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ABSTRACT

Protein-based materials have exceptional biological and mechanical properties,
making these materials useful for many biomedical applications, including tissue
engineering, drug delivery, enzyme immobilization, and biosensing. Bioactive materials
can be created by genetically fusing a self-assembling protein to a functional protein.
Key advantages of the protein fusion approach include elimination of a separate
functionalization step during materials synthesis, uniform coverage of the material by
the functional protein, and stabilization of the functional protein. The benefits of fusion

protein materials offer opportunities to further develop this useful technique.

Previously, our lab has generated novel protein-based materials from the
Drosophila Hox protein Ultrabithorax (Ubx), which self-assembles in vitro. Ubx
materials are cytocompatible, biocompatible, biodegradable, and have tunable
mechanical properties. Functionalization of Ubx materials can be accomplished via
protein fusion, in which functional proteins are stabilized and retain their function while
incorporated into materials. The unique properties of Ubx materials make them useful

for a diverse range of applications.

In this work, we focused on developing Ubx-based materials to promote
neovascularization. Stimulating neovascularization to support cell survival is critical for

a variety of applications, including tissue engineering and wound healing.



Neovascularization is a multi-step, complex process that is promoted by several growth
factors (GFs). Herein, we have genetically fused vascular endothelial growth factor
(VEGF), stromal cell-derived factor 1a (SDF-1a), and basic fibroblast growth factor

(bFGF) to Ubx in order to generate materials displaying pro-angiogenic GFs.

We confirmed that GFs remain active and stable when covalently incorporated
into Ubx materials by the ability of fibers composed of GFs alone or in combination to
induce endothelial cell (EC) migration and survival. We further demonstrated that Ubx
materials displaying a combination of multiple GFs promote and guide
neovascularization in vivo within 2 weeks in a mouse model. In addition, long-term
studies suggested that GFs immobilized by Ubx materials induced vessel patency after 7

weeks.

Collectively, our data indicate that Ubx materials incorporating a combination of
VEGEF, bFGF, and SDF-1a promote the formation and stabilization of functional blood
vessels. These materials have potential for use in tissue engineering and regenerative

medicine, among other applications.
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CHAPTERI

GENERAL INTRODUCTION AND LITERATURE REVIEW®

1.1 Protein-based materials and their unique properties and advantages

Proteins can reversibly bind specific molecules with high affinity by forming multiple
weak bonds with ligands. In vivo, proteins require these traits to create and regulate the vital
molecules, cells, and tissues necessary for all life. The wide variety of natural protein functions
has been further augmented by engineering proteins with novel abilities (Glasscock et al., 2016;
Vornholt & Jeschek, 2020). Embedding active proteins in materials imparts these efficient and
specific functions to devices that can be engineered for many applications, including
biomolecular sensors (Horak et al., 2018; Hu et al., 2019; Wei et al., 2017), drug delivery (Petrou
et al., 2018; Wolinsky et al., 2012), chemical catalysis (Dean et al., 2017), and tissue engineering

(Goor et al., 2017; Hollingshead et al., 2017; Seliktar, 2012; Wei et al., 2017; Wang et al., 2008).

Protein-based materials have many advantages. This platform provides a facile method to
embed and stabilize proteins with useful functions into the materials, and the fidelity of
transcription and translation (1 error per 10* amino acids) ensures that each protein unit is
consistent in length and amino acid sequence (Abbas et al., 2017; Cochella & Green, 2005;
Girotti et al., 2015; Wang et al., 2015). Thus, proteins produced from a single gene in a constant

environment will have the same three-dimensional structure and stability, and, for proteins that

*Part of Chapter 1 is reprinted with permission from “Generating novel materials using the intrinsically disordered
protein Ubx” by Mendes GG, Booth RM, Pattison DL, Alvarez AJ, and Bondos SE, 2018. Methods in Enzymology,
611, 583-605, Copyright 2018 by Elsevier Inc.
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form higher-order complexes, the same ability to assemble (Abbas et al., 2017; Girotti et al.,
2015). Protein-based biomaterials can have useful mechanical properties, including extreme
strength, as exemplified by dragline silk, and high extensibility, as observed for elastin and
elastin-like proteins (ELPs). Finally, the sequence of the protein monomers can be easily and
quickly engineered using standard molecular biology techniques, allowing the materials’
sequence, assembly mechanism, structure, stability, and physical properties to be tailored for

specific applications (Kim et al., 2014).

As a normal component of the body, proteins are generally biodegradable (Girotti et al.,
2015; Kowalczyk et al., 2014; NHCS Silva et al., 2014; R Silva et al., 2014; Unzueta et al.,
2017) and non-toxic (Romano et al., 2011), with some exceptions such as toxins from snake
venom or harmful bacteria. Although protein monomers can elicit antibody production when
injected into an animal host, assembly of these monomers into a stable material tends to prevent
an immune response (Park et al., 2010; Patterson et al., 2015; Y Wang et al., 2008; Zhou et al.,
2010). Indeed, many recombinant materials-forming proteins produced in bacteria or insects are
biocompatible and non-immunogenic (Girotti et al., 2015; Patterson et al., 2014; Patterson et al.,
2015). Consequently, protein-based materials are often also biocompatible and thus suitable for
in vivo applications (Agnieray et al., 2021; Girotti et al., 2015; Kowalczyk et al., 2014; NHCS

Silva et al., 2014; R Silva et al., 2014; Unzueta et al., 2017).

Because the three-dimensional native structure of proteins is primarily stabilized by non-
covalent bonds, the structure of protein monomers, and in some cases protein assemblies, can

respond to changes in environmental conditions (Solomonov & Shimanovich, 2019). These
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properties can not only diversify the form of materials produced from a single protein, but also
create smart materials that alter form and function in response to specific cues (Parker et al.,

2020).

1.2 Biomaterials composed of naturally derived self-assembling proteins

A subset of proteins naturally self-assembles into useful biomaterials. Several prominent
examples include silk, elastin, collagen, and resilin (Agnieray et al., 2021; Balu et al., 2021; Hu
et al., 2012). Silk proteins are naturally synthesized by spiders and silkworms, such as N.
clavipes and B. mori, respectively (NHCS Silva et al., 2014; Dinjaski et al., 2017; Hu et al.,
2012). Natural silks have a long history of use in medicine, applied as surgical sutures, for
example (Mackenzie, 1973; Muffly et al., 2011). These proteins are challenging to produce as
recombinant monomers and to assemble into materials in vitro; therefore, many labs have
developed modified versions of these proteins to ameliorate these problems. These modified
proteins are often still referred to as the natural protein (e.g., “silk”) despite deletions, additions,
and/or alterations to the protein sequence. The biocompatibility and mechanical properties of
silks have made them valuable tools for many applications (Jansson et al., 2014), including bone
regeneration (Dinjaski et al., 2017; Plowright et al., 2016), soft tissue regeneration (Bellas et al.,
2015), cell adhesion (Pereira et al., 2017), cardiac tissue engineering (Petzold et al., 2017), and

drug delivery (Doblhofer & Scheibel, 2015).

As components of the extracellular matrix, collagen and elastin have chemical and
mechanical properties capable of supporting cell growth to create extensible or flexible tissues

(NHCS Silva et al., 2014; Yeo et al., 2015). Collagen-based materials have been created for
3



tissue engineering (Copes et al., 2019; Gomes et al., 2012), wound healing (Cao et al., 2020;
Deshmukh et al., 2016), and drug and gene delivery (Grenlien et al., 2019; Urello et al., 2014).
These applications are made possible by collagen’s biocompatibility, weak antigenicity, and
biodegradability (Copes et al., 2019). As proteins that have evolved to support and interact with
cells, materials composed of elastin-like recombinamer (ELR) are being developed for

applications in skin tissue engineering and wound healing (Da Costa et al., 2017), among others.

Resilin is an elastomeric protein found in insect cuticles, which is characterized by low
stiffness and high energy storage capacity, making them elastic, extensible, and resilient (Girotti
etal., 2015; Hu et al.; 2012; Li et al., 2016). Resilin has important roles for flight in arthropods,
leg movement in arachnids, vocalization in cicadas, and jumping in fleas (Girotti et al., 2015;
Lyons et al., 2009). Resilin’s mechanical and biological properties make it a very promising
scaffold for strong but flexible tissues such as vocal cords (Li et al., 2011; Li et al., 2016) and
blood vessels (Y Kim et al., 2016; McGann et al., 2013). Moreover, extensible and conductive
hydrogels based on recombinant resilin have been developed for application as wearable sensors

(Hu et al., 2019).

In addition, hybrid fusion proteins have also been created to combine the properties of
silk, collagen, elastin, resilin, and/or cartilage oligomeric matrix proteins (Grieshaber et al.,
2009; Grieshaber et al., 2012; Isaacson et al., 2018; Krishna et al., 2011; Pereira et al., 2017,
Yuvienco et al., 2012). Because the protein domains that determine the mechanical properties are
modular, different combinations of these protein sequences can be created to optimize the

mechanical properties of the hybrid material for a specific application (Bax et al., 2019;
4



Bracalello et al., 2011; Huang et al., 2015; Qiu et al., 2009; Wang et al., 2018; Wtodarczyk-

Biegun et al., 2014).

1.3 Ultrabithorax (Ubx) materials

Occasionally, a protein that does not form materials as part of its native function is able
to self-assemble in vitro. This is the case for a novel biomaterial discovered by our lab. The
Drosophila melanogaster Hox transcription factor Ultrabithorax (Ubx) is capable of materials
formation in vitro. The unique properties and applications of these materials are the focus of this

dissertation.

During animal development, Ubx binds DNA to activate or repress the transcription of
target genes. Although capable of cooperative DNA binding (Beachy et al., 1993), Ubx does not
form materials as part of its natural function. Despite the lack of evolutionary selection for self-
assembly, Ubx monomers hierarchically form ordered materials on a variety of length scales in
vitro (Figure 1). In buffers near neutral pH, Ubx coacervates at the air—water interface,
generating disorganized clusters (aggregates) of molecules (Greer et al., 2009; Majithia et al.,
2011). These clusters reshape themselves into lines, or protofibrils. Lateral interactions between
protofibrils condense them into fibrils, which are similar in diameter to amyloid fibrils but lack
amyloid structure. Fibrils interact laterally to form film, and film can be drawn into fibers that
are meters long, with diameters ranging from 2 to 100 pm, depending on the thickness of the

film.



Ubx Ubx Protofibril
aggregation protofibrils association

A B C

™

50 nm 50 nm

Ubx fibrils | Ubx film Ubx fibers

Figure 1. Ubx self-assembles into materials in vitro.

(A) About 15 min after dilution into a tray, Ubx begins to form irregular aggregates (red arrow). (B)
Within 1h, these aggregates begin to spontaneously reshape into lines of Ubx proteins, termed
protofibrils. (C) After 1-2 h, the protofibrils align in parallel and begin to form side-to-side contacts. (D)
After 2h multiple protofibrils condense to form fibrils about 50nm in diameter (white arrow). (E) Fibrils
also interact laterally to form films which can be lifted from the surface. (F) Alternately, films on the air—
water interface can be drawn into fibers composed of aligned fibrils. Figure reprinted with permission
from Mendes GG, Booth RM, Pattison DL, Alvarez AJ, and Bondos SE. Generating novel materials
using the intrinsically disordered protein Ubx 2018. Methods in Enzymology, 611, 583-605, Copyright
2018 by Elsevier Inc.

The strength of Ubx materials is derived from the rapid and spontaneous formation of
dityrosine bonds, and mutation of tyrosine residues can either weaken or strengthen the resulting
materials (Howell et al., 2015; Huang et al., 2010). Furthermore, Ubx materials have tunable

mechanical properties (Greer et al., 2009; Howell et al., 2015; Huang et al., 2010) and are
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cytocompatible (Patterson et al., 2014), biocompatible and non-immunogenic (Patterson et al.,
2015), and biodegradable (Hsiao et al., 2016). These unique properties are advantageous and

needed for a variety of biomedical applications.

