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ABSTRACT

Peptide based hydrogels are an important class of polymeric materials, which
have received a large amount of attention for their easy-to-tailor synthesis, biocom-
patibility, self-assembly into ordered structures and advantageous rheological proper-
ties. With twenty-one biologically-relevant amino acids and an ever growing number
of synthetic amino acids, countless combinations of potential peptide sequences can be
synthesized on the benchtop. The step-by-step synthesis of these peptides leads to pre-
cisely controlled amino acid sequences, with predictable physical properties, chemical
characteristics and functionalities. In this dissertation, the MAXS8 peptide hydrogel
is used to encapsulate hydrophobic drugs within a self-assembled, fibrillar network.
MAXS peptide sequences self-assemble at physiological conditions into S-hairpins that
form bilayer fibrils with natural branch and entanglement points. In particular, be-
cause of this physically crosslinked network, MAXS is a shear-thinning injectable solid
with immediate rehealing behavior.

Using rheometry, cytotoxicity assays, spectrophotometry, and liquid scintilla-
tion counting, this dissertation examines the successful encapsulation and continuous
release of a hydrophobic drug, vincristine, over the course of a month from MAXS
peptide hydrogels. Vincristine, effective at low concentrations, is a commonly used
chemotherapeutic that indiscriminately attacks any replicating cell. Despite a month
of encapsulation in the aqueous MAXS8 hydrogel environment, the vincristine concen-
trations released are non-zero and retain cytotoxicity. This sustained release of active
vincristine, combined with the injectable solid properties of MAXS8, demonstrate that
MAXS peptide hydrogels are ideal drug delivery vehicles. Finally, MAXS8 hydrogels
will have the ability to localize and deliver the potent chemotherapeutic, minimizing

unwanted cytotoxicity, while also providing constant treatment.

xii



To better characterize the relationship between the hydrophobic vincristine and
MAXS hydrogels, the final chapter of this dissertation utilizes small-angle neutron scat-
tering (SANS) to investigate drug-gel nanostructure. SANS is a powerful technique that
characterizes interparticle correlations, which is necessary for understanding the inner
hydrogel environment in the presence and constantly changing surrounding concentra-
tion of vincristine. The SANS experimental conditions for defining the relationship
of a hydrophobic payload in MAXS8 hydrogel included time release in different sample
environments and the introduction of cisplatin — another hydrophobic chemothera-
peutic. Additionally, in this chapter, SANS is employed to quantify the dimensions of

a multi-metal /ligand supramolecular gel.
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Chapter 1

INTRODUCTION

This thesis details the encapsulation of vincristine in MAXS8 hydrogels. The
unique peptidic nature of MAXS is important in its eventual use as a drug delivery
vehicle. Here, the encapsulation and release of vincristine are characterized to better
understand the drug’s effect on the network of MAXS8, the drug’s effect on cell death
over time while encapsulated, and the drug’s own characteristics within the hydrogel
network.

This chapter examines the importance of polymer hydrogels as drug delivery ve-
hicles. The different types of polymer hydrogels will be highlighted, with a particular
focus on peptide hydrogels. Peptides have distinct structures — primary, secondary,
tertiary, quaternary, each capable of creating hydrogels. Of the structures, there is
an emphasis on [-hairpin, the fundamental structure of MAXS8. After exploring the
methods of characterization and applications of the peptidic hydrogels, there is a more
detailed examination of the MAX family of peptides and its unique desired characteris-
tics. The MAX family of peptides have successfully encapsulated a variety of payloads.

These successes pave the way for the bulk of the work of this thesis.

1.1 Hydrogels as Drug Delivery Vehicles

The fundamental definition of a hydrogel is a three-dimensional network of hy-
drated polymer chains. In practice, hydrogels are highly varied in assembly components
and methods, resulting in a large range of gel structure, gelation, and biocompatibilty
characteristics. Of the many possible hydrogel applications, such as cell scaffolding and

tissue engineering or diagnostic sensors, the focus of this thesis will be on drug delivery.



Hydrogels used for drug delivery vehicles can be categorized by the composition of the

hydrogel, whether from synthetic origins or biological origins.

1.1.1 Synthetic Polymer Hydrogels

Synthetic polymers can be viewed as polymers without natural inspirations,
created purely within the lab. Because of its man-made nature, synthetic polymer hy-
drogels can be synthesized with specific desired characteristics and capabilities in mind.
There are many synthetic polymers currently available for hydrogel drug delivery, in-
cluding poly-(ethylene glycol)(PEG) and poly-(vinyl alcohol)(PVA). PVA hydrogels are
stable and elastic hydrogels that can be physically or chemically crosslinked.'™ There
are several ways of creating and modifying PVA hydrogels. With the wide availability
of pendant hydroxy groups, the possible macromers and resultant characteristics, gives
variability in payload encapsulation® or degradation of PVA hydrogels.*"

Most notably, PEG is used for many biomaterial applications and is one of
the most commonly studied and varied polymers for hydrogels. PEG is known for its

10,11

protein adsorption resistance , useful in biomedical applications. There are an in-

creasing number of applications using PEG, varying modifications to its surface !>

or to its overall composition as a block copolymer.!®'” There are many more syn-
thetic polymer hydrogels for drug delivery available for discussion. However, the line
between synthetic and biology inspired polymer hydrogels blur as current applications
and modifications of synthetic polymer hydrogels are increasingly incorporating the
use of biologically inspired components. %18
1.1.2 Biological Polymer Hydrogels

Biological polymers draw inspiration from the proteins and polysaccharides cre-
ated in nature. Specifically, these hydrogels can be composed of chitosan — a linear
polysaccharide found in crustacean exoskeletons®!%22, hyaluronic acid — a major com-

13,23,24

ponent of the extracellular matrix , alginate — an anionic polysaccharide found

24-26

mostly in algae , or many different types of proteins and protein derivatives found



naturally in the human body. 2" 3° Because the hydrogels are composed of the nature-
inspired materials, these biological polymer hydrogels are often cytocompatible. Cy-
tocompatibility is a broad, general term that describes whether or not a cell is able
to survive near, in, with, or on a hydrogel. This makes biological polymer hydrogels
excellent candidates in providing growth conditions that mimic the natural, in vivo
environment of cells. This cytocompatibility also means that the hydrogels alone are
less likely to induce an adverse immune response.

As mentioned before, there is an increasing trend towards hybrid molecules
produced through traditional organic or polymer chemistry methods with desired bio-
logically inspired polymers attached to synthetic polymers, hydrocarbon chains, or even
peptide chains as conjugates. One of the most common sequences used as a conjugate
is the three amino acid sequence of RGD (arginine, glycine, aspartic acid). RGD is used
because of its ability to trigger cell adhesion, a useful feature after delivery.?'3® RGD
and its many derivatives can also be synthesized by through non-traditional meth-
ods. 32353639743 RGD does not create hydrogels itself; rather, RGD is incorporated into
other polymer sequences that go on to create hydrogels through physical assembly or
chemical reactions. Another biologically inspired molecule used to modify synthetic
polymers to improve drug delivery is heparin, a linear polysaccharide used clinically
for blood coagulation.** Heparin can be covalently attached or encapsulated for release
in a hydrogel to promote anti-coagulation®® or help collect needed proteins to sustain
delivery after deposition.*

Specifically, this thesis focuses on peptide hydrogels, a type of biologically in-
spired polymer hydrogel. Peptide hydrogels, have shown exceptional cytocompatibility

4749 embryonic

with many different cell lines such as mesenchymal stem cells (MSCs)
stem cells (ESCs)®%?! rat adrenal pheochromocytoma cells®?, or macrophages. Many
of these cell types have not only stayed alive while encapsulated, but also continued
to grow and proliferate, indicating a high degree of cytocompatibility in the peptide

hydrogels.



