ and ‘REDV’ motifs along with hydroxyapatite mineralizing motif.!?®
A final type of ELP scaffold is electrospun fibrous mats as mentioned previously.3¢47:129
It is suggested that the higher surface area of the characteristic ribbon-like fibers of ELP
resulting from the use of concentrated spinning solutions may allow for a better display
of cell signaling modules to the interacting cells.%

1.3.2 Collagen & Collagen-like polypeptides

Collagen has been one of the most effective biomaterials in tissue engineering
applications as it makes up a hefty 30 % of all proteins in our body.’® Scaffolds used as
grafts made of naturally-derived collagen from bovine, porcine and human cadaveric
sources have already been commercialized.'**!* Moreover, collagen-based products
such as Matrigel are also used as standards for 3D cell culture.!** However, as the sources
of these materials change, there is biochemical and biophysical variability, possibility of
disease transfer and of immunogenic responses to the material.'3*!3 In order to overcome
these issues, recombinant collagen has been expressed in different host systems.
Homologous proteins with specifically designed functionalities can be synthesized each
time, thus enabling tuning of collagen properties.

Commercially available recombinant human collagen expressed in yeast or
transgenic tobacco plants has been used for tissue engineering by several
researchers.!**!3 For example, Shilo et al. recently used tobacco plant derived
recombinant human collagen-I based ‘flowable gels’ for wound healing. The flowable
recombinant collagen gels were shown to promote faster wound healing compared to
those consisting of solubilized collagen from bovine and human cadaver sources.'®
Recombinant human collagen -I and -III expressed in yeast (Pichia pastoris) have also
been used to develop corneal substitutes by Griffith and coworkers.'*”-13® The researchers
chemically crosslinked the proteins using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide and N-hydroxysuccinimide to form hydrogels. The
synthesized hydrogels have a water content of about 90 %, elastic modulus of 16.7 MPa
for collagen-I and 20.3 MPa for collagen-III, and refractive index comparable to natural
cornea, but only the gels composed of collagen-III showed high enough light
transmission.'*® The gels were shown to be non-cytotoxic and successfully tested in an
animal trial. Fagerholm et al. also used these optically clear gels in a Phase I clinical
study and showed successful results in human patients for the collagen-III corneal
implants.'**!4" The implants were successfully integrated into the cornea and remained
avascular in all patients 24 months after surgery."*>'* Similarly, yeast-derived
recombinant human collagen-II was used by Pulkkinen et al. to synthesize gels with
potential for cartilage tissue engineering.'*! Similar to natural collagen, the recombinant
collagen also forms physical gels used by the researchers to encapsulate chondrocytes.'*!
The cell laden gels have been shown to be safe and perform better than untreated
cartilage injury sites in mouse and rabbit models. Although the material by itself shows
only modest improvements in wound healing, this recombinant protein scaffold is free of
any contaminants lowering chances of adverse effects and may prove to be more
advantageous in the future.!#>!43
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In contrast to the recombinant expression of unmodified human collagen
sequences, de Wolf and coworkers have used the P. pastoris expression system to
develop polypeptides with fully synthetic genes to form a triblock PBP with CLP end-
blocks containing the characteristic ‘PGP’ sequence and a random coil mid-block.!** The
CLP end-blocks undergo physical crosslinking as they self-associate to form the
collagen-like triple helix while the random mid-block remains hydrated. These gels have
tunable melting temperature based on the length of the CLP end-blocks'* and can be
used to encapsulate cells just like natural collagen. The mid-block can also be replaced by
other polypeptides such as flexible ELP or RLP sequences to produce a chimeric protein
with unique properties.

Most recombinantly produced collagen is expressed in yeast- or plant-based
expression systems that can also produce prolyl 4-hydroxylase for post-translational
modification of proline to hydroxyproline.!**#!35 As an alternative to these rather complex
and difficult to use expression systems, researchers have explored the use of bacteria
derived collagen mimics such as those from S. pyogenes among several other sources.’>
S. pyogenes naturally express triple helix forming CLP on their surface and use it to
adhere to and enter mammalian cells upon infection. The polypeptides do not require
post-translational modifications as charge-charge interactions between positively and
negatively charged amino acids is enough to from triple helical structures.’®>
Additionally, the bacterial origin of the proteins makes them easy to express in E. coli in
concentrations as high as 19 g/L of culture.!*® Additionally, the S. pyogenes derived CLP
has been shown to be completely biocompatible and can be easily processed into cell-
supporting sheets and porous 3D scaffolds stabilized with glutaraldehyde mediated
crosslinking.'*’ Bioactivity has also been incorporated in these bacterial CLP with the
incorporation of heparin binding sequence, ‘GRPGKRGKQGQK”, from acetylcholine
esterase and integrin binding sequence, ‘GERGFPGERGVE’ from collagen-1.!** This
easy to express alternative to mammalian collagen will like find success as our
understanding of collagen stability and hierarchical organization increases.

1.3.3 Silk & Silk-like polypeptides

Silk and silk-like polypeptides have been used extensively in tissue engineering
studies. Naturally derived silk fibroin from silkworms is a readily available source of
these proteins. It has been processed to form hydrogels, films, electrospun nanofibers as
well as porous scaffolds.'* The tough silk fibroin can even be processed into devices
such as biodegradable screws and plates useful for craniofacial bone fixing applications
as shown recently by Perrone et al.'>® Spider silks have also used in applications that
require durable materials.'*""!5? For example, dragline spider silk harvested from Nephila
spp was used to fabricate woven scaffolds as artificial skin able to support fibroblasts
and keratinocytes.!>? A major advantage of silk, especially spider silk, is its toughness
derived from a combination of crystalline, flexible and amorphous domains that make up
the protein. However, harvesting mechanically robust silk spidroin is impractical and a
limitation of natural silk from spiders and silkworms is that they lack intrinsic bioactivity
and cannot be genetically modified like recombinant proteins.?!-64

15



Researchers using recombinantly expressed silk-like polypeptides or SLPs has
focused on the spider silk derived consensus sequences from spiders such as N. clavipes
and A. diadematus.'>'> The mechanical robustness of native spider silks has kept
researchers motivated to improve SLPs to fabricate tough structures like fibers, films and
coatings.®”133-155 Such structures would be useful to replace skeletal tissues and skin as
well as for many non-biological uses.'® Until recently, however, SLPs lacked the
remarkable properties of natural silk because of the difficulty in recombinant expression
of full-length proteins. The hurdle was overcome by Xia et al. when they expressed full
length, 284.8 kDa, MaSp]1 protein from N. clavipes in E. coli.’® Fibers extruded using the
full length recombinant spidroin have a young’s modulus of 21 GPa, breaking strain of
15 % and tenacity of 508 MPa in dry conditions comparable to natural N. clavipes
dragline silk (11-14 GPa; 18-27 %; 740-1200 MPa, respectively).®® Another type of SLP
with remarkable strength was synthesized in transgenic silkworms that contained
chimeric silkworm/spider silk genes.!>” Fibers spun from this chimeric silk were shown
to have a young’s modulus as high as 5.5 GPa, breaking strain of 31.1% and ultimate
stress of 338 MPa along with toughness of 77.2 MJ/m* which is comparable to dragline
spider silk."” In addition to the production of robust SLP fibers, these two studies also
present strategies useful for scaling up the production of high strength artificial silk.
Additionally, gaining a full understanding of and replicating silk spinning process as
performed by spiders will greatly enhance the robustness of SLP fibers that can be
produced.?%

Parallel to the development of tough silk fibers, the bio-applications of SLP have
mainly focused on exploring biocompatibility of the proteins, ways to impart bioactivity
and synthesizing different forms of scaffolds rather than using the strongest versions of
SLP fibers. For example, porous scaffolds fabricated using N. clavipes MaSp1 sequence
derived SLP expressed in E. coli have been shown to not only be biocompatible, but the
scaffolds also show vascularization and tissue ingrowth during subcutaneous
implantation in Balb/c mice.!’®!'>® Moisenovich et al. also conclude that the porous
scaffolds show bone healing after defect repair with these scaffolds compared to the
control in Wistar rats.””® Kaplan and coworkers have also used the N. clavipes derived
sequence to synthesize SLPs with various functionalities including RGD functionalized
SLP to improve cell adhesion, silaffin derived RS sequence to mineralize silica,'® and
dentin matrix protein 1 sequence to mineralize calcium phosphate.'¢!

Tissue engineering substrates have also been synthesized using the major ampule
ADF4 protein from Araneus diadematus. Fibers are commonly produced using self-
assembling SLP with post-spinning treatments such as soaking in ethanol/methanol to
change protein crystallinity in fibers.'®> A different structure using the ADF4 derived
SLP is a hydrogel. SLPs with 4 repeat units of ADF4 have been chemically crosslinked
under visible light in the presence of ammonium peroxodisulfate and tris(2,2’-
bipyridyl)dichlororuthenium(II) to form soft gels with a young’s modulus of 8.4 kPa.!6?
Interestingly, unlike other hydrogels, these SLP hydrogels are composed of a loosely
interconnected network of amyloid-like nanofibrils as shown by AFM scanning of dried
gels and X-ray diffraction.!6®!%* Further characterization of gel formation was studied
using the eADF4(C16) protein with respect to concentration and chemical
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functionalization of the SLP besides gel crosslinking.'®> A consistent way of forming gels
using eADF4(C16) is to remove water via dialysis, thus concentrating the protein that
leads to spontaneous gel formation. Chemical crosslinking of these physical gels leads to
gel stiffening, whereas functionalization of the protein with a molecule such as
fluorescein hinders its self-assembly making the gels softer.!®> Unfortunately, these
tunable hydrogels have little cell interaction property on their own due to a lack of
features.'®® e ADF4(C16) films also do not show proper cell activity without the presence
of integrin binding ‘RGD’ sequences due to a similar lack of micron-scale structures.!”1¢
An eADF4(C16) structure that does promote cell adhesion and proliferation even in the
absence of ‘RGD’ motifs is electrospun fibers.!*® A recent report also revealed that a
micropatterned film surface with 20 pm wide and 1 um deep grooves shows similar cell
adhesion with or without the presence of RGD.!”!%” Thus, eADF4(C16) based substrates
show surface topography based cell interactive properties possibly similar to cell
adhesion on textured surfaces composed of nonadhesive poly(ethylene glycol).'®®

An alternative type of SLP that has also been used to develop cell interactive
substrates is the Euprosthenops australis derived 4RepCT. 4RepCT has been used to
prepare films, foams, fibers, and meshes that were tested for interactions with human
primary fibroblasts.'® Widhe et al. show that all the substrates were compatible with the
fibroblasts and sustained similar cell properties such as collagen formation even after 14
days of culture.'®” Similarly, Lewicka et al. showed that 4RepCT films are compatible
with neural stem cell culture and comparable to plates coated with poly-L-ornithine and
fibronectin from bovine plasma.'”® Recently, 4RepCT fused with cell adhesion motifs
such as RGD, IKVAV, and YIGSR were shown to promote better cell adhesion than
controls especially for Schwann cells on IKVAV functional 4RepCT compared to
laminin coated control.!”! Furthermore, 4RepCT fusions with different biomolecule
binding domains like IgG binding, biotin binding, and albumin binding have also been
prepared.'” Site-specific immobilization of different biomolecules can be a powerful
method to impart extracellular matrix-like activity to SLP or any other PBP used for cell
interaction and tissue engineering.

1.3.4 Resilin & Resilin-like polypeptides

Resilin-like polypeptides (RLPs) are relatively unexplored in the field of
biomaterials. Researchers who use RLP have focused on developing hydrogels for tissue
engineering. As described in section 1.2.4, RLP gene from D. melanogaster resilin has
three exons, each with a different purpose.’® Qin et al. synthesized full length resilin from
D. melanogaster resilin genes to synthesize hydrogels.!”>!”* The expressed resilin was
crosslinked by forming di-tyrosine bridges in two ways: enzymatically, using horseradish
peroxidase; and photo-Fenton reaction, using FeSOs4 and H20: followed by UV-
exposure.'” The researchers showed that among the three exons, hydrogels from exon 1
showed 90 % resilience, while those from exon 3 were show only 60 % resilience.!”*!"
These studies paved the way to the mechanism of resilin function proposed by Qin et
al.,’® explained in section 1.2.4.

Studies such as those by Kiick and coworkers have further revealed the excellent
properties of the elastomeric ‘GGRPSDSYGAPGGGN’ sequence derived from exon 1 of
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D. melanogaster resilin. The RLP12 containing 12 consensus sequence repeats have been
crosslinked in mild conditions using [tris(hydroxymethyl)phosphino]propionic acid!”® or
tris(hydroxymethyl)phosphine!® crosslinkers in coordination with primary amines on the
RLPI12. Charati et al. engineered RLP12 to contain cell binding motifs, MMP
degradation sites, and heparin binding sites spread throughout the polypeptide.!”> These
gels have a storage modulus of about 10 kPa and were observed to withstand up to 450 %
strain. On the other hand, Li ef al. developed tunable hydrogels using 4 different RLPs:
one each with a cell binding site, a MMP site, a heparin binding site or non-functional
RLP.! These hydrogels were shown to have an RLP- and crosslinker- density dependent
storage moduli in the range of 1 kPa to 25 kPa.!®!”¢ Due to their intrinsic high resilience
and a simple ratio-dependent tuning of functional motif content, these hydrogels were
indicated for use in vocal fold engineering and many other tissue engineering
applications.!” Slightly modified RLP hydrogels for vocal fold tissue engineering with
RLP containing lysine and glycine rich crosslinking motifs have been further shown to
have a resilience of up to 98% by Li et al.'’” These gels show better energy storage and
recovery than synthetic polymer gel controls and their tensile properties were comparable
to vocal fold tissue.'”” An additional type of RLP hydrogel produced by McGann et al.
was made using cysteine (for sulthydryl-based crosslinking) containing RLPs of different
lengths: 12, 24, 36, and 48 monomer repeats.!”® Interestingly, the gels were measured to
have the similar storage moduli (7 — 9 kPa) using 1:1 RLP:crosslinker ratio (crosslinker:
vinyl sulfone functional 4-armed PEG) since the RLP molecular weight between each
pair of cysteine residues was kept the same. The mild crosslinking chemistry allows for
cell encapsulation and the range of measured storage moduli make the gels ideal for
cardiovascular tissue engineering.!”® Another type of RLP with the consensus sequence
from A. gambiae resilin, ‘AQTPSSQYGAP’, has also been used to create hydrogels.
Renner et al. synthesized RZ10, an RLP with 10 repeats of the 4. gambiae resilin derived
sequence. The RZ10 hydrogels were shown to have a dynamic modulus of 22 kPa and
surfaces coated with RZ10 fused with RGD showed proper cell spreading.'”
Additionally, similar to the development of bioactive ELP in section 1.3.1, control of
stem cell differentiation such as human mesenchymal stem cells into osteoblasts has also
been shown on surfaces coated with RZ10 fused with bioactive motif from bone
morphogenic protein-2.'8

1.4 Tackling materials challenges: A case for ELP

Elastin-like polypeptides have been used for a variety of applications as
mentioned in section 1.3.1. My goal has been to exploit the core properties of ELP --
stimuli-responsiveness and flexibility-- to address a variety of challenges in materials
science and bioengineering.

My work spans a broad range of topics including recombinant protein engineering,
materials science, biology and optics. The unique combination of properties of ELP, and
our synthesis and design strategies enable us to explore and generate solutions using the
same family of materials. The use of ELP in hydrogel development is an established idea
with numerous synthesis strategies.!! However, a common theme that emerges among the
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employed strategies is the presence of numerous crosslink points throughout the ELP
chains. In many cases, the goal is to mimic mature elastin using ‘Ala-Lys’ repeats or
simply ‘Lys’ dispersed through the designed polypeptides.”*!% Although this is a great
starting point, the high crosslink densities limit the potential of these unstructured spring-
like polymers to stretch. Thus, for our first challenge, we pursue the design of
mechanically robust hydrogels.'®*! We hypothesized that since ELP deswells and coils at
high temperature, we can exceed the extensibility of all previous ELP hydrogels by
minimizing the crosslink density and maximizing the ability of the chains to stretch fully.

Next, we focus on the applicability of ELP hydrogels as flexible adhesives, which
will be valuable for surgical sealing of soft tissues. Surgical adhesives are advantageous
compared to sutures due to faster healing and lower risk of complications. However,
commonly used cyanoacrylate glues and hydrogel-based adhesives can cause
inflammatory responses and toxicity.'>!83 Furthermore, protein-based adhesives such as
fibrin, gelatin and collagen are risky due to poor adhesion on wet surfaces, swelling and
disease transfer.!®* Our strategy of using recombinant proteins gives us a monodispersed
raw material that inherently deswells at high temperatures and shows great
biocompatibility. In addition, we can use the knowledge we gained from creating rubber-
like hydrogels to create a truly unique flexible adhesive. Through our work, we create a
path to achieve materials that were previously inconceivable.

In our work, we also aimed to develop an in situ forming and self-healing material
that will be useful for wound healing and regenerative medicine.'®> The inorganic
ceramic, bioglass, has been used to develop many composites useful for regenerative
medicine.'®®!%” Bioglass can promote bone growth and accelerate wound healing, has
anti-bacterial properties, while showing excellent biocompatibility.'®® Since bioglass
increases alkalinity of its local environment, we designed ELPs that can crosslink via pH-
driven reversible aldimine bonds. The end result is a material that can reinstitute its
bonding after being severed.!® In addition, transition of ELP upon crosslinking promotes
rapid aggregation and crosslinking of the hydrogels into a stable structure.

Finally, we dive into the development of protein-based biolasers.!®®1%% Unlike
chemical and biological fluorophore based probes, biolasers can yield dramatically
greater sensitivity to changes.'®® They can therefore be used to develop optically active
sensors for applications in biosensing. With our experience and knowledge, we propose
and synthesize protein-based hydrogel devices capable of stimuli-responsive property
changes.'®""!° Through testing and optimization, we hope to yield a successful sensing
system in the near future.

In the remainder of this dissertation, I will describe our journey and provide the
insights we gained through our use of ELP. Through this manuscript, I hope to convey
the truly protean characteristics of ELP and inspire future research in the creation of
previously unimaginable materials to address real-world problems.
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Chapter 2 ELP engineering

2.1 Introduction

Elastin-like polypeptides are synthesized through recombinant expression in E.
coli. Unlike solid phase peptide synthesis, recombinant expression allows for the
synthesis of long polypeptides with narrow dispersity. This allows us to engineer our
polymeric material with high precision. Engineering ELP begins with the design of the
core pentapeptide sequence — ‘Val-Pro-Gly-Xaa-Gly.” The guest residue ‘Xaa’ (cannot be
‘Pro’) can be used to tune ELP transition properties in addition to charge and functional
groups for modification and crosslinking. In our strategy, the ELP gene is constructed to
the desired lengths using a routine cloning vector. Separately, the expression vector is
modified with a gene cassette containing the N-terminal and C-terminal sequences along
with a site for ELP insertion. This modular design allows us to rapidly combine and
synthesize ELP with different sizes.