1.4 Functionalization of protein-based materials

1.4.1 Incorporation of proteins into materials via protein fusion

Protein-based materials offer a unique opportunity to efficiently immobilize and display
useful functional proteins. Simple molecular biology tools can be used to produce both
functional and self-assembling proteins as a single linear amino acid chain linked by a covalent
peptide bond (Girotti et al., 2015; Huang et al., 2011; Jansson et al., 2014) (Figure 2). The
sequence of amino acids is unique to each protein and genetically encoded by the sequence of
nucleic acids in that protein’s gene (DNA), which is also a linear sequence. To create a “fusion
gene”, the DNA sequence encoding the functional protein is placed end-to-end with the DNA
sequence encoding the self-assembling protein, without intervening stop codons. When the
appropriate regulatory DNA sequences are added to the fusion gene and it is placed in a live cell
(Figure 2, Step 1), the cell will use the DNA instructions to produce a single “fusion protein” that
contains the amino acid sequence of both proteins in a single chain of amino acids (Figure 2,
Step 2). In the example shown in Figure 2, the functional protein sequence is followed by the
sequence of the self-assembling protein. Ideally, these proteins will independently fold into their
unique 3-dimensional structures as defined by their amino acid sequence (Figure 2, Step 3), and
the self-assembling portion of the fusion protein will interact with other copies of the fusion

protein to form materials. In practice, an additional short linker sequence of amino acids must be
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added in between the functional sequence and the self-assembling sequence to prevent one

sequence from sterically hindering the folding or function of the adjacent sequence.

A DNA
5" 3’ Functional gene
- Lir
5 3* Materials-forming gene Every materials-forming
5 3' Fusion gene protein monomer is

covalently bound to an
1 ﬂ Insert into E. coli bacteria active functional protein via

a peptide bond

ﬂ Bacteria build the functional amino acid

sequence fused to the materials-forming
amino acid sequence

4
3 A
|::> .O The purified materials-

_ ) forming protein sequence
The linked protein

self-assembles
sequences fold
independently

Protein

- Linker Functional protein © Linker S&If—assemblini protein |—C

N Wi T YT N oo o

Figure 2. Fusion proteins in materials assembly.

(A) A schematic depicting the production of fusion proteins and their assembly into materials. (B)
Schematic of fusion protein sequences. The functional protein (dark blue) may be placed N-terminal (top)
or C-terminal (bottom) to the self-assembling protein (grey) or within a flexible loop of the self-
assembling protein. Purification tags (dark grey) may be included at either terminus or within the protein
sequence. Soluble, flexible linkers (green) are often required to prevent each component from sterically
interfering with the folding or function of other components within the fusion protein.



1.4.2 Protein fusion and its advantages

There are numerous advantages to the protein fusion approach. By combining production
of the functional protein, production of the self-assembling protein, and protein immobilization
into a single-step, one-pot process, the time and cost required to produce materials is
substantially reduced (Gomes et al., 2011; Zhou et al., 2014). Furthermore, the extent of
functionalization does not need to be independently validated after each production batch. The
added functional protein has the potential to increase the yield of the recombinant fusion protein,
an effect that has been observed in E. coli (Pereira et al., 2017; Tsai et al., 2015) and in the
silkworm Bombyx mori (Inoue et al., 2005). This increase in yield correlates with the solubility
of the fusion protein (Tsai et al., 2015) and can help prevent the random (non-productive)

association of monomers into aggregates (Park et al., 2007).

The functional proteins are uniformly attached to the material by the same bond.
Consequently, there are no variations in the attachment site, which may have the potential to
misposition or inactivate a portion of the functional protein. Because the functional protein is
attached to the material via a peptide bond, any solution conditions that are safe for the materials
will also preserve this bond, reducing or eliminating leaching (Brady & Jordaan, 2009). Every
monomer has one functional protein attached; thus, by definition, the materials are saturated, and

the coverage is even.

Many proteins fused to protein materials exhibit increased stability relative to their
soluble monomers (Jansson et al., 2015; Tsai et al., 2015), although this is not the case for all

fusion proteins that form materials (Wang et al., 2018). Finally, many different proteins can be
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incorporated and even patterned within a single material as protein fusions (Huang et al., 2011).
In many cases, the addition of a functional protein does not harm either monomer production or
materials assembly (Jansson et al., 2014; Jansson et al., 2015; Thatikonda et al., 2016; Tsai et al.,

2015).

The functionality of the appended functional protein is often preserved in protein
materials. Incorporating functional proteins into materials can stabilize these proteins relative to
the corresponding free protein monomer. The fluorescence intensity of mCherry is retained in
mCherry-Ubx fibers even after ethanol treatment for 30 minutes (80%) or autoclaving for 20
minutes (20%), a trait that facilitates materials sterilization (Tsai et al., 2015). This increase in
stability can assist with materials storage as well. The enzyme xylanase was 40% active after 11
months of wet storage, >1 month of dry storage, or 70% ethanol treatment when incorporated
into materials formed by an engineered spider silk protein (Jansson et al., 2015). The source of
this incredible stability is likely due to the confined geometry effect, in which functional proteins
embedded within the materials lack the space required for the large-scale motions associated

with protein unfolding (Frauenfelder et al., 2006; Mittal & Best, 2008; Rathore et al., 2006).

Finally, more than two genes may be fused, thus incorporating multiple proteins and
functions into the same polypeptide. One example of a multi-fusion protein is resilin—elastin—
collagen chimeric recombinant materials, designed to tailor the mechanical properties of the

resulting materials (Bracalello et al., 2011).
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1.4.3 Protein fusion challenges

While many proteins have been successfully incorporated into materials via protein
fusion, several steps may pose challenges. For functional proteins with properties that impede
materials assembly, one option is to select a related protein that retains the same function yet has
better properties for assembly. For example, ancestral proteins or proteins from thermophiles
may be more compact and/or more stable (Sawle & Ghosh, 2011). Another option is to mutate
the protein to stabilize the protein (Borgo & Havranek, 2012) or alter the surface chemistry.
However, because a single amino acid change may simultaneously impact protein structure,
solubility, and/or function, this process can unintentionally harm protein function as well.
Because the goal of creating the materials is often to incorporate a very specific protein, it is

often not feasible to replace or mutate the functional protein.

Many protein-based materials are assembled in harsh conditions (e.g., high temperature,
low pH, or organic solvents), which are likely to unfold or inactivate most functional proteins
(Falconnet et al., 2006; Hahn et al., 2005; Huang et al., 2011; Tsai et al., 2015) (Figure 3). The
most feasible solution to this problem is to, when possible, assemble materials in near
physiological conditions to maintain the activity of the appended protein (Huang et al., 2011;
Jansson et al., 2014). In some cases, the sequence of the self-assembling protein can be
engineered to allow assembly in conditions that preserve the activity of the fused protein

(Jansson et al., 2014).

Several other considerations can complicate materials generation. Materials assembly,

even in physiological conditions, can theoretically denature or inactivate the functional protein

11
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Figure 3. Potential problems caused by fusion proteins fall into two main categories, Loss of
Function and Prevention of Assembly.

Loss of function can be caused by the self-assembling protein (grey) inactivating the functional protein
(dark blue), which in turn can lead to proteolysis or aggregation. In addition, direct binding by the
functional protein to the self-assembling protein could sequester critical protein surfaces needed for either
function or materials assembly. Furthermore, the functional protein could prevent contact between self-
assembling proteins because they are too large, too charged, or because quaternary structure mis-positions
the self-assembling protein monomers.

(Zhou et al., 2014) (Figure 3). If folding of the functional protein yields less free energy than
assembly of the materials, then assembly could drive denaturation of the functional protein. The

materials-forming protein may form additional, non-covalent interactions with the functional
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protein that inactivate the functional component (e.g., physically block a ligand binding site), in

both the monomeric and assembled states.

The reverse problem can also occur, in which the functional protein impairs or prevents
materials assembly. Highly charged functional proteins may slow or prevent materials assembly
through charge-charge repulsion. Furthermore, functional proteins with quaternary structure
(e.g., dimers, trimers) have the potential to mis-position the self-assembling protein and prevent

materials assembly (Tsai et al., 2015) (Figure 3).

1.5 Functionalization of Ubx materials

The large intrinsically disordered regions within the Ubx sequence enable the successful
incorporation of a wide variety of proteins into materials, including fusions to proteins nearly ten
times the size of Ubx, to highly charged proteins, or to dimers/tetramers without impacting its

ability to form materials (Tsai et al., 2015).

We see evidence for this when we compare Ubx monomer assembly with Enhanced
Green Fluorescent Protein-Ubx (EGFP-Ubx) monomer assembly. If EGFP impaired Ubx
assembly, then the fraction of Ubx protein in the material should be higher than the fraction of
Ubx in the monomer mixture. Instead, the ratio of Ubx and EGFP-Ubx proteins in the final
material was the same as in the initial protein mixture. Therefore, both proteins assemble equally
well (Tsai et al., 2015). Furthermore, the addition of EGFP to VEGF-Ubx improved the

solubility, and thus monomer yield during production in E. coli. (Howell et al., 2016). The
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EGFP-VEGF-Ubx double fusion also self-assembled into materials, which retained both green

fluorescence and VEGF activity (Howell et al., 2016).

Because of its robust assembly and incorporation of functional proteins, Ubx is a useful
platform for generating active biomaterials. Furthermore, sequence similarities between Ubx and
other self-assembling proteins suggest that this approach for generating fibers and film in

aqueous conditions near neutral pH might be successfully applied to other protein systems.

1.6 Applications of protein-based materials

Protein materials can be easily optimized for many applications (Cai & Heilshorn, 2014;
Romano et al., 2011). Opportunities for specific applications arise both from the general
properties of each protein material and the range of proteins that can be incorporated as protein
fusions. This modular approach allows the inclusion of one or more functional peptides or
proteins into a single protein sequence with tunable properties (Cai & Heilshorn, 2014; Tsai et
al., 2015). Protein-based materials are being developed for a variety of biomedical and
biotechnological applications such as chemical catalysis, antibody capture and immobilization,
cell binding, tissue engineering and regenerative medicine, and drug delivery (Balu et al., 2021;
Dean et al., 2017; Goor et al., 2017; Hollingshead et al., 2017; Horak et al., 2018; Howell et al.,
2016; Petro et al., 2018; Seliktar, 2012; Z Wang et al., 2008; Wei et al., 2017; Wolinsky et al.,

2012).

The efficiency, stereoselectivity, and catalytic activity of enzymes in environmentally

friendly conditions have increased the interest in using enzymes for industrial chemical
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production (Jansson et al., 2015; Jia et al., 2014). Chemical catalysis through the immobilization
and stabilization of enzymes on solid supports has many advantages, including facile separation
of enzymes from the reaction mixture, which both allows enzyme recovery and aids product
purification (Zhou et al., 2014). Additionally, these advantages reduce product cost, which is an
especially important aspect in industrial processes (Jansson et al., 2015). Although most
immobilization strategies have relied on either physical entrapment, biotin/streptavidin
recognition, adsorption, or nonspecific binding to a flat or microparticle surface (Jia et al., 2014),
enzymes have also been genetically fused to materials-forming proteins, including the silk
derivative 4RepCT, Ubx, and the amyloidogenic protein Ure2, and retained their activity once
inside these materials (Huang et al., 2011; Jansson et al., 2015; Tsai et al., 2015). One key
challenge in multi-step enzyme-mediated chemical catalysis is the need to place multiple
enzymes in close proximity to limit product diffusion (Jia et al., 2014). Nature sometimes solves
this problem by fusing together multiple enzymes that catalyze different steps in a series of
chemical reactions (Maier et al., 2008; Zhu & Xiong, 2013). Materials composed of fusion
proteins provide a unique opportunity to manipulate the geometry of enzyme packing to reduce

product diffusion within the materials, and thus increase reaction yields.

Many protein-based materials applications are based on the functionalization of materials
with affinity domains that recognize antibodies. Once antibodies non-covalently bind these
materials, the materials can be potentially used to bind specific ligands (as in sensors) (Kim et
al., 2011), bind and display proteins (for tissue engineering applications) (Jansson et al., 2014),
or deliver proteins (for therapeutics) (Jansson et al., 2014; Thatikonda et al., 2016). In this

versatile approach, the same base material can be used with any antibody/antigen combination.
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In particular, effective immobilization of antibodies on a solid support is of extreme importance
for the specificity and sensitivity of immunoassay procedures (Kim et al., 2011; Vashist et al.,

2014).

Many materials have been modified via peptide fusion to improve binding to specific
types of cells. Integrin- and fibronectin-binding sequences were inserted into the collagen-like
protein Scl2 from Streptococcus pyogenes fused to recombinant silk, creating chimeric collagen-
silk fibers, allowing these materials to attach and grow human mesenchymal stem cells (hMSCs)
(An et al., 2013). The great variety of peptides that recognize specific types of normal vs.
diseased cells (Gray & Brown, 2014) have the potential to increase cell attachment and migration
to materials for applications involving diverse tissues (Widhe et al., 2016). These tools make
peptide fusion materials a particularly powerful tool for cell analysis (cell isolation, detection)

and tissue engineering (cell attachment and patterning) applications.