Because of the nature-inspired origins of peptide hydrogels, the natural degra-
dation of peptide hydrogels is also an important property. This is a feature that
is inherent in peptide hydrogels that is less characteristic in polymeric hydrogels. Be-
cause of the amino acid origins of peptide hydrogels, there is natural degradation 755
that occurs from enzymes secreted by the body in vivo, without major immune reac-
tions. 33:3341:41,54,56-58 N\[acrophages and neutrophils are cells typically associated with
an immune response in the body that are observed to have little or no reaction when

50:53:59 or in vivo.?® The interaction of enzyme with peptides

cultured with hydrogels
to affect hydrogel properties is not surprising, since one of the possible triggers for
self-assembly is the introduction of enzymes to linear peptides as seen by the Xu and

60,61

Ulijn groups. In degradation, however, instead of assembling short peptides into

fibrils and hydrogels, the hydrogels are being broken down into smaller pieces through

27,5562 When designing the peptide sequences, specific segments that act

enzymolysis.
as reaction substrates for enzymes such as MMP13%? or MMP2.%” can be incorporated
into the initial peptide synthesis. The rest of this chapter explores the fundamentals
of peptide hydrogels and the resultant advantages of using peptide hydrogels for drug

delivery.

1.2 Peptide Hydrogels

Peptides in nature and biology are critical for structure and function and in-
volved in every bodily process from cell reproduction and tissue generation to simple
enzymatic reactions. In the design of synthetic peptides, the scientist and engineer has
twenty one natural amino acids, in addition to a large and growing number of man-
made amino acids to choose from for molecule formation. This amino acid toolbox
provides for an almost limitless array of characteristics and function in new molecules
and hydrogel materials. Amino acid attributes can include more traditional character-
istics, such as hydrophobicity, polarity, or charge, or more exotic functionality such as
the ability to crosslink with specificity in a click ligation reaction. 32:34:36:38,39,63-66 There_

fore, these inherent amino acid characteristics are taken full advantage of in creating



a rich library of peptide hydrogel sequences with drastically varied chemistries.

The piece-by-piece amino acid chemical connection during peptide synthesis,
combined with the range of amino acid properties, gives peptide hydrogels tunable
characteristics and capabilities for a multitude of chemical, material or biological uses.
After molecular peptide synthesis, many peptide hydrogels are constructed with so-
lution assembly mechanisms and can be made in situ with the introduction of the
proper trigger, or change in environment, such as changes in temperature, pH, or ionic
concentration. 313236396774 While the starting peptide sequences are straightforward
to synthesize, the resulting structures after triggered molecular assembly can take on
secondary, tertiary or quaternary structures like peptides and proteins in nature.

There are many different types of peptide hydrogels presently being researched,
from those created from short peptide sequences that exist as conjugates with other
synthetic polymer constructs.28:24:60.67.70,71.75-80 ¢4 hydrogels made from high molecular
weight, protein-like molecules. #1788 The focus on peptide hydrogels will be mainly on
shorter peptide sequences that can be triggered in situ to form higher order structure
and, consequently, form supramolecular, physical hydrogels.!:33:3%37:69 These sequences
are shorter than typical proteins, and their solution self-assembling capabilities to form
higher order, intra- and intermolecular structures can result in a variety of hydrogels
with beneficial and interesting material properties such as shear-thinning capabilities
for injectable solid behavior for therapy delivery.33:39-43,69,75.89-91

The structural hierarchy of peptide hydrogel sets them apart from synthetic
polymer hydrogels. Peptides, and their resultant shapes after folding and intermolec-
ular assembly, are categorized by four different levels of structure: primary, secondary,
tertiary, and quaternary. With adaptable and precise synthesis methods, peptide struc-
tures have the ability to achieve naturally-inspired structures such as those observed
in known protein crystal structures as well as completely new, de novo designed struc-
tures by proper design of a peptide sequence. Starting with a designed sequence,
peptides can be constructed faithfully into a final, desired structure and function. Ad-

ditional functional groups or amino acids can be added, exchanged, or removed from a



known natural or designed sequence to change the final material structure, the kinetics
of intermolecular assembly, the material properties or other behaviors (e.g. biologi-
cal properties) of the resultant peptide hydrogel. The molecular assembly processes
designed into peptide hydrogels can be readily made to be efficient, fast, and easily
modified based on the desired hydrogel performance environment. From synthesis to
assembly, a considerable amount of organization of intermolecular and intramolecular
interactions is needed. Each structure and its final properties as a hydrogel is defined
and affected by these interactions.

Regardless of final hydrogel structure, the driving forces of peptide assem-
bly into hierarchical structures and materials are physical, non-covalent interactions
such as hydrogen bonding and m-stacking, hydrophobicity, van der Waals interac-
tions, as well as electrostatic interactions. In aqueous solutions, all of these inter-
actions have been used, primarily in concert, to bring peptides together and to hold
the assembled structure together after assembly and gelation. 60:61,67,70,71,77,79,80,86,87,92,93
Changing the pH, ionic concentration, or temperature of a solution can be used to
trigger the solution assembly of the peptide sequences. These changes force single
molecules to intramolecularly fold into desired secondary structures, such as [-sheets
or a-helices, and/or collections of molecules that begin intermolecularly assembling to
form local nanostructure such as nanofibrils or nanotubes. The entire process results
in a hydrogel with quaternary structure (i.e. hydrogel network structure) organiza-
tion., 31,32:35,36,39,60,67-74,81,82,84,87,88,93-95
1.2.1 Primary Structures

Primary structure is the first order peptide structure resulting from the amino
acid linear sequence. The diversity in the natural amino acids as well as numerous
synthetic, non-natural amino acids allows for a great and constantly growing num-
ber of possibilities of primary sequences. Linked together with amide bonds be-
tween the carboxylic acid and amine ends of neighboring amino acids, peptides are

predominantly linear in architecture. However, chemistry can be designed to make



branched peptides, particularly when peptides are combined as a hybrid with other
organic molecules. For example, peptide primary structure can also be seen in hybrid
polymer-peptide or aliphatic hydrocarbon conjugates that can introduce new archi-
tecture and other characteristics (e.g. peptide amphiphiles that exhibit branches or

28,54,60,67,70772,75780,86,967100).

helical behavior. ; or polymer-peptide conjugates that have

star or branched architecture. 56:73,74,81-88,101-106

Previously, the synthesis of peptidic materials was seen as a cumbersome
and expensive method that lacked the precision of other polymeric synthesis meth-
ods. 31:33:35,37,63,69,72,74.86,107 Qymthesis of peptides has quickly advanced with cheaper
methods, larger yield quantities, greater precision, and more adaptive equipment and
methodology. There are two main pathways of creating a large number of customized
peptide sequences: a.) engineered/recombinant DNA synthesis or b.) synthetic solid
phase peptide synthesis (SPPS).35:3943,69,74,75,86,89-91,108,109 Thege synthetic methods are
preferred to traditional methods because of the yield, automation, and time saved when
compared to manual organic synthesis.

The main method of peptide synthesis used in this thesis is SPPS. This method
allows for more straightforward incorporation of noncanonical amino acids than with
recombinant DNA33:41,49,59,60,75,78,82, 110,111 A qditionally, the synthesis process can be
done by automation through machine or by hand. The convenience of using a machine
is the automated process of many repeat steps for longer peptide sequences. The ease
of use allows for a greater number of novel peptide sequences to be created. Synthesis
begins with a resin support made of small, porous polymer beads that are functional-
ized so that the amino acid attaches with an amide bond. The functionalization of the
bead depends on the protection group used for the attaching amino acids and cleav-
age conditions.''? Amino acids are added sequentially onto the solid phase-supported
growing sequence, c-terminus to n-terminus. To ensure only one coupling reaction per
amino acid, the n-terminus of each amino acid added to the reaction vessel has one of

two possible protection groups, fluorenylmethyloxycarbonyl chloride (Fmoc) or tert-

butyloxycarbonyl (Boc). Traditionally, Boc was the protection group, but the need for



hydrogen fluoride (HF) in the final cleavage step brought about the Fmoc group for
protection. %113 The system is washed after each coupling step to remove unattached
amino acids, after which, the n-terminus of the growing peptide chain is deprotected
for the next amino acid. After the desired sequence is created, the resin and attached
amino acids are filtered to remove unwanted amino acids. The desired peptide sequence
is finally cleaved from the resin. As mentioned before, HF, an acid, is needed in the
cleavage step for Boc protected synthesis, while a base such as piperidine is needed
for Fmoc protected synthesis. Because of the sequential definition of amino acids,
peptide hydrogels can be readily designed with different characteristics by specifically
altering the primary sequence. This primary structure design can directly affect the
solution conditions in which the peptides intermolecularly assemble, and the nanos-
tructure formed after assembly. Hydrogel properties such as the solution conditions
desired for encapsulated payload release are also dependent on primary structures.
With the ease of synthesis, there are a vast number of possible combinations of
natural and non-natural amino acids with varying sequence lengths. The length of a
peptide sequence affects many of the characteristics of the hydrogel created. Shorter
peptide sequences will generally assemble faster intermolecularly with less defective

assembly than longer sequences that can coil and entangle during assembly. Mono-°,

dj-114:115 35,60,73,90

, and tri-peptide. sequences that are created as supramolecular gela-
tors tend to be made of amino acids with naturally hydrophobic or polar but uncharged
functional groups.333%6787:8890 Some mono-, di- and tri-peptide sequences retain the
Fmoc protection group at the end of the n-terminus, which is observed to be an in-
tegral part in hydrogel formation with 7-stacking from the aromatic rings. Changing
pH °6:75:90,91,102,104 £ force hydrophobic collapse or the addition of enzymes9%:61:63,72,86,107
can be used to induce hydrogelation. Figure 1.1 shows two di-peptides used in combi-
nation to create three different hydrogels and the TEM images of the fibrils formed. !