In this chapter, I will describe our genetic engineering scheme, originally
developed by Dr. Eddie Wang and ELP synthesis procedure.'®%

2.2 Strategy for seamless cloning of ELP

2.2.1 Genetic engineering scheme

Since ELPs are composed of a repetitive sequence, we synthesize the genes
iteratively by concatemerization of a short ELP gene to achieve desired lengths.'®%° We
use a customized pJ54 vector from DNA 2.0 Inc with a specific combination of
restriction endonucleases (REs) for cloning using the scheme shown in Figure 2.1.
Among the two types of REs used, type IIS have an asymmetric recognition site and
cleave DNA at a fixed distance from it, while type IIP Res have a palindromic
recognition site and cleave at the site in or adjacent to it. Specifically, the vector contains
two type IIS RE sites — REIIs-A (Bpil) and REIIs-B (Eco311) — that surround the ELP
gene and two type IIP RE sites — RE1 (BamHI) and RE2 (Xhol) — upstream and
downstream of the type IIS sites. The strategy described in Figure 2.1 can be employed in
any standard cloning vector that does not contain the four restriction sites.
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Figure 2.1 ELP gene construction scheme a. Plasmid (1) contains four restriction
endonuclease sites. Insert (2) is created by digesting the plasmid using RE1 and REIIs-B,
and vector (3) is created by digesting the plasmid using RE1 and REIIs-A. Ligation of the
insert and vector yields a larger ELP gene (4) that can be used for further cloning.
Through the use of type Ils restriction endonucleases that cut downstream of their
recognition sites, this method allows for seamless concatemerization of ELP genes, b.
Detailed scheme showing the relevant sequences for the restriction endonuclease
recognition and digestion sites. (Reproduced with permission from Dr. Eddie E. Wang
from dissertation titled “Development of Stimuli-Responsive Elastin-like Polypeptide-
based Nanocomposite Biomaterials.” Copyright 2012 Eddie Eugene Wang)

2.2.2 Method for cloning ELP genes

Routine cloning can be done with standard E. coli strains such as XL-1 Blue and
DH5-alpha cells. We use XL-1 Blue cells for cloning. Our method uses ampicillin
resistance gene for selection, which must be taken into account for strain selection.

1. Insert oligos encoding the ELP, [VPGVG]s, into the pJ54 plasmid (Table 2.1).
Prepare pJ54 vector by double digesting it with RE1 and REIIs-A. Prepare inserts
from oligos shown in Table 1 by first phosphorylating them using T4
polynucleotide kinase in the presence of ATP. Anneal the complementary DNA
pairs by mixing each pair in a separate tube, fully denaturing the strands at 95°C
and slowly cooling to 5°C. Ligate the annealed fragments with the pJ54 vector
using T4 ligase and transform the ligation reaction into electrocompetent XL1-
Blue cells. Select and verify three colonies. Freeze and store a successful colony
in 15% glycerol at -80°C for further use.
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2. Prepare vector and insert from ELP modified pJ54 as shown in Figure 3. Liberate
the ELP insert by double digesting the plasmid with enzymes RE1 and REIIs-B.
Prepare the ELP vector by double digesting the plasmid with enzymes RE1 and
REIIs-A. Purify insert and vector using agarose gel electrophoresis and gel
column purification.

3. Ligate insert and vector using T4 ligase. Transform 40 pL of XL1-Blue
electrocompetent cells with 1 uL of ligation reaction. Culture cells on agar plates
with appropriate antibiotic for selection. Pick three colonies, and verify the
sequence and gene size. Freeze and store one successful colony.

4. Repeat steps 2 and 3 to double ELP gene sizes or use a combination of two ELP
gene sizes to construct the desired gene lengths. For our work, we constructed
V50, V75, and V100 to test the effects of ELP size on material properties.

5. Once ELP genes are constructed, synthesize an insert for each gene by double
digesting it with REIIs-A and REIIs-B. Purify the insert with agarose gel
electrophoresis and gel purification column. These inserts contain the ELP genes
that can be seamlessly integrated with terminal modification sequences prior to
protein expression.

Table 2.1 Oligo sequences for ELP gene. Each segment encodes half of the desired
sequence.

Segment | Name | DNA Peptide
V5L1 | GATCCTTCACATATGCGAAGACAAGTCCCAGG
Left TGTGGGCGTACCG
V5L2 | CACCAACGCCCGGTACGCCCACACCTGGGACT
TGTCTTCGCATATGTGAAG [VPGVG]s

V5R1 | GGCGTTGGTGTTCCTGGTGTCGGCGTGCCGGG
CGTGGGTGTTCCGGGCGTAGGT

V5R2 | GGACACCTACGCCCGGAACACCCACGCCCGG
CACGCCGACACCAGGAA

Right

2.2.3 Method for construction the expression vector

Once we synthesize an ELP gene of desired length, we prepare a pet28b
expression vector with the desired N and C terminal modifications, restriction sites, and a
stop codon for ELP gene insertion. The restriction site in the center consists of REIIs-B
enzyme recognition sequences such that the digestion site produces a vector with ELP
insert compatible sticky ends. This approach gives us a modular system in which we can
insert the desired ELP gene to rapidly engineer a series of proteins with the same
terminals. We use the E. coli strains XL1-blue for routine cloning and insert the
completed plasmid into BLR(DE3) for expression.

1. Prepare the pet28b expression vector for modification with a gene cassette

containing ELP terminal sequences and insert site (Table 2.2) by double digesting

it with Ncol and BamHI. Purify the vector using agarose gel electrophoresis and a

gel purification column.
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2. Ligate the gene cassette with compatible sticky ends into the pet28b vector. Prior
to ligation, the synthetic single stranded DNA fragments should be
phosphorylated and annealed. Ligate the annealed fragments with pet28b vector
using T4 ligase and transform the ligation reaction into electrocompetent XL1-
Blue cells. Select and verify three colonies. Freeze and store a successful colony
in 15% glycerol at -80°C for further use.

3. Prepare modified pet28b vector for ELP gene insertion. Digest the modified
plasmid with REIIs-B to create a vector containing sticky ends compatible with
ELP inserts. Purify the vector using agarose gel electrophoresis and a gel
purification column.

4. In separate reactions for each ELP insert, ligate the insert with modified pet28b
vector using T4 ligase. Transform the ligation reaction into electrocompetent
XL1-Blue cells. Select and verify three or more colonies for plasmid sequence
and size of the ELP gene. Freeze a successful colony for each ELP type in 15%
glycerol at -80°C for further use. (Note: This step can be challenging as all the
sticky ends are identical. This can lead to vector self-ligation and/or
concatemerization of inserts. Therefore, it is especially important to verify the size
of the region of interest.)

5. Once the expression plasmids are fully constructed, they can be transformed into
BLR(DE3) competent cells. After transformation, it is good practice to verify the
sequence of the plasmid and gene size once again. Freeze the successful
expression colony for each ELP type in 15% glycerol at -80°C for use in protein
expression.

Table 2.2 Oligo sequences used to modify pet28b prior to ELP gene insertion

Location Name | DNA Peptide

N-terminus | N-F CATGAGCGGCGTTGGCGTCCTGAGACC
N-R GTGACCAGTGGGTCTCAGGACGCCAACGCCG | MSGVG

CT
C-terminus | CK1-F | CACTGGTCACGGTCTCGGTCCCGGGTAAAGG
CTAATAA VPGKG
CKI-R | GATCTTATTAGCCTTTACCCGGGACCGAGAC
C

2.2.4 ELP Expression and Purification
Using this method, ELPs can be expressed without IPTG induction. Overexpression is
accomplished by culturing the cells overnight in high nutrition TB media in the presence
of glycerol 39181191 Fyrthermore, due to their thermo-responsive property, ELPs can be
purified without the need for purification columns as described below.
1. Prepare 60 mL of LB media with kanamycin in a 250 mL baffle flask for each
protein to be expressed. Use a sterile pipette to scrape engineered E. coli from the
frozen cell stock and dip it into the media to inoculate. Transfer the flask(s) to a
shaker incubator and incubate for 16 hours at 37°C and 220 RPM.
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. Prepare 4 L baffle flasks with 900 mL TB media and kanamycin. Use a pipette to
add the starter culture. Transfer the flask(s) to a shaker incubator and incubate for
20 to 24 hours at 37°C and 220 RPM.

. Pellet E. coli cells from the culture media and resuspend the cells in resuspension
buffer to begin protein purification. Remove flask(s) from the incubator and
transfer the contents into 1 L centrifuge bottles. Centrifuge the culture at 4°C and
6000 RCF for 30 minutes to form a stable cell pellet. Decant the supernatant and
follow local regulations for proper disposal. Resuspend the pellet in 40 mL chilled
resuspension buffer per centrifuge bottle. (Note: Once the cell culture is removed
from the incubator, the suspensions in all subsequent steps should be kept at a
lower temperature to prevent protein degradation.)

. Lyse resuspended E. coli by ultrasonication in the presence of a protease inhibitor.
Combine two samples of resuspended cell solution, approximately 100 mL, into a
200 mL beaker. Place the beaker in an ice bath, add 1 mL of PMSF solution and
sonicate the solution using a standard probe-tip sonicator operating at 7.5 W.
Pulse for 10 seconds followed by cool-down time of 30 seconds with a
cumulative “ON” time of 3 minutes and 30 seconds.

Centrifuge cell debris from the cell lysate. Distribute the lysate solution into
centrifuge tubes and incubate on ice for 15 minutes. Centrifuge cell lysate at 4°C
and 30,000 RCF for 30 minutes. Decant the supernatant into fresh tubes and
dispose the pellet containing cell debris.

. Precipitate DNA using polyethylene imine and centrifuge the lysate solution. Add
10% polyethylene imine solution to a final concentration of 0.5% and mix to
precipitate DNA. Incubate solution on ice for 15 minutes. Centrifuge lysate at 4°C
and 20,000 RCF for 15 minutes. Decant the supernatant into fresh tubes and
dispose the pellet containing DNA.

. Inverse temperature cycling is used to remove the remaining contaminants and
purify ELP (Figure 2.2). It involves sequential centrifugation steps at high and
low temperatures to isolate thermo-responsive ELP. If frozen, thaw lysate solution
to room temperature and distribute into clean centrifuge tubes.

a. Add 2 M ammonium sulfate solution to a final concentration of 0.6 M.

b. Incubate tubes at 45 °C for at least 45 minutes to allow ELP to phase
separate.

c. Centrifuge tubes at 35°C and 18,000 RCF for 20 minutes and discard the
supernatant.

d. Add 10 mL of chilled resuspension buffer and gently disrupt the pellet,
while keeping the tubes chilled.

e. Incubate tubes on ice for 15 minutes once the pellet is fully dissolved.

f. Centrifuge tubes at 4°C and 20,000 RCF for 15 minutes and decant the
supernatant into fresh tubes. Combine supernatant from two tubes into one
in order to concentrate the protein solution.

g. Repeat steps a-f once to complete the second cycle. However, this time
use a 0.5 M final concentration of ammonium sulfate in step a.
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h. Repeat steps a-f to complete the third cycle. However, this time use a 0.4
M final concentration of ammonium sulfate in step a and use diH20 for
resuspension in step d.

[NH ], [s0y ]

N & 7
' N

Figure 2.2 Schematic showing temperature cycling process to purify ELP. Inverse
temperature cycling can be used to purify ELP due to its thermo-responsive behavior.

8.

10.

11.

Dialyze the purified protein solution to remove salt and debris. Transfer purified
solution into regenerated cellulose dialysis tubing with 6-8 kDa cutoff. Dialyze
the sample in a 4 L beaker against diH20 with constant stirring. Change water six
times over two days. (Note: There may be impurities that precipitate into white
aggregates as the remaining salts and soluble small molecules leave the protein
solution. These aggregates can be removed after dialysis by centrifuging the
solution at 20k RCF for 15 minutes prior to filtration.)

Prepare the purified ELP solution for lyophilization by filtration and freezing.
Remove any precipitated debris by filtering it using a syringe with 0.45 um filter.
Filter into a clean beaker and cover the mouth of the beaker with parafilm.
Puncture the parafilm using a sharp tool prior to freezing. Freeze the sample for at
least 1 hour at -80°C.

Lyophilize the frozen proteins. Place the frozen sample into a lyophilizer and
allow the sample to completely dry for at least 2 days.

After lyophilization, the dried protein can be stored in an air-tight tube at room
temperature. Protein mass should be verified using MALDI-TOF mass
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spectrometer and the transition temperatures of ELPs can be determined by
measuring their solution turbidity using a visible light spectrometer.
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Chapter 3 Rubber-like hydrogels

3.1 Introduction

Hydrogels with diverse chemical, biological and mechanical properties are needed
in many fields, including biomedicine.!**!”* They are ideal for biomaterial development
due to the high water content that is needed for cells to exchange nutrients, communicate
and perform the required tasks for survival. On the other hand, if it is for use as an
implant scaffold, the same hydrogel must also be able to physically support the biological
tissues and organs, and maintain its shape after being constantly deformed from our daily
activities. However, typical hydrogels are soft and have limited capacity to retain shape
when deformed. Hydrogels are commonly synthesized by polymerization of a monomer
or by crosslinking a polymer chain into a connected network. Their mechanical properties
depend on factors such as the type and density of polymers, and the type and density of
crosslinks. Stiff hydrogels can be synthesized by increasing the density of the polymer
and crosslinks. However, high stiffness tends to be achieved at the cost of flexibility. In
general, short, uneven inter-crosslink distances and poor polymer chain extensibility limit
the ability of the hydrogels to stretch.

Various strategies have been used to improve hydrogel properties such as
extensibility and toughness through physical bonds.'**"'% Among these, hydrogels based
on double networks,'”’!”® nanocomposites 2°*?*? and slide-ring networks 2%2%* can
exhibit good toughness and high extensibility due to physical bonds that break and
regenerate.'”> More specifically, the properties of these hydrogels arises from their ability
to dissipate energy. As a material is stretched or compressed within its elastic region, it
stores the energy, which is released either when the material comes back to its original
position or when it ruptures and creates new surfaces. In the case of tough hydrogels, the
physical bonds can rupture and release energy being stored during the mechanical
deformation. This prevents the chemically bound polymer network from rupturing, and
slows crack formation and propagation. Now, although the physical crosslinks can
recover with time, the process can be extremely slow. Prior to the recovery of the
physical network, the hydrogels show high hysteresis and stress softening that leads to a
loss of performance under repeated deformations.?>?% Furthermore, such a material
remains in the deformed state for a prolonged time, the physical bonds can re-form
prematurely alter material properties, decreasing its practicality. Therefore, there are
continued efforts to develop robust, elastomeric hydrogels that have the durability to
undergo reversible extensions.’!76207 Applications requiring large and repeated
deformations can certainly benefit from rubber-like elastomeric hydrogels.

Creating a rubber-like elastomeric hydrogel requires control over the architecture of
the crosslinked network and a judicious choice of polymer. The architecture of the
hydrogel should be homogeneous. Specifically, the chain length between crosslinks
should be constant to avoid local concentrations of stress that would lead to premature
fracture. Furthermore, the crosslinking scheme should ensure proper chain incorporation
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to avoid dangling chains that do not participate in the elastic network. Meanwhile, the
polymer should ideally behave like an entropic spring that recoils once unloaded. Unlike
energy storage in bonds, the driving force restoring an entropic spring is an increase in
entropy as the chain goes from a stretched state with limited movements to a coiled state.
Using these principles, we can develop elastomeric hydrogels that can reversibly extend
to large deformations.

3.2 Strategy for improved flexibility

When it comes to the history of ELP-based hydrogel development, the major
design theme revolves around the idea of mimicking mature elastin. Mature elastin is a
highly crosslinked and insoluble protein network consisting of the repetitive elastic
sequences and ‘Ala-Lys’ containing crosslinking regions. Therefore, beginning with the
use of organic solvents and quickly moving to aqueous crosslinking schemes, majority of
ELP hydrogels have the common design consisting of evenly distributed crosslinking
sites. A large number of crosslink points along the chain is especially important in the
case of aqueous reactions involving primary amines due to a lower reaction yield.
Although aqueous crosslinking schemes are useful for cell encapsulation, it generally
results in opaque hydrogels because as ELP reacts with the crosslinker, it turns more
hydrophobic and aggregates. Random aggregations lead to light scattering and opaque
hydrogels. We further hypothesized that the uneven distribution of crosslinks and an
overall high density of crosslinks lead to materials that fail at relatively small strains.

Protein-based polymers are genetically encoded and recombinantly expressed
materials that provide unique opportunities for engineering hydrogels with the
aforementioned network and polymer properties. We can finely control their sequence
and length to the extent that the distance between the available crosslinking sites would
be theoretically monodisperse. Moreover, we can access a library of peptide domain
sequences with different mechanical behaviors to synthesize the desired polymers.'! For
creating elastomers, elastin-like polypeptide (ELP) sequences are one natural choice
because they have been characterized as entropic springs.*! ELPs are built on a repetition
of the pentapeptide Val-Pro-Gly-X-Gly with a guest residue ‘X’ that cannot be proline.
ELPs are also thermo-responsive and undergo a process known as the inverse
temperature transition (ITT) at a characteristic transition temperature (Tt). The ELPs
reversibly transition from a hydrophilic to a hydrophobic state and phase separate around
their T;.341298-211 Specifically, during ITT, the hydrogen bonding between ELP backbone
and water molecules breaks and the ELPs collapse. Thermodynamic factors including the
hydrophobic interactions within the chains keep the polypeptides in an unstructured coil
form after the transition and play a role in the elastomeric nature of the polypeptides.?!?
In general, crosslinked ELP networks maintain the properties of elasticity and thermo-
responsiveness.”®?>1%2 Although chemically crosslinked ELP networks have excellent
elastomeric properties, even the best hydrogels developed so far only stretch to a strain of
400% due to limited control over crosslinking that led to random chain tethering.®**!* In
this work, we created simple hydrogels that combine the inherent properties of ELPs with
controlled crosslinking to create near ideal networks with end-to-end tethered chains

28



using the two components shown in Figure 3.1. The resulting rubber-like elastic
hydrogels attain failure strains up to 1500%, significantly exceeding previous
examples.?®2!> The properties of failure strain and high resilience even at large
deformations were tuned by precisely varying the lengths of the monodispersed peptide
chains. We attribute the robustness of these hydrogels to polymer architectures
embedding entropic springs and their thermo-responsive deswelling at physiological
temperature of 37°C (Figure 3.2).

a
b O b O h O
.SGVG N\)k(N‘]\A,N\)L%N VPGKG-COOH
AN " . ‘\
VnCK1 (n =50, 75, 100) NH,
b

4 arm PEGINHS
.o ?
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: J{r
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Figure 3.1 Schematic showing ELP design and the 4-arm PEG crosslinker. a) ELP is
designed with the core pentapeptide ‘VPGVG,’ which is repeated 50, 75, and 100 times.
N-terminal amine and C-terminal lysine provide the reactive groups used for

crosslinking, b) N-hydroxysuccinimide terminal groups on the 4-arm PEG linker can
efficiently react with amines to form crosslinked networks.
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Figure 3.2 ELP hydrogel scheme includes a telechelic polypeptide and a four-arm
crosslinker to from the network. Due to the thermo-responsive property of ELP, the
hydrogels can be synthesized at low polymer concentration. We expect the materials to
have a high water content at lower temperatures and a gradual decrease in water content
as they deswell with an increase in temperature. The greater coiling of ELP will allow
the hydrogels to stretch to large extensions similar to a dense spring.