Protein-based materials are widely applied in tissue engineering and regenerative
medicine (Agnieray et al., 2021; Dinjaski et al., 2017; Girotti et al., 2015; Gomes et al., 2011;
Gomes et al., 2012; Pereira et al., 2017). Because cells respond to both mechanical and chemical
cues, matching the materials’ properties to the target tissue is very important for tissue
regeneration or engineering. The sequence of recombinant self-assembling proteins can be easily
modified to alter the structural or mechanical properties of the resulting materials using standard
molecular biology techniques, as in hybrid materials composed of silk elastin and collagen
sequences (Bax et al., 2019; Grieshaber et al., 2009; Grieshaber et al., 2012; Huang et al., 2015;

Isaacson et al., 2018; Krishna et al., 2011; Pereira et al., 2017; Qiu et al., 2009; Wang et al.,
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2018; Wtodarczyk-Biegun et al., 2014). This plasticity allows the properties of the materials to
be tailored to suit a variety of applications (Dinjaski et al., 2017; Unzueta el al., 2017). A large
number of proteins and peptides function as chemical cues that control cell behavior and support
cell growth, attachment, and proliferation within the scaffold. In addition to peptides, growth

factors (generally dimeric proteins) have also been fused to materials to direct cell behavior.

Protein-based materials also have the potential to be used as drug delivery systems
(Agnieray et al., 2021; Kowalczyk et al., 2014; NHCS Silva et al., 2014). Genetically engineered
biomaterials that are biocompatible, biodegradable, and bind ligands with high specificity have
the potential to be used for the controlled release of drugs and other molecules (Huang et al.,
2015; Petrou et al., 2018; Pritchard & Kaplan, 2011). Recombinant lipid-ELP biomaterials have
been developed to self-assemble into drug delivery micelles of different sizes and shapes that can

encapsulate hydrophobic anti-cancer drugs, such as doxorubicin and paclitaxel (Luginbuhl et al.,

2017).

1.7 Application of protein-based materials for scaffold neovascularization

Stimulating neovascularization or formation of new blood vessels is needed for many
critical applications. As an example, in tissue engineering and regenerative medicine fields, the
adequate perfusion of larger size scaffolds (Chandra & Atala, 2019; Mastrullo et al., 2020; Yang
et al., 2020) and the integration of the vascular network from engineered tissues to the patient’s
vasculature are necessary for the nourishment and regeneration of the bioengineered constructs
(Ngo & Harley, 2020; Rouwkema & Khademhosseini, 2016; Yao et al., 2020). Blood vessels are

also essential for wound healing, especially in the treatment of chronic wounds, such as diabetic
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foot ulcers, in which poor vascularization correlates to impaired wound healing (Atienza-Roca et
al., 2018; Demidova-Rice et al., 2012; Jahani et al., 2020; Niu et al., 2019; Zubair & Ahmad,

2019).

Neovascularization occurs either by vasculogenesis or by angiogenesis (Ucuzian et al.,
2010). Because vasculogenesis occurs at the embryo development level, here we will focus on
angiogenesis, which is defined as the formation of new vessels by the growth and sprouting of
preexisting vessels (Carmeliet, 2000; Carmeliet & Jain, 2011; Herbert & Stainier, 2011;
Lamalice et al., 2007). This process requires spatiotemporal delivery of bioactive molecules,
especially growth factors (GFs) and chemokines, to create a stable and functional vascular

network (Cao & Mooney, 2007; Kant & Coulombe, 2018; Mastrullo et al., 2020).

1.8 Delivery of growth factors to stimulate neovascularization

Growth factors can induce neovascularization by stimulating endothelial cells (ECs)
migration, proliferation, and recruiting mural cells (pericytes and smooth muscle cells) to form
and stabilize new blood vessels (Carmeliet, 2000; Carmeliet & Jain, 2011). Consequently, most
engineering studies have focused on GFs to stimulate angiogenesis (Cao & Mooney, 2007,
Chandra & Atala, 2019; Gianni-Barrera et al., 2019; Mastrullo et al., 2020; Nazeer et al., 2021).
However, there are several challenges in delivering GFs. Natural GFs have short effective half-
life, mainly because of poor stability in physiological environment (Baiguera & Ribatti, 2013;
Mitchell et al., 2016; Niu et al., 2019; Ren et al., 2020), fast blood clearance (Mitchell et al.,

2016), and/or rapid degradation by enzymes (Ren et al., 2020; Wang et al., 2017). GFs as
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recombinant proteins also present poor stability in vivo (Niu et al., 2019), being rapidly degraded

or deactivated prior to reaching their target (Masters, 2011).

The concentration of delivered GFs needs to be precise, thus safety is another concern
(Niu et al., 2019). Because of low stability and short half-life, GFs often need to be administered
multiple times or using supraphysiological doses to maintain the necessary concentration at the
delivered site, which results in higher cost (Niu et al., 2019; Ren et al., 2020) and adverse side
effects (Baiguera & Ribatti, 2013; Ren et al., 2020). GFs are also involved in cancer progression
(Witsch et al., 2010) and the repeated administration of supraphysiological doses increases the
risk of developing cancer (Niu et al., 2019). Examples of GFs approved for clinical use include
Regranex® gel, composed of recombinant human PDGF-BB, used to treat diabetic foot ulcers,
and AMPLIFY™, based on recombinant human bone morphogenetic protein-2 (BMP-2), used in
lumbar spinal arthrodesis, and both have been associated with an increased risk of new cancer
(Niu et al., 2019; FDA 2008; Carragee et al., 2013). Another limitation of GFs delivery is the
maintenance of GF activity in materials over weeks to create mature blood vessels. For instance,
it has been shown that newly formed vessels induced by VEGF in vivo completely disappears
after a limited VEGF exposure. However, VEGF simulation maintained for 10 to 14 days results

in the formation of mature vasculature that does not regress after withdrawal of the GF (Dor et

al., 2002).

1.9 Biomaterials as strategies to deliver growth factors
Incorporation of GFs into biomaterials has the potential to overcome the limitations of

soluble GF delivery (Atienza-Roca et al., 2018; Wang et al., 2017). Immobilization of GFs into
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biomaterials can achieve controlled, sustained release and localized delivery, as well as reduce

the need for multiple doses and, thus, decrease adverse side effects (Ren et al., 2020).

Several strategies have been applied to non-covalently bind GFs to materials. For
example, physical encapsulation, in which a mixture of GFs is incorporated within polymers
before their solidification or gelation (Wang et al., 2017), offers a layer of protection for GFs
(Mastrullo et al., 2020). Although physical immobilization of GFs can be accomplished under
mild conditions at room temperature, only a small fraction of GFs can be bound with this
approach and the unpredictable release profiles may also be a problem (Wang et al., 2017).
Another example of non-covalent incorporation is adsorption, where GFs are physically
immobilized on the surface of different matrices (King & Krebsbach, 2012; Wang et al., 2017).
A major drawback of the adsorption method is the difficulty to control the delivery and release

rates of multiple GFs (Sharon & Puleo, 2008; Wang et al., 2017).

Layer by layer self-assembly is an alternative approach in which polymers and GFs of
opposite charges are coated onto surfaces of varying composition (e.g., glass surface) (Wang et
al., 2017). Finally, GFs can also be non-covalently conjugated by affinity binding strategies that
rely on the affinity of GFs and extracellular matrix (ECM) components that form part of the
biomaterials (Atienza-Roca et al., 2018; Ren et al., 2020). This approach is supported by the
natural interactions that happen between heparin-binding domains of ECM proteins and heparin-
binding GFs, for example (Atienza-Roca et al., 2018; Martino et al., 2013). Likewise, GFs can be
engineered to have a stronger binding to collagen, one of the most common ECM proteins (Ren

et al., 2020). Though, the effectiveness of the affinity-based system may depend on the local
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ECM composition (Ren et al., 2020). Overall, the common limitations of non-covalent methods
are the need to protect GFs from the harsh conditions used in the process to fabricate scaffolds

and burst release (Atienza-Roca et al., 2018).

Covalent immobilization of growth factors to biomaterials arises as a promising approach
with the potential to improve both stabilization and persistence of delivered growth factors
(Masters, 2011; Wang et al., 2017). This strategy is advantageous because it can eliminate the
possibility of initial burst release (Masters, 2011; Wang et al., 2017) and the release of GFs
depends on the material’s degradation rate, which can be controlled (Atienza-Roca et al 2018;

Ren et al., 2020).

Chemical or enzymatic crosslinking has been extensively applied to covalently attach

GFs to biomaterials through functional residues (Masters, 2011; Ren et al., 2020; Wang et al.,
2017). Vascular endothelial growth factor (VEGF) and angiopoientin-1 (Ang1) covalently

immobilized to 3D collagen scaffolds increased endothelial cells (ECs) proliferation in vitro and
infiltration in vivo (Chiu & Radisic, 2010). However, although many techniques of covalent
conjugation have been created, loss of bioactivity can be a limitation for this method (Wang et
al., 2017). Protein fusion is another approach to covalently immobilize GFs to biomaterials (Ren
et al., 2020). This strategy has been successfully applied to create materials made of silk fusion
proteins that can immobilize both VEGF and basic fibroblast growth factor (bFGF) for tissue

engineering applications (Giiler et al., 2019; Thatikonda et al., 2018).
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1.10 Developing Ubx-based materials to stimulate neovascularization

Because of the unique properties discussed above, Ubx materials can be used in several
biomedical applications, including tissue engineering and regenerative medicine, wound healing,
biosensors, and drug and gene delivery. Here we will focus on the application of Ubx materials
for scaffold neovascularization and therapeutic angiogenesis, which is further explored in

Chapter II of this dissertation.
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CHAPTER II
PROTEIN-BASED MATERIALS DISPLAYING MULTIPLE GROWTH FACTORS

PROMOTE LONG-TERM FORMATION OF FUNCTIONAL BLOOD VESSELS

2.1 Introduction

Blood vessels are essential to supply cells with oxygen and nutrients and to remove waste
products (Jain et al., 2005). Due to the diffusion limit of oxygen, cells need to be within 100 to
200 um of blood vessels in a tissue to survive and function (Carmeliet & Jain, 2000; Jain et al.,
2005; Rouwkema et al., 2008). Based on this requirement, stimulating neovascularization to
support cell survival is important for critical applications such as wound healing (Atienza-Roca
et al., 2018; Demidova-Rice et al., 2012; Jahani et al., 2020; Niu et al., 2019), tissue regeneration
and engineering (Atienza-Roca et al., 2018; Filipowska et al., 2017; Jahani et al., 2020;
Levenberg et al., 2005; Rouwkema et al., 2008; Rouwkema & Khademhosseini, 2016), and
treatment of vascular diseases (Hou et al., 2016; JJ Kim et al., 2016; Mitsos et al., 2012; Simons
& Ware, 2003; Xu et al., 2017). The formation of new blood vessels is also essential for
scaffolds applied in tissue engineering and regenerative medicine for the integration of the newly
formed tissue with the patient’s vasculature (Rouwkema & Khademhosseini, 2016; Yao et al.,
2020). Furthermore, neovascularization is a necessary and challenging component of tissue
engineering strategies as the size of bioengineered constructs can limit the diffusion of oxygen
and soluble nutrients available to cells within each construct (Chandra & Atala, 2019; Mastrullo

et al., 2020; Yang et al., 2020).
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Neovascularization, also known as angiogenesis, is defined as the formation of new blood
vessels from preexisting vasculature (Carmeliet, 2000; Lamalice et al., 2007). Creating new
blood vessels mainly relies on temporal and spatial delivery of active molecules to develop a
structured and functional vascular network (Cao & Mooney, 2007; Kant & Coulombe, 2018;
Mastrullo et al., 2020). During angiogenesis, endothelial cells (ECs) respond to local production
of pro-angiogenic growth factors (GFs) in the microenvironment and initiate sprouting to form a
new vessel (Adams & Alitalo, 2007; Carmeliet & Jain, 2011). The two most highly studied GFs
in neovascularization are vascular endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF) (Augustine et al., 2019; Jain et al., 2005; Mitsos et al., 2012). Both VEGF and
bFGF stimulate angiogenesis by activating and promoting EC proliferation, survival, and
migration (Carmeliet & Jain, 2011; Duran et al., 2017; Jain, 2003; Mitsos et al., 2012; Ware &
Simons, 1997). Another well-described GF known to promote angiogenesis is stromal cell-
derived factor 1o (SDF-1a) which binds to endothelial tip cells and stimulates their sprouting
(Carmeliet & Jain, 2011; Salcedo et al., 1999). While these GFs are only a partial list of many

known to promote angiogenesis, each is well-documented to drive critical aspects of the process.