When triggered, short amino acid sequences can form long fibril networks of

peptides to form hydrogels. The peptides generally start as primary structures soluble

in solution, but then self assemble intermolecularly into higher order structures and
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Figure 1.1: Shown are two monopeptide structures, the top (I) and bottom (II) alone
or in combination using TEM. The inset beneath image shows local fibril structure more

clearly. The scale bar is 200nm. a.) I alone. b.) II alone c.) Combination of I and
II.115

hydrogels. 39-8284,86-88,93,95,108,109,116,117 Tp) order for longer sequences to self-assemble,
longer peptide sequences generally have both hydrophobic, uncharged amino acids,
and hydrophilic, polar groups to help drive secondary bonding and hydrophobic col-
lapse of sequences. The trigger for longer sequences to intermolecularly assemble into
higher order structures will usually be a change in pH, temperature or ion concentra-
tion although many other stimuli have been designed and will be discussed later in the
chapter. The properties and applications of these higher order structures will be dis-
cussed in greater detail further on with quaternary structures. Figure 1.2 is an example
from the Hartgerink group, showing fibril formation and hydrogel formation.” First,
the primary order peptide structures assembled into fibrous quaternary structures. The
introduction of multivalent ions triggers gelation, inducing interfibrillar assembly. The
barely entangled or branched fibril structures between the short sequence peptide hy-
drogels of Figure 1.1 is visibly different from the longer sequence fibrils after gelation

in Figure 1.2.

1.2.2 Secondary Structures

Secondary structures in peptides display a specific conformation of the peptide
chain. The two main secondary structures are the a-helix and the -sheet. For both
structures, there has been extensive research to define, dictate, and predict structural

and folding behaviors of primary sequences of peptides.® Before a triggering event
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Figure 1.2: Dimers and folding mechanism of primary peptide sequences. TEM
images show E(QL)gE from the Hartgerink group a.) before gelation and b.) after
gelation, triggered with Mg*2. 9

for secondary structure formation (i.e. intramolecular folding), the unfolded peptide
sequence may be a random coil, lacking specific three-dimensional structure. Figure
1.3 shows the secondary order structures discussed in this chapter and their potential
quaternary order structures. 3

As indicated by the name, a-helices form a unimolecular helix when triggered
to fold. Figure 1.3b shows an external model of an a-helix and Figure 1.4 shows a
top down view of the helix?% Each turn of an a-helix is 3.6 amino acid residues.
The a-helical structure is held together by hydrogen bonds between backbone CO
and NH functionalities along the helix, holding the helix together tightly, and creating
a fairly rigid secondary structure.®>% A common helix design for gelation involves
helices that are composed of amino acid heptads labeled bedefg, where the first and
fourth amino acids are typically hydrophobic while the remaining amino acids are
polar.3L9987 This design places the hydrophobic residues alternatingly 3 or 4 residues
apart along the chain, giving the helix a hydrophobic face that winds around the

surface of the helix. The exposed hydrophobic face after helix formation is one of the
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Figure 1.3: Basic secondary structure schematics a.) [-strands; extended peptide
chains held together by hydrogen bonds shown in orange between CO and NH groups
in the peptide backbones, and resultant -sheets formed by several or more 3 strands
(actually an example of quaternary structure). b.) An a-helix with orange hydrogen
bonds along the length of the helix and a coiled coil quaternary structure made of two
alpha-helices. c¢.) A proline helix that goes on to form a collagen helix with other
proline helices. 3

driving forces for higher order structure formation and gelation. This driving force
is discussed further in the quaternary structure section, as helices collapse into what
are called coiled-coils and, ultimately, into fibrils and hydrogels (¢f. Figure 1.3b and
Figure 1.4)%%87 Certain amino acids are more likely to be found in a-helices such as

3942 q_helices can be left or right-handed 3’

lysine, glutamine, glutamic acid, or alanine
and can be modified with additional functional groups®’ For example, the Woolfson
group uses peptide customization to functionalize a-helices with sticky ends designed
to link helices together to propagate longer fibrils upon self-assembly. 31:39:68,69

The other dominant secondary structure is the g-strand that can further hydro-
gen bond together to form [-sheets. Strictly speaking, the strand is the intramolecular
secondary structure while interstrand sheet formation is a quaternary structure. (-
sheets have a distance of 4.74 between each neighboring strand, since hydrogen bonds
form laterally between the CO and NH functionalities of opposite S-strand backbones,
as shown schematically in Figure 1.3a. Just as there are certain amino acids primarily
associated with a-helices, hydrophobic and aromatic amino acids such as phenylala-

nine, valine, and isoleucine are associated with the formation of S-sheets.3%42:69:118
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Figure 1.4: Diagram of typical a-helical heptad organization for coiled-coil formation
and the protection of hydrophobic residues at a and d for two coiled-coils. a.) CD
data proving alpha helix confirmation (two minima at 208 and 222nm) for the peptide
at 37°C (solid line) when cooled to 37°C from 85°C (dotted line); 85°C (broken line)
shows typical random coil behavior. b.) shows TEM of the resultant larger fibril
organization with higher magnification to show striations. %

The presence of hydrophobic residues in a §-sheet can create hydrophobic faces that
build up as (-sheet formation occurs, causing the [-sheet fibrils to collapse forming
hierarchical fibrillar and fiber nanostructures, further examined later in quaternary
structures. %!

A variation of the S-sheet is the f-hairpin formed by two §-strands held together
by short amino acid sequence known as a S-turn. The Schneider and Pochan groups
created the family of MAX B-hairpin structures that intramolecularly fold and inter-
molecularly assemble into nanofibrils with a hydrophobic core. Figure 1.5 shows an
example of the S-hairpin structure from the group’s flagship MAX1 peptide sequence
that collapses to protect hydrophobic valines when triggered.®"%* The hairpin collapse
throughout the solution creates a bilayer fibril, where hydrogen bonds between carboxyl
and amine groups of opposing amino acid backbones stabilize the parallel structures
(dotted lines in the Figure 1.5.81:94).

The B-hairpin structure and its resultant assemblies are important to the re-
maining chapters of this thesis. Later in the chapter, the MAX peptide quaternary
structure and molecular self-assembly are discussed more in-depth. The [S-hairpin is
integral to the properties exhibited in the MAX family of peptidic hydrogels.

Figure 1.6 shows AFM images of two very similar primary sequences that appear

similar after quaternary structure formation and gelation, but one forms a-helices while
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Figure 1.5: A diagram of a S-hairpin molecule, showing the hydrogen bonds (dotted
lines) that stabilize the folded conformation between carboxyl and amide groups.®! On
folding, the hydrophobic, valine side chain-rich face collapses together with a neighbor
to form a bilayered fibril cross-section. The hairpins also hydrogen bond with neighbors
to form fibrils that branch and entangle with physical crosslinks as indicated by the
arrows in the Cryo-TEM image. %!
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the other forms B-sheets.*? Beyond the most common a-helices and S3-sheets, there
are other secondary structures that are less observed in peptide hydrogels.3%5%8" One
example is the polyproline helix seen in Figure 1.3c, a common secondary structure
observed in collagen materials and hydrogels. >

A benefit of peptide synthesis is that one can easily fine tune amino acid con-
tent (i.e. primary structure) of peptides to customize final molecular conformations,
gelation times, or other molecular interactions. This allows the creation of an array
of peptides with minute differences in sequences but vast differences in final proper-
ties. Characterization is important to understanding the secondary structures formed
by individual peptides and, consequently, the higher order structures that are formed
during gelation. To confirm and characterize second order structure, two spectro-
scopic methods, circular dichroism spectroscopy (CD) and Fourier-transform infrared
spectroscopy (FTIR) are frequently used. Both methods examine light absorption by
molecular bonds to identify the presence of random coils, a-helices, or S-sheets. Figure
1.4 shows CD measurements with typical a-helical characteristics (two minima at 208

and 222 nm) when the peptide is at 37°C (solid line) or when cooled to 37°C from
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Figure 1.6: AFM micrographs on negatively charged mica of freshly prepared a.)
a-helix forming AEAKAEAK solution and (b) -sheet forming FEFEFKFK. Alanine
based peptide sequence to phenylalanine changes folding properties. Both form sec-
ondary structures that go on to create fibrils into a higher order structures.*?