3.3 ELP design and characterization

We used genetic engineering and recombinant expression to synthesize three
different ELPs to fabricate the elastomeric hydrogels (Table 3.1). The target proteins
were designed to contain a single primary amine on the C-terminal lysine and a second
amine provided by the N-terminal for crosslinking. The core pentapeptide repeat unit is
composed of ‘Val-Pro-Gly-Val-Gly,” while the C-terminal contain a single pentapeptide
with the sequence ‘Val-Pro-Gly-Lys-Gly’. Based on this sequence design, we designate
ELP name with the general from of ‘VnCK1’ for SGVG[VPGVG].VPGKG. The core
pentapeptide is repeated 50, 75 and 100 times to create VS0CK1, V75CK1 and V100CK1.

Genetic engineering was performed using the methods provided in Chapter 2.
After expressing and purifying the final proteins, they were characterized for their size
using a MALDI-TOF mass spectrometer. As expected, we observed sharp peaks for each
synthesized protein with molecular weights of 21.2, 31.4 and 41.7 kDa for V50CK1,
V75CK1, and VI100CKI1, respectively, matching their theoretical weight (Figure 3.3,
Table 3.2). Our monodisperse ELPs engineered with only terminal reactive sites serve as
well-defined components for the synthesis of our near ideal networks.
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Table 3.1 ELP nomenclature and sequence

Name N-terminal Backbone C-terminal
V50CK1 SGVG [VPGVG]so VPG
V75CK1 SGVG [VPGVG]7s VPG

V100CK1 SGVGG [VPGVG]i00 VPG

b 100
80 }
>
3
¢ 80t — V50CK1
= V75CK1
o i — V100CK1
>
©
()
S 2t

o 1 Il

10 30 50

m/z (x 103)
Figure 3.3 ELP genetic engineering and recombinant expression a. Double digest of
plasmids with Xbal and Hindlll shows vectors at 5 kb and ELP genes at 0.8 kb, 1.2 kb
and 1.6 kb for V50CKI, V75CKI and VI00CK]I, respectively. b. Mass spectrometer data
shows a single peak for each type of ELP. Measured masses: V50CKI = 21.2 kDa,
V75CKI = 31.4 kDa, VI00CKI = 41.7 kDa).

3.3.1 ELP transition temperature

Another basic characteristic we determine is the ITT of each ELP. ELP show their
temperature transition properties when they are in an aqueous solution. The transition
temperature of an ELP depends greatly on intrinsic properties of the protein such as the
molecular weight and chemical composition. We determined the property using solutions
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of each ELP and measuring the solution turbidity with increasing temperature. With an
increase in molecular weight, the transition temperature (Tt) of ELPs decreases from
40 °C for V50CKI1 to 34 °C and 31 °C for V75CK1 and V100CK1, respectively (Figure
3.4, Table 3.2). As is typical for ELP, Tt depends on many factors including the peptide
molecular weight.!'** As hypothesized in previous studies, longer ELP likely has lower
Tt due to increased and more stable hydrophobic interactions that disrupt peptide
backbone hydrogen bonding with water.>* We also took advantage of the ITT process to
synthesize the hydrogels at a low initial protein concentration at which the lower
viscosity helps create homogeneous ELP mixtures.

o o o
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Figure 3.4 ITT of ELP measured by turbidity tests. V50CKI has a high Tt of 40°C
followed by V75CK1 with 34°C and VI100CK1 with 31°C.

Table 3.2 Basic characteristics of ELP

ELP Molecular weight (kDa) Transition temperature (°C)
V50CK1 21.2 40
V75CK1 314 34
V100CK1 41.7 31

3.4 Thermo-responsive behavior of ELP hydrogels

We synthesized stimuli-responsive hydrogels with well-defined networks by end-
linking our ELPs with four-arm crosslinkers (Figure 3.2). Specifically, the ELPs’ N-
terminal amine and C-terminal amine (lysine) groups react with the N-
hydroxysuccinimide (NHS) esters on the end of each arm of a 4-armed polyethylene
glycol (PEG) molecule (2 kDa). We performed crosslinking in a mixture of dimethyl
sulfoxide (DMSO) and dimethylformamide (DMF) rather than in water to prevent any
ITT-induced phase separation during crosslinking. This prevents regions of non-uniform
ELP concentration and undesired hydrolysis of NHS-esters. In addition, the low viscosity
of the 14% weight/volume (w/v) ELP solutions used for crosslinking permits easy mixing
of reactants. These factors result in isotropic, homogeneous and optically transparent
hydrogels.
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The thermo-responsiveness of ELP is conserved after crosslinking into hydrogel.
However, there is a difference between the thermal response of ELP in solution and
crosslinked states. This likely relates to the concentration of ELP. It is known that the
transition temperature of ELP increases with an increase in protein concentration up to a
certain extent, beyond which the behavior of the proteins changes. Through our
characterization we learned that at room temperature, in physiological ionic strength
solutions, the equilibrium water content of the hydrogels ranged from 74% to 84%. At
37 °C, the collapse of ELP causes the gels to deswell and thus reducing the water content
to 60% (Figure 3b). We further learned that at least at low temperatures, the hydrogel
swelling behavior also depends on the molecular weight of ELP. For example, at 26°C,
the equilibrium swelling for V50CK1 (21 kDa) hydrogels is 74% compared to hydrogels
composed of the larger VIOOCK1 (42 kDa) that has a water content of 84%. The three
gels were observed to approach similar water content at 37°C with only V50CK1 and
V100CK1 being significantly different likely due to the limit to which the chains can
contract. We hypothesized that the gradual temperature-induced collapse of ELP chains
into unstructured coils with only weak inter- and intra-chain interactions in combination
with the uniform chain length between crosslinks as well as the low crosslink density
would allow our hydrogels to be highly resilient and extensible.
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Figure 3.5 Figure 10 Comparison of ELP hydrogel water content in different
conditions. Water content decreases with higher temperatures and greater ELP size. (n =
5, except for V75CK1 with n = 6, statistically significant differences noted with ‘“**’ for p
<0.01)

3.5 Uniaxial tensile testing of ELP hydrogels

The ELP hydrogels stretched to large magnitudes under uniaxial tensile testing.
We conducted the tests using rectangular hydrogels of each ELP equilibrated at 37 °C in
PBS. Failure strains increased significantly with increase in chain lengths. V50CKI,
V75CK1, and V100CK1 achieved average strains of 1030%, 1210%, and 1440% (Figure
3.7 & Figure 3.6). Moreover, V100CK1s gel reached failure strain as high as 1530%,
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which is considerably more than the previous best ELP value of 400% and the largest
observed for a chemically crosslinked protein-based hydrogel to our knowledge.®**!3
Although we measured statistically significant differences between failure strains among
the three hydrogels, their elastic moduli were practically the same at 19 kPa (Figure 3.6).
Similarly, there was no difference between their ultimate tensile stresses (average of 100
kPa) (Figure 3.7 & Figure 3.6). We hypothesize that the hydrogel moduli are
indistinguishable because at low strains the coiled chains are unraveling and the stress is
mainly borne by entanglements and intra-/inter- chain interactions that should both be
similar for all of the hydrogels. In addition, all the hydrogels have very low crosslink
densities, which would be expected to contribute to greater stiffness. At higher strains,
once the chains are uncoiled, the load starts to fall directly on the chains and crosslinks
and there is a drastic increase in stress with plastic deformation. The onset of this
behavior is reached by V50CK1 first, followed by V75CK1 and V100CK1 due to their
greater chain lengths.
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Figure 3.6 Tensile tests to failure a) Representative plots for tensile test to failure (red:
V50CKI, green: V75CKI, blue: VIOOCKI); b) Extremely high failure strains were
observed with strains as high as 1530% for ideal-network ELP hydrogels. Failure strains
directly depend on ELP size. (n = 5; statistically significant differences noted with “*’ for
p <0.05 and “**’ for p < 0.01)
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Figure 3.7 Tensile test modulus and ultimate stress a) Elastic modulus of ELP
hydrogels shows that between strains of 15% and 30%, all three types of proteins
generate a similar modulus of about 19 kPa; b) Ultimate tensile stress measured prior to
failure shows that regardless of ELP type, the hydrogels can handle about 105 kPa of
stress before failure. (n = 5, no statistically significant differences were observed)

Ultimate Stress

3.6 Cyclic tensile testing of ELP hydrogels for resilience

We further characterize the elastomeric properties of our ELP hydrogels by
performing cyclic tensile tests and show high resilience and low stress softening. We
hypothesized that the protein size should influence potential hysteresis among hydrogels
due to differences in ELP interactions. The cyclic tensile tests were performed by
stretching the hydrogel to a strain of 600% at a strain rate of 100%/minute for 6 cycles to
clearly show their resilience (Figure 3.8). We chose 600% strain in order to stay within
the elastic limit of the shortest ELP, V50CKI1, as determined from cyclic tests with
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increasing strains as described in the next section. Cyclic tests show that V50CKI
hydrogels have the lowest hysteresis with an energy recovery of 94%, while V75CK1 and
V100CK1 recover 88% and 83%, respectively (Figure 3.8b). The values are averaged
over the last five cycles and statistically significant differences among the three hydrogel
groups clearly indicates the influence of polymer type on hydrogel performance.

As is typical for hydrogel materials, our hydrogels also show viscoelastic
behavior. The size of ELP contained within the hydrogel dictates the influence of elastic
and viscous components. We attribute the rubber-like elastic behavior in our hydrogels to
the random coiling based on weak hydrophobic interactions typical for ELP. The viscous
behavior likely arises from the entanglements in the dense hydrogels and the inter-/intra-
chain interactions of ELPs. As shown earlier, larger ELPs have lower T: due to a greater
amount of hydrophobic interactions that stabilize them in a coiled state at lower
temperatures compared to small ELP. Thus, increased interactions can increase hysteresis
in V100CKI1 gels compared to V50CKI1. In general, the first cycle shows higher
hysteresis (Figure 3.11) because of the unraveling of knotted and entangled polymer
chains as well as permanent damage from rupturing of some chains. Observation of
hydrogel stress softening during the first couple of cycles supports the argument of
permanent structural changes that taper off upon repeated deformations (Figure 3.8 &
Figure 3.9). Majority of hysteresis (viscous component) observed beyond the first cycle is
likely due to the weak hydrophobic interactions that ELP chains can undergo. Repeated
coiling and uncoiling results in constant restructuring of chains and the consequential
changes in inter-/intra- chain interactions would increase hysteresis (Figure 3.9).
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Figure 3.8 Cyclic tensile tests a. Representative plots for the second cycle of a cyclic
tensile test (V75CK]1 is shifted up by 10 kPa and V50CKI by 20 kPa for clarity) (red:
V50CK1, green: V75CKI, blue: VI00CKI). b. Cyclic tests show an increase in energy
recovery with a decrease in ELP size. The increase in energy loss for longer ELPs is
likely due to an increase in ELP interactions with an increase in size. (n = 5, statistically
significant differences noted with “**’ for p < 0.01)
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Figure 3.9 Representative cyclic tests showing cycles 2 to 6. Majority of the plots
overlap due to the elastic nature of ELP hydrogels.

3.7 Cyclic tensile tests to determine the extent of elasticity

In order to explore the hyper-elastic nature of our hydrogels, we cyclically strain
them over a series of increasing strains. Unlike other protein based hydrogels, these ELP
hydrogels remain elastic even at high strains. We hypothesized that similar to failure
strain, the extent of the elastic region also depends on the length of the ELP. Figure 3.8a
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shows the stress strain cycles for each type of hydrogel. When the hydrogel is in its
elastic region, the unloading curve shows some hysteresis depending on the type of ELP.
Once the strain reaches plastic deformation, we see a drastic drop in stress during
unloading phase. Figure 3.10 shows elastic recovery during these tests. The high
hysteresis at initial low strains is likely due to the large amounts of chain untangling that
occurs in the end-to-end tethered hydrogels. Once the untangling is already complete at
lower strains, it has a smaller and smaller influence on the hydrogel hysteresis. Similarly,
Figure 3.8 shows the second cycle with low hysteresis for each ELP hydrogel during
repeated cycling. This should be similar for the hydrogels at other strains below the
plastic deformation regime. Once the hydrogels undergo plastic deformation, hysteresis
increases to high levels until the hydrogels break. Correlating the shape of stress v. strain
curves in Figure 3.10 with Figure 3.6, we hypothesize that the distinct region in the
curves where the stress stagnates even as strain increases is the beginning of plastic
deformation. As can be seen in Figure 3.10, VS0CK1 gels can remain elastic up to a
strain of 700%, V75CK1 up to 900% and VIO0CK1 up to 1100%. This can be attributed
to the coiling of polymer chains and thought of as longer springs that remain elastic at
large deformations.
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Figure 3.10 Cyclic tests with increasing strain. Rubber-like elastic nature of ELP
hydrogels can be seen through cyclic tensile tests with increasing strain (red: V50CKI,
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green: V75CKI1, blue: VIOOCKI); a) Representative tensile cycles with each loop shifted
up by 10 kPa for clarity. Hysteresis increases drastically once hydrogels undergo plastic
deformations and this depends on ELP type; b) Elastic recovery over subsequent tensile
cycles shows how untangling at low strains affects elastic recovery as well as strains at
which hydrogels appear to undergo plastic deformations: >7 for V50CKI, >9 for
V75CKI and >11 for VI0O0CK]I.

Q

100

ok

©
o
L]

Elastic Recovery (%)
S 3

60
V50CK1 V75CK1  V100CK1

(on

-
N

—&— \/50CK1
~—=0-—\V75CK1
—&— \/100CK1

—_—
[oe] o
T T

Stress loss (%)
(®)]

3
PR ¢
Cycle

Figure 3.11 Elastic recovery in cycle 1 and hysteresis a) Lower resilience is observed
during the first cycle likely due to the unraveling and rupture of highly entangled and
collapsed chains. Trend is similar to that of the remaining cycles, b) Stress loss of a cycle
compared to previous cycle at the strain of 600%. Initially, VI100CKI incurs significant
amount of stress loss due to disentanglements of the highly coiled and intertwined chains
as well as chain rupture. After the first couple of cycles, stress loss is minimal for all
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three types of hydrogels. (Statistically significant differences noted with **’ for p < 0.05;
** for p < 0.01)

3.8 ELP hydrogel resilience is potentially influenced by ELP size

Intrigued by the trends we observed for the series of hydrogels tested, we delve
further to study the causes of the hydrogel properties. In particular, we investigate a
hypothesis that the ELP-ELP interactions in addition to entanglements play a role in
altering hydrogel hysteresis. In layman’s terms, as a stretched hydrogel begins to return
to its normal shape after extension, the extended polymer chains begin to coil. The
hysteresis is caused by the sliding of chains against one another, which results in
resistance due to interactions between the chains (Figure 3.12). Earlier cyclic tests
showed a clear trend for hysteresis in which shorter ELPs have higher energy recovery,
however it is difficult to determine the mechanism through the presented data. In order to
investigate, we must alter the interactions between ELPs to decrease hydrogel hysteresis.
We accomplish this by showing a specific example by matching the cyclic characteristics
of V75CK1 hydrogels to the highly resilient V50CK1 gels. We use guanidinium
hydrochloride (GuHCl), a well-known chaotropic protein denaturant to influence ELP
thermo-responsive behavior. GuHCI increases ELP chain hydration by impeding chain
interactions and thus preventing ELP hydrophobic collapse and increasing their T:.
Through our studies, we found a linear relationship between the concentration of GuHCI
and the ELP T for both V75CK1 and V100CK1 (Figure 3.13). We used this data to
rationalize a concentration of GuHCI that would be enough to affect hydrogel properties
assuming that if the ELP transition temperatures are matched, their interactions will be
similar. We observed that Tt of V75CK1 (Figure 3.13, green) matches that of V50CK1
(Figure 3.13, red arrow) at close to 0.5 M GuHCI concentration. Using linear regression,
we determined that 0.49 M GuHCI in PBS should be optimal for showing a significant
change in hysteresis during the cyclic tests. We also confirmed that PBS maintains its pH
after the addition of GuHCI to avoid potential effects of pH on ELP prior to testing.
Similar to the previous cyclic tests, these hydrogels were equilibrated at 37°C in PBS
with 0.49M GuHCI to ensure homogeneous swelling pre-test and stretched cyclically
over 6 cycles using the same test parameters. Figure 7b shows the second loop for
V75CK1 with and without GuHCI. We can observe a distinct change in the hydrogel
hysteresis with a statistically significant increase in V75CKI1 energy recovery in the
presence of GuHCI. In fact, the energy recovery for V75CK1 with GuHCI closely
matches V50CK1 with a 1% difference (Figure 3.14). Thus, with the help of the
chaotropic agent, we showed how the mitigation of inter-/intra- chain hydrophobic
interactions allows V75CK1 chains to slide past each other with similar ease to V50CK1
and lower hysteresis in our rubber-like elastomeric hydrogels.
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Figure 3.12 Hysteresis during cyclic tensile tests is caused by chain interactions a.
Initially, ELP chains are coiled and entangled. b. Once the entanglements are unraveled
in the first cycle, hydrophobic interactions dominate hysteresis seen during the
subsequent cycles. C. Specifically, ELP-ELP chain interactions cause changes in
conformations of relaxed ELP chains after each cycle leading to hysteresis.
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Figure 3.14 ELP chain interaction based hysteresis a) Representative plots for V75CK1
hydrogels with and without GuHCI showing a clear decrease in hysteresis in the
presence of the chaotropic agent (green: V75CKI, violet: V75CKI with GuHCI); b) In
the presence of GuHCI, V75CKI hydrogels show a statistically significant increase in
elastic recovery to match that of V50CKI in PBS. (n = 5 except for V75CKI gels in
GuHCI with n = 3; statistically significant differences noted with “**’ for p < 0.01)

3.9 Conclusion

In this project, we used ELP to create protein-based mechanically robust
hydrogels with rubber-like extensibility. End-to-end tethered coiled chains enabled our
hydrogels to extend to strains as high as 1500% and maintain high resilience. In order to
design such mechanically robust hydrogels, we exploited ELP for its entropic spring
nature as well as genetic engineering to conduct precise polymer design and synthesis.
Control over ELP sizes and sequence along with crosslinking using 4-arm NHS/PEG
helped regulate inter-crosslink distances. Our strategy led to observations of clear
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correlations between the molecular architectures of polymer networks and hydrogel
extensibility as well as reversibility. Moreover, ELP’s unique ITT property and resulting
chain interactions along with the capability of guanidinium to affect these interactions
helped us examine how the polymer chain interactions influence hydrogel hysteresis. An
important conclusion from this work is that the selection of polymer length is critical to
achieve the right properties. For example, because V50CK1 shows low hysteresis, it will
be ideal for situations that require repetitive deformations, compared to the longer ELPs
that show higher stress softening.