Many studies have incorporated pro-angiogenic GFs within tissue engineered scaffolds to
effectively stimulate angiogenesis in vivo or in vitro (Kant & Coulombe, 2018; Mastrullo et al.,
2020; Novosel et al., 2011). Strategies to deliver GFs to promote neovascularization include non-
covalent immobilization within scaffolds, such as physical encapsulation of GFs, absorption of
GFs on the surface of a matrix, and layer by layer self-assembly (King & Krebsbach, 2012;
Wang et al., 2017). However, burst release of GFs from biomaterials is a key limitation to non-

covalent incorporation approaches (Atienza-Roca et al., 2018; Wang et al., 2017). To solve this
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problem, GFs are often covalently attached to biomaterials via chemical or enzymatic reactions
(Chiu & Radisic, 2010; Wang et al., 2017), photopolymerization (DeLong et al., 2005; Leslie-
Barbick et al., 2011), or protein fusion (Giiler et al., 2019; Howell et al., 2016; Thatikonda et al.,
2018). Some type of effective immobilization is necessary because soluble, free recombinant
GFs are unstable, yet cells need to be exposed to GFs for weeks to create mature vessels that will
not regress (Niu et al., 2019; Xu et al., 2017). In fact, it has been shown that VEGF needs to be
sustainably delivered for about 4 weeks to ensure that the newly induced vasculature is stabilized
and persists independently (Gianni-Barrera et al., 2020). Otherwise, if VEGF stimulation is
removed too early, the unstable vessels will regress (Dor et al., 2002; Gianni-Barrera et al.,
2020). Covalent immobilization can improve the stability and persistence of GFs delivered to
cells or tissues (Masters, 2011; Wang et al., 2017). However, for some strategies, covalent
conjugation can result in uneven coverage or loss of bioactivity of GFs on biomaterials (Wang et
al., 2017). Thus, while GFs are known to be effective, the challenge for their incorporation into

biomaterials is creating and maintaining an even, stable, yet active presentation.

Several studies suggest that the incorporation of multiple stable GFs into biomaterials is
most effective for promoting angiogenesis. Single GF delivery, especially VEGF alone, may lead
to the formation of poorly organized, unstable, and immature blood vessels (Jain, 2003;
Mastrullo et al., 2020; Zachary, 2003). Although VEGF is potent at initiating angiogenesis,
VEGF (also known as vascular permeability factor or VPF) increases endothelial permeability
and creates gaps in endothelial junctions within developing vessels (Carmeliet & Jain, 2011;

Dvorak et al., 1995; Zachary, 2003). Because other GFs such as SDF-1a promote barrier

formation (Kobayashi et al., 2014), SDF-1a is capable of combatting permeability increases
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induced by VEGF and thus would be expected to promote more stable vessel development. The
delivery of multiple GFs may be more effective to stimulate the growth of a mature and stable
vasculature (Bai et al., 2018; Brudno et al., 2013; [zadifar et al., 2016; Kuttapan et al., 2018;

Richardson et al., 2001).

Herein, we immobilize and display GFs using novel protein-based materials composed of
the Drosophila melanogaster Hox protein Ultrabithorax (Ubx) discovered by our lab (Greer et
al., 2009). Ubx self-assembles into films and fibers in mild buffers, creating materials that are
cytocompatible, biocompatible and non-immunogenic, and have tunable mechanical properties
(Howell et al., 2015; Huang et al., 2010; Patterson et al., 2014; Patterson et al., 2015). GFs can
be incorporated into Ubx materials via gene fusion, in which the gene encoding each functional
protein is fused to the ubx gene without stop codons, thus producing a single polypeptide
containing both angiogenic and Ubx proteins. We have previously demonstrated that VEGF
alone, when delivered by Ubx materials, is capable of activating and phosphorylating VEGF
signaling pathway, through its receptor VEGFR2, to trigger ERK activation and promote
angiogenesis (Howell et al., 2016). In vitro and ex vivo assays confirmed that VEGF-Ubx
materials significantly increased the number of ECs that migrate onto materials in response to the
presence of active growth factor compared to the control enhanced green fluorescent protein
(EGFP)-Ubx (Howell et al., 2016). Furthermore, VEGF-Ubx materials enhanced formation of
new blood vessels in vivo by 36% using the chick chorioallantoic membrane (CAM) assay
(Howell et al., 2016). These results suggest that stimulating neovascularization with VEGF alone
may not be sufficient to create mature vasculature and other GFs may aid this process. Here we

describe our strategy to simultaneously covalently incorporate and stabilize VEGF, SDF-1a, and
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bFGF into protein-based materials to induce neovascularization in vivo. These GFs were chosen
because they promote the development and stabilization of functional blood vessels in a
synergistic manner by performing different functions. In this study, we tested whether protein
fusions composed of VEGF, SDF-1a, and bFGF genetically fused to Ubx (VSF-Ubx) can
activate ECs to migrate and rescue cell survival with in vitro migration and viability assays.
Furthermore, fibers composed of VSF-Ubx were able to stimulate and guide neovascularization
after subcutaneous implantation in mice, demonstrating that VSF-Ubx materials can promote the

formation of stable, mature vasculature in vivo.

2.2 Results and Discussion

The goal of this study is to test if materials that display a combination of active VEGF,
bFGF, and SDF-1a induce and guide neovascularization responses in vitro and in vivo. We have
genetically fused VEGF, bFGF, and SDF-1a to Ubx, a protein that self-assembles into
biomaterials (Greer et al., 2009; Huang et al., 2011; Tsai et al., 2015). Ideally, these fusion
proteins will also self-assemble into materials and retain the GFs in an active and stable state. A
second negative control was created in which maltose binding protein (MBP) was fused to Ubx
due to its ability to increase protein solubility (Tsai et al., 2015). Finally, Ubx, VEGF-Ubx,
bFGF-Ubx, and SDF-1a-Ubx were all fused to enhanced green fluorescent protein (EGFP) to
both boost yield and enable fiber visualization (Figure 4). Importantly, none of the fusions
reported herein impede materials assembly, producing Ubx fibers with uniform morphology

(Tsai et al., 2015) (Figure 5).
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Figure 4. Schematic representation of all fusion proteins used in this study.

All of the constructs contain a Histidine tag on the N-terminus for protein purification (purple box),
followed by a linker (navy blue box), the functional protein, another linker (navy blue box), and Ubx
protein (maroon) on the C-terminus. Note that the linking amino acid sequence between MBP and Ubx
proteins is GSGSH, and between EGFP and Ubx is SGSHMGSGS.

The second concern is whether the GFs will retain their activity once fused to Ubx. We
have previously extensively tested both VEGF-Ubx and a double fusion, EGFP-VEGF-Ubx, and
found that VEGF is active in materials made from either fusion (Howell et al., 2016). However,
the structures of both SDF-1a and bFGF differ from VEGF. Importantly, the N-terminus, which
is fused to the his-tag, and the C-terminus, which is fused to Ubx, are both placed differently
relative to the receptor binding interface in these growth factors (Figure 6). Thus, even though
the VEGF strategy was successful, these fusions may prevent other GFs from dimerizing or

retaining activity in Ubx materials. To test the activity of each of the GFs in Ubx materials, we
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Figure 5. Materials formation and fiber morphology are not significantly impacted by protein

fusions.
Differential interference contrast (DIC) microscopy of fibers composed of MBP-Ubx (A), SDF-1a-Ubx

(B), bFGF-Ubx (C), VEGF-Ubx (D), EGFP-Ubx (E), EGFP- SDF-10-Ubx (F), EGFP- bFGF-Ubx (G),
and EGFP- VEGF-Ubx (H). Scale bar represents 10 pm.

Figure 6. Schematic representation of the structures of each growth factor used.

VEGF (A), bFGF (B), and SDF-1a (C) are shown as 2 monomers (one black and one gray). The location
of the receptor binding interface is depicted as blue dashed lines (A, B) or as the backbone (blue lines) of
the receptor (C). Schematic created with Chimera Software (UCSF).
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performed a migration assay with human umbilical vascular endothelial cells (ECs). Because
GFs activate and stimulate endothelial cells (ECs) to migrate, we can use migration to test
whether GFs in Ubx materials are active or not in the absence of serum. In this assay, ECs were
incubated in normal growth medium to reach confluency, then transferred to basal media without
serum and serum starved for 6 hours. Following serum starvation, Ubx fibers with or without
GFs were placed on a confluent monolayer of ECs overnight to allow cells to respond to GFs
within the materials. Cells were fixed and analyzed using confocal microscopy. When presented
in soluble form, GFs stimulate cell migration to different degrees. We tested increasing
concentrations of each GF and found significant differences between the average number of ECs
that migrate to the control fibers, composed of MBP-Ubx, and the Ubx materials composed of
100% of VEGF (Figure 7A), 100% of SDF-1a (Figure 7B), and 100% of bFGF (Figure 7C).
Data for VEGF-Ubx fibers were comparable to our prior report (Howell et al., 2016). Therefore,
this result shows that all 3 GFs retain activity when immobilized in Ubx materials and promote
dose-dependent increases in EC migration. Our results indicate that SDF-1a is less effective at
stimulating EC migration than either VEGF or bFGF, which may be caused by its tertiary
structure affecting the activation of materials or because SDF-1a is possibly a less potent

activator of angiogenesis than the other GFs tested.
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Figure 7. GFs remain active when immobilized in Ubx materlals and promote dose-dependent EC
migration.

ECs were serum starved for 6 hours and then incubated with fibers composed of varying combinations of
MBP (negative control) and GFs as indicated in each panel. Data represent the average number of ECs
that migrate onto (A) VEGF-Ubx, (B) SDF-1a-Ubx, and (C) bFGF-Ubx materials. A greater number of
cells migrate to fibers composed of 100% of each GF compared to the negative control MBP-Ubx fiber.
Migration assays were quantified by counting the number of cell nuclei in a 100 pm length of fiber (n =3
independent experiments). Scale bars indicate 10 um. Statistics were obtained by one-way ANOVA with
Dunnett’s multiple comparison tests. * p < 0.05, **** p <0.0001 compared to the control MBP-Ubx.

Neovascularization is a complex, multi-step process that involves many GFs to build a
mature and stable blood vessel. A combinatorial delivery of GFs has the potential to improve the
activation of GF receptors and induce cell behaviors required for different steps of angiogenesis.
Thus, aiming to further increase the EC response, we monitored EC migration following
incubation with fibers composed of different combinations of VEGF, SDF-1a, and bFGF, with
or without MBP. This approach is possible because fusions do not impact Ubx assembly into

materials (Tsai et al., 2015). We started with mixtures containing 20% VEGF, as its activity is
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similar to established physiological concentrations of soluble VEGF utilized by other in vitro
studies (Howell et al., 2016). Using the same migration assay described above, we observed a
synergistic effect on EC migration with the presence of more than one GF. For instance, fibers
composed of 20% VEGF and 20% SDF-1a (Figure 8) stimulate migration better than fibers
composed of 20% VEGF (Figure 7A) or 100% SDF-1a (Figure 7B). Also, migration stimulated
by fibers composed of 20% VEGF and 20% FGF (Figure 8) is nearly double the response seen
with fibers composed of 20% VEGF (Figure 7A) or 20% FGF (Figure 7C). Fibers containing
40% bFGF and 40% SDF-1a (Figure 8) elicited a higher EC response than 100% of each GF
alone (Figure 7). The highest levels of cell migration were seen with Ubx materials composed of
the mixture of GFs containing 20% VEGF-Ubx, 40% SDF-1a-Ubx, and 40% bFGF-Ubx

(hereafter referred to as V2S*F*%) (Figure 8).

Because cells require GFs to survive and function, we further tested if GFs displayed by
Ubx materials are sufficient to maintain EC viability under starvation conditions. We performed
a viability assay in which ECs were directly seeded onto Ubx fibers and cultured in growth
medium to allow the cells to attach to materials for 16 hours. The media was then replaced with
basal media without GFs and cells were serum starved for 8 hours. At this point, only cells in
contact with GF-Ubx fibers have access to GFs. The number of cells attached to Ubx fibers was
recorded before and after serum starvation. The average number of cells present on fibers
composed of MBP-Ubx, used as control, was significantly lower compared to each single GF,
showing that each GF can induce cell survival when immobilized on Ubx fibers (Figure 9).
Likewise, a significantly higher number of ECs remained attached to fibers composed of

combinations of GFs at different ratios, indicating that cell responsiveness can also be achieved
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with GFs mixture (Figure 9). Therefore, these results confirm that presentation of GFs withing

Ubx fibers maintains EC viability during serum starvation.
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Figure 8. Fibers displaying combinations of GFs are more effective at promoting cell migration
than fibers harboring a single GF.