85°C (dotted line). The broken line demonstrates the sequence exhibiting random coil
behavior at 85°C%# Figure 1.7 shows CD data with an FTIR inset of the Schneider
and Pochan groups’ MAX1 along with varying ratios of its stereoisomer DMAXT. 9
The FTIR inset confirms [§-sheet structure that was not clear in the CD due to a G
mixture of both D and L peptide stereoisomers, eliminating a clear CD signal. The
inset shows clear absorption at 1615 and 1680 cm™! indicative of B-strand behavior.
These spectroscopy methods are used for confirming and analyzing secondary struc-
tures, but as the peptide sequences go on to form desired intermolecular structures,
microscopy and rheology techniques are required. These techniques for examining qua-
ternary structures are discussed later in the chapter.

Most of the peptide hydrogels that currently exist exhibit a specific secondary
structure before and during gelation. While there are many secondary structures avail-
able, only those that are able to induce intermolecular assembly into quaternary struc-
ture formation are important to the formation of peptide hydrogels. In current peptide
hydrogels, the secondary structure utilized most frequently in peptide hydrogel design
is the [-sheet due to its propensity to form fibrillar intermolecular nanostructure and,
thus, entangled and branched fibrillar networks for hydrogel formation. The exam-
ples presented herein contain hydrogels of both major secondary structures but focus

mostly on (-sheet constructions.
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Figure 1.7: Left: CD spectra of 1wt% hydrogels containing (from top to bottom) pure
DMAXI1, 3:1DMAX1:MAXI1, 1:1DMAX1:MAX1, 1:3DMAX1:MAXI1, and pure MAXI.
The inset shows the IR spectra of 1:1IDMAX1:MAX to prove g-strand behavior. Right:
1wt% 1:1DMAX1:MAXlgel as a.) TEM and b.) AFM images, with insets of average
fibrillar widths. Scale bar is 100nm.

1.2.3 Tertiary Structures

Tertiary structures, like primary and secondary structures, are observed within
single peptide chains. Unlike primary or secondary structures, tertiary structures can
exhibit primary and/or secondary structures all within the same molecule. Tertiary
structures are stabilized by a wide variety of intramolecular interactions in addition to
hydrogen bonding and hydrophobic interactions. These bonds, including salt-bridges
or disulfide cysteine bonds, can also be covalent bonds unlike primary or secondary
structures. %% Figure 1.8 shows a protein example of tertiary structure from the
serpin family of proteins naturally found in the body.'?° In the diagram there are visible
a-helices, one of which is highlighted in purple, and there are §-strands highlighted in
red and blue all within the same molecule.

While there are many proteins that exhibit tertiary order in their globular,
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Figure 1.8: Serpin molecule with tertiary order. S-strands are represented by arrows
with visible a-helices throughout the entire protein as well as disordered, random coils
and turns that connect the areas of more regular secondary structure. '2°

functional form, in peptide hydrogels currently there are very few tertiary order struc-
tures. Inspirations for some synthetic globular proteins come from naturally occur-
ring tertiary structures such as bovine serum albumin, S-lactoglobulin, or ovalalbu-
min, 74101:103,105,106° Agsembling globular proteins into quaternary structures for hydro-
gels are examined later in the chapter. As the field of peptide hydrogels grows and
more complex sequences are created, there may be more tertiary order structures for

peptide hydrogels on the horizon. '?!

1.2.4 Quaternary Structures

While previous sections described molecular structures peptide sequences can
adopt before interacting with other sequences, the actual peptide hydrogel network
itself has an intermolecular quaternary structure. When exposed to the proper triggers
in solution, the previously mentioned primary, secondary, and tertiary structures create
quaternary structures. The solution triggers include, but are not limited to, changes

[ 33:545658.91 o1 jonic concentration. *3°%% The desired hydrogel characteristics and

inp
properties dictate the solution and triggering conditions sought for gel formation as
peptide sequences fold and assemble into the network quaternary structure. The dom-

inant peptide hydrogel network quaternary structure is the peptide nanofibril.
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Fibrils and fibrillar structure are critical for peptide hydrogel formation; the
entanglement and branching of fibrils define the quaternary structures of most peptide
hydrogel networks. The fibrils formed during gelation can be well-defined nanofibrils
alone that entangle or branch. Nanofibrils can also hierarchically assemble into larger
fibrils or fibers to form a network. Non-covalent crosslinking is a critical attribute of
physical peptide hydrogels. As the fibrils develop, natural entanglement of the fibrils
with themselves as well as physical crosslinking of hydrogen bonds along the backbones
of the fibrils and hydrophobic interactions between fibrils, form networks of the peptide
hydrogel. The kinetics of the hydrogel formation can affect fibril widths and branching
as well as ultimate hydrogel properties.

The kinetics of $-sheet fibril formation and growth can be strongly affected by
the hydrophobic interactions of the constituent amino acids. 3340739193 The hydrogen
bonding and hydrophobic collapse during [(-sheet formation and gelation can form

81,95,111

homogeneous fibrillar nanostructures with a hydrophobic core or can lead to

hierarchical assembly of nanofibrils into fibers of a wide variety of length scales. 109122123
For peptide sequences that assume other secondary structure before fibrillar growth,
such as a-helices, hydrophobic collapse can also cause a rather specific intermolecular
interaction to form supramolecular structure. For a-helices, two or more helices can
collapse together to form what are known as coiled-coils ?#71%7 Figure 1.4 demonstrates
how two a-helices would interact to form a coiled-coil by burying their hydrophobic
faces. 33402411 The number of helices that come together in fibril formation to form
the coiled-coil dictates the width of assembled fibrils. As mentioned previously, the
a-helices can be functionalized with sticky ends, altering the mechanical strengths of
the overall hydrogel3!:3%:68,69

Changing the peptide primary structure itself can alter the kinetics and struc-
ture of fibril formation. With gelation/peptide folding and assembly dependent on the
peptide charge and hydrophobicity, faster gelation kinetics can be realized by reducing

the overall charge of the peptide sequence. For example, the Schneider and Pochan

groups substitute a single glutamic acid for a lysine forming a slightly less charged
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MAXS hydrogel, rather than the MAX1 hydrogel shown in Figure 1.10.4° This change
greatly increases the speed of hydrogel formation as compared to MAXI in identical
solution conditions. An increase in the rate of intramolecular folding leads to a faster
intermolecular assembly with more branched fibrils and more fibrillar entanglements
overall in the quaternary structure. Consequently, this leads to stiffer hydrogels, as-
sembling more quickly than more highly charged MAX1 networks show affects on the
distribution of encapsulated payloads. The faster gelation prevents heavier items, such
as cells, from sinking due to gravity before the fibrillar network finishes gelation, as
seen in Figure 1.10. The fibrillar network and resultant molecular diffusion properties
within the gel do not change significantly between peptide gels because the method of
fibrillar growth does not change.? One can also change the solution peptide folding
and assembly triggering conditions in order to change the amount of branching of the
gel, which changes the number of physical crosslinks of the gel, ultimately affecting the
stiffness of the MAX hydrogel created. %2812 The Schneider group has also looked at
substituting all L-amino (left handed) acids for D-amino acids (right handed), thereby
reversing the natural chirality of MAX1.1* The assembly kinetics and mechanical stiff-
ness of the hydrogel were found to depend on the chirality of the peptide. Combining
equal amounts of MAXT1 and its stereoisomer resulted in a racemic hydrogel that was an
order of magnitude stiffer than the individual stereoisomer gels. Clearly, there is ample
opportunity to alter quaternary structure in peptide hydrogels through new primary
structure design in peptide molecules.