In addition to the exceptional properties described, the ELP hydrogels also have a
biologically relevant elastic modulus matching soft tissues and numerous studies have
already shown its excellent biocompatibility.'* Unlike many other hydrogels that lack the
ability to deform reversibly, these ELP hydrogels can be used as tissue engineering
materials to develop extraordinarily robust scaffolds. Through further incorporation of
cell-stimulating motifs by genetic engineering, our rubber-like hydrogel scaffolds will be
useful for regenerating diseased tissues such as skeletal and cardiac muscles, blood
vessels, dermal tissues, etc. that undergo repetitive deformations, 71415195

3.10 Methods

3.10.1 Swelling Tests

In order to characterize the hydrogel swelling properties, we measured the weight
of each hydrogel at 26 and 37 °C. Specifically, each hydrogel was first placed on a
preweighed clean glass slide and excess water was removed using a tissue paper. The
slide with hydrogel was then weighed, and the hydrogel was placed back in its container.
Each hydrogel was weighed 2 more times with at least 30 min of incubation between
each measurement in order to minimize measurement errors. Once the weights were
recorded, the same hydrogels were incubated overnight at the next temperature, and the
measurements were repeated in the same manner. After recording hydrogel weights in
wet conditions, they were incubated in 15 mL of deionized water at room temperature
and the water was exchanged at least 3 times over 2 days to remove salt. After 2 days,
most of the water was aspirated from the glass vial and the hydrogels were frozen at
—80 °C for 2 h, followed by lyophilization over 24 h. The dried samples were weighted 3
times to obtain the dry weight for the respective samples. Water content of the hydrogels
was calculated using the formula: water content (%) = 100 x (weightWET -
weightDRY)/weightWET.

3.10.2 Tensile Tests

Tensile tests were carried out using Instron 5544 and a custom setup to provide a
temperature-controlled liquid environment for the test. Liquid is cycled between a heater
and the test chamber to maintain our desired temperature of 37 °C during the tests. Before
loading each gel, hydrogel profile pictures were taken to measure their width and
thickness. After the gels were loaded, an additional picture was taken to measure the
gauge length. Once loaded, the gels were allowed to equilibrate for 30 in warm PBS.
During the test, the extension rate was kept constant at 10 mm/min for the tensile tests.
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The elastic modulus for each gel was calculated using the stress data between strains of
15% and 30%. Failure strain and ultimate tensile stress were determined as the strain and
stress values, respectively, at the failure point for each gel. Sample size was 5 for each
gel type tested to perform statistical analysis.

3.10.3 Resilience Tests

Resilience tests were carried out using the same instrument and setup. After the
gels were equilibrated for 30 min, the cyclic test was performed at a strain rate of 1/min.
Each gel underwent 6 cycles of stretching and relaxation. Elastic recovery was calculated
as the ratio between energy of relaxation and the energy of extension. Sample size was 5
for each gel type tested to perform statistical analysis. Sample size was 3 for V75CK1
hydrogels in the presence of GuHCI.
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Chapter 4 Adhesive hydrogels

4.1 Introduction

Adhesives, unlike sutures and staples, provide a convenient and non-invasive
method to bond surfaces together. For biomedical applications, adhesives are useful for
bonding tissues post incisions and for closing wounds without introducing further trauma.
In general, a good adhesive needs to not only bond well to the target surface, but also
crosslink to form a strong and stable bridge upon curing. Some of the most common
adhesives are derivatives of cyanoacrylate glues, which undergo free-radical
polymerization upon exposure to a nucleophile such as water and bond to tissues in the
process of curing.'® Since their first use to seal wounds in the late 1950s, cyanoacrylates
have seen significant developments to achieve the FDA approved 2-octyl cyanoacrylate
or Dermabond in 1998.!3%18¢ Cyanoacrylate based glues show high adhesion strengths,
eliminate the dangers involved with suturing, allow wounds to heal faster and show good
cosmetic results.'®>!83 However, the volatile organic solvents that are a part of these glues
can cause inflammation and necrosis and show cytotoxicity at typical concentrations
prior to curing.'®* Additionally, the degradation of these glues and any long-term effects
in vivo have not been adequately evaluated.'®?

Alternatives to cyanoacrylate glues comprise of hydrogel adhesives that contain
synthetic and natural polymers, and animal-derived proteins. However, since the
adhesives target the same subset of reactive groups such as amines, thiols and imidazoles,
they commonly use formaldehyde, glutaraldehyde or UV-based strategies for bonding.?!*
A major risk with the use of formaldehyde and glutaraldehyde is their toxicity, while UV
exposure can cause unwanted mutations. Another significant drawback for common
hydrogels is swelling that can lead to mechanical failure in aqueous environments.’ In
addition, synthetic polymers require careful design to manage degradation and
biocompatibility,! which makes proteins such as fibrin, gelatin and collagen the simpler
alternative. However, since the protein-based adhesives are from xenogenic sources,
there is batch-to-batch variability, and risk of allergic reaction and disease transfer.?!>2!°
Hydrogels also lack flexibility that would be advantageous for long-term endurance of
adhesives.

To this end, we pursue the development of a biocompatible adhesive that is not
only adhesive to wet biological tissues, but also flexible. Our elastin-like polypeptides are
an ideal candidate for this work. ELP are recombinant proteins, which makes them
monodispersed and genetically tunable. ELP are also known for their elasticity and
stimuli-responsiveness.'®! Thus, in addition to flexibility, hydrogels containing ELP can
naturally deswell at the relatively high temperatures and ionic strengths encountered in
our body.!8!85 We can achieve adhesion by incorporating mussel-inspired catechol
groups on our polymers.?!” It is well-known that mussels can adhere to many different
types of organic and inorganic surfaces. This is accomplished through their byssal thread
proteins with a high content of L-3,4-dihydroxyphenylalanine (L-DOPA) and lysine
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residues.?!” In fact, L-DOPA residues populate up to 30% of amino acids in mussel foot
protein-2 and are a result of post-translational modification of tyrosine via tyrosinase
enzymes.’!” The catechol residue on L-DOPA is similar to polyphenolic compounds
found in wine, coffee and tea with the ability to react with inorganics such as metal
oxides as well as organics such as amino acids containing amine, thiol, imidazole and
many synthetic polymers.?!® Since amine, thiol and imidazole groups are already present
in biological tissues, catechols are a good candidate for adhesion purposes. By
incorporating the flexible ELP and adhesive catechols, we can accomplish our goal of
synthesizing a flexible adhesive.

4.2 Strategy for adhesive synthesis

In order to create a flexible adhesive, we use genetic engineering to engineer
elastin-like polypeptides (ELP) and design a polypeptide that can be chemically
functionalized to yield adhesive properties. We have already shown the extent of
flexibility that can be achieved with the material.'®! By imparting the ability to adhere
and crosslink in situ, we can create a flexible and biocompatible adhesive. First, we
designed the core sequence of our ELP, which has a variable guest residue, ‘X,’ in the
pentapeptide repeat unit, ‘VPGXG’. In this work, we chose glutamate as the guest residue,
since the carboxylate functional group can be chemically modified with dopamine for
catechol incorporation (Figure 4.1a & Figure 4.2). Lysine is another candidate for this
purpose, however since catechol can bond with amine in addition to other catechols, the
protein would undergo unwanted reactions with unmodified amines and reduce the
number of catechols available for adhesion to tissues.?!® Tyrosine can also be a good
guest residue as it can be converted to L-DOPA by enzymatic modification in a scheme
similar to mussel foot proteins.?!” However, protein purification to remove the enzymes
after the modification would result in significant loss of the material. In addition, the
presence of tyrosine would greatly increase the hydrophobicity of the protein, and lead to
difficulty in protein handling and processing. Comparatively, the carboxylate functional
glutamate is the ideal choice to develop our material since upon chemical modification of
the ELP, all small molecule reactants and products can be removed by dialysis.

Once functionalized, the proteins can be applied to a target substrate for adhesion.
Generally, catechol containing adhesives crosslink or cure as the catechol groups are
oxidized. During oxidation, quinones can react with tissue specific residues such as
amine, thiol and imidazole via Michael addition or Schiff base formation (Figure 4.1b).?!8
Additionally, the catechol and the oxidized quinone groups can dimerize to crosslink the
polymer chains together.?'® Through these reactions, the adhesive can both, adhere to the
tissue and form a stable bridging material to bond the target surfaces (Figure 4.1c).
Previous research has also shown the effectiveness of adhesion even with small quantities
of catechol, however, it requires an oxidant to work efficiently.?!*??! Since our ELPs will
contain significantly low amounts of catechols compared to mussel foot proteins, we will
incorporate sodium periodate, which is a mild oxidant and has shown success with other
previous works.?!%-%2!
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In the remainder of this chapter, I will describe the design and synthesis of the
ELP. This will be followed by the functionalization of the ELP with dopamine and its
characterization. We characterize the curing of functionalized ELPs through rheometry
and highlight the deswelling behavior of these materials in addition to flexibility. Finally,
we study the adhesion strengths of the proteins on porcine skin and conclude with a
remark about a pathway to create adhesives using rubber-like hydrogels in Chapter 3.
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Figure 4.1 Adhesive hydrogel schematic a) ELP will be modified with dopamine to
produce ELP/Cat. b) In oxidative conditions, ELP/Cat can bind to tissues by reacting
with amine, thiol and imidazole, and form a network by dimerizing. c) ELP/Cat can be
easily applied on tissues, on which it will solidify and bind

4.3 ELP synthesis and material design

In this work, our goal was to create an adhesive polymer that cures and bonds soft
tissues. We approach this issue by designing an ELP glutamate, which contains
carboxylate that can be chemically modified with dopamine. The ELP, called V4E125, is
composed of two types of pentapeptides — ‘VPGVG’ and ‘VPGEG’ — with a full
sequence of ([VPGVG]2VPGEG[VPGVG]2)2s5. The protein name is derived from its
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repeat units, each of which contains 4 repeats of pentapeptides with guest residue ‘V’ and
1 repeat of pentapeptide with guest residue ‘E’. Each protein contains a total of 125
pentapeptides. V4E125 was synthesized previously by Dr. Eddie Wang using genetic
engineering methods described in chapter 2.'"® Once the V4E125 gene was synthesized,
the protein was synthesized by over-expression in terrific broth with glycerol and the
antibiotic, kanamycin.!”! The expressed protein was purified by lysing the cells and
removing the cell debris, followed by inverse temperature cycling to remove all other
contaminants. The protein solution was dialyzed against ultra-pure water over two days
and lyophilized over two more days to yield a pure protein sample. Our previous mass
spectrometry results show the protein to be 52.5 kDa as expected. In addition, since the
negative charge at physiological pH leads to repulsion, the protein does not show any
transition in physiological conditions compared to VS0CK1, V75CK1 and V100CK1 in
chapter 3.

4.4 Chemical functionalization of V4E125

Adhesives bond multiple surfaces together by not only adhering to each surface,
but also forming a network that bridges across these surfaces. Furthermore, since our goal
is to develop an adhesive to treat biological tissues, we are limited to natural tissue
surfaces that contain reactive groups such as amines, thiols and imidazoles in aqueous
conditions. We can target all these groups by using catechols that undergo Michael
addition in oxidative conditions to form strong bonds.?!® Additionally, since catechols
can also react with each other, they can form a strong network that will lead to a
successful adhesion (Figure 4.1b). We introduce catechols into our carboxylate
containing V4E125 proteins using amine containing dopamine. The 26 carboxylates (25
glutamate residues and one carboxylate at the C-terminal), can be easily modified with
dopamine using the EDC/NHS chemistry. Since NHS is a good leaving group, activating
a carboxylate with NHS ester can provide a high yield strategy to functionalize our
protein with dopamine (Figure 4.2). Unlike enzymatic modification strategies, our
method allows us to control the amount of modification by controlling the ratio of
reactants. Furthermore, purification of protein is extremely simple as all reactants,
unwanted products, and organic solvents are small molecules that can diffuse through the
10 kDa molecular weight cut-off dialysis membrane. We can recover 99% of the protein
modified with this method.
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Figure 4.2 Chemical functionalization scheme for modifying V4E125 with dopamine.
Glutamate can be activated using EDC/NHS. The NHS ester functional V4E125 can react

efficiently with primary amines on dopamine to create the modified ELP/Cat

A significant effect of the functionalization of V4E125 was observed in the
transition temperature of the proteins. Unmodified V4E125 has an extremely high to no
transition due to charge-charge repulsion. However, once the proteins are modified, their
hydrophobicity increases along with the loss of charged carboxylates. This leads to a
decrease in the transition temperature of the proteins even below the room temperature.*
Once the protein was purified, the transition temperature of each protein was quantified
using turbidity measurements. We expected the transition temperature to decrease as the
amount of modification increases. This is both due to the addition of a relatively
hydrophobic moiety and the loss of a charged residue. As shown in Figure 4.3, the
transition temperature of ELP/Cat solutions in phosphate buffered saline changes from
28°C for 50% modification ratio to 16°C for 100% modification ratio (Figure 4.3). This
provides us with qualitative proof that the proteins are being modified and increasing the
modification ratio makes them more hydrophobic as expected. The relatively low
transition temperature also indicates an increased potential for any resulting hydrogel
network to deswell as the temperature increases from cold temperatures to 37°C.
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Figure 4.3 Transition temperature measurements of ELP/Cat. 4s the amount of
modification increases, the protein loses negatively charged residues that result in a
decrease in its transition temperature.
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In order to confirm and quantify the presence of catechol on ELP/Cat, we
investigate our samples using NMR spectroscopy. 50%, 75% and 100% ELP/Cat samples
showed reaction yields of 90%, 86% and 79%, respectively. (Figure 4.4) Polymeric
materials are generally difficult to examine using NMR due to their broad dispersity and
branching. However, our recombinantly synthesized ELP show excellent signal due to
their highly repetitive nature and monodispersed size. In addition, since the unmodified
V4EI125 does not have any phenyl groups, we can confirm dopamine functional groups
by observing NMR signals around 6.8 ppm. (Figure 4.4) Compared to unmodified
V4E125, all three ELP/Cat samples show peaks between 6.5 and 7 ppm. (Figure 4.6) To
further quantify the number of dopamine present, we compare the integration of signal
from three protons on the catechol/quinone groups to that of the six protons on methyl
groups of valine at 0.9 ppm. (Figure 4.4) Through this we calculated the actual
modification ratio of 45% for the 50% ELP/Cat sample, 64.5% for the 75% ELP/Cat
sample, and 80% for 100% ELP/Cat. (Figure 4.5 & Figure 4.6)
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Figure 4.4 'H NMR spectra (900 MHz) of ELP/Cat. Protons on the valine methyl
groups (0.9 ppm) can be used to quantify catechol/quinone protons (6.5 — 7 ppm)
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Figure 4.5 'H NMR signal of valine methyl protons. Methyl protons were used to
normalize the signals and quantify catechol protons.
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Figure 4.6 'H NMR signal of catechol/quinone signal. 50% ELP/Cat showed 90%
reaction yield, while 75% ELP/Cat showed 86% and 100% ELP/Cat showed 79%
reaction yield

4.5 Rheological properties of ELP/Cat

The ELP/Cat polymers must crosslink to from a stable hydrogel network for our
adhesive to function as intended. Since the starting state of the adhesive is a liquid that
should solidify over time, we chose rheometry as the appropriate technique. Rheometry
can be used to measure material characteristics over time by applying shear in an
oscillatory manner. Our first priority was to measure how fast our materials cure at the
physiological temperature of 37°C. We prepare the adhesive hydrogel mixture on ice and
immediately transfer it to the rheometer stage cooled to 4°C. We observe that until the
temperature is raised, there are no changes in the storage and loss moduli. Once the
temperature is ramped to 37°C, all the samples show an increase in storage modulus
within 1 to 3 minutes and it increases slowly over an hour (Figure 4.7). Although 75%
and 100% ELP/Cat samples consistently show changes in the storage modulus from 100
to 1000 Pa, many of the 50% ELP/Cat samples showed no changes. Such low moduli
would indicate extremely soft hydrogels; however, we were able to easily handle the
cured hydrogels and even stretch it. We hypothesized that the hydrogels were shrinking
as they crosslink, and this led to loss of contact between the material and the probe.
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Figure 4.7 Representative rheology test data. Rheology tests for ELP/Cat hydrogels
show small moduli until normal force is applied (AForce); This is due to hydrogel
deswelling, which is common for ELP-based hydrogels. a) 50% ELP/Cat. b) 75%
ELP/Cat. ¢) 100% ELP/Cat

We addressed this issue by applying a constant normal force on the material so
that the gap is adjusted to account for hydrogel deswelling. But, before we begin applying
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the force, we allow the hydrogels to crosslink for 10 minutes at 37°C to prevent
premature expulsion of uncrosslinked mixture. Figure 4.7 shows the representative
measurements for each type of ELP/Cat and Figure 4.8 shows the average values of
storage and loss moduli after 1 hour of measurements. The loss moduli remain small and
indistinguishable among the three sample types; However, the storage moduli show a
positive relationship with an increase in dopamine content as expected. 100% ELP/Cat
samples show moduli as high as 19 kPa.
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Figure 4.8 Rheological properties of ELP/Cat hydrogels. a) Storage modulus, elastic
component, increases with an increase in the amount of catechol. b) Loss modulus,

viscous component, remains constant. (N, number of samples; statistically significant
differences noted with “*’ for p < 0.05 & “**’ for p < 0.01)

After the 1 hour of measurements, we further test the gels with a strain sweep by
linearly ramping the strain from 0.1% to 300% (Figure 4.9). We observe the damping
factor, which is a ratio of storage to loss modulus, and use a value of 1 as the failure point
of the hydrogel. The ELP/Cat protein with lowest modification ratio of 50% shows the
highest failure strain with an average of 161%. This can be attributed to the fact that
decreasing the crosslink density leaves larger inter-crosslink distances so that the polymer
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chains can stretch before rupturing. (Figure 4.10) And although the 100% ELP/Cat
adhesives show the least flexibility, they can still withstand a shear strain beyond 100%.
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Figure 4.9 ELP/Cat hydrogel flexibility. a) Representative plots showing the changes in
damping factor during strain sweeps. b) Average strain at which the damping factor
reaches 1; 50% ELP/Cat hydrogels maintain their integrity to shear strain as high as
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Figure 4.10 Schematic showing the effects of crosslink density and strain. 50%
ELP/Cat hydrogels show higher flexibility because a larger portion of the polymer chain
is available for stretching compared to highly crosslinked 100% ELP/Cat
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4.6 Adhesive properties of ELP/Cat

Once we measured the curing characteristics of our materials, we investigated
their adhesiveness to biological tissues, specifically to porcine skin. We first test the
tensile strength of the adhesives and find that the ELP/Cat with 100% modification show
the highest strength of 35 kPa and the strength decreases with a decrease in the amount of
modification (Figure 4.11). We chose porcine skin as a model system for testing as it is
readily available and is typically used to test adhesives. Since skin is rather flexible, we
secure them on aluminum supports and in particular, we use T-bar shaped aluminum
stubs for tensile tests. Figure 4.11a shows a representative test for each type of adhesive.
Typically, the samples remain stable until a peak load is reached, at which point the
adhesive fails and the load decreases immediately. Although the material ruptures, the
photograph shown in Figure 4.12 shows that some of the material still bridges across the
two skin surfaces due to its flexibility.

a b N =67
50 50
50% -
——75% —_ *
40 —100% & 40
4 [l
a =t N
b M~
% 30 ) 30 m
o o
v -
£2 » 20 £
® = ]
10 © 10
[t 2
0 - - 0
0 0.1 0.2 0.3 0.4 0.5 50% 75% 100%
Displacement (mm) Cat/ELP

Figure 4.11 Adhesive tensile strength tests. a) Representative data for each type of
ELP/Cat adhesive. b) Average tensile strength for adhesives; 100% modified samples
show the highest strength, which correlates with the amount of catechol (N, number of
samples, : N =5 for 100% ELP/Cat; statistically significant differences noted with *’
forp <0.05 & ** forp < 0.01)
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Figure 4.12 Photograph of tensile pull-off test showing 50% ELP/Cat spanning
between two pieces of skin

In addition to the tensile tests, we also tested the ELP/Cat adhesives for their
shear strength using lap-shear testing. We find similar strengths for the three different
sample types with the 100% ELP/Cat samples showing an average of 39 kPa (Figure
4.13). As expected, decreasing the quantity of catechols decreases the shear strength to 20
kPa for 50% ELP/Cat samples. For the lap-shear tests, we use a flat rectangular piece of
aluminum as the support for skin. While the parallel plates of aluminum are displaced,
the skin and adhesive assembly in the middle are sheared. Figure 4.13a shows a
representative test for each sample type. In practical terms, both the tensile and shear tests
show that 1.5 cm x 1.5 cm pieces of skin adhered with ELP/Cat can withstand loads as
high as 1 kg before rupturing. Considering that the catechol groups make up for a
maximum of only 4% of the number of amino acids per chain, our material works quite
well. This may be related to the deswelling phenomenon that we observe during rheology.
Although we use 12% wt/vol protein content for the adhesives, the final amount increases
as the polymer chains transition to a hydrophobic state and expel water.
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Figure 4.13 Adhesive shear strength tests. a) Representative data for each type of
ELP/Cat adhesive. b) Average shear strength for adhesives;, 100% modified samples
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show the highest strength, which correlates with the amount of catechol (N, number of
samples, statistically significant differences noted with “**’ for p < 0.01)

4.7 Conclusion

In this work, we designed and synthesized V4E125 that could be chemically
functionalized with dopamine. We modified the ELP with dopamine and characterized it
using NMR and showed how the loss of negative charge leads to a decrease in the
transition temperature of the proteins. Through rheometry, we show that our materials
can form stable hydrogel networks and they deswell as the ELP transitions to a
hydrophobic state. We also showed that the materials can adhere well to porcine skin.
Further work involves testing the materials in vitro to investigate their biocompatibility
and finally test them in vivo in murine models as a surgical adhesive.