The indicated concentrations of GFs were tested for the ability to improve EC migration onto fibers
compared to a negative MBP-Ubx control. Migration assays were quantified by counting the number of
cell nuclei in a 100 pm length of fiber (» = 3 independent experiments). Top, average number of cells that
migrate onto fibers displaying different combinations of GFs as indicated in the pie charts (middle).
Bottom, a representative image of cells (green) migrating onto fibers for each combination is shown
beneath its respective pie chart. Horizontal lines colored to match each GF indicate the number of cells
per 100 pum that migrate to fibers composed of 100% of each GF based on data from Figure 7. Scale bar
indicates 10 um. Statistics were obtained by one-way ANOVA followed by Dunnett’s multiple
comparison tests. * p <0.05, ** p <0.01, **** p <(0.0001 compared to the control MBP-Ubx.
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We next investigated if GFs-Ubx materials induce and guide neovascularization in vivo.
Using a mouse model, sterile PVA sponges wrapped with Ubx fibers were implanted
subcutaneously. To facilitate materials visualization, fibers composed of either EGFP-Ubx, as a
negative control, or EGFP- V2S*F4_Ubx were used in this experiment (Figure 10A). After 2
weeks of implantation, sponges and tissues were harvested and underwent a tissue clearing and
immunolabeling process to quantify the formation of new blood vessels adjacent to Ubx
materials. Whole mounts were imaged by confocal microscopy, in which different fields around
the sponges were captured and a double-blinded scoring analysis was performed for each image.
Responses from each implant were analyzed by quantifying blood vessels that formed adjacent
to Ubx materials. Gross examination of implants suggested a difference between control (EGFP-
Ubx) and treatment groups (EGFP-V2°S*F40_Ubx), where the latter materials appeared to more
robustly stimulate the formation of new vessels (Figure 10B, C). Representative images from
confocal analyses illustrate that blood vessel formation (magenta signal) occurred adjacent to
Ubx materials (green signal) in EGFP-V2°S*F4-Ubx samples, but not in EGFP-Ubx controls
(Figure 10D, E). Blinded quantification of blood vessel formation adjacent to Ubx materials
revealed a significantly higher percentage of events where blood vessels formed adjacent to
EGFP-V20S40F40-Ubx materials versus control EGFP-Ubx materials (Figure 2-7F). These
results show that Ubx materials present active GFs to promote angiogenic blood vessel growth 2

weeks after subcutaneous implantation in vivo.
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Figure 9. Fibers displaying GFs successfully rescue cell viability after serum starvation.

ECs attached to Ubx fibers were subjected to serum starvation for 8 hours to test for the ability of GFs to
maintain cell survival. Top, the average number of cells attached to each fiber was recorded before
starvation and no significant differences were seen across the experiment (not shown). The number of
cells that were present on fibers after the 8-hour starvation is significantly higher on the materials
displaying GFs alone or in combination compared to the negative control. Botfom, representative images
illustrating EC survival on each formulation of Ubx. Viability assays were quantified by counting the
number of cell nuclei in a 100 um length of fiber (n = 3 independent experiments). Scale bar represents 10
um. Statistics were obtained by one-way ANOVA followed by Dunnett’s multiple comparison tests. ***
p <0.001, *¥*** p <(0.0001 compared to the control MBP-Ubx.
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To build a functional vasculature, vessels must become mature and stable with time. Prior
studies show that removal of GF stimulation can regress newly formed vessels (Gianni-Barrera
et al., 2020). To assess whether EGFP-V2S*F4-Ubx materials are effective beyond two weeks

of implantation and promote vessel maturation in vivo, sponges wrapped with Ubx fibers were
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Figure 10. V?°S*F4-Ubx materials promote and guide neovascularization in vivo.

To test the ability of Ubx materials displaying multiple GFs to stimulate blood vessel formation, sponges
wrapped with Ubx fibers with and without GFs were implanted in mice. A) Schematic representation of
our mouse model, in which sterile PVA sponges were coated with EGFP-Ubx fibers, as control, or EGFP-
V2SYF4_Ubx fibers, then subcutaneously implanted in mice for two weeks, followed by tissue clearing
and vessel quantification. Schematic created with BioRender. Images of control (B) and V2°S*F#0
sponges (C) after collection suggest increased in vivo neovascularization in response to V2°S*F*_Ubx
materials. Scale bars are 1 mm. Representative images of EGFP-Ubx (D) and EGFP-V?°S*F*_Ubx (E)
samples with Ubx materials following immunofluorescence staining for Ubx (green). Blood vessels are
detected by autofluorescence (magenta). Scale bars indicate 50 um. F) Statistical analysis confirms a
significant difference between EGFP-Ubx and EGFP-V?°S*F4_Ubx samples, reported as the percentage

(%) of new blood vessels growing adjacent to Ubx materials (# = 6 mice). Statistics were obtained with
unpaired two-tailed Student’s ¢ test, ** p < 0.01.
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Figure 11. V?S*F4-Ubx materials induce the formation of mature, functional vasculature
following long term implantation.

Sponges wrapped with V2°S*F*-Ubx and EGFP-Ubx fibers were subcutaneously implanted in mice for 7
weeks prior to intravenous injection of DiO. A) Schematic representation of the approach, in which sterile
PVA sponges were wrapped with EGFP-Ubx fibers, as control, or V2°S*F*-Ubx fibers, then
subcutaneously implanted for 7 weeks prior to intracardiac perfusion to deliver DiO. Schematic created
with BioRender. Representative images collected using confocal microscopy for (B) EGFP-Ubx and (C)
V2SHYF9_Ubx. Two photon fluorescence was additionally used to analyze subcutaneous perfusion of
vessels for (D) EGFP-Ubx and (E) V**S*F*-Ubx materials. Tissue autofluorescence indicated by open
arrowheads. White arrowheads indicate new and patent blood vessels in both X and Y axis on the right

panel. All scale bars represent 50 um.
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implanted in mice for 7 weeks (Figure 11A). Animals were then perfused with DiO, a green,
fluorescent dye, before tissue fixation. While green fluorescence (indicative of DiO perfusion) of
newly formed blood vessels was difficult to detect in EGFP-Ubx controls (Figure 11B),
perfusion was readily observed in implants receiving EGFP-V2°S*F4-Ubx fibers (Figure 11C).
Additional analyses using two photon fluorescence confirmed this observation with few vessels
perfused with DiO in EGFP-Ubx control group, but continuous perfused network visible in
EGFP-V2°S*F*-Ubx treatment group (Figure 11E). These results confirm the formation of

patent blood vessels induced by EGFP-V2°S*F4_Ubx compared to EGFP-Ubx controls.

2.3 Conclusions

In the present work we demonstrate that VEGF, bFGF, and SDF-1a each retain activity
when genetically fused to Ubx protein and assembled into materials, despite the different three-
dimensional structures and receptor interfaces of each protein. Furthermore, our in vitro data

confirm that EC response to GFs is dose dependent. We have also showed a synergistic effect of

multiple GFs on HUVECs incubated with Ubx fibers, when compared to control (MBP-Ubx).

Our strategy further demonstrates that Ubx materials can be used to safely and effectively
induce neovascularization in vivo by displaying multiple GFs. The presented data shows that
functional blood vessels successfully formed in co-localization with GFs-Ubx materials within
two weeks. Furthermore, we show that the newly formed vasculature persists for up to 7 weeks,
confirming that GFs-Ubx fibers promote vessel maturation. Finally, our results also indicate that

after 7 weeks of materials implantation the vessels are patent.

39



This work expands the number of protein biomaterials that retain protein function and
activity after incorporation by gene fusion. Many other studies have used other strategies to
deliver GFs, such as physical entrapment or chemical crosslinking, to promote angiogenesis. Our
study demonstrates that multiple GFs retain their function and are stabilized when genetically
fused to Ubx, which self-assembles into materials. Therefore, our results demonstrate that gene
fusion can be generally applicable to functionalize protein-based materials. Overall, we
anticipate the potential applications of these biomaterials for diabetic wound healing,

vascularization of bioengineered tissues, and treatment of vascular diseases.

2.4 Materials and Methods

Construction of plasmids. Fusion proteins composed of MBP, VEGF, SDF-1a, bFGF,
and EGFP-VEGEF fused to Ubx were constructed as previously reported (Tsai et a., 2015). A new
universal construct was created in which a longer, flexible linker was inserted between EGFP
and Ubx, and Ndel cut site 5’ to EGFP was deleted. SDF-1a and bFGF cut from single growth
factor plasmids were inserted into the new universal vector to create EGFP- SDF-1a-Ubx and

EGFP-bFGF-Ubx fusions.

Ubx protein expression and purification. Monomers of his-tagged Ultrabithorax splicing
isoform Ia, either alone or fused to MBP, VEGF, SDF-1a, bFGF, EGFP-VEGF (Tsai et al.,
2015), EGFP, EGFP-SDF-1a, or EGFP-bFGF were produced in E. coli as previously described

(Patterson et al., 2014). DNA sequences encoding all protein fusions were inserted into the Ndel
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site of pET19b-Ubx, between the sequences encoding the N-terminal His-tag and Ubx, before
transformation into Rosetta™(DE3)pLysS competent cells (Novagen). A single colony was used
to inoculate 100 mL of Luria broth with 50 mg/L carbenicillin and 30 mg/L chloramphenicol.
Overnight liquid cultures (7 mL) were inoculated into 1 L Luria broth with the same antibiotics.
Protein expression was induced at mid-log phase with ODe0o nm ~0.6 with 1 mM isopropyl--D-
1-thiogalactopyranoside (IPTG) for 4 to 5 hours at 16 °C. Cells were harvested by centrifugation
at 3,500 x g for 30 minutes or 17,568 x g for 10 minutes at 4 °C and stored at —20 °C. To purify
Ubx and Ubx fusion proteins, cell pellets derived from 2L of cell culture were lysed in 40 mL of
lysis buffer containing 50 mM NaH2POs, 5% glucose (w/v), and 500 mM NaCl (Buffer G) at
either pH 8.0 or pH 8.3, with two ethylenediaminetetraacetic acid-free protease inhibitor tablets
(Roche), 0.18 mg/mL DNase I (Roche), 0.2 mg/mL lysozyme (Sigma), 5 mM dithiothreitol
(DTT; ThermoFisher), and 1.5 mM phenylmethylsulfonyl fluoride (PMSF; MilliporeSigma).
Cell debris was removed by centrifugation for 30 minutes at 35,000 x g or 24 minutes at 33,746
x g at 4 °C. Ubx protein was purified from the clarified cell lysate by nickel-nitrilotriacetic acid
chromatography (ThermoFisher) as follows. The supernatant was loaded onto a column formed
from 4 mL of resin slurry (ThermoFisher) that was previously equilibrated with 100 mL of
equilibration buffer (50 mM NaH2PO4, 5% glucose (w/v), 500 mM NaCl, at pH 8.0). The
column was washed with 50 mL of equilibration buffer followed by 50 mL of equilibration
buffer containing 20 mM imidazole (pH 8.0), then washed with 7.5 mL of equilibration buffer
containing 100 mM imidazole (pH 8.0). Finally, the purified protein was eluted in 15 mL of

elution buffer (300 mM imidazole dissolved in equilibration buffer at pH 7.0).
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Ubx materials production. Purified Ubx and Ubx fusion proteins were diluted into a
shallow buffer reservoir containing 50 mM NaH2POa4, 500 mM NaCl, and 5% glucose w/v, at pH
8.0 for materials formation as previously described (Howell et al., 2016; Huang et al., 2011).
Fibers were drawn from film that forms at the air-water interface and wrapped around 5 mm
sterile plastic inoculation loops (Mendes et al., 2018) and stored in a sterile tissue culture dish

with humidity until use within one day.

Cell culture. Primary human umbilical vein endothelial cells (HUVECs; Lonza, C2517A)
transformed with lentivirus delivering EGFP (Bayless et al., 2009; Patterson et al., 2014;
Patterson et al., 2015) were cultured and used at passages 3-6. Cells were grown on gelatin-
coated tissue culture flasks, passaged once per week in M199 growth medium supplemented with
heparin, bovine hypothalamic extract, 10% fetal bovine serum, antibiotics, and gentamycin as

previously described (Bayless et al., 2009).

Migration assay. HUVECs expressing EGFP were seeded onto gelatin-coated wells and
allowed to reach confluency. Cells were then cultured in M199 either without serum or with low
(1%) serum for 6 hours prior to placement of inoculation loops wrapped with fibers composed of
MBP-Ubx, VEGF-Ubx, SDF-1a-Ubx, bFGF-Ubx or combinations of different growth factors
onto cell monolayers. Cells and loops wrapped with fibers were cultured overnight with 250 pL.
of M199 media supplemented with 1.5% serum to allow cells to migrate to fibers. After a 16-
hour incubation, cells on Ubx fibers were fixed by removing media and adding 250 pL of a
freshly made 4% paraformaldehyde (PFA) solution in PBS (16 mM NaxHPOs4, 2.6 mM KCI, 1.2

mM K2HPOs, 68 mM NaCl). Cells were counterstained with 10 mM 4',6-diamidino-2-
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phenylindole (DAPI; Molecular Probes), placed on a 22 mm X 55 mm coverslip and imaged
immediately using confocal microscopy on a Nikon Eclipse Ti equipped with NIS Elements AR
4.10.01 software. Migration assays were quantified by counting the number of cell nuclei

attached to a 100 um section of fiber.