Rheology is an important technique to identify if a hydrogel network is present
and to measure properties such as mechanical rigidity and timing of gelation. Unlike
the other characterization techniques, which examine the static structure of the hydro-
gel, rheology subjects the hydrogel to shear forces in order to better understand bulk
gel mechanical properties and structure such as gel stiffness, flow properties, assem-
bly time and overall network structure. For the same peptide sequences, the solution
conditions and peptide concentration can cause drastic differences in gelation time and

ultimate gel properties. A simple example of the utility of rheology is shown in Figure
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Figure 1.10: Left: Rheology data showing the storage modulus of 0.5wt% MAXS I.)
during initial gelation, II.) as MAXS8 undergoes steady-state shear, it becomes liquid
like. III.) When shear ceases, the gel immediately displays solid like behavior with G >
250 Pa and quickly recovers original storage modulus. Right: MAX1 and MAXS are
both 20 amino acids, where MAXS8 has a single substitution difference from MAXT,
reducing overall charge of peptide sequence. The reduced charge leads to faster kinetics
and gelation time for MAXS, as evidenced by the effects of gravity on encapsulated
MSCs in the MAX1 gel.* Copyright (2007) National Academy of Sciences, U.S.A.
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1.8.120 MAX1 peptide is assembled with the same peptide concentration but different
salt concentration in Figure 1.11a showing clear differences in gel stiffness as indicated
by different storage moduli, G’, when hydrogelation occurs with a higher salt concen-
tration in solution.®! The higher the salt concentration, the faster the intramolecular
folding and secondary structure formation and the faster the intermolecular quaternary
structure hydrogel network formation. Consequently, the faster the assembly, the more
crosslinks in the gel and the stiffer the final network. This observation is only possible
with rheology during and after the gelation process. In Figure 1.11b, the stiffness (G')
and viscous properties (G” or loss modulus) are measured for a MAX1 gel as a function
of frequency in order to gain insight into the material properties relative to time scale
of shear applied to the gel. Rheology is a critical tool to defining quaternary structures
and ultimately peptide hydrogel properties. Yan et al. have defined and examined the
importance and uses for rheology to better understand peptide hydrogels as the field
expands.3”

An exciting property of some physical peptide hydrogels due to the entangled
and branched nanostructure is the ability of the solid gel to flow like a liquid when
under stress, otherwise known as shear-thinning. The property allows a gel network
quaternary structure to be set and subsequently processed (i.e. injected from a syringe)
to a secondary site. Rheology is an important tool in understanding and confirming
shear-thinning behavior. Many of these materials after the cessation of shear are able to
fully recover into solid hydrogel materials similar to the preshear state.?3414%11 The
Pochan group studied at length the causes for shear-thinning behavior in S-hairpin
peptide hydrogels and how the hydrogel is able to recover into a solid. The shear-
thinning capability comes from the physical crosslinking, primarily the fibril branching
present in the quaternary order. When the gel experiences shear forces, the fibril
network can fracture, breaking the gel into domains that are able to move past each
other. When shear forces cease, the gel domains come into contact with each other
and immediately percolate to reform a gel network. ! Figure 1.10 shows an example

of rheology data for MAXS8 where it first gels, then shear-thins under steady-state
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Figure 1.11: The difference in rheology data is shown here in a 2wt%MAX1 hydrogel
in a a.)— dynamic time sweep at 20°C (circles) and at 37°C (triangles), and b.) a
frequency sweep at 37°C showing G'(filled) and G”(empty).5!

shear, exhibits solid properties directly after shear has ceases and ultimately recovers to
preshear stiffness after a short amount of time. This property is critical in defining the
properties of hydrogel-encapsulated payload constructs where one would like to know

130

the exact properties of the construct, e.g. drug delivery profile™” or encapsulated cell

state, after in vivo injection.*®4°

1.3 Peptide Hydrogel Properties

Peptide hydrogels have many properties that allow for a wide range of possible
applications from drug delivery to tissue scaffolding. In addition, the customizable
synthesis of peptide sequences for use as hydrogels allows for the tailoring of hydrogel
properties. Some of these supramolecular hydrogel properties, like cytocompatibility
or customizable gelation conditions, are properties seen regularly in peptide hydrogels
and are necessary for biomedical peptide hydrogel applications.

The Zhang group encapsulated biologically native proteins of varying charge
and hydrophobicity to better understand diffusion kinetics through the Ac-(RADA),-
CONH, peptide hydrogels in vitro. 3! Measuring a single molecule at a time, the kinet-
ics showed potential for sustained release of proteins, where diffusion of the protein was

dependent on size and not charge. To study bulk release of drug molecules, the Pochan
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group has encapsulated hydrophobic curcumin, a derivative of the naturally occurring
Indian spice turmeric.®® In this study, the hydrophobic curcumin was encapsulated
and protected from quick degradation in a mostly aqueous situation in the MAXS8 pep-
tide hydrogel. The encapsulated curcumin remained active after release well beyond its
chemical stability half-life of 8 hours. In addition, the compound continued very low,
sustained concentrations of release over two weeks, enough for cancer cell eradication
in vitro. Since many chemotherapeutics can be equally detrimental to healthy cells,
this ability to release chemotherapeutic compounds locally and at low but effective
concentrations is advantageous for minimizing side effects while maintaining mean-
ingful treatments. Peptide hydrogels can be delivered into the body through several
different methods, depending on the gel assembly mechanism and desired application

of the hydrogel. Peptide hydrogels can be introduced by injection *358:80,86,87.93,111

or
surgical placement.?*%%%2 While injection is a common delivery tactic, most polymer
material hydrogels are injected as liquids that are designed to be crosslinked covalently
in vivo.*3%® This requires additional external stimuli to trigger gelation after injection.
For example, a gel pre-cursor is injected, and gelation is then triggered using UV, 132133,
a crosslinking chemical, or infrared light.!3* Not only do external stimuli increase the
possibility of contamination or side effects, these delayed crosslinking steps do not guar-
antee uniformity in gel structures or payload distribution. In the cases when peptides
are injected as a liquid, usually a biological stimulus in vivo is used to cause desired
secondary and quaternary structure formation i.e. gelation. These gelation stimuli
36

71100 " or native enzymes. !

include using body temperature'®®, cell environments

An alternative to liquid injection that is made possible by some physical peptide
hydrogels is the idea of an injectable solid. The Pochan and Schneider groups are able
to take advantage of the structural organization of MAX gels to inject solids that have
already assembled because the hydrogels have shear-thinning behavior and reheal at
the cessation of shear forces. This advantage is the result of the physical crosslinking

of the hydrogel nanostructures, causing the hydrogel to break up into smaller domains

of intact gel when undergoing shear. Because the system is not chemically cross-linked,
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when shear forces cease, the nanofibrils re-form physical crosslink contacts and do not
need the introduction of another trigger to reform a hydrogel network. As a shear-
thinning and rehealing hydrogel is injected through a syringe, only the hydrogel at
the edges, along the surface of the syringe, experiences shear, leaving the rest of the
hydrogel intact. This creates a plug flow of hydrogel.?*% The resultant plug flow al-
lows the hydrogel to protect payloads from shear and maintain the distribution and
viability of cells, drugs, or proteins encapsulated within.?*40:82111 Besides drugs and
large molecules, peptide hydrogels are also used in the delivery of cells. 40:41:43,4749,51,130
MSCs are encapsulated for injection in hopes of influencing or better understanding
stem cell differentiation, with the goal of depositing the cells in a specific-cell type
deficient area.*™*" Instead of encapsulating cells for cell growth, the Hartgerink group
cultures ESCs and their Es(SL)gE2GRGDS hydrogel separated by a permeable mem-
brane.*! The separated peptide hydrogels act as sponges, harnessing secreted growth
factors and secretomes from ESCs. Then, the protein-infused peptide hydrogels are
injected in vivo or used for tissue culture at a later time with concurrent release of or
metabolism of the infused ESC proteins.