In the future, we can create a highly flexible adhesive by combining the ELP/Cat
adhesives developed in this chapter with the rubbery hydrogels in chapter 3. This can be
done by synthesizing a new set of telechelic ELPs (containing glutamates) with cysteine
at both terminals. Hydrogels can be synthesized by crosslinking them with a maleimide
functional 4-arm PEG and modifying them with dopamine. ELP/Cat can then be used as
a bridging material to bind biological tissues to the elastic hydrogels. Highly extensible
adhesives will be advantageous to bond to tissues that undergo repetitive deformations
such as skeletal and cardiac muscles as well as blood vessels.

4.8 Method

4.8.1 Functionalizing V4E125 with Dopamine

The modification of V4E125 with dopamine is performed using 2% w/v protein
concentration in a 3:1 mixture of DMSO:DMF in the presence of 0.5, 0.75 or 1 equimolar
dopamine to carboxylates. The ratio of dopamine:EDC:NHS is kept constant at 1:1.5:1.2.
1 equimolar triethylamine to dopamine is added to the reaction mixture as a catalyst. The
reaction mixture is prepared on ice and then moved to 37°C incubator and rotated end-
over-end for 6 hours. This is followed by 10x dilution of the mixture with chilled 100
mM acetate buffer at pH 4.0. In addition to hydrolysis of the remaining water sensitive
reactants, the low pH prevents oxidation of catechols to quinones. The chilled solutions
are then transferred to 10 kDa MWCO dialysis cassettes and dialyzed against dilute HCI
solution (3.5 L ultrapure water with 1 mL concentrated HCI) with pH < 3.0 at 4°C. Dilute
HCI solution is changed 8 times over 3 days. At the end, the cassettes are dialyzed against
ultra-pure water for at least 4 hours. The functionalized protein solutions are then
removed from the cassettes and transferred to glass scintillation vials. The vials are
frozen at -80°C for 2 hours and lyophilized for 3 days. Once lyophilized, the vials are
stored with loosened caps in a vacuum chamber with desiccant until use.
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4.8.2 '"H NMR

5.25 mg/mL solution of proteins were made using 50 mM phosphate bufter, pH
5.0. The phosphate buffer contained D20 as the solvent to prevent signal from water.
Samples were tested at the Central California 900 MHz NMR facility.

4.8.3 Adhesive preparation

ELP/Cat adhesives are prepared with the addition to sodium periodate to promote
oxidation of catechol. The adhesive solution is prepared to have a final protein
concentration of 12% w/v. All buffers and solutions are chilled on ice throughout
synthesis. ELP is weighed out and dissolved in phosphate buffered saline at a
concentration of 20% w/v. Separately, a stock solution of 30 mg/mL NalOs in water is
prepared. 0.5 equimolar NalO4 to dopamine solution is prepared for each protein sample
by diluting the stock solution with an appropriate amount of water. Immediately prior to
use, the appropriate volume of NalO4 solution is added to the protein solution. The
mixture is stirred using a clean pipette tip and pipetted on the test surface.

4.8.4 Rheology

Adhesive curing and flexibility in shear regime were characterized using
rheometry (MCR 302 Modular Compact Rheometer, Anton Paar) with temperature
control. 8 mm probe was used for all tests. The rheometer stage is chilled to 4°C.
Adhesive was prepared as described and pipetted on the stage. Probe was lowered until
the liquid mixture completely filled the gap between probe and stage. During our tests,
we realized that as the adhesives cure, they shrink and lose contact with the rheometer
probe. In order to maintain contact, we applied 1 N of normal force after allowing the
materials to crosslink at 37°C for 10 minutes. The table below describes the details of the
rheometer program used for testing. After allowing the hydrogel to cure for 1 hour at 1%
strain, 1 Hz frequency, 37°C and 1 N of normal force, a strain sweep was applied to test
its flexibility. Strain was ramped linearly from 0.1% to 300%, while other settings were
kept constant. Storage modulus and loss modulus were collected for each test. Damping
factor was also collected for strain sweep tests.

4.8.5 Skin preparation for adhesion tests

Split thickness porcine skin (I-188) was purchased from Stellen Medical and kept
frozen at -20°C. Prior to sectioning the necessary size of testing targets, the skin was
moved to -80°C for 30 minutes to ensure that it remains frozen. Dissection pan and a
scalpel were chilled in 4°C cold room during this time. After 30 minutes, skin was
sectioned in 4°C cold room and immediately transferred to -20°C for storage. The target
skin samples were sectioned into 1.5 cm x 1.5 cm for pull-off tests and 1 cm x 2.5 cm for
lap-shear tests. Each section of skin was thawed and hydrated by soaking in room
temperature PBS for 30 minutes. To attach skin to aluminum supports, the epidermis side
was wiped dry using a paper wipe. Cyanoacrylate glue was applied to the prepared
aluminum surface and the epidermis side of skin was carefully centered on the support.
Skin was gently pressed down for 30 seconds and excess glue was wiped away. Each skin
assembly was kept hydrated until test by covering it with a PBS soaked gauze pad.
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4.8.6 Tensile pull-off test

For pull-off tests, a 1” x 1” aluminum T-bar was used as support. Each support
was roughened using 50 grit sandpaper and cleaned prior to attaching the skin samples.
Test samples were prepared by securing a (wet gauze pad covered) skin assembly using a
table vise. Gauze pad was removed, and excess water was removed using a damp paper
wipe. Adhesive mixture was prepared and immediately spread on the skin surface.
Second skin assembly was placed on top and the material was allowed to cure for 5
minutes at room temperature without being disturbed. The test sample was clamped using
two clips (OXO Good Grips Magnetic All-Purpose Clips, Cat. 13141700V1), evenly
balanced on either side. Test sample assembly was covered with wet gauze pad and
moved to a sealed container with water to maintain 100% relative humidity. The
container was incubated at 37°C for 12 to 13 hours prior to testing.

Tests were carried out using an Instron 5544 tester. Sample to be tested was taken
out of the incubator and the clips were gently removed. Sample was then secured into the
lower grips of the Instron, followed by the upper grips. Samples were loaded until failure
at an extension rate of 1 mm/minute to a final extension of 5 mm. Each pair of target skin
substrates were photographed to measure the cross-sectional area. Smaller area was used
in each case to calculate stress from load.

4.8.7 Lap-shear test

For lap-shear tests, a flat 1” x 2” aluminum bar was used as support. Samples
were prepared in a nearly identical manner to pull-of test samples. The test sample was
finally clamped using a single clip. Similar to pull-off test samples, the sample assembly
was incubated at 37°C in a humid environment for 12 to 13 hours prior to testing.

Tests were carried out using an Instron 5544 tester. Sample to be tested was taken
out of the incubator and the clip was gently removed. Sample was then secured into the
lower grips of the Instron, followed by the upper grips. Samples were loaded until failure
at an extension rate of 1 mm/minute to a final extension of 10 mm. Each pair of target
skin substrates were photographed to measure the cross-sectional area. Smaller area was
used in each case to calculate stress from load.
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Chapter 5 Self-healing hydrogels

5.1 Introduction

Functional hydrogels designed to be biocompatible, injectable, stimuli-responsive
and self-healing are valuable for many biomedical applications including wound
healing,>*>2% tissue engineering,??*?% as well as carriers for drug or cell delivery.??%??7 In
particular, in situ forming hydrogels are interesting as they can be applied to a target site
without the need for pre-defined shapes.??® An aqueous precursor mixture of an in situ
forming hydrogel can be injected into the target site, where it forms a stable structure
over-time by itself or in response to stimuli such as light, temperature, and pH.???* I
situ forming hydrogels have been synthesized with a variety of natural and synthetic
polymers with physical and chemical crosslinking®?622%23! such as Michael addition
between thiol-modified hyaluronic acid and poly(ethylene glycol) vinylsulfone,*?
electrostatic interaction between alginate and slow released calcium ions from CaSQs.2*
Although previous strategies have shown control over individual characteristics, they
have limited scope of combining desired functionalities such as tunable mechanical
properties, biocompatible and stimuli-responsive crosslinking, and direct integration of
cell stimulating motifs without labor intensive chemical synthesis.

5.2 Strategy for self-healing

In order to develop functional in situ forming hydrogels with self-healing
properties, our strategy was to use a customizable and stimulus-responsive polymer, and
a crosslinking scheme with dynamic chemical bonds. We focused on recombinant
polypeptides as they can be easily customized using standard genetic engineering
techniques to mimic natural extracellular matrix.!""!> Specifically, we chose the
mammalian elastin derived elastin-like polypeptides (ELP).** ELP have a simple
repetitive sequence composed of the pentapeptide ‘Val-Pro-Gly-X-Gly’, where the guest
residue ‘X’ can be any amino acid other than proline. These polypeptides are highly
flexible due to weak hydrophobic interactions and hydrogen bonds that enable the chains
to extend and retract like a spring.”®!81:23%% ELP can also reversibly phase separate in
response to environmental factors such as temperature, pH and ionic strength as well as
intrinsic properties such as size of the ELP molecule and the hydrophobicity of the guest
residue.®® These advantageous properties of ELP and its biocompatibility have already
motivated its use in developing biomaterials for tissue engineering,'®103-235-237
biocatalysis,?*® drug delivery,?* and hydrogel actuators.”® Although available, current in
situ forming ELP hydrogels'®1% use crosslinking molecules that can diffuse out and
affect the surrounding tissues. Moreover, while irreversible chemical crosslinks are
mechanically stable, the materials cannot heal when damaged. Thus, we chose to use
Schiff base chemistry based crosslinking scheme to form reversible imine bonds between
aldehyde and primary amines.?*>**’ Reactants and products remain at equilibrium in this
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scheme with high pH favoring imines (specifically, aldimines) and low pH favoring
aldehyde and amines.?*! The dynamic nature of imine bonds*** can also impart self-
healing properties making our materials robust. Furthermore, direct functionalization of
ELP with reactive groups through genetic and chemical modifications eliminates the need
for extraneous reactive molecules that can leach into surrounding tissues.

Our strategy to form high pH triggered aldimine crosslinks requires a way to
increase the pH without using toxic buffer systems. We can realize this using the
biocompatible inorganic, bioglass (BG).>** BG is a well-known bioactive inorganic
material that can induce bone mineralization, enhance angiogenesis, promote wound
healing and even prevent bacterial growth through the release of ions into its
surroundings.?**2*® Based on these appealing properties, BG has been used to develop
materials for surface coatings,>* cell encapsulation,> tissue engineering,?*”-*3!2%2 and
drug delivery.?>® Thus, by combining aldimine forming ELP with BG, we can create a
composite material in which the two components work synergistically to form
crosslinked hydrogels in a safe and tunable manner. Previously, BG has been
incorporated with ELP and collagen,”** however the role of BG and ELP are unclear as
the materials likely solidify primarily through physical crosslinking among collagen. In
this work, we first synthesize ELP containing either primary amine or carboxylic acid
functional groups using genetic engineering and recombinant expression. We chemically
modify carboxylic acids to create ELP with aldehyde functional groups. We then
combine the organic and inorganic components to create ELP/BG composite hydrogels
and show their tunable gelling characteristics and mechanical properties (Figure 5.1). We
also demonstrate the self-healing property of the hydrogels by successfully reattaching
severed hydrogels along with the rheological tests. Additionally, we show the strength of
genetically engineering to easily customize the ELPs with ‘RGD’ sequences to promote
cell adhesion without the need for serum proteins. In the future, the robust in situ forming
ELP/BG hydrogels with dynamic crosslinks will be useful for delivering cells and drug
molecules to promote soft tissue regeneration.
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5.3 ELP design and synthesis

We designed the ELPs to create in situ forming hydrogel with BG. In order to
enable our polymers to cross-link, we employ Schiff base formation between primary
amines and aldehydes. The Schiff base formation is favored in a high pH environment,
which can be achieved by BG that releases ions and increases the local pH.?>*> We used
recombinant DNA techniques to design and synthesize two ELP backbone sequences,
[(VPGVG)2VPGKG)(VPGVG):]2s for K125 and [(VPGVG)2(VPGEG)(VPGVG):]2s for
E125, where the charged pentapeptides were spaced with hydrophobic “VPGVG” to
lower product toxicity to the host E. coli.'®"2% The K125 backbone was further
engineered to add functional motifs (Table 5.1, Figure 5.1a). We functionalized both N-
/C-termini of K125 with cell adhesive “RGD” sequence® to produce K125-RGD;
whereas, only C-terminus of K125 was modified with hydroxyapatite adhesive
“EEEEEEEE”'® to produce K125-E8 used during material characterization (Table 5.1).
On the other hand, glutamic acids in E125 were chosen to accomplish a simple
modification of the carboxylic acid side chains to display aldehydes (Figure 5.1b).
Together, ELP functionalized with primary amines and aldehydes can form aldimine
cross-links to achieve gelation (Figure 5.1¢).

ELP mass and purity were measured using MALDI-TOF mass spectrometer to
confirm that they match the theoretical values. Figure 5.2 shows that all the synthesized
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ELP are monodisperse and highly pure. The molecular weights of E125 (52.55 kDa),
K125-E8 (53.66 kDa), and K125-RGD (53.50 kDa) closely matched their theoretical
mass (52.43 kDa, 53.60 kDa, and 53.67 kDa, respectively).

Table 5.1 ELP nomenclature and sequences

Name N-terminal Backbone C-terminal
E125 SGVG [(VPGVG):2VPGEG(VPGVG):2]2s VPG
K125-E8 SGVG [(VPGVG):VPGKG(VPGVG)2]2s  VPGSEEEEEEEE

K125-RGD  SGRGDSG  [(VPGVG):VPGKG(VPGVG):]rs  VPGSGRGDSGK
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Figure 5.2 MALDI-TOF spectra of E125 (52.55 kDa), K125-E8 (53.66 kDa) and K125-
RGD (53.50 kDa).

5.4 Functionalizing ELP with aldehyde

After synthesis of E125, we chemically functionalized the carboxylic acid groups
on E125 with aldehydes using NHS/EDC chemistry (Figure 5.1b). We coupled
aminoacetaldehyde dimethyl acetal on E125 and converted acetal end groups to aldehyde
in the presence of trifluoroacetic acid (Figure 5.1b) to produce the modified E125 (M-
E125). We verified the ELP modification and acetal deprotection by NMR (Figure 5.3).
The '"H NMR spectrum of M-E125 shows a peak at 9.42 ppm (blue line) from the
aldehyde proton while E125 and midproducts (before deprotection) show no signal in the
same range (purple and red lines, respectively). The midproducts show a peak at 3.13
ppm (red line), which confirmed the presence of dimethylacetal groups.''” Furthermore,
we quantify the amount of the aldehyde groups in M-E125 by titrating it with
hydroxylamine hydrochloride. The reaction between aldehyde and hydroxylamine
hydrochloride results in HCl generation that lowers the pH of the M-E125 solution
(Figure 5.4).%7 Consequently, E125 solution does not exhibit any pH change. Based on
the amount of the titrant that induced pH changes,?’ we estimated that 40-45% of the
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glutamates were modified with aldehydes in M-E125. Molecular weight of M-E125 was
not measured due to dispersity following chemical modification.
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Figure 5.3 *H NMR spectra (500 MHz) of E125, the mid-products during modification
and modified M-E125. Peaks for aldehyde [-CHO, 9.42 ppm] and acetal [-(OCH3)2,
3.13 ppm] are labeled on the spectra for M-E125 and Mid-products, respectively.
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Figure 5.4 Hydroxylamine hydrochloride assay. a) Aldehydes react with hydroxylamine
to produce oxime and release hydrochloric acid. b) In the presence of M-E125 (blue
crosses), the pH decreases due to release of hydrochloric acid, however there is no
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change for unmodified E125 (purple circles). Change in pH was used to calculate the
quantity of aldehyde on modified ELP.

5.5 Transition temperature of ELPs

ELP transition properties were characterized by measuring solution turbidity with
a rise in temperature. ELP remain hydrated and soluble at low temperature; however, the
chains collapse and phase separate when the temperature goes above their transition
temperature (7¢).** As described by Urry et al., Tt depends on many factors including the
hydrophobicity of the guest residue.*’ In the case of K125 and E125, the highly charged
guest residues “Lys” and “Glu” drastically increase the 7t due to charge—charge repulsion.
K125-E8 and K125-RGD possess similar 7t of 57 °C as they share the same positively
charged backbone sequences (Figure 5.5). On the other hand, E125 did not exhibit 7t in
PBS even up to 60 °C likely from the strong repulsion from the glutamate residues
(Figure 5.6, blue line). Interestingly, after aldehyde modification of E125 to M-E125, we
see a dramatic decrease in 7t to 36 °C (Figure 5.6, orange line). We hypothesized that the
near physiological Tt of M-E125 could make it easier to initiate polypeptide aggregation
and cross-linking during hydrogel synthesis.
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Figure 5.5 Inverse transition patterns of E125 (blue) and chemical modified M-E125
(orange).