Cell viability assay. Fiber-wrapped loops directly seeded with 35,000 cells suspended in
250 uL of growth media were cultured overnight so that cells could attach to Ubx fibers. Growth
medium was aspirated, and cells cultured on Ubx fibers were starved for 8 hours in M199 media
without serum, then fixed using 4% PFA as described above. The EGFP HUVECs were
counterstained with 10 mM 4',6-diamidino-2-phenylindole (DAPI; Molecular Probes), placed on
a 22 mm X 55 mm coverslip and imaged immediately using confocal microscopy on a Nikon
Eclipse Ti equipped with NIS Elements AR 4.10.01 software. Cell viability assays were

quantified by counting the number of cell nuclei in a 100 pum length of fiber.

Ubx implantation in mice. PVA sponges (10 mm diameter, 1 mm thick disks) were
obtained from PVA Unlimited (Warsaw, IN) and prepared according to the method described by
Molecular Imaging Research (Standard Operating Procedures, Sponge Granuloma in Rats,
August 2008) (Patterson et al., 2015). Briefly, sponges were cut with a sterile dermal punch into
4 mm diameter disks, soaked in 70% EtOH overnight, rinsed in sterile filter-purified water
(autoclaved Millipore Milli-Q) followed by sterile PBS (16 mM Na:HPO4, 2.6 mM KCI, 1.2 mM
K2HPO4, 68 mM NaCl), and stored in sterile water at 4 °C overnight. Hydrated sterile sponges

were transferred to a sterile Petri dish. Fibers and films composed of 20% VEGF-Ubx, 40%
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SDF-1a-Ubx, and 40% bFGF-Ubx fusions and plain Ubx or EGFP-Ubx (controls) were wound
around the sponge (12-15 wraps per sponge) using a sterile hemostat to hold the sponge. The
fiber-coated sponges were stored for less than 24 hours in sterile PBS (16 mM NaxHPOs, 2.6
mM KCI, 1.2 mM K>HPO4, 68 mM NaCl) to prevent dehydration prior to implantation.
Subcutaneous implantation of fiber-wrapped sponges was performed using 8-10-week-old Sv129
mice. All mice were anesthetized before making a small midline incision on the dorsal surface
between the scapulae of each mouse. Sponges were placed in the subcutaneous space with one
control sponge (wrapped in plain Ubx or EGFP-Ubx) on one side of the incision and one sponge
wrapped in GFs-Ubx materials on the other. The incision was closed with sutures and mice were

housed separately and monitored closely for the following 48 hours.

Tissue clearing and quantifying angiogenic responses. After 2 weeks, implanted mice (n
= 6) were euthanized with CO2. Sponges coated with Ubx materials and surrounding skin were
harvested and fixed in 4% paraformaldehyde (PFA) in PBS overnight at 4 °C. Tissues were
processed using the immunolabeling-enabled three-dimensional imaging of solvent-cleared
organs (iDISCO) technique (Renier et al., 2014; Rouger et al., 2016). Fixed samples were
dehydrated using a gradient of methanol (50%, 75%, 100%) diluted in PBS, incubating for 1
hour per methanol solution at room temperature. Samples were then incubated overnight at 4 °C
in an ice-cold mixture of 70% methanol (ThermoFisher), 20% dimethylsulfoxide (DMSO;
Sigma), and 10% hydrogen peroxide (Sigma) to reduce tissue autofluorescence. Samples were
rehydrated at room temperature with methanol solutions in PBS (75%, 50%, and PBS) for 1 hour
per solution, and blocked at room temperature for 12 hours in blocking solution (1% BSA, 0.2%

sodium azide, 1X TBS, 1% goat serum, 0.1% Triton-X). For visualization of Ubx materials,
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samples were stained with rabbit anti-GFP primary antibody (Lee et al., 2009) diluted 1:1000 in
blocking solution for 48 hours at 37 °C. Samples were then washed for 12 hours in 0.1% Triton-
X in PBS and subsequently incubated in goat anti-rabbit Alexa Fluor® Plus 647 secondary
antibody (Invitrogen) diluted 1:600 in blocking solution for 36 hours at 37 °C. Samples were
washed for 12 hours with 0.1% Triton-X in PBS at room temperature, then transferred to PBS
and kept at 4 °C until clearing. To clear the samples, immunolabeled tissues were dehydrated by
incubating in a tetrahydrofuran (THF; Sigma) gradient (50%, 75%, and 100%) diluted in double
distilled water (Millipore Milli-Q) at room temperature for 1 hour per solution. Finally, samples
were incubated in dibenzyl ether (DBE; Sigma) overnight, changing solutions until samples were
completely clear, and stored immersed in DBE at room temperature prior to imaging using an
Olympus FLUOVIEW FV3000 Confocal Laser Scanning Microscope. For all of the steps
described, samples were incubated on lab rotators. Ubx materials were imaged at 647 nm
wavelength so that we could rely on red blood cell autofluorescence to identify blood vessels at
561 nm wavelength (H Li et al., 2020; Taniguchi, 2017; Whittington & Wray, 2017). A total of
72 images, an average of 6 images per sponge, were analyzed regarding the presence of blood

vessels adjacent to Ubx materials, and a blinded scoring was performed by 4 observers.

Vessel patency associated with long term implants. To determine if patent vessels formed
in mice receiving Ubx materials after 7 weeks, mice (n = 6) were euthanized with CO2 and
perfused slowly following intracardiac puncture with 10 mL PBS, 5 mL DiO (120 pg/mL), and
10 mL 4% PFA in PBS. The sponges and adjacent skin tissues were excised and placed in 1 mL

of 4% PFA in PBS overnight. Samples were washed three times, mounted in Fluoro-Gel
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mounting medium (Electron Microscopy Sciences), and imaged using a non-linear optical

microscopy—optical coherence microscopy (NLOM-OCM) combined system (Bai et al., 2014).

Statistical analysis. All data are presented as the mean and standard deviation, averaged
from 3 individual measurements for in vitro data or 6 images per sponge for mice data. Statistical
analyses were performed using Prism 9 (GraphPad Software, USA). p-Values less than 0.05

were considered statistically significant.
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CHAPTER IlI
THE CHICK CHORIOALLANTOIC MEMBRANE (CAM) AS A MODEL TO STUDY

NEOVASCULARIZATION INDUCED BY UBX MATERIALS

3.1 Introduction

The chick chorioallantoic membrane (CAM) is a highly vascularized extraembryonic
membrane formed during embryonic development by the fusion of the allantois and chorion
(Marshall et al., 2020; Nowak-Sliwinska et al., 2014). These structures are responsible for
functions such as gas exchange and waste product removal (Nowak-Sliwinska et al., 2014;
Ribatti, 2012), similarly to the mammalian placenta (Marshall et al., 2020; Nowak-Sliwinska et
al., 2014). The CAM’s extensive vascularization has allowed it to be used experimentally; the
first study using CAM was reported in 1911 and utilized this membrane to demonstrate growth
of a transplanted tumor (Rous & Murphy, 1911). Several decades later, the CAM has been
widely applied and a well-established in vivo model to study angiogenesis and vascular

responses (Auerback et al., 1974; Ausprunk et al., 1974; Ribatti et al., 1997).

The CAM assay is simplistic, cost-effective (Moreno-Jiménez, et al., 2017; Nowak-
Sliwinska et al., 2014; Ribatti et al., 1997; Ribatti, 2012) and allows for direct observation of
nascent vessels (Ribatti et al., 1997) in a short-term, insentient system (Moreno-Jiménez, et al.,
2017). Additionally, the widespread availability of fertilized chicken eggs, ease of embryo
visualization (Nowak-Sliwinska et al., 2014), and assay reproducibility make this technique

advantageous (Nowak-Sliwinska et al., 2014; Ribatti, 2012).
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Because treatments can be either placed onto the CAM surface or injected intravenously,
there are a variety of applications for this system. For instance, the CAM assay has been
extensively used to quantify angiogenesis and antiangiogenesis based on vascular density
(Ribatti et al., 1997), due to the rapid growth of vasculature (Nowak-Sliwinska et al., 2014).
However, this model can be limited by the presence of preexisting blood vessels (Ribatti et al.,
1996; Ribatti et al., 1997; Ribatti, 2012), as, depending on the method used, it may be difficult to

distinguish newly formed vasculature (Nowak-Sliwinska et al., 2014).

The ease of experimental manipulation also allows the CAM assay to be used in the
investigation of tumor growth and metastasis (Herrmann et al., 2016; Ribatti, 2014), as well as to
assess the efficacy of anticancer drugs (DeBord et al., 2018). Moreover, the CAM has become a
useful and versatile patient-derived xenograft (PDX) platform, in which several types of tumor
tissue have been grafted onto the CAM (DeBord et al., 2018) to study established and potential
therapeutics and the cancer pathophysiology. The CAM assay can also be applied as an in vivo
model for testing materials efficacy and biocompatibility and can thus be used in the tissue
engineering and regenerative medicine fields (Marshall et al., 2020; Moreno-Jimenez, et al.,
2017). Finally, other applications of the CAM assay include studies of “hemodynamics, immune

cell trafficking, transplantation and responses to therapy” (Nowak-Sliwinska et al., 2014).

We have previously tested whether biomaterials composed of Ubx protein genetically
fused to vascular endothelial growth factor (VEGF) can promote neovascularization in vivo using
the CAM assay (Howell et al., 2016). Fertilized eggs were cultured for 3 days continuously

rotating in an egg incubator at 37 °C before being transferred to sterile cell culture dishes. After 4
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days of ex ovo culture, EGFP-VEGF-Ubx and EGFP-Ubx fibers were placed perpendicular to
established blood vessels onto the CAM. After 48 hours of materials incubation, quantification
of new blood vessels resulted in an increase of 36% in neovascularization induced by EGFP-
VEGF-Ubx fibers (Howell et al., 2016). Thus, to increase the angiogenic response we tested the
simultaneous delivery of multiple angiogenic growth factors (GFs), including VEGF, basic
fibroblast growth factor (bFGF), and stromal cell-derived factor 1o (SDF-1a), covalently
incorporated into Ubx materials. Following the same protocol as previously published (Howell et
al., 2016), GFs-Ubx fibers were placed on the CAM to test their ability to promote

neovascularization, compared to the negative control EGFP-Ubx.

The CAM assay can be used with either in ovo or ex ovo techniques. We first used the ex
ovo method, which consists of transferring the embryo to a sterile container (Marshall et al.,
2020), such as a petri dish or a weight boat. This facilitates the visualization of embryos and
allows for the application of therapeutics and test materials on the exposed CAM (Marshall et al.,
2020), which is an advantage for our work since we need to quantify the formation of new blood
vessels following Ubx fibers. On the other hand, our experiments were performed for a longer
period of time (11 days vs average of 8 days in other studies). The longer the assay, the larger the
chance that any contaminants can gain a foothold and rapidly grow, thus ruining the sample.
Sources of possible contamination include the fibers, the plasticware, and, most notably, debris
from the porous eggshell. Therefore, herein we describe the modified protocols that were tested
in a series of attempts to reduce contamination using an assay that is well-established and has

worked before. After all, we conclude that the eggshell thickness was the main problem.
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3.2 Results

3.2.1 Protocol #1

To test the ability of multiple GFs incorporated into Ubx materials to stimulate
neovascularization in vivo we used an established and reported CAM assay protocol (Howell et
al., 2016), which was based on a previously published study (Bayless & Davis, 2004) (Table 1).
Briefly, fertile eggs purchased from Texas A&M Poultry Science Center were incubated for 3
days at 37 °C with humidity, continuously rotating. Then the embryos were transferred to a
sterile weight boat and cultured ex ovo for 4 days at 37 °C with humidity. Ubx fibers with or
without GFs were then added on the CAM surface perpendicular to preexisting vessels. At this
point, a mixture of antibiotics and antimycotics was added on the day that eggs were cracked and
transferred to weight boat, and when cut, sterile western blotting filter paper wrapped with fibers
were added to the embryos. As we found issues with low embryo survival rates, we hypothesized
that too many antibiotics could be causing problems to the embryos and decided to only add this
mix on the day of cracking the eggs into the weight boats. Thus, we changed the volume added
to each egg from 600 ul to 780 ul of antibiotics and antifungal mix, based on what the final
concentration should be for each one. We also decided to not use Nystatin anymore, since both
Nystatin and Amphotericin B work against fungi and yeasts. The new volumes of each antibiotic

and antimycotic are described in Table 2.