In addition to delivery, peptide hydrogels are ideal for tissue scaffolding and 3D
cell growth environments. 3D environments can be used to provide a working model
of systems within the body that may be hard to observe and difficult to mimic in
vitro. Some of these systems include the culture of endothelial stem cells®t, blood
vessel formation!'%?, chondrocyte development®”, and stem cells of many types.*”*° 3D
environments also provide a more natural environment than 2D cell culturing methods
with ability to control material details in 3D such as morphology and matrix stiff-
nesses. 3%96:13710 Extracellular matrix (ECM) mimetic 3D structures are also highly
desirable to better understand the intricate physical networks that cells need for growth
and replication. The inherent fibrillar network of the gels provides a similar ECM-like
structure on which cells may anchor, as well as a hydrogel porous enough for growth fac-

tors and important biochemical signals to diffuse through. 33:55:67.87:88,141-143 Gome of the

47,49 4

many encapsulated cell lines include MSCs*™*?_ endothelial cells®*, chondrocytes. '**, or

23



fibroblasts®® The Schneider and Pochan groups have successfully encapsulated MSCs
in a 3D environment as seen in Figure 1.10, showing homogenous distribution of cells
with desired cell density and spacing — a feature unavailable in 2D growth environ-
ments. %% Additionally, the 3D environment also provides the starting structure for
the cells to deposit ECM*%9 with the opportunity to observe in vivo-like behavior
recreated in the 3D peptide hydrogel construct.

This chapter examined polymer hydrogels as delivery vehicles with a focus on
exploring the importance of peptide hierarchical structures. Peptide hydrogels are great
candidates in the ever-growing field of biological and medical applications. Not only
are peptide sequences easy to synthesize, the synthesis process allows for customizable
molecular and material features such as peptide length, amino acid substitution, gela-
tion time, mechanical properties (e.g. stiffness), or functionalities for cell targeting
or encapsulations. The natural cytocompatibility and degradability of peptides make
peptide hydrogels great candidates for cell encapsulation, 3D growth environments,
tissue scaffolding, and injectable payload delivery. Peptide hydrogels are not only able
to successfully encapsulate cells, but also able to encapsulate proteins and drugs of
varying charge, size, or hydrophobicity. Unlike traditional liquid-based delivery sys-
tems that rely on gelation after injection while simultaneously delivering encapsulated
payloads, some peptide hydrogels can be injected as solids without need of external
stimuli or interactions to reform into a solid similar to the preinjected material. It is
clear that the future is bright for the discovery of new peptide molecules to make new
hydrogel materials with both designed properties as well as unanticipated, excellent

properties.

1.4 MAX Family of Hydrogels
1.4.1 Properties
MAXS is a peptidic hydrogel that forms a g-hairpin when folding, a variation

of the f-sheet. Its peptidic nature is important for its assembly and overall hydrogel
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properties. Similar to other peptidic hydrogels, MAXS8 is cytocompatible. Addition-
ally, MAXS is shear-thinning and release capabilities. The Pochan and Schneider
groups began studying the MAX family of peptide hydrogels. MAX1, (VKVKVKVK-
VPPPT-KVKVKVKV-NH,), is the flagship peptide studied extensively by the Pochan
group. MAXI1’s sequence contains two [ strands of alternating hydrophobic valines
(V) and hydrophilic, charged lysine (K) residues, covalently bonded to a turn sequence
(VPPPT).™ Because of the repulsion between lysine side groups, when dissolved in a
neutral pH solution, the peptide is unfolded and has a random coil-like configuration.
Folding of the peptide sequence is induced by increasing pH to deprotonate the lysines,
adding salt to screen electrostatic interaction, and increasing temperature to cause a
hydrophobic collapse. Once triggered, self-assembly begins as the turn sequence pushes
the peptides to fold into a S-hairpin shape. The [-hairpin shape is held in place, and
receives its name, from the hydrogen bonds between the two arms, 3-sheet like.®Y The
bonds holding the hairpins in shape can be seen in Figure 1.5. As S-hairpins begin fold-
ing, two hairpins stack to protect the hydrophobic valines, creating bi-layer nanofibrils.
The fibrils are held in shape by the interactions of neighboring lysines and hydropho-
bic valines between hairpins® As fibrils form and elongate, natural branch points form
from kinetics while the fibrils entangle with itself to create a physically cross-linked
hydrogel network.

While MAX1 self-assembles at physiological conditions (pH 7.4, 37°C, biological
salts and concentrations), the overall gelation time is not fast enough to combat the
effects of gravity when cells are encapsulated. MAXS is a derivative of MAX1, which
replaces the 15th reside (lysine, K) with glutamic acid(K). This substitution reduces
the overall charge of the sequence from +9 to 47, reducing the electrostatic repulsion
between lysines. This change greatly reduces overall gelation time in physiological
conditions (37°C, pH 7.4, naturally found salt concentrations), from an hour to 20
minutes, allowing a homogenous distribution of cells to retain the distribution during
encapsulation.* Figure 1.10 demonstrates the importance in the difference of gelation

times. Because of its gelation time at physiological conditions, MAXS8 is the hydrogel
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that is used throughout the rest of this dissertation.

Besides quick gelation at physiological conditions, the MAX hydrogels are ideal
candidates for many applications because of their shear-thinning and re-healing behav-
ior. The shear-thinning and re-healing properties of the MAX family of peptides comes
from its physically cross-linked network. Yan et al.''! investigated and explained this
phenomenon using rheological-SANS. Yan discovered that when a shear force is applied
to the hydrogel, the hydrogel breaks up into smaller domains that are able to slide past
each other. When shear forces cease, the fibril ends are able to quickly repercolate,
re-forming bonds, re-creating a the overall physically cross-linked network. Figure 1.12
shows how the domains break down, roll past each other, and re-form. Understanding
why the MAX hydrogels behave this way supports the hydrogels as ideal candidates for
delivery applications. Additionally, it explains the hydrogel’s ability to fully recover the
original hydrogel stiffness as seen in Figure 1.10. The MAX hydrogels also retain their
physical properties when encapsulating various payloads. This has been demonstrated

4849 neutral probes”®, and hydrophobic compounds. '3

with encapsulation of cells

Compared to the examples of hydrogel drug delivery discussed at the beginning
of the chapter, MAXS’s advantages include its assembly technique, shear-thinning be-
havior, and cytocompatibility. Currently, many injectable hydrogels are designed as

precursor, low viscosity solutions ex wvivo that then assemble in vivo when exposed

135,145 31,146 35,54
, pH

to environmental triggers such as temperature , ions , or ultravio-
let (UV) radiation. 3135367174108 External triggers such as UV radiation may damage
nearby tissue, whereas introduction of non-physiological materials like iron oxide may
lead to long term effects that greatly influence the body. 4" %1 MAXS can begin self-
assembly and finish solid gel formation within a syringe, after which injection and
deposition can occur without the need for further external interactions. After deposi-
tion, no further interactions are needed, due to the injectable solid hydrogel properties
of MAXS8 immediately recovering its hydrogel properties.

Once deposited, MAXS8 is a model candidate as a payload delivery vehicle.

MAXS8 has been studied for in vitro and in vivo studies because it self-assembles at
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Figure 1.12: Because of the physical crosslinks within the network, the MAX family of
hydrogels breaks into smaller domains when sheared. The small domains roll past one
another, leading to a shear-thinning behavior. When shear is stopped, the sticky ends
of the small domains repercolate and reform the original hydrogel network structure. '!!
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physiological conditions. The overall physiological conditions of the MAXS8 gel is im-
portant for its cytocompatibility, as cells are entering a more native environment. Stem
cells, liver cells, chondrocytes are all cell lines that have had successful interactions with
MAXS without inducing cell death.*49:53:152.153 When using MAXS in the future for
depositions, the MAXS8 hydrogel itself should not induce an immune response. Not
only is MAXS8 cytocompatible, it can successfully encapsulate many different types of
payloads, necessary as a drug delivery vehicle. This combination of properties, gela-
tion time, gelation conditions, shear-thinning, re-healing, and cytocompatibility make

MAXS8 a powerful candidate for various applications in payload delivery.

1.4.2 Past Applications

The injectable solid hydrogel properties allow solid gel formation within a sy-
ringe, after which injection and deposition can occur without the need for further ex-
ternal interactions. From this family of S-hairpin peptides, MAXS is a model candidate
as a payload delivery vehicle. MAXS8 has been studied for in vitro and in vivo studies
because it self-assembles at physiological conditions and can successfully encapsulate
many different types of payloads. Previous studies using MAXS8 have shown success-
ful, homogenous encapsulation of various particles®, drugs'®’, and cell lines. 484953153
Branco et al. encapsulated dextran probes of neutral charge and varying sizes to bet-
ter understand MAXS network characteristics.”® The probes showed the pore sizes of
the overall networks and diffusion profiles for a neutral molecule from the hydrogel.
Haines-Butterick et al and Yan et al. have both encapsulated mesenchymal stem cells
(MSC) in MAXS8 successfully.*** Yan’s goal was to better understand effects of shear
on the overall hydrogel system and subsequent effects on encapsulated cells.