69



- — K 125-E8
5} — K 125-RGD
=08 }
(4]
K]
)
mO.G
o]
<
004
2
©
30,2
(14

0

35 75

45 55 o089
Temperature (°C)
Figure 5.6 ITT measurement for K125-E8 and K125-RGD. Positively charged

backbone results in a high transition temperature of 57 °C for both proteins.

5.6 Hydrogel Synthesis

We synthesized the in situ forming composite hydrogels using ELP and BG.
Considering that K125-E8 contains 25 primary amine containing lysines (Table 5.1),
while nearly half of the amino acids in M-E125 have aldehyde groups, we mixed the two
components at a ratio of 1:2 to have similar amounts of amine and aldehyde. Cross-
linking between K125-E8 and M-E125 occurs as soon as the solution pH increases with
the addition of BG powders to the mixture. In order to determine the influence of BG on
the gelation kinetics, we first characterized solution pH changes with increasing
concentration of BG. We observed that the solution pH changes more rapidly and
equilibrates at a higher level with greater BG concentration (Figure 5.7a). As aldimine
formation is favored at high pH, an increase in the amount of BG concentration should
allow for faster gelation. Using rheology tests, we were able to observe rapid gelation
within 100s with 1% w/v BG (Figure 5.7b). In addition, higher amounts of BG results in
statistically significant increases in the storage modulus of the hydrogels (Figure 5.7c¢).
Since the solution pH increases with more BG, we hypothesize that the reaction between
amines and aldehydes proceeds closer to completion and raises the storage modulus. This
imparts tunability to our hydrogel gelling time and elastic properties with a simple
change in BG concentration.
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Figure 5.7 Rheometry a) BG increased the pH of PBS solution. b) Gelling time of the
ELP/BG hydrogels with different BG content. c) Storage moduli of hydrogels after one
hour gelling with different BG content. (n = 3; statistically significant differences
denoted by ™ for p < 0.05; “*** for p < 0.01)

5.7 Thermosensitive gelling

We further study the cross-linking in our ELP/BG composite system by
characterizing their gelation kinetics in response to temperature. We observed that the
ELP/BG solutions remain fluid at 25 °C, but quickly set at the physiological temperature
of 37 °C and turn more turbid (Figure 5.8a). In order to show this more clearly, we
conducted rheology tests by first maintaining 25 °C and then quickly raising the
temperature to 37 °C. The plot in Figure 5.8b shows how the storage modulus remains
unchanged at low temperature and quickly increases once the temperature is increased to
37 °C. This test also mimics the temperature change that would occur if the liquid
precursor is injected into an in vivo target site where the high temperature will cause it to
solidify rapidly. Based on our observations, we hypothesize that the cross-linking of
ELP/BG hydrogels at 37 °C is partly because of ELP thermoresponsiveness. The
reversible transition properties of ELP play a critical role in the thermosensitive cross-
linking. We showed that unlike highly charged E125, M-E125 have a Tt of 36 °C that will
cause them to aggregate at physiological temperature. Similarly, although K125
containing ELPs have a Tt of 57 °C, the high pH environment around BG will result in a
neutralization of positive charge and a drastic decrease in 7t from 57 °C to lower than
37 °C for the large ELP.*>!3! At the physiological temperature, both proteins will
aggregate, bringing their reactive groups closer together and promoting faster cross-
linking of the hydrogels (Figure 5.1c). Therefore, in addition to the typical temperature
and pH driven increase in reaction rates, the thermosensitive aggregation of ELP also
enables our ELP/BG hydrogels to solidify quickly, a useful feature for an in situ forming
material. Moreover, as observed with other ELP hydrogels,”®!8! the ELP/BG hydrogels
also have temperature dependent swelling (Figure 5.9). The water content of hydrogels at
25 °C is significantly higher than at 37 °C, which was caused by the deswelling of the
ELP networks. Unlike typical hydrogels that swell in physiological conditions, the
ELP/BG hydrogels will maintain their robust mechanical stability.
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Figure 5.8 The thermosensitive gelling process of ELP/BG hydrogels. a) Gelling
process at 25°C compared to 37°C. At low temperature, the reaction mixture remains in
the form of a clear liquid, while at physiological temperature, it turns opaque as it
solidifies;, b) Rheology test shows a rapid increase in storage modulus once the
temperature is increased.
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Figure 5.9 Water content of different ELP/BG hydrogels at 25 °C and 37 °C. (n = 4;
statistically significant differences denoted by “** for p < 0.05; “*** for p < 0.01)

5.8 Self-healing

We exploited the dynamic nature of Schiff base reaction to realize the self-healing
properties of our ELP/BG hydrogels. Imine bonds, or more specifically, aldimine bond
are reversible chemical bonds and this property makes them useful to design self-healing
hydrogel system due to constant bond association and dissociation.?*32%* We tested self-
healing properties of our materials by first preparing rectangular hydrogels (width = 2
mm, height = 1 mm, and length = 4 mm) and cutting them using a blade (Figure 5.10a).
We attached the severed pieces together and after a 24 h incubation period at room
temperature, the hydrogels showed uniform appearance and remained intact when
stretched (Figure 5.10b). The self-healing property of the hydrogel was also confirmed
using cyclic strain sweep rheological tests. At low strain (y = 1%) that is below the
deformation limit, the storage modulus of the ELP/BG is higher than its loss modulus
(Figure 5.10c). At higher strain (y = 100%), the storage modulus decreases below the loss
modulus, which indicates hydrogel rupture and loss of mechanical integrity.>>® The
rheology results showed that the storage modulus of the gel quickly recovers when the
high strain is removed. This suggests that the resulting ELP/BG hydrogels can quickly
recover from network collapse by rapid formation of aldimine bonds. The self-healing
properties of this system need to be tested in vivo in the future, and we can improve the
self-healing capability of our system by employing additional dynamic bonds (such as
Diels—Alder reaction,?! acylhydrazone bonds?®? and disulfide bonds?¢®) and other self-
healing strategies, such as release of healing agents and miscellaneous technologies.?®*
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Figure 5.10 Self-healing of ELP/BG hydrogel. a) Schematic diagram showing
demonstration. b) Separated hydrogel pieces healed into one after 24 hours, bar = 2mm.
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100%).

5.9 Cytocompatibility and cell adhesion
The ELP/BG biocomposite hydrogels exhibit good cytocompatibility. We

characterized the cytocompatibility of ELP/BG composites using MC3T3-E1 cells. We
performed WST-1 proliferation assay to determine the relative cell number during the
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course of 7 days in the presence of ELP/BG hydrogels, while cells cultured without the
hydrogels were used as control. Using the WST-1 assay, cell growth ratio was calculated
as C/Co (Figure 5.11a) and it showed similar growth curves between experimental and
control groups. The results demonstrate that the ELP/BG composites have good
cytocompatibility. In addition to the simple cytocompatibility tests, we also demonstrated
the strength of genetic engineering to functionalize ELP and enhance its ability to
stimulate cells. We used RGD fused K125 backbone (K125-RGD) to synthesize cell
adhesive hydrogels and characterized how well the cells bind to RGD containing
hydrogels compared to those composed of K125-E8. We observed significantly greater
cell spreading area and higher density of attached cells on hydrogels with RGD compared
to hydrogels without RGD (Figure 5.11b). The binding assay showed that the
introduction of RGD peptide in the ELP/BG hydrogels enhances cell adhesion and
spreading without the need for serum proteins (Figure 5.11c). The same strategy can be
used to further customize the hydrogels by directly fusing functionalities such as wound
healing stimulating peptide (PHSRN)?%26¢ and additional cell stimulating peptides
(REDV, IKVAV, and YIGSR)**’ to the engineered ELP. Furthermore, directed evolution
technologies can also be used to discover and optimize previously unknown peptide
motifs. 268
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Figure 5.11 Cytocompatibility and cell binding characterization. a) Growth ratio of
MC3T3-El cells cultured with ELP/BG hydrogel or without hydrogel (control). b) The
fluorescence images of MC3T3-El cells on different hydrogel that contain KI125-RGD
(RGD) or KI25-E8 (ES8), actin filaments (green) and nuclei (blue) are labeled. c)
Average cells area and cells density on the surface of different hydrogels after 6 hours
binding test.

5.10 Conclusion

In summary, we designed novel in situ forming biocomposite hydrogels using
ELP and BG. We synthesized sequence specific ELP with functional motifs and
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chemically modified them. The hydrogels form through dynamic aldimine cross-links
favored at a high local pH achieved through BG. The resulting ELP/BG biocomposite
showed thermosensitive gelling and mechanical properties that can be easily tuned by
changing BG content. We also demonstrated self-healing by successfully reattaching
severed hydrogels as well as through rheology. Moreover, we showed the effectiveness of
fusing ELP with RGD peptide to enhance cell spreading and binding. Our novel self-
healable biocomposite materials can be easily customized using genetic engineering and
their rapid and dynamic cross-links makes them useful as injectable biomedical materials.
In future designs, we can further develop the in sifu forming ELP/BG hydrogels as
injectable scaffolds to deliver cells to target sites in vivo in a minimally invasive manner.
Additionally, BG can also be doped with trace elements to achieve therapeutic
functions®*®2’% and be modulated into mesoporous structures to allow for controlled
release of loaded molecules.?’!2"2

5.11 Methods

5.11.1 pH measurement of BG solution

PBS (pH = 7.4) with continuous stirring was monitored using a pH meter. BG
(diameter =10 um) was added to PBS to reach 1.0%, 0.5% or 0.25% w/v concentration.
pH changes with time were recorded for each group.

5.11.2 Hydrogel Synthesis

K125-E8 or K125-RGD was first dissolved in PBS and then thoroughly mixed
with BG. In the meantime, M-E125 was also dissolved in PBS. The two solutions were
mixed to achieve ELP/BG solution and injected into a PDMS mold to form ELP/BG
hydrogels with desired shapes and sizes. The M-E125 concentration was 5% w/v. K125-
E8 or K125-RGD concentration was 2.5% w/v, and BG concentrations were 1.0%, 0.5%
or 0.25% w/v. ELP/BG hydrogels with K125-RGD were only used in cell binding
experiment.

5.11.3 Rheology — Gelling point

Rheometer (MCR 302 Modular Compact Rheometer, Anton Paar) with an 8 mm
diameter plate and a 0.2 mm gap was used for all rheology studies. All hydrogel
components were mixed, and 35 pL of the ELP/BG solution was transferred onto the
rheometer. In order to mimic in vivo environment, the test temperature was kept at 25 °C
for 90 s followed by a ramp to 37 °C. Measurements were performed at a frequency of 1
Hz and strain of 1%. Storage moduli (G’) and loss moduli (G") were collected, and the
gelling point was determined at the time point when G’ and G” were equal. After
measuring the gelling point, the storage moduli of samples were also collected after
incubating them for 1 h at 37 °C.

5.11.4 Rheology - Step Strain Sweep

ELP/BG hydrogels were loaded into the rheometer at a fixed plate gap (0.2 mm)
and frequency (1 Hz). Strains were switched from small strain (y = 1%) to large strain (y
= 100%), and each strain interval spanned for 50 s. G' and G” were collected.

77



5.11.5 Water Content

ELP/BG solution (20 pL) was injected into PDMS molds (width = 2 mm, height =
1 mm) and allowed to gel for 4 h after which it was transferred to PBS and kept at 25 °C
for 24 h. After removing the residual water on the gel surface, the hydrogels were
weighed at 25 °C (W25C). Then, the hydrogels were transferred to PBS and kept at 37 °C
for 24 h. They were similarly weighed at 37 °C (W37C). Dry weight (Wdry) of each
hydrogel was measured after freeze-drying. Water content of hydrogels at 25 and 37 °C
was calculated as (W25C — Wdry)/W25C x 100% and (W37C — Wdry)/W37C x 100%.

5.11.6 Self-Healing

Bar-shaped ELP/BG hydrogels (width = 2 mm, height = 1 mm, and length = 4
mm) were prepared and gelled for 4 h, and then they were cut in the middle. After cutting,
we dyed one severed piece with Allura Red AC (McCormick & Company Inc., Sparks,
MD) while keeping the other half unchanged and reconnected the pieces. After allowing
them to heal for 24 h, the gel integrity was determined by stretching and documenting
with photographs.

5.11.7 Cytocompatibility and Cell Binding Assays

In order to test for cytocompatibility, mouse preosteoblastic cells (MC3T3-El,
subclone = 4-7) were obtained from ATCC and cultured in a-MEM supplemented with
10% (v/v) FBS and 1% (v/v) P/S at 37 °C with 5% CO2 and >90% relative humidity.
Cells were seeded into 96-well plates (4000 cells/well) and 10 uL. ELP/BG solution (1%
w/v BG) was added into each well to form hydrogel on top of the cells after cells adhered
to the well bottom. Cells cultured without any hydrogel were used as the control group.
WST-1 cell proliferation assay was used to determine the relative cell number Ct at day t
(t=20,1, 3,5, 7) according to the manufacturer’s instructions. Cell growth ratio was
calculated as Ct/CO0. Cell binding assays were conducted using K125-RGD that contains
the cell binding motif Arg-Gly-Asp (RGD) at the C-terminal. ELP/BG hydrogels (BG = 1%
w/v) were prepared on the cover glass in 6-well plates. MC3T3-E1 cells were seeded into
each well (5 x 105 cells/well) with only a-MEM media. FBS was excluded in order to
avoid nonspecific cell adhesion, and P/S was not necessary due to the short duration of
the experiment. After incubating the cells at 37 °C for 6 h, cover glasses with hydrogel
were taken out and washed three times with PBS. Then, they were fixed with 4%
formaldehyde in PBS for 10 min at room temperature. The samples were washed three
times with PBS again before permeabilization with 0.1% Triton X-100 for 3 min,
followed by three more washes with PBS. The fixed cells were then incubated in 100 nM
rhodamine phalloidin for 30 min, and the samples were washed three times with PBS and
incubated in 300 nM 4',6-diamidino-2-phenylindole (DAPI) for 5 min. The samples were
washed three final times with deionized H20O before imaging to reduce background
fluorescence. Four samples of each group were imaged at a minimum of four random
nonoverlapping fields at 100x magnification. The cell density (cells per 0.1 mm?2) and
cell area (um2) of the attached cells on each sample were analyzed by ImageJ (NIH).
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5.11.8 Statistical Analysis

One-way analysis of variance was used to determine differences between groups
of three hydrogel types, specifically, to compare storage modulus and gelling time for
hydrogel with different bioglass contents. Differences were further analyzed by posthoc
Tukey HSD test. Student’s t-test was used to compare two sample types, specifically to
compare water content at two different temperatures for each hydrogel composition.
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Chapter 6 Hydrogel beads for bio-lasing

6.1 Introduction

Fluorescent dyes and proteins are used heavily in biological sciences.?’3-?7¢
Fluorophores can be used to study biological phenomena by tagging biomolecules, and
detecting their presence, localization and interactions.?’>?’* However, the relatively low
output signal of fluorescent systems limits their ability to detect rare incidents.'®® This
can be addressed by creating a device that amplifies light through lasing. Traditionally,
lasers are semiconductor devices that are used as sources of coherent light in devices
ranging from CD readers/writers to cutting-edge quantum computers. The concept of
lasing has also been used to develop bio-lasers that integrate biological components for
light amplification.'®® Instead of thinking about them as sources of coherent light,
biolasers should be thought of as sensors; since biolasers amplify light signals, any small
change in their characteristics is also amplified and can be observed in their output
spectra.!®8

The acronym, LASER, is derived from the phenomenon of light amplification by
stimulated emission of radiation. Just like a semiconductor-based laser, a biolaser
requires several key components to function: gain medium, pumping source, and optical
resonance.'®1%° The gain medium consists of sources of spontaneous and stimulated
emission. As their names suggest, spontaneous emission sources release photons
spontaneously after being excited, while their counterparts release photons upon being
stimulated with another photon.'® In order for a gain medium to be effective, more than
50% of its population (stimulated emission sources) must be in the exited state in a
phenomenon known as population inversion.'® Simulated emission and population
inversion is possible in chemical fluorophores and fluorescent proteins due to their
fluorescence lifetimes in the range of nanoseconds. An optical pumping source such as a
pulsed laser can be used to excite the gain medium. In addition to pumping, amplification
of coherent light requires stimulating the excited fluorophores that can be achieved by
confined light through repeated reflection.'®®!3% Typically, mirrors are used to create an
optical cavity for such applications, however an optical cavity can be integrated into a
self-contained micro-scale system through total internal reflection (TIR) and whispering
gallery mode (WGM) generation, both of which will be described in section 6.2.19%277

Development of biolasers for biomolecule sensing has shown promising results
with many examples of fluidic gain media containing optofluidic biolasers.!8%27827
Biolasing has also been shown in live cells and tissues using fluorescent proteins and
dyes.?89-282 Though the developed systems have potential, optofluidic devices can only be
used in confined environments, while live-cell biolasers can only be used in cells that are
spherical, which is rare if not absent in biological tissues.’**?*! In order to create a more
broadly applicable device, our goal is to develop a fully protein-based biolaser?®’ that has
the characteristics of a gain material and an optical resonator. Specifically, we will use
stimuli-responsive elastin-like polypeptides (ELPs) as our core material. Advantages of
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such a system include stimuli-responsive changes of material density that will be
reflected in its signal, in addition to the capabilities of genetic engineering and the full
range of available cell and biomolecule interacting peptide motifs.!! Additionally, the
flexibility of ELP-based materials will ensure that our devices are mechanically durable
and can also be used to study biomechanics of cell interactions with their
environments. '8!

6.2 Strategy for fluorescent hydrogel bead synthesis

Our goal in this project is to create a stimuli-responsive hydrogel bead capable of
lasing. (Figure 6.1) In order to create it, our device needs to have the dual properties of a
gain medium and an optical resonator. We chose ELP as our core polymer since we have
already proven our ability to synthesize optically clear hydrogels with stimuli-responsive
size and protein density.

- ki )
26 L,
L o o o =

Figure 6.1 Schematic of stimuli-responsive beads and protein—density changes

To accomplish our first task of creating a gain medium, we can incorporate
fluorophores on the proteins using two distinct pathways. For our first path, we will
chemically modify ELP (‘V4K125* with lysine) with a commercially available
fluorescent dye, such as Alexa Fluor 488, with an amine reactive N-hydroxysuccinimidyl
ester functionality. The fluorescent ELP can then be mixed with unmodified ELP to
create hydrogels with a tunable ratio of fluorophores. V4K 125 can be also be crosslinked
into a hydrogel using disuccinimidyl suberate. We can yield an optically clear hydrogel
by crosslinking the hydrogel in organic solvents to avoid unwanted ELP transition that
can lead to uneven crosslinking.”® An advantage of this strategy is our ability to easily
functionalize ELP with other dyes and fluorophores such as quantum dots.?®* However, a
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potential drawback is the likely limited range of swelling/deswelling that can be realized
due to a high degree of crosslinking. This property is critical as it dictates the range of
protein densities, and therefore the range of refractive indices, that the hydrogels can
achieve.!”