Although a combination of antibiotics and antimycotics was used, we still had
contamination problems. To improve embryo survival rates and thus reduce contamination, we

further implemented a few more modifications to our protocol to improve the sterilization of
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Day 11:
1.

Set up incubator. Add water to the wells and turn temperature on to 99.5 F.

Check if temperature maintained overnight.

Pick up eggs from Poultry Science.

Wash eggs with room temperature soapy water.

Rinse in room temperate water and place in incubator.
Turn on rotator. Incubate eggs for 3 days.

Autoclave gauze, metal canister top, and pre-cut blot paper.
Lightly spray weight boats with ethanol.
UV treat metal and lunch trays, weight boats and lids (overnight).

Set up hood.

a. Clean everything out of hood

b. Spray with ethanol

c. Place trays in hood and arrange metal canister lid on paper towels on lunch tray
Stop egg rotator 30 min prior to cracking.
Make antibiotics (total volume for 30 eggs)

a. 10 ml PenStrep

b. 1 ml Gentamicin

c. 240 pl Nystatin

d. 100 pl Fungizone (Amphotericin B)
Clean eggs: remove 15 eggs from the incubator and place on egg crate. Make sure the
egg’s position isn’t moved so that the embryo stays at the top. Wipe the eggs with
betadine.
In the hood clean the eggs with ethanol.
Set up betadine bath and place first egg in.
Wipe excess betadine off with gauze and crack egg into weight boat. Repeat 15 times.
Add 600 pl of antibiotic mix to each egg and place top on.
Place tray in 37°C incubator. Repeat with the rest of eggs.

Wrap Ubx materials around blot paper with fibers parallel to each other.
Use blot paper to wipe area of CAM.

Place fiber on CAM with fibers perpendicular to established vessel.
Add 600 pl of antibiotic mix.

Take pictures of CAM and compare to pictures on Day 9.

Table 1. Protocol #1, adapted from Howell et al., 2016.
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materials and tools used for this assay, which included flipping sterile weight boats and lids so
that both surfaces would be sterilized by UV light and 70% EtOH spray before and after flipping
the containers. However, despite of many efforts, we could not significantly reduce the chicken

embryos contamination using this ex ovo method, and thus we decided to try a protocol reported

by another laboratory.
e . Volume
Antibiotics and o Final Volume
antimycotics Stock Dilution Concentration ere for
y peregg | 3 eggs
Gentamicin )
(Gibco 15710-072) 10 mg/mL 1:1000 10 pg/mL 60 pl 1.8 mL
Penicillin Penicillin
Antibiotic/Antimycotic | 10,000 U/mL | 1190 S 100 U/mL
. . treptomycin 600 ul 18 mL
(Gibco 15240-062) Streptomycin 1:100 100 ue/mL
10,000 pg/mL | Hem
Amphotericin B i
(Sigma A2942) 250 pg/mL 1:500 0.5 pg/mL 120 ul 3.6 mL
Total volume of 3.4
Average volume of 60 mL per egg antibiotics and 780 wl mi
antimycotics

Table 2. List of antibiotics and antimycotics and their concentrations utilized in the CAM
assay to reduce contamination of chicken embryos.

3.2.2 Protocol #2

In an attempt to reduce contamination of chicken embryos, we tested an in ovo method,
in which a small window is open through the eggshell and inner shell membrane, and the embryo
develops inside of the egg (Marshall et al., 2020), previously reported by a laboratory at Baylor

College of Medicine (Li et al., 2015). By maintaining the shell barrier against microbes, we
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hypothesized that the embryo survival rate could be increased with this method. Although the
original protocol was established with specific pathogen-free embryonated eggs (Li et al., 2015)
(Table 3), we still used the fertile eggs from the Poultry Science Center. In brief, eggs were
incubated on rotating trays for 10 days at 36 °C and 50% humidity. On the 10th day of
incubation, an egg candler was used to identify the developing embryo and the vasculature, and a
sterile push pin was used to create a small hole above the air sac from which the air was removed
with the help of a rubber suction bulb causing the CAM to drop away from the eggshell. Then, a
Dremel rotary tool was used to create a small cut to open a window on the shell and a scotch tape

was used to close the newly opened window until ready to use.

While we achieved a higher survival rate on the first test with this protocol, in which 76%
of the embryos were still alive four days after windowing, we noticed that on the 10" day of
incubation the embryos are considerably well developed, and it was very difficult to drop the
CAM away from the shell without the embryo bleeding. To fix this new problem, we adapted the

protocol for our own experiments and started windowing eggs on the third day of incubation.

Although we had more success at the first try with this protocol, whenever the eggs
started being manipulated to place Ubx fibers on the surface of them CAM, we would face
embryos contamination again. Therefore, in another effort to improve survival rate, we tried to

combine both protocols already tested to create a third, improved protocol discussed below.
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1.
2.

Egg Incubation

Obtain §-day old specific pathogen-free embryonated eggs.
Place eggs in rotating egg tray, stamped ends facing upwards, and place the rotating
tray inside an egg incubator. Incubate eggs for 48 hr at 36 °C and 50% humidity.

Dropping the CAM and Opening the Eggs

1.

2.
3.

|9,

10.

11.

12.

Gather eggs from incubator. Place eggs in egg rack, stamped side up, and bring to
laminar flow hood.

Turn off the room and hood lights.

Hold the stamped end of egg lightly to the egg candler to expose the vasculature of the
CAM as well as the air sac. NOTE: The egg candler is a light source used to visualize
the developing embryo and associated air sac and vasculature.

Place a pencil mark in between two major blood vessels.

Turn on the lights and use a sterile push pin to make one hole at the tip of the egg above
the air sac (stamped end) and one hole at the pencil mark. Do not push the push pin all
the way through; a hole around 3 mm deep will usually suffice.

Turn off the lights. Squeeze safety bulb, pressing the open end firmly against the hole
above the air sac. Apply suction to pull air into the hole at the pencil mark, causing the
CAM to drop away from the shell at the pencil mark.

Check that the air sac has moved from the stamped end of the egg to the pencil-marked
hole using the candler. If it has not, use the push pin to make both holes slightly deeper
and then re-apply suction using the safety bulb.

Turn on the lights. Holding the egg in one hand, turn on the Dremel rotary tool with a
15/16-inch cut-off wheel attached and make two transverse cuts just deep enough to cut
through the shell but not deep enough to cut all the way down to the depressed CAM.
Make the cuts around 2 cm in length and 1 cm apart from each other. Make the cuts
wide enough so that a silicone ring 1 cm in diameter can pass through but thinner than
the width of standard scotch tape.

Next, make 1 longitudinal cut between and at the ends of the two transverse cuts by
lightly touching the cut-off wheel to the shell.

Slide sterile forceps under the shell piece and parallel to the shell. Grab the shell piece
with the forceps and remove the entire piece cleanly.

Place scotch tape over the newly opened window, making sure to fold one end over on
itself for ease of removal.

Place eggs back in incubator in the egg tray (NOT in the rotating egg racks) until time
of inoculation.

Table 3. Protocol #2, adapted from Li et al., 2015.
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3.2.3 Protocol #3

We hypothesized that a combination of sterilization steps and incubation times from
Protocol #1 and the windowing method from Protocol #2 could reduce contamination and
enhance survival rates before and after Ubx materials placement. Therefore, we included
sterilization steps to clean the eggs before both incubation and windowing. Moreover, all of the
tools and materials were very carefully sterilized with 70% ethanol, sodium hypochlorite 10%
solution, and autoclave. In addition, because we also had issue with embryos not detaching from
the inner membrane and shell and thus bleeding, another step was added in which we would

manually rotate the eggs two or three times per day during the 5 days of incubation.

All of these modifications resulted in Protocol #3 (Table 4), which did not significantly
improve the rates of embryos that either survived after windowing or after Ubx materials
placement. Embryos bled because they remained attached to the shell and membrane, and high
rates of contamination were still extremely challenging even after all of these protocols

modifications, limiting the successful achievement our experiments.
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Pick up eggs from Poultry Science.

Clean incubator by spraying 70% Ethanol.

Add water to the wells and turn temperature on to ~ 25 °C.

Clean eggs by dipping one at a time in a container with warm betadine in the hood.
Let eggs air dry in the hood and place them in incubator. Turn on rotator.

Increase incubator temperature to 37 °C throughout the afternoon.

Incubate 5 days.

1. Autoclave blades and metal to use in Dremel tool.

2. Sterilize push pins and rubber bulb with 10% bleach solution for 30 minutes, rinse a
few times with sterile water, then soak in 70% ethanol for another 30 minutes.

3. Wipe hood with 70% ethanol and let materials dry in the hood.

1. Setup hood
a. Clean everything out of hood.
b. Wipe hood with germicidal wipes.
c. Spray with 70% ethanol inside and outside of hood, including the light and
electricity buttons.

2. Gather 7 eggs from incubator, place them in egg rack, and bring to hood. Turn off the
room and hood lights.

3. Wipe the eggshell with paper towel and 70% ethanol. Hold the round end of egg lightly
to the egg candler to expose the vasculature of the CAM as well as the air sac.

4. Use a sharpie pencil to mark in between two major blood vessels and air sac.

5. Turn on the lights and use a sterile push pin to make one hole on the air sac and one
hole at the pencil mark on top — make sure to not reach any blood vessel.

6. Using sterile push pin should be enough to move the air sac to the top and make the
CAM to drop away from the shell. If not, use bulb, pressing the open end firmly against
the hole on the air sac. Apply suction to pull air out of the hole at the pencil mark,
causing the CAM to drop away from the shell at the pencil mark.

7. Check that the air sac has moved from the round end of the egg to the pencil-marked
hole on top using the candler. If it has not, use the push pin to make both holes slightly
deeper and then re-apply suction using the safety bulb.

8. Turn on the hood lights. Holding the egg in one hand, turn on the Dremel rotary tool
with a 15/16-inch cut-off wheel attached and make two transverse cuts just deep enough
to cut through the shell but not deep enough to cut all the way down to the depressed
CAM. Make the cuts around 2 cm in length and 1 cm apart from each other. Make the
cuts wide enough so that thin blot paper or inoculation loop wrapped with materials can
pass through but thinner than the width of standard scotch tape.

9. Next, make 1 longitudinal cut between and at the ends of the two transverse cuts by
lightly touching the cut-off wheel to the shell.

10. Slide sterile forceps under the shell piece and parallel to the shell. Grab the shell piece
with the forceps and remove the entire piece cleanly.

Table 4. Protocol #3, adapted from previous protocols #1 and #2.
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Table 4 Continued

11. Place scotch tape over the newly opened window, making sure to fold one end over on
itself for ease of removal.

12. Place eggs in incubator in tissue culture room until Day 7. Make sure to add sterile
water to the tray in the incubator to keep it humid.

Autoclave forceps and pre-cut blot paper.

Wrap Ubx materials around blot paper with fibers parallel to each other.
Use Q-tips wet in autoclaved PBS to wipe area of CAM.

Place materials on CAM with fibers perpendicular to established vessel.
Take pictures of CAMs.

) o
o o
N Al Sl N

Take pictures of CAMs and compare to pictures on Day 7.

3.2.4 Protocol #4

In a last attempt to perform the CAM assay, we hypothesized that using a Dremel rotary
tool to cut windows open could be the source of contamination, as this tool creates a lot of
eggshell dust. Although the eggshell may function as a barrier against microorganisms, it is
extremely porous and thus could also be the cause of embryos contamination. Therefore, I tried a
new protocol in which windows are open on the eggshell using scissors (Table 5) (Korn &
Cramer, 2007). Briefly, a piece of stretchy, plastic tape is placed on the base of the egg and about
4 mL of albumen is aspirated using a syringe with an 18-gauge needle, so that the embryo drops
away from the shell. Then, another piece of tape is placed on top of the egg and a window is cut

open with scissors.

I first practiced this method with 36 groceries eggs, and it worked well. Then we ordered
another batch of 30 fertile eggs from Poultry Science Center for the real experiment and found

problems such as eggshell cracking before windowing, or embryos bleeding because the CAM
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did not drop away from the shell. I was able to open windows in 8 of the 30 eggs, but they were
all contaminated and some had leaked on the next day. We concluded that the eggshells were too

fragile for this approach to succeed.