Additionally, smaller molecule encapsulation has also been studied. For ex-
ample, MAXS8 hydrogels have been utilized to encapsulate curcumin, a hydrophobic
chemotherapeutic agent. ! Curcumin degrades after 8 hours in water.'® Altunbas et
al. successfully encapsulated and released curcumin from MAXS. Despite the high

water content of the MAXS8 hydrogel, the continuously-released curcumin remained
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active and effective even after 14 days of encapsulation. This experiment is important
for the basis of the release of encapsulated hydrophobic chemothereapuetic from MAX8
in Chapter 3.

1.5 Organization

Having introduced the background and importance of peptide hydrogels, with a
specific examination of the MAX family peptides, the rest of this dissertation will focus
on the applications and characterization of MAXS8 peptide hydrogels.In addition, the
history and significance of previous encapsulation studies will be discussed to motivate
the experimental investigations contained in the remainder of this thesis.

Chapter 2 examines the release of an encapsulated payload over a month’s time.
The chapter contains a detailed description of how MAXS is synthesized and purified,
as well as the techniques employed to encapsulate the various payloads, drugs and
cells. The resultant methods of measuring release and response (cellular and struc-
tural) are also described in full. Vincristine, the encapsulated drug, is a commonly used
chemotherapeutic currently prescribed for many cancer treatments. The hydrophobic
drug encapsulated within the aqueous MAXS hydrogel environment shows a slow, sus-
tained release over the course of a month. More importantly, the concentrations being
released are still significant and remain active despite the environment, able to target
and attack the cancer cell line.

Chapter 3 uses the technique of small-angle neutron scattering to further ex-
amine gel structures of MAXS8 and an additional gel system. Small-angle neutron
scattering (SANS) is a powerful technique to measure structure in soft matter systems.
Here, it is used to understand the effect of vincristine on the structure of the MAXS
hydrogel. The data indicates the vincristine location in relation to the fibrillar network
is important in its continued effectiveness after long term encapsulation. Continuing
understanding of gel structures using SANS, a poly(ethylene glycol) and palladium gel

system is examined. The experiments and subsequent fits give features that agree well
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with previous data, helping to form a more solid understanding of the fundamental
structures of the gels.
Finally, all the work that has been done is summarized in Chapter 4, while also

looking towards future work.
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Chapter 2

LONG TERM RELEASE OF HYDROPHOBIC PAYLOAD FROM
MAX8 HYDROGELS

MAXS is a peptidic hydrogel that folds and intramolecularly assembles into
fibrils. When assembling, the peptide forms a [-hairpin that goes on to form bilayer
fibrils with natural entanglements and branch points. The physically, cross-linked
network of MAXS can shear-thin and re-heal, and is also cytocompatible.! The previous
applications of MAX peptides for cell and drug encapsulation are important pre-cursors
for the bulk of this chapter.' This chapter builds upon these previous investigations
to explore the encapsulation and release of hydrophobic vincristine from the aqueous

network of MAXS8 over the course of a month.

2.1 Release of Encapsulated Vincristine from MAXS8
A current strategy for chemotherapeutic delivery vehicles is to use injectable
delivery vehicles that can directly deliver chemotherapeutics or other drug therapies.

9711 " or micelles loaded with

Injectable vehicles include nanoparticles”®, polymer gels
chemotherapeutics.'>'* Many of these vehicles are surface modified or functionalized
with ligands or protein sequences for better targeting. '+'> Presently, there are two types
of injectable vehicles, those introduced intravenously and those introduced through
site-specific local delivery. Intravenous delivery typically introduces a particle into the
body, with modifiable targeting, drug encapsulation, and drug release methods.!%7
While useful for broad targets easily reached by the blood stream, in some cases the

vehicles coalesce in the kidney or liver permanently.'®1? Site-specific, local delivery

vehicles can be useful, reducing the exposure of healthy tissue to potentially toxic
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drugs. Once administered, the drug-encapsulated vehicles can continuously administer
active drugs through controlled release.

One family of drug delivery vehicles with potential for effective,sustained release
is the hydrogel. Hydrogels are water-based three-dimensional solid networks composed
of polymer chains. One use of hydrogels is as platforms for local, injectable applica-
tions, with the capability to encapsulate and distribute a wide range of materials such
as drugs®?°, large proteins®!, and even cells.??2* After injection for deposition, the
hydrogel continues to release chemotherapeutics while remaining in the desired loca-
tion for a prolonged, desired period of time, reducing the need for more surgeries and
invasive procedures. Ideally, hydrogels also possess shear-thinning and self-healing ca-
pabilities that allow for more specific injectable locations and fewer needs for additional
surgeries for continuous care, carrying fewer risks for complications.?

As discussed in Chapter 1, the Pochan and Schneider groups have extensively
investigated extensively various [-hairpin forming peptide hydrogels that are able
to intermolecularly self-assemble into nanofibrillar, physical hydrogels as a result of
an intramolecular folding response.%2743746 These $-hairpin peptide hydrogels display
injectable-solid properties; solid hydrogels that exhibit shear-thinning flow during sy-
ringe injection but also exhibit immediate solid recovery after cessation of shear. In
addition, the hydrogel material properties such as gelation time, stiffness, and network
mesh size are tunable via molecule design as well as solution conditions that control
the intermolecular self-assembly into a hydrogel network. MAXS has been studied for
in vitro and in vivo studies because it self-assembles at physiological conditions and
can successfully encapsulate many different types of payloads.

Vincristine, the target drug, is a long accepted, intravenously delivered, and
commonly used clinical chemotherapeutic.*” Vincristine alone, or in a combination, is

usually administered to treat many types of cancers, including lymphoma (Hodgkin’s

53,54 56

and Non-Hodgkin’s) % leukemia®%?  glioma®*?, embryoma®®, lung cancer®, and
neuroblastoma.®” Vincristine disrupts cell division by binding to tubulin, poisoning

the tubulin heterodimer, then incorporating itself into microtubule bundles to prevent
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further growth. %% However, the effectiveness of vincristine also leads to many adverse
side effects such as organ toxicity, nausea/vomiting, and hair loss.*®* Vincristine is
unable to differentiate healthy cells from cancerous cells and will target any dividing
cell indiscriminately.?®? Several rounds of treatments are required in order to pro-
vide constant exposure of the cancerous cells to vincristine. Naturally, this prolonged
exposure to the drug leads to an increase in detrimental side effects in patients.

In this chapter, vincristine is encapsulated within MAXS8 hydrogel to show that
the drug-hydrogel construct is a promising candidate as a site specific local delivery
vehicle, with the potential to minimize overall invasiveness and damage to healthy tis-
sue through the local, continuous release of the chemotherapeutic from the hydrogel.
Importantly, the hydrogel provides a protective environment for the hydrophobic drug
in the deposited area, so that released drug could continue to be effective at killing can-
cer cells at month-long time scales. We first demonstrate, using oscillatory rheometry,
that the presence of vincristine within the MAXS8 network does not alter the general
viscoelastic properties, and specific shear-thinning and self-healing properties, that
make it attractive as a drug delivery vehicle. In addition, small-angle neutron scatter-
ing (SANS) measurements find that the structure of the MAX8 network (e.g., fibrillar
character, porous network) is not altered significantly by the presence of vincristine and
that the drug appears to be closely associated with the fibrillar nanostructure and not
relegated to separate domains of drug within the fibrillar network. Viscristine release
from the hydrogel was quantified using tritium-labeled vincristine, and release profiles
confirm that vincristine is released continuously from the material for up to 28 days
from encapsulation. Furthermore, in vitro studies demonstrate that vincristine remains
biologically active after 28 days — over 20 times longer than its half-life in bulk water.
The present work shows that in contrast to the current intravenous vincristine deliv-
ery method vincristine-loaded MAXS8 hydrogels provide sustained, low, but effective
release to a specific target and may be excellent candidates as drug delivery vehicles

that exhibit minimal side effects and damage to healthy tissue.
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2.2 Materials, Methods and Characterizations
2.2.1 MAXS Peptide

MAXS peptide was synthesized on rink amide resin employing Fmoc-protocol
and HCTU activation on one of three peptide synthesizers, the ABI 433A, the SONOTA,
or the AAPPTEC Focus XC, using automated processes. Once synthesized, the pep-
tides are cleaved and side-chain deprotected with a cleavage cocktail of trifluoroacetic
acid (TFA), thioanisole, ethanedithiol and anisole — volume ratio of 90:5:3:2 — for two
hours under an N, atmosphere. Next, the crude peptides are precipitated in ether
and filtered. Purification through HPLC used solvents A (0.1%TFA in DI water) and
B (90% acetonitrile with 0.1% TFA in 10% DI water). First, the crude peptide was
dissolved at 5mg/mL in solvent A, then injected into a Vydac C18 column, previously
washed by 100% of solvent B. The gradient, at a flow rate of 8mL/min, used 0% sol-
vent B for 2 minutes, then ramped linearly to 21% solvent B over 4 minutes, finally to
100%B until all of MAXS eluted out. Afterwards, eluted MAXS8 was lyophilized, then

dissolved in DI water to lyophilize a second time before use in hydrogels.