We will simultaneously explore an alternate strategy to create the gain medium by
genetically incorporating fluorescent proteins with ELP. Through this pathway, we also
exploit the unique advantage of recombinant protein engineering that allows us to fuse
ELPs with other proteins. We will use the telechelic V50 ELP similar to those used to
create elastomeric hydrogels in chapter 3. However, to avoid side-reactions with the
fluorescent protein functional groups, we must employ thiol/maleimide crosslinking
scheme rather than amine/NHS ester. Compared to the chemical pathway, these
hydrogels may be able to undergo larger overall volume changes, which will be
advantageous. However, due to their low crosslink density, the hydrogels will need time
to equilibrate upon deswelling before they regain their optical clarity. In addition,
potential complications with fluorescent protein folding and side-reactions during
crosslinking may cause problems during hydrogel synthesis.

Finally, we need to fabricate optical resonators that can trap light in order to
amplify coherent light and induce lasing.'® To trap light, we have to use the phenomena
of total internal reflection (TIR) and whispering gallery mode (WGM).!®1° TIR can
occur when light passes from a medium with high refractive index to low. The
phenomenon can be understood using Snell’s law, which describes refraction by relating
the refractive indices of materials to the incident (87) and refraction angles (62) of light.
(Equation 1 & Figure 6.2)

Equation 1 Snell's law

Figure 6.2 Schematic of light refraction

When refractive index of the first medium is larger than the second medium, we can find
07 (called critical angle, 6;) at which 62 = 90°. When 67 > ., the incident light will
undergo TIR. In order to trap light through TIR, we need a geometry that can sustain
WGM. WGM arises from the acoustic phenomenon discovered at the whispering gallery
of St. Paul’s Cathedral."”® The sound waves at specific resonance frequencies create
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corresponding oscillatory patterns or modes, termed WGM. WGM can also be produced
in optical systems in the shape of cylinders and spheres.!88190:277.279281 Incident light that
is internally reflected can remain trapped in a defect-free spherical object (Figure 6.3) and
create WGM that can be measured spectroscopically. Furthermore, the larger the contrast
between refractive indices of the object and its environment, the more light can be
trapped and the better the response.

WGM Increase in Rl leads to more light being trapped

Figure 6.3 Total internal reflection and whispering gallery modes. a) Spherical beads
can achieve optical WGM by trapping light. b) Amount of light that can be trapped in a
system depends on the contrast between refractive index of the device and its
environment

Using this concept, we can fabricate our optical resonators by molding the ELP
hydrogels into spheres. We can create spherical hydrogels by creating an emulsion of the
crosslinking mixture in an immiscible medium.?®> Unlike standard emulsions, the end
result of our synthesis is solid hydrogel beads, which also eliminates the need for a
surfactant and simplifies the synthesis process.?®® Due to the stimuli-responsiveness of
ELPs, the hydrogel spheres or beads will be able to reversibly deswell and create a
condition that will be ideal for lasing. In the rest of this chapter, I will describe the
synthesis, modification and characterization of our ELPs and hydrogel beads. I will
conclude the chapter with the critical experiments and material characteristics required
for the future success of this project.

6.3 Fluorescent ELP synthesis

We develop fluorescent ELPs using two pathways — chemical modification of
V4K 125 with Alexa Fluor 488 and genetic modification of V50.

6.3.1 V4K 125 modification with Alexa Fluor 488 (V4K 125/Alexa488)

V4K125 was synthesized previously using methods described in chapter 2. With
the peptide sequence of “SGVG([VPGVG]2VPGKG[VPGVG]2)25VPG,” V4K125
contains 25 lysine residues and an amine at the N-terminal.!®!%> Fluorescent V4K 125
were produced by functionalizing the amine groups with NHS-ester terminated Alexa
Fluor 488. (Figure 6.4) We intended to modify 25% of amines with the dye molecules.
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Figure 6.5 shows photographs of protein solutions and the excitation/emission spectra of
the proteins.
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Figure 6.4 V4K125 functionalization scheme
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Figure 6.5 V4K125/Alexa488 protein fluorescence. a) Photograph of 1 mg/mlL solution
of protein in visible light (left) and long-wave UV light (right); b) Fluorescence spectra
showing ex/em peaks at 495nm/525nm, respectively.

6.3.2 Genetic engineering of V50/fluorescent protein (V50/FP) fusions

V50 ELP gene was synthesized previously with the core sequence of
[VPGVG]Js0.7%181236 For this project, we first modify the expression vector pet28b by
inserting the fluorescent protein genes on the C-terminal side, followed by the ELP gene
at the N-terminal. The N-terminal of the fusion protein contains a cysteine for
crosslinking. The proteins have the general sequence — [SGCG(VPGVG)so0VPGGG-
FluorProtein]. Detailed procedures for gene synthesis are described in section 6.8.1.
Standard procedures were used to express. Since the fusion proteins include ELP, which
acts as a thermal tag, the proteins can be purified using Inverse Temperature Cycling
process as usual. (Figure 6.6) Together, we synthesized four different fusion proteins

with ELP, and turquoise, green, yellow and red fluorescent proteins. (Figure 6.7 & Figure
6.8)
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Figure 6.6 SDS page gel. Control sample is VIOOK], 42 kDa compared to 48 kDa
fusion proteins [1] V50/mTurquoise2, [2] V50/sfGFP and [3] V50/mRFP. Faint bands
seen on at the bottom half of the gel are likely from cleaved V50 segments.

Figure 6.7 Photograph of ELP/FP fusion proteins. a) V50/mTurquoise2; b) V50/sfGFP;
¢) V50/mRFP
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Figure 6.8 Fluorescence spectra of ELP/FP. a) V50/mTurquoise? (ex/em — 498/516
nm); b) V50/sfGFP (ex/em — 498nm/516nm); c) V50/SYFP2 (ex/em — 515nm/530nm),; d)
V50/mRFP (ex/em — 585nm/610nm, second excitation peak at 505 nm)

6.3.3 Genetic engineering of VS0NCC1

FPs contain many lysines throughout their sequence. In order to avoid side
reactions that can potentially disrupt the proteins, we synthesize thiol containing
V50NCCI proteins. Similar to V50CK1, these telechelic proteins contain a thiol group at
each terminal through cysteine residues. VS50NCC1 have the sequence -
[SGCG(VPGVG)50VPGCG].

6.4 ELP/FP transition and FRET

It is known that upon transition of ELP from a hydrophilic to a hydrophobic state,
the protein aggregates and phase separates. However, since ELP aggregates scatter light,
most studies cannot reveal more about ELP behavior post-transition. We took advantage
of the ELP/FP fusion proteins to study the post-transition properties of ELP using forster
resonance energy transfer (FRET). FRET is the phenomenon of nonradiative dipole-
dipole coupling that allows a donor fluorophore that is in close proximity to an acceptor
fluorophore to transfer energy. Since FRET is highly dependent on the distance between
fluorophores, we can use it to study ELP behavior. Figure 6.8a shows the fluorescence
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spectra of a Img/mL solution of 1:1 V50/sfGFP:V50/mRFP in 0.5 M NaCl. The solution
was excited at 440 nm and the spectra were recorded with a rise in temperature. Similarly,
Figure 6.8c shows the fluorescence spectra of a Img/mL solution of 1:1
V50/mTurquoise2:V50/SYFP2 in 0.5 M NaCl. The solution was excited at 400 nm and
the spectra were recorded with a rise in temperature. Both the plots (Figure 6.8 a & ¢)
show a decrease in signal for the donor fluorophore (sfGFP or mTurquoise2) and an
increase in signal for the acceptor (mRFP or SYFP2). Figure 6.8 b & d show the decrease
in donor signal with a rise in temperature, which is clear in both cases. We observe that
as the temperature increases, the distance between the aggregated proteins decreases
gradually, which means that the protein dehydrates in correlation with the temperature.
Since the observation of FRET requires the proteins to be within nanometer of each other,
this process likely happens after the transition of ELP into an aggregated state. Our
observations correlate with the deswelling of ELP hydrogels in Chapter 3. Since
hydrogels already begin with a high concentration of ELP (15% to 20% w/v), an increase
in temperature results in gradual deswelling that continues with temperature increase
rather than an abrupt event at a cut-off temperature. This also correlates to the gradual
refractive index changes observed in section 6.7.
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Figure 6.9 FRET measurements of ELP/FP fusions. a) V50/sfGFP & V50/mRFP
solution was excited at 440 nm and spectra were recorded with a rise in temperature; b)
data shows a decrease in sfGFP signal and an increase in mRFP signal; c)
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V50/mTurquoise & V50/SYFP2 solution was excited at 400 nm and spectra were
recorded with a rise in temperature; d) data shows a clear decrease in mTurquoise2
signal. mTurquoise2/SYFP2 pair generally shows a stronger FRET signal compared to
sfGFP/mRFP

6.5 Hydrogel bead synthesis

The V4K125/Alexa488 hydrogels (10% w/v) are synthesize in an organic solvent
mixture containing a 3:1 ratio of DMSO:DMF. The use of organic solvents prevents ELP
transition during crosslinking. Disuccinimidyl suberate is used for crosslinking V4K 125
into hydrogels and the V4K125:NHS-ester ratio is kept constant at 1:9 during hydrogel
synthesis. Hydrogels are solidified by incubating the prepared mixtures at 37°C. On the
other hand, V50/FP hydrogels (12% w/v) are synthesized using water as the solvent.
Although DMSO:DMF mixture is ideal for creating optically clear hydrogels, we
discovered that the V50/FP fusion proteins are insoluble in organic solvents. However,
the greater stability of maleimide functional groups compared to NHS-esters in aqueous
conditions still allows us to use water in our system. To yield clear hydrogels, we
maintain the beads at a low temperature overnight followed by further incubation at room
temperature for 24 hours.

The main challenge in this case was the synthesis of spherical hydrogel beads
using both the hydrogel combinations we developed. We overcome this by generating
emulsions between our organic solvents or water based crosslinking mixtures with an
immiscible solvent. Typically, the crosslinking mixture is injected into a glass vial filled
with 10 to 15 mL of an immiscible solvent. For our first trial, we used hexane and
observed that the hydrophilic mixtures quickly drop to the bottom of the vessel and
spread on the glass surface. (Figure 6.10) We attempted to tackle this issue by coating the
glass vessels with a hydrophobic trichloro(1H,1H,2H,2 H-perfluorooctyl)silane. After
coating, although the mixtures did not spread, they deform as they rest on the vessel
surface. Next, we use the coated vessels with more viscous mineral oil, but due to a
marginal increase in viscosity, the beads still deformed. Finally, we employed a viscous
mixture of silicone oil with a 3:2 ratio of 30,000 c¢St:10 cSt oils. Due to the viscosity of
the silicone oil mixture, the crosslinking mixture droplets slowly migrate to the bottom of
the vessel. By the time they reach the bottom, they are already crosslinked into stable
beads. After incubation is complete, the silicone oil is removed, and the beads are washed
with hexane to remove the remaining oil. The beads are then hydrated in phosphate
buffered saline solutions. (Figure 6.11 & Figure 6.12)
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Figure 6.11 V4K125/Alxa488 hydrogel beads. a) Photographs of a bead in visible light
(left) and long range UV light (right); b) Photograph of beads illuminated by long range
UV showing an array of sizes (for reference, glass vial has an outer diameter of 28 mm)

Figure 6.12 V50/FP hydrogel beads. The photograph shows turquoise, green and red
beads illuminated by long range UV light.
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6.6 Stimuli-response of hydrogel beads

Clear hydrogel beads with unmodified ELP are used for this characterization. In
order to show stimuli-responsiveness of the hydrogel beads, we change the solution ionic
strength or temperature and record the changes in bead size. A hydrogel bead is first
equilibrated at an initial condition followed by quick transfer to the target condition.
Changes in bead size are evaluated from videos recorded using a microscope. V4K125
bead with a diameter of 900 um shows a volumetric change of 45-55% over a period of
60 minutes between 1x concentrated PBS and 5x PBS. (Figure 6.13 & Figure 6.14) On
the other hand, the beads undergo a volumetric change of 30-40% as they are warmed
from 4°C to 25°C and 60% change as they are cooled from 37°C to 25°C. (Figure 6.15)
More conditions will be tested in the future to thoroughly characterize the stimuli-
responses of the hydrogel beads. Stimuli-response of V4K125/Alexa488 and V50/FP
hydrogel beads will also be characterized.

Figure 6.13 V4K125 bead swelling/deswelling in response to ionic strength. a) Bead
equilibrated in Ix PBS deswells in 5x PBS over time; b) Once bead is returned from 5x
PBS to Ix PBS, it returns to its original state
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Figure 6.14 V4K125 bead swelling/deswelling in response to ionic strength. a) Bead

deswells as it equilibrates in 5x PBS and shows a 53% decrease in volume; b) Bead
swells as it equilibrates in Ix PBS and shows a 46% increase in volume
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Figure 6.15 V4K125 bead thermo-responsive swelling/deswelling. @) Bead deswells as it
warms from 4°C to room temperature and shows a 40% decrease in volume,; b) Bead
swells as it cools to room temperature from 37°C and shows a 57% increase in volume

6.7 Refractive index of bulk hydrogels

We measure the refractive index of bulk hydrogels using a portable refractometer
(Atago™ Digital Hand-Held Pocket Refractometer: PAL-RI). We expect that as the
hydrogels deswell and their protein content increases, their refractive index will increase.
Since the refractive index of water is 1.33, we need to maximize the protein content in
order to achieve desirable conditions for lasing. Figure 6.16a shows the measurements of
refractive index (RI) of bovine serum albumin (BSA) solutions. Using the equation of the
fitted line, we can extrapolate that in order to reach RI>1.45, the protein concentration
would need to be greater than 80% w/v. Figure 6.16b shows the changes in the RI of
V4K 125 hydrogels. As can be seen, the RI increases to 1.41 as the hydrogels are heated
to 50°C. Similar tests need to be carried out with VSONCCI hydrogels to compare along
with water content measurements that can be used as secondary method to confirm the
relationship between RI and protein concentration.
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6.8 Further work

In this chapter, I described our ongoing work for the development of stimuli-
responsive hydrogel beads for bio-lasing. Successful synthesis of a biolaser requires that
our optically clear hydrogel beads have a high refractive index and spherical shape for its
function as an optical resonator. The most significant experiment that is currently in
progress is that of lasing. Since this experiment requires a specialized setup including a
high energy pulsed laser for pumping and a precise spectrometer for signal detection, we
are working with collaborators to complete the work. In the process, we will need to
optimize our hydrogel bead properties by tuning protein and fluorophore concentration as
well as the environmental conditions that maximize the refractive index contrast.
Throughout our measurements, we will also continue collecting more data to thoroughly
characterize the properties of our material.

The success of this project will introduce not only a new class of optical sensors,
but also add valuable scientific insight into the design and development of biolaser
devices. Our recombinant protein-based approach will be advantageous due to the ease of
enhancing function and the ability to quickly tackle a broad range of applications in
biosensing.

6.9 Methods

6.9.1 Genetic engineering of V50/FP

Plasmids containing the fluorescent protein (FP) genes for turquoise
(mTurquoise2), green (superfolder-GFP), yellow (SYFP2) and red (mRFP) fluorescent
proteins were a generous gift from Prof. John Dueber. The FP genes were PCR cloned
from the plasmids using primers in Table 6.1. The primers add Eco31I recognition sites
such that the full sequence of the FP was preserved when the amplicon is digested to
yield sticky ends. The cloning site of pet28b plasmid was prepared by digesting it with
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the enzymes Ncol and BamHI and ligating inserts 1 and 2 in Table 6.2. The modified
plasmid was digested with Eco31I to create matching sticky ends to the respective FP
insert. Once inserted, the plasmid containing FP gene was digested with Ncol and Eco31I,
and inserts 3 and 4, with the N-terminal protein sequence and ELP insert site were ligated.
(Table 6.2) The new plasmid was digested once more with Eco311 enzyme and V50
insert (see section 2.2.2) was inserted to yield the full V50/FP fusion protein gene. All
other proteins were engineered in a similar manner and the insert sequences are listed in
section 8.1. Full DNA sequence of each fusion protein can also be found in section 8.2.

Table 6.1 Primers used to PCR clone fluorescent protein genes

Protein Sequence (5° 2 3°)
mTurquoise? for CAGGTCTCAATGGTTTCTAAAGGTGAAGAATTATTCAC
rev GAGGTCTCATTTGTACAATTCATCCATACCCAAGG
SfGEP for CAGGTCTCAATGCGTAAAGGCGAAGAGC
rev GAGGTCTCATTTGTACAGTTCATCCATACCATGCG
SYFP? for CAGGTCTCAATGGTATCAAAAGGTGAAGAATTATTCAC
rev GAGGTCTCATTTGTACAATTCATCCATACCCAAGG
MREP for CAGGTCTCAATGGCGAGTAGCGAAGAC

rev GAGGTCTCAAGCACCGGTGGAGTG

Table 6.2 Inserts for sSFGFP engineering

Direction Sequence (5° 2 3°)
Insert 1 for CATGGGAACAACCACGGTCTC
rev GTGACGCATGGAGACCGTGGTTGTTCC
Insert 2 for CATGCGTCACGGTCTCCCAAATAATAA
rev GATCTTATTATTTGGGAGACC
Insert 3 for CATGAGCGGCTGCGGCGTCCTGAGACC
rev GTGACCAGTGGGTCTCAGGACGCCGCAGCCGCT
Insert 4 for CACTGGTCACGGTCTCGGTCCCGGGTGGCGGC
rev GCATGCCGCCACCCGGGACCGAGACC
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Chapter 7 Conclusion & Future Perspective

7.1 Elastin-like polypeptides

Recombinant proteins have great potential for use in developing unique materials
due to their high purity and monodispersity. Elastin-like polypeptides are particularly
interesting due to their stimuli-responsive properties and elasticity. Throughout my work,
I have focused on using ELP to synthesize different types of hydrogels that utilize the
properties that make the protein distinct.

In Chapter 3, we used ELP to create rubber-like extensible hydrogels. Unlike
majority of previous chemically crosslinked hydrogels, our hydrogels reach strains as
high as 1500% and maintained resilience as high as 94% up to a strain of 600%. We
accomplish this by minimizing the crosslink density. As our hydrogels deswell due to the
transition of ELP, the ELP chains contract into dense coils that can then use their entire
length to stretch. Our strategy led to observations of clear correlations between the
molecular architectures of polymer networks and hydrogel extensibility as well as
reversibility. We also delve into the hysteresis characteristics we observe among the
different types of hydrogels. Using guanidinium, we show how the hydrophobic
interaction driven cohesion leads to hysteresis.