3.3 Conclusions

While testing different protocols, we were able to reduce contamination and improve
chicken embryo survival rates to some extent, as summarized in Table 6. However, those rates
were not sufficient to achieve a significant sample size and to complete the whole experiment,
which included keeping the embryos alive and growing for a period of almost 10 days, placing
Ubx materials on the CAM surface, and, finally, quantifying the formation of new blood vessels

after 48 hours of incubation with Ubx fibers.

Each protocol of CAM assay tested herein had its difficulties and required adaptations to
work. For instance, cracking the eggs into sterile weight boats with metal canister was difficult
because the egg yolk can be easily damaged. Moreover, although we have reduced the period of
incubation before starting our experiments to avoid embryos bleeding, some embryos were
attached to the eggshell or inner membrane and would not drop away. While a study reported
high embryo survival rate, easy methodology, and sterility not required as advantages of the

CAM assay (Ribatti, 2012), these topics were limitations to our work.

Overall, I believe that Protocol #4 offers an easier way to open windows on the eggshell
without the need of a harsh tool. The size of the windows can also be somewhat controlled,

which facilitates the visualization of blood vessels and placement of Ubx materials. Finally, we
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conclude that the eggshell of fertile eggs from our source could not handle our experiments, and

thus we focused on stimulating neovascularization with Ubx materials using a mouse model.

Remove eggs from incubator
1. Maintain at 37°C with relative humidity set above 60%.
2. Remove the eggs; turn eggs 90° so that the large base lies horizontal.

Swab eggs to sterilize
1. Saturate a stack of non-sterile gauze with 70% ethanol.
2. Use two to three pieces to swab up to 5 eggs. Discard when the gauze is soiled.

Preparing albumen removal site
1. Cutand place a 1" x 1" piece of 3M plastic tape just left of the base to protect the area
where the albumin will be drawn out.

Removal of albumen
1. Use the point of a pair of scissors to make a small hole in the middle of the tape.
2. Using a 10-cc syringe with an 18-gauge, 1-inch needle, slowly drill the needle through
the hole made by the scissors.
3. Drive the needle down at a 45°C angle towards the bottom of the egg.
4. Tilt the needle towards the center and draw up 3 to 4 mL of albumen.

Windowing
1. Cuta3"x 3" piece of plastic tape and stretch it to fit on the top of the egg. Extend the

corners of the square around the rounded ends of the horizontal surface of the eggs,
being careful not to pull too hard. Pull the tape so that it is tight against the surface of
the eggs with no folds.

2. Using a pair of sharp-straight 4" dissection scissors, twist a hole into the bottom
center of the area where the tape was placed. Slowly guide the lower blade of the
scissors into the egg being sure to keep the tips up against the inside of the shell.
Direct the blade towards the base and slowly begin to cut the shell. Proceed in a
counterclockwise fashion, stopping just before reaching the top center. Remove the
scissors and repeat going in the opposite direction until only a small bit of the egg
remains attached. Check to be sure the egg is fertilized. Shut the window.

Closing, reopening and sealing the egg
1. Cut about a 2-3" long by 1/2" wide plastic tape and shut the window so it fits back

into the hole that was cut. Take another 1 x 1" piece of tape and seal the hole from
which the egg was drained. Use a pair of forceps to reopen the egg to do any
manipulations. When you're ready to return the eggs to the incubator, cut a piece of
tape that is large enough to seal the window and cover the entire horizontal surface of
the egg.

Table 5. Protocol #4, adapted from Korn & Cramer, 2007.
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#1 219 29.10 36 88.1
#2 245 35.9 68.3 77.4
#3 72 43.2 52.9 77.2
#4 8 0 0 100

Table 6. Summary of the different CAM assay protocols that were tested and the
modifications that were made to improve chicken embryo survival rate and to reduce

contamination.

The number of eggs tested for each protocol includes non-fertile/groceries eggs used for
practice, the eggs tested with the original protocol, and the eggs tested with modifications in the
protocol. The other 3 columns represent the number of fertile eggs used for the assays with Ubx
materials, with or without modifications in protocols.
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CHAPTER IV

CONCLUSIONS AND FUTURE DIRECTIONS

4.1 Conclusions

Each protein-based material has a unique set of characteristics that define its optimal
applications, such as biocompatibility, surface chemistry, and mechanical properties. Applying
the protein fusion technique allows creation of covalently functionalized materials in a single
pot, single component, single step reaction. For each self-assembling protein, the design of
protein fusions will be limited by factors such as protein size, stability, and fusion order, that are
unique for that material. Nevertheless, the number of materials that have been functionalized by
protein fusion has expanded in the last decade, creating new opportunities for materials
engineering and functionalization. The size and complexity of functional proteins that can be

incorporated by protein fusion have also increased dramatically.

Many applications may require the functional proteins to be patterned within the
materials. For instance, tissues are composed of many cell types, and thus the proteins that
instruct each cell type, as well as the target cells, will ultimately have to be entrapped within the
material. Developing more general and more versatile techniques for patterning proteins would
significantly expand the number of protein materials that could be used in applications requiring
this approach. Additionally, applications may require functionalized protein-based materials to
interface with other types of materials. In tissue engineering, interfaces between tissue types

(e.g., bone/tendon) may be required to rebuild damaged bodies. Likewise, sensors must not only
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bind ligand, but also detect when ligand is present. New proteins may need to be designed or

evolved to meet these needs.

Addressing these issues will substantially increase the utility of all protein-based
materials. In addition, each protein-based material exhibits a unique set of beneficial attributes
and engineering challenges. Identifying new self-assembling proteins amenable to protein fusion
and defining the range of proteins that can be successfully fused will expand the toolbox,
allowing materials to be selected that better match the needs of each application. Finally,
developing creative assembly techniques may help incorporate difficult proteins that cannot be

immobilized by standard single-component approaches.

4.2 Future directions for Ubx materials and multiple growth factors

A broad range of proteins of varying sizes, charges, and quaternary structures have
already been successfully incorporated into Ubx materials. This dissertation demonstrates how
multiple pro-angiogenic GFs maintained their activity once immobilized in these materials,

despite their different three-dimensional structures.

As part of this dissertation, I had to solve many technical problems: how to design
constructs that would not significantly impact materials assembly, how to stabilize growth
factors and prevent degradation, how to handle and store the materials, how to keep Ubx fibers
with microscale diameters sterile and intact during cell culture, on chicken embryos, and in mice
wounds. Thus, additional applications for growth factors fused to Ubx materials are expected to

have lower difficulty.
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The mechanical properties, biocompatibility, and biodegradability of Ubx materials are
advantageous for numerous biomedical applications. In addition, as discussed previously,
stimulation and formation of new blood vessels is also necessary for many important
applications, such as tissue engineering and regenerative medicine. Ubx materials are also
compatible with different cell types and thus other proteins could be incorporated to direct cell
behavior for specific applications. A few potential applications that would benefit from Ubx

materials displaying growth factors and modulating cell response are described below.

Wound healing is a complex process that involves growth factors, chemokines, and other
biomolecules. Studies have shown that specific growth factors and cytokines play a role in
healing and their topical administration enhances wound closure (Nurkesh et al., 2020).
Therefore, many strategies rely on delivery of GFs involved in wound healing to accelerate the
process of tissue regeneration. However, the direct application of GFs alone is difficult due to
poor skin penetration, loss of activity of GFs, the need for prolonged delivery of GFs for wound
healing and repetitive doses may result in adverse side effects such as cancer (Nurkesh et al.,

2020), among other challenges.

Incorporating these growth factors into Ubx materials via protein fusion has the potential
to solve these problems, as demonstrated previously in Chapter II. Because different ratios of
growth factors can be used, new combinations can accommodate more growth factors.
Additionally, antimicrobial peptides can also be genetically fused to Ubx to stimulate the
proliferation and growth of different cell types, i.e., fibroblasts, epithelial, and immune cells, and

thus support enhanced wound healing (Lei et al., 2019; Taniguchi et al., 2019).
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Bioengineered tissues require extensive vascularization prior to implantation into the
patient. Lack of or insufficient vascularization is one of the major limitations in vascular tissue
engineering and may cause poor tissue integration and cell death (Rouwkema &
Khademhosseini, 2016). The need to provide cells with oxygen and nutrients and thus promote
rapid integration of bioengineered constructs with host vasculature drives the development of

prevascularized engineered tissues (Rouwkema & Khademhosseini, 2016).

A potential strategy to use Ubx materials in this specific application is to seed endothelial
cells onto Ubx fibers displaying growth factors prior to implantation to promote EC migration,
survival and proliferation on collagen 3D matrices. Additionally, co-culture with other cell types,
such as fibroblasts and endothelial progenitor cells (EPCs), in appropriate culture conditions can
promote the formation of vascular networks for prevascularization of scaffolds (Chandra &
Atala, 2019; Song et al., 2018). This approach could potentially enhance blood flow and viability

of constructs following implantation into animal models.

Ubx materials can also be functionalized with other growth factors that play important
roles in neovascularization and wound healing. For instance, platelet-derived growth factor
(PDGF-BB) and hepatocyte growth factor (HGF) have already been fused to Ubx. However,
these protein fusions were inserted into constructs that could prevent materials assembly or
growth factor activity. This problem could be solved by inserting the growth factors’ DNA
sequences into a more recently designed construct, which has already been used for double
fusions of EGFP and each of the growth factors studied in Chapter II and does not impact

materials formation and activity.
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For proof-of-concept purposes, Ubx fibers manually wrapped around sterile, plastic
inoculation loops could be tested, similarly to the methods developed for this dissertation. It
would be possible to wrap Ubx fibers directly on the collagen matrices depending on their
stiffness. Ideally, for a higher scale production, electrospun Ubx fibers with growth factors and

other proteins or peptides should be used.

Growth factors are also utilized as therapeutic strategies to treat peripheral nerve injury
(PNI). Examples of GFs involved in the development and regeneration of the nervous system
include nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), FGF, and insulin-
like growth factor (IGF) (R Li et al., 2020; Zhang et al., 2019). Similar to neovascularization, the
simultaneous delivery of a combination of growth factors is advantageous and may result in a
synergistic effect on accelerating nerve regeneration (Chen et al., 2010; R Li et al., 2020).
Therefore, Ubx materials can possibly be an approach to display growth factors for the treatment

of PNIL.

4.3 Other potential applications of Ubx materials: hydrogels

Hydrogels are biomaterials comprised of 3D polymeric networks that form a porous
structure though either physical or chemical crosslinking and can hold a large amount of water
(Ahn et al., 2021; Katyal et al., 2020). Protein-based hydrogels are biocompatible,
biodegradable, and have tunable properties (Ahn et al., 2021). Examples of naturally self-
assembling proteins that can be used to create hydrogels include silk, elastin, collagen, and
resilin (Ahn et al., 2021). There is a wide variety of biomedical applications for hydrogels, such

as cell encapsulation, drug delivery, cancer therapy, bioprinting, biosensors, and tissue
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engineering (Labowska et al., 2021; Ahn et al., 2021; Bastiancich et al., 2016; Herrmann et al.,

2021; Seliktar, 2012).

We have previously attempted to create thermally responsive hydrogels made of Ubx
protein chemically crosslinked with glutaraldehyde or enzymatically crosslinked with
horseradish peroxidase (HRP) and hydrogen peroxide (H202), among others (Aeschbach et al.,
1976; Bigi et al., 2001; Bigi et al., 2002). The goal was to fuse anti-cancer drugs to Ubx and
create injectable Ubx hydrogels that would solidify at body temperature (~ 37 °C) for localized
cancer therapy (Bastiancich et al., 2016). However, these hydrogels either failed to solidify or
could not maintain their solid state for more than a few minutes. For proof-of-concept purposes,
Ubx hydrogels could be tested with higher concentrations of crosslinkers reported by other
studies (Chen et al., 2013; Jackson et al., 2021; Khanmohammadi et al., 2018). While these are a

few options, there are many other possibilities to crosslink Ubx to create hydrogels.

Another potential application for Ubx hydrogels would be 3D vascularization. In this
scenario, Ubx hydrogels displaying growth factors could be used as a platform to attract cells,
stimulate their survival and proliferation, and promote the formation of 3D tubule-like structures.
These structures could be implanted for tissue engineering and regenerative medicine
applications, such as wound treatment. Similarly, an injectable Ubx hydrogel for sustained

delivery of therapeutic growth factors could be tested for diabetic foot ulcers or cutaneous wound

injury.
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Alternatively, Ubx-based hydrogels would find application in 3D in vitro cell culture to
deliver molecules to direct cell behavior. Because we can incorporate growth factors into Ubx
materials, a 3D model of tumor vascularization could be created with Ubx hydrogels, in which
co-culture of different cell lines, growth factors, and other chemical cues present at the tumor
microenvironment could be replicated in vitro. Finally, the use of Ubx hydrogels as inks for 3D

printing could also be explored in the future.
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