Practical implications of our research lie in the selection of polymer based on
what is needed for a particular application. For example, VIOOCK1 show the greatest
extensibility, however long-term use with repetitive loading would lead to material
failure. In addition to the exceptional properties described, the ELP hydrogels also have a
biologically relevant elastic modulus matching soft tissues and numerous studies have
already shown its excellent biocompatibility.'* Unlike many other hydrogels that lack the
ability to deform reversibly, these ELP hydrogels can be used as tissue engineering
materials to develop extraordinarily robust scaffolds. These hydrogels can be further
developed into tissue engineering scaffolds for extensible tissues such as cardiac and
skeletal muscles, blood vessels and even skin.

In Chapter 4, I continued with the idea of flexibility to develop flexible tissue
adhesives using ELPs. We synthesized our adhesives using catechol containing dopamine
groups as the broadly reactive molecules to bond with amino acid residues such as
amines, thiols and imidazoles in oxidative conditions. Our adhesives achieved tensile and
shear strengths as high as 35 to 40 kPa. A major advantage of this material compared to
other hydrogel adhesives is their deswell at high temperatures, which likely boosts their
adhesion strength and improves their integrity in general. Through rheometry, we also
determined that the resulting hydrogels are flexible as they maintain their integrity to
shear strains as high as 160%. We hope to prove the biocompatibility and efficacy of our
adhesive both in vitro and in vivo. In the future, the ELP adhesives will be useful for
sealing soft tissues including skin, muscles and neuronal tissues. Furthermore, with the
development of rubber-like flexible hydrogels in chapter 3, we also have a potential path
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to the formulation of a rubber-like adhesive. The development of a truly flexible adhesive
will help us establish a new class of adhesives with great potential in surgical sealing
applications in the future.

Next, we designed anin situ forming biocomposite hydrogel using ELP and
bioglass. We designed the ELPs to form dynamic aldimine cross-links that are favored at
a high local pH achieved through BG. The resulting ELP/BG biocomposite showed
thermosensitive gelling and mechanical properties that can be easily tuned by changing
BG content. We also demonstrated self-healing by successfully reattaching severed
hydrogels as well as through rheology. Similar to the adhesive hydrogels, these materials
can form in situ, which makes them injectable. The ELP/BG hydrogels will be useful for
wound healing and as carriers for cell and drug delivery. The advantageous qualities of
bioglass including its ability to promote biomineralization and even antibacterial
properties in addition to the self-healing properties of the hydrogels will make them
valuable for tissue engineering applications.

Finally, I discussed our ongoing efforts to develop a biolaser using protein-based
hydrogel beads. In addition to chemical modification of ELPs to create fluorescent
proteins, we also synthesize fusion proteins with ELP and fluorescent proteins using
genetic engineering. Such a pathway is only conceivable by employing genetic
engineering and recombinant protein technologies. We synthesized hydrogel beads using
our proteins and show their stimuli-responsive behavior. As we test their capability to
undergo lasing, we will optimize their composition and anticipate the realization of a
stimuli-responsive biolaser. Such a device will be broadly applicable for sensing
biomolecules, environmental changes and even mechanical perturbations that result from
cellular movements.

7.2 Protein-based polymers

I want to conclude my thesis with thoughts on the broader field of recombinant
protein-based polymers. Proteins are fundamental parts of all biological systems and
structural proteins such as elastin, collagen and even insect-derived proteins such as silk
and resilin have shown their worth in the development of new materials useful for tissue
engineering and bioengineering in general. Understanding the properties of these proteins
and being able to design new mimics can help us tackle the challenge of replicating
ECM-like environments as well as creating completely novel smart materials through
protein self-assembly and stimuli response. The functional biosignal domains in addition
to the smart structural domains add to the value of protein-based polymers allowing one
to also stimulate cells physically and biochemically.

As we make progress, it is important to note the upcoming revolution with the
infusion of data mining and computational modelling into recombinant protein
development. Modular design of PBP with different structural and functional motifs is
already paving the way for the future of precisely and purposefully designed
bionanomaterials. Computational modelling will significantly enhance our abilities to
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design and evaluate new PBPs for future biomedical applications.?**?*” I hope to keep
learning and innovating, and to remain at the forefront research throughout my career. I
also hope to use my skills and knowledge to train a future generation of scientists,
because in the end, our ingenuity is our greatest asset as individuals and for humanity as a
whole.

97



Chapter 8 Supplemental Information

8.1 Insert sequences for ELP/fluorescent protein fusions

Table 8.1 Inserts for V50/mTurquoise2 engineering

Direction | Sequence (5° 2 3°)
Insert 1 for CATGGGAACAACCACGGTCTC
rev GTGACCCATGGAGACCGTGGTTGTTCC
Insert 2 for CATGGGTCACGGTCTCCCAAATAATAA
rev GATCTTATTATTTGGGAGACC
Insert 3 for CATGAGCGGCTGCGGCGTCCTGAGACC
rev GTGACCAGTGGGTCTCAGGACGCCGCAGCCGCT
Insert 4 for CACTGGTCACGGTCTCGGTCCCGGGTGGCGGC

Icv

CCATGCCGCCACCCGGGACCGAGACC

Table 8.2 Inserts for V50/SYFP2 engineering

Direction | Sequence (5° 2 3°)
Insert 1 for CATGGGAACAACCACGGTCTC
rev GTGACCCATGGAGACCGTGGTTGTTCC
Insert 2 for CATGGGTCACGGTCTCCCAAATAATAA
rev GATCTTATTATTTGGGAGACC
Insert 3 for CATGAGCGGCTGCGGCGTCCTGAGACC
rev GTGACCAGTGGGTCTCAGGACGCCGCAGCCGCT
Insert 4 for CACTGGTCACGGTCTCGGTCCCGGGTGGCGGC

v

CCATGCCGCCACCCGGGACCGAGACC

Table 8.3 Inserts for V50/mRFP engineering

Direction | Sequence (5° 2 3°)
Insert 1 for CATGGGAACAACCACGGTCTC
rev GTGACCCATGGAGACCGTGGTTGTTCC
Insert 2 for CATGGGTCACGGTCTCCCAAATAATAA
rev GATCTTATTATTTGGGAGACC
Insert 3 for CATGAGCGGCTGCGGCGTCCTGAGACC
rev GTGACCAGTGGGTCTCAGGACGCCGCAGCCGCT
Insert 4 for CACTGGTCACGGTCTCGGTCCCGGGTGGCGGC

v

CCATGCCGCCACCCGGGACCGAGACC
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8.2 ELP/fluorescent protein sequences

1

81
161
241
321
401
481
561
641
721
8e1
881
961
1041
1121
1201
1281
1361
1441
1521

GAAGGAGATA
GGCGTGGGTG
GGGTGTTCCG
TTCCGGGLGT
GGCGTAGGTG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
AAAGGCGAAG
GCGTGGCGAG
CTTGGCCGAC
TTCTTCAAGT
TGCGGAAGTG
TCCTGGGCCA
GCGAATTTTA
TGATGGTCCT
ATCATATGGT
AATTCGAGCT

Features:

V50
sfGFP

TACCATGAGC
TTCCGGGCGT
GGCGTAGGTG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
AGCTGTTCAC
GGTGAAGGTG
TCTGGTAACG
CCGCCATGCC
AAATTTGAAG
TAAGCTGGAA
AAATTCGCCA
GTTCTGCTGC
TCTGCTGGAG
CCGTC

GGCTGCGGCG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
TGGTGTCGTC
ACGCAACTAA
ACGCTGACTT
GGAAGGCTAT
GCGATACCCT
TACAATTTTA
CAACGTGGAG
CAGACAATCA
TTCGTAACCG

15-779
795-

1508

Figure 8.1 V50/sfGFP sequence

81
161
241
321
401
481
561
641
721
8e1
881
961

le41
1121
1201
1281
1361
1441
1521

GAAGGAGATA
GGCGTGGGTG
GGGTGTTCCG
TTCCGGGCGT
GGCGTAGGTG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
TCTAAAGGTG
TGTCTCCGGT
TTCCATGGCC
GACTTTTTCA
CAGAGCTGAA
ACATTTTAGG
AAAGCTAACT
TGGTGATGGT
GGGACCACAT
CCGAATTCGA

Features:
vse
mTurquoise2

TACCATGAGC
TTCCGGGCGT
GGCGTAGGTG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
AAGAATTATT
GAAGGTGAAG
AACCTTAGTC
AGTCTGCCAT
GTCAAGTTTG
TCACAAATTG

GGCTGCGGCG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CACTGGTGTT
GTGATGCTAC
ACTACTTTAT
GCCAGAAGGT
AAGGTGATAC
GAATACAATT
TCAAAATTAG ACACAACATT
CCAGTCTTGT TACCAGACAA
GGTCTTGTTA GAATTTGTTA
GCTCCGTC

15-779
795-1511

TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CGGCGTGCCG
TGCCGGGCGT
CCTATTCTGG
TGGTAAACTG
ATGGTGTTCA
GTGCAGGAAC
GGTAAACCGC
ACAGCCACAA
GATGGCAGCG
CTATCTGAGC
CAGCGGGCAT

TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CGGCGTGCCG
TGCCGGGLGT
GTCCCAATTT
TTACGGTAAA
CTTGGGGTGT
TATGTTCAAG
CTTAGTTAAT
ATTTCTCTGA
GAAGATGGTG
CCATTACTTA
CTGCTGCTGG

Figure 8.2 V50/mTurquoise2 sequence

99

GGGCGTACCG GGCGTTGGTG
TACCGGGCGT TGGTGTTCCT
GGCGTTGGTG TTCCTGGTGT
TGGTGTTCCT GGTGTCGGLG
TTCCTGGTGT CGGCGTGCCG
GGTGTCGGCG TGCCGGGCGT
CGGCGTGCCG GGCGTGGGTG
TGCCGGGCGT GGGTGTTCCG
GGCGTGGGTG TTCCGGGCGT
GGGTGTTCCG GGCGTAGGTG
TGGAACTGGA TGGTGATGTC
ACGCTGAAGT TCATCTGTAC
GTGCTTTGCT CGTTATCCGG
GCACGATTTC CTTTAAGGAT
ATTGAGCTGA AAGGCATTGA
TGTTTACATC ACCGCCGATA
TGCAGCTGGC TGATCACTAC
ACGCAAAGCG TTCTGTCTAA
CACGCATGGT ATGGATGAAC

GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CGGCGTGCCG
TGCCGGGCGT
GGCGTGGGTG
GGGTGTTCCG
TGGTTGAATT
TTGACCTTAA
TCAATGTTTT
AAAGAACTAT
AGAATCGAAT
CAATGTTTAC
GTGTTCAATT
TCCACTCAAT
TATTACCTTG

GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CGGCGTGCCG
TGCCGGGCGT
GGCGTGGGTG
GGGTGTTCCG
TTCCGGGCGT
GGCGTAGGTG
AGATGGTGAT
AATTTATTTG
GCAAGATACC
TTTTTTCAAA
TAAAAGGTAT
ATCACTGCTG
AGCTGACCAT
CTAAGTTATC
GGTATGGATG

TTCCTGGTGT
GGTGTCGGCG
CGGCGTGLCG
TGCCGGGLGT
GGCGTGGGTG
GGGTGTTCCG
TTCCGGGCGT
GGCGTAGGTG
AGGTGTCCCA
TCCCGGGTGG CGGCATGCGT
AACGGTCATA AGTTTTCCGT
TACTGGTAAA CTGCCGGTTC
ACCATATGAA GCAGCATGAC
GACGGCACGT ACAAAACGCG
CTTTAAAGAA GACGGCAATA
AACAAAAAAA TGGCATTAAA
CAGCAAAACA CTCCAATCGG
AGATCCGAAC GAGAAACGCG
TGTACAAATA ATAAGATCCG

CGGCGTGCCG
TGCCGGGCGT
GGCGTGGGTG
GGGTGTTCCG
TTCCGGGCGT
GGCGTAGGTG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG

TTCCTGGTGT
GGTGTCGGCG
CGGCGTGCCG
TGCCGGGCGT
GGCGTGGGTG
GGGTGTTCCG
TTCCGGGCGT
GGCGTAGGTG
AGGTGTCCCA
TCCCGGGTGG
GTTAATGGTC
TACTACTGGT
CAGATCATAT
GATGACGGTA
TGATTTTAAA
ACAAACAAAA
TATCAACAAA ATACTCCAAT
CAAAGATCCA AACGAAAAGA
AATTGTACAA ATAATAAGAT

CGGCGTGCCG
TGCCGGGLGT
GGCGTGGGTG
GGGTGTTCCG
TTCCGGGCGT
GGCGTAGGTG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
CGGCATGGTT
ACAAATTTTC
AAATTGCCAG
GAAACAACAT
ACTACAAGAC
GAAGATGGTA
GAATGGTATC



81
161
241
321
401
481
561

721
8e1
881
961
le41
1121
1201
1281
1361
1441
1521

GAAGGAGATA TACCATGAGC
GGCGTGGGTG TTCCGGGCGT
GGGTGTTCCG GGCGTAGGTG
TTCCGGGCGT AGGTGTCCCA
GGCGTAGGTG TCCCAGGTGT
AGGTGTCCCA GGTGTGGGCG
TCCCAGGTGT GGGCGTACCG
GGTGTGGGCG TACCGGGCGT
GGGCGTACCG GGCGTTGGTG
TACCGGGCGT TGGTGTTCCT
TCAAAAGGTG AAGAATTATT
TGTCTCCGGT GAAGGTGAAG
TTCCATGGCC AACCTTAGTC
GACTTTTTCA AGTCTGCCAT
CAGAGCTGAA GTCAAGTTTG
ACATTTTAGG TCACAAATTG
AAAGCTAACT TCAAAATTAG
TGGTGATGGT CCAGTCTTGT
GAGATCACAT GGTCTTGTTA
CCGAATTCGA GCTCCGTC

Features:

vse
SYFP2

15-779
795-1511

GGCTGCGGLG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CACTGGTGTT
GTGATGCTAC
ACTACTTTAG
GCCAGAAGGT
AAGGTGATAC
GAATACAACT
ACACAACATT
TACCAGACAA
GAATTTGTTA

Figure 8.3 V50/SYFP2 sequence

81
161
241
321
401
481
561
641
721
8e1
881
961

le4l
1121
1201
1281
1361
1441

GAAGGAGATA
GGCGTGGGTG
GGGTGTTCCG
TTCCGGGLGT
GGCGTAGGTG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
AGTAGCGAAG
CGAAGGTGAA
TCGCTTGGGA
CTGAAACTGT
GGACTCCTCC
TGCAGAAAAA
ATGCGTCTGA
GCCGGGTGCT
GTGCTGAAGG

TACCATGAGC
TTCCGGGCGT
GGCGTAGGTG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
ACGTTATCAA
GGTGAAGGTC
CATCCTGTCC
CCTTCCCGGA
CTGCAAGACG
AACCATGGGT
AACTGAAAGA
TACAAAACCG
TCGTCACTCC

Features:
vse . 15-779
mRFP| 795-1469

GGCTGCGGCG
AGGTGTCCCA
TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
AGAGTTCATG
GTCCGTACGA
CCGCAGTTCC
AGGTTTCAAA
GTGAGTTCAT
TGGGAAGCTT
CGGTGGTCAC
ACATCAAACT
ACCGGTGCTT

Figure 8.4 V50/mRFP sequence

TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CGGCGTGLCG
TGCCGGGCGT
GTCCCAATTT
TTACGGTAAA
GTTATGGTGT
TATGTTCAAG
CTTAGTTAAT
ATAACTCTCA
GAAGATGGTG
CCATTACTTA
CTGCTGCTGG

GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CGGCGTGCCG
TGCCGGGCGT
GGCGTGGGTG
GGGTGTTCCG
TGGTTGAATT
TTGACCTTAA
GCAATGTTTT
AAAGAACTAT
AGAATCGAAT
CAATGTTTAC
GTGTTCAATT
TCCTATCAAT
TATTACCTTG

TCCCAGGTGT
GGTGTGGGCG
GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CGGCGTGLCG
TGCCGGGCGT
CGTTTCAAAG
AGGTACCCAG
AGTACGGTTC CAAAGCTTAC
TGGGAACGTG TTATGAACTT
CTACAAAGTT AAACTGCGTG
CCACCGAACG TATGTACCCG
TACGACGCTG AAGTTAAAAC
GGACATCACC TCCCACAACG
AATAAGATCC GAATTCGAGC

GGGCGTACCG
TACCGGGCGT
GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CGGCGTGLCG
TGCCGGGCGT
GGCGTGGGTG
GGGTGTTCCG
TTCGTATGGA
ACCGCTAAAC

100

GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CGGCGTGLCG
TGCCGGGCGT
GGCGTGGGTG
GGGTGTTCCG
TTCCGGGLGT
GGCGTAGGTG
AGATGGTGAT
AATTGATTTG
GCTAGATACC
TTTTTTCAAA
TAAAAGGTAT
ATCACTGCTG
AGCTGACCAT
CTAAATTATC
GGTATGGATG

GGCGTTGGTG
TGGTGTTCCT
TTCCTGGTGT
GGTGTCGGCG
CGGCGTGCCG
TGCCGGGCGT
GGCGTGGGTG
GGGTGTTCCG
TTCCGGGCGT
GGCGTAGGTG
AGGTTCCGTT
TGAAAGTTAC
GTTAAACACC
CGAAGACGGT
GTACCAACTT
GAAGACGGTG
CACCTACATG
AAGACTACAC
TCCGTC

TTCCTGGTGT CGGCGTGCCG
GGTGTCGGCG TGCCGGGCGT
CGGCGTGCCG GGCGTGGGTG
TGCCGGGCGT GGGTGTTCCG
GGCGTGGGTG TTCCGGGCGT
GGGTGTTCCG GGCGTAGGTG
TTCCGGGCGT AGGTGTCCCA
GGCGTAGGTG TCCCAGGTGT
AGGTGTCCCA GGTGTGGGCG
TCCCGGGTGG CGGCATGGTA
GTTAATGGTC ACAAATTTTC
TACTACTGGT AAATTGCCAG
CAGATCATAT GAAACAACAT
GATGACGGTA ACTACAAGAC
TGATTTTAAA GAAGATGGTA
ACAAACAAAA GAATGGTATC
TATCAACAAA ATACTCCAAT
CAAAGATCCA AACGAAAAGA
AATTGTACAA ATAATAAGAT

TTCCTGGTGT CGGCGTGCCG
GGTGTCGGCG TGCCGGGLGT
CGGCGTGCCG GGCGTGGGTG
TGCCGGGCGT GGGTGTTCCG
GGCGTGGGTG TTCCGGGCGT
GGGTGTTCCG GGCGTAGGTG
TTCCGGGCGT AGGTGTCCCA
GGCGTAGGTG TCCCAGGTGT
AGGTGTCCCA GGTGTGGGCG
TCCCGGGTGG CGGCATGGCG
AACGGTCACG AGTTCGAAAT
CAAAGGTGGT CCGCTGCCGT
CGGCTGACAT CCCGGACTAC
GGTGTTGTTA CCGTTACCCA
CCCGTCCGAC GGTCCGGTTA
CTCTGAAAGG TGAAATCAAA
GCTAAAAAAC CGGTTCAGCT
CATCGTTGAA CAGTACGAAC
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