2.2.2 Vincristine and Curcumin

Vincristine sulfate salt was purchased from Sigma-Aldrich, Inc. Due to the
limited solubilities of vincristine and curcumin, both were created into stock solutions
and frozen at -20 °C. When using the vincristine or curcumin stock solution, it was
diluted to the desired concentration by addition of Dulbecco’s Modified Eagle’s Medium
(DMEM) without any additional fetal bovine serum (FBS) or penicillin streptomycin
(Pen Strep). DMEM, FBS, Pen Strep were all purchased from Corning Cellgro.

Tritium (*H) labeled vincristine was purchased from American Radiolabeled
Chemicals, Inc at an activity of 15 Ci in 50 uLL volumes. Cytoscint scintillation cocktail,
a universal liquid scintillation counter cocktail fluid, was used for measuring tritium
levels was purchased from Fisher Scientific, Inc. Tritium labeled vincristine was stored

at -20 °C within several secondary safety containers.
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2.2.3 Cell Lines

The DAOY cell line was used in the study of chemotherapeutic release. The
DAQY cells come from American Type Culture Collection Cell lines are cultured in 75
cm? flasks using DMEM with 10% FBS and 1% Pen Strep added. Flasks are left in a
37 °C, humidified environment with 5% COs.

2.2.4 Miscellaneous

Transwell inserts for release and efficacy studies contain a 0.4 pum mesh (Corn-
ing). Lactate dehydrogenase (LDH) assays for cell vitality were obtained from Promega
and used according to manufacturer instructions. Cy5.5 NHS Ester dye was purchased
from Lumiprobe Corp. and dissolved into a stock solution of 10mmol/L in DMSO and
stored frozen at -20 °C.

2.2.5 Assembly of MAXS

To prepare a 100mL 0.5wt% peptide hydrogel, 0.5mg of MAXS was first dis-
solved in 50 uL of 4 °C DI water. Separately, an equal volume of approximately 37 °C
DMEM containing 50mmol /L HEPES salt was prepared and then added to the MAXS8
solution. Mixing the MAXS8 solution with the buffer solution triggers intramolecular
folding of the peptides and subsequent self-assembly into a hydrogel. Note that the
presence of phenol red in DMEM may interfere with fluorescence measurements and,
therefore, was omitted. To create higher weight percent hydrogels, the initial mass of
dissolved MAXS is increased appropriately — 1mg MAXS in 50 uL of DI water for 100
pL of 1wt% hydrogel.

When encapsulating chemotherapeutic payloads, drugs were mixed with the
cell medium before being added to MAX8/DI water solution. For encapsulation of
vincristine, twice the final drug concentration desired was dissolved in cell medium

before being added to the MAX8/DI water solution. For example, 100 uL of 0.5wt%
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MAXS hydrogel with 500 pumol/L encapsulated vincristine was prepared by dissolv-
ing 0.5mg MAXS peptide in 50 uL. of DI water and added to 50 uL of cell medium

containing 1 mmol/L of vincristine.

2.2.6 Rheometry

Oscillatory rheology measurements were performed on a TA Instruments AR2000
stress-controlled rheometer with 20 mm-diameter acrylic, cross-hatched, parallel plate
geometry. The parallel plate geometry was then lowered to a desired gap height of
0.5mm. Mineral oil was placed around the edge of the plate to prevent sample drying.
400 pL of each sample was prepared as described previously, combining 200 uL of pep-
tide dissolved in DI water with 200 uL of desired vincristine concentration in DMEM.
The samples were loaded immediately onto the rheometer and data collection was ini-
tiated. The rheometer maintained a constant temperature of 37°C through all sample
loading and time or frequency sweeps. For dynamic frequency sweep measurements,
0.5 wt% MAXS hydrogels were prepared with or without 500 pmol/L of vincristine en-
capsulated. To investigate gel stiffness, a frequency sweep of 0.1-100 rad/s with 0.2%
strain was performed, measuring the storage (G’) and loss (G”) moduli.

500 pmol /L vincristine encapsulated in 0.5 wt% MAXS8 was prepared for the
shear-thinning experiment. The shear-thinning experiment was subjected to a time
sweep at a frequency of 6 rad/s with 0.2% strain as the hydrogel assembled after
mixing. Next, the hydrogel was subjected to a steady-state shear at 1000 s=! for 30
seconds. After 30 seconds, the rheometer returned to a dynamic sweep oscillatory

measurement, and the hydrogel was monitored for 90 minutes.

2.2.7 Release In Vitro Setup

MAXS hydrogels (0.5 wt%) were prepared with a final concentration of 1.6
nmol/L, 8 nmol/L, and 40 nmol/L vincristine. Additionally, a hydrogel without any
vincristine was prepared as a control. For the in vitro studies, vincristine applied

directly to cells in culture was compared to the vincristine that was released into the

o6



culture medium after encapsulation in the hydrogel. DAOY cells were plated in a 24-
well plate and incubated overnight in DMEM. For hydrogel drug delivery, 100 uL of
MAXS8-vincristine gel-drug construct was pipetted into a polyester membrane insert
and allowed an additional 20 minutes to complete assembly/rehealing after injection.
After the initial wait, each transwell was inserted into a well of 2 mL of DMEM to
remove unencapsulated vincristine. The transwell inserts were left in the wash for 20
minutes before being added subsequently to the DAOY cell plates. For experiments
with direct treatment of vincristine, 100 pL of vincristine at the desired concentration
was added directly into wells with 2 mL of DMEM and plated DAOY cells. Each
measurement was measured three times and averaged. The direct treatment cell wells
had 8 pmol /L, 40 pmol/L, and 200 pmol /L vincristine concentrations directly in contact
with the cultured cells.

To measure cell death, released LDH from dead cells was isolated through cen-
trifugation from the supernatant medium of the cells at desired time points. To measure
LDH within live cells, the cells were lysed and crushed after freeze-thawing. Cytotox-
city was then determined on the basis of the ratio of LDH released into the medium

to the sum of medium LDH and viable cell LDH.

2.2.8 Vincristine Release Setup

For release studies, three samples of 100 uL of 0.5wt% MAXS8 hydrogel were
prepared with 500 pmol/L encapsulated vincristine for the UV-Vis spectroscopy studies
and 10 pmol/L encapsulated tritiated vincristine for the liquid scintillation counter
studies (LSC). Each hydrogel was deposited into a transwell, and, as with the in vitro
studies, the hydrogels were set aside to allow for complete healing after pipetting. Next,
the hydrogels were washed for 20 minutes in 2 mL of phosphate buffered saline (PBS)
for UV-vis or DMEM for the LSC studies, to remove any unencapuslated vincristine.
After the wash, how often the insert was moved to each new well was dependent on

the method of detection.
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The first measurements of released concentrations of vincristine were performed
using UV-Vis spectroscopy on a UV-Vis spectrophotometer (Agilent 8453 Uv-Visible
Spectrophotometer). In order to accurately measure the amounts of vincristine re-
leased at every measurement, a master curve and known concentration of 100uM to
standardize the measurements at that light intensity were used. The UV-Vis spec-
troscopy experiments used a concentration gradient of 2 gmol /L, 5 pmol/L, 10 pmol/L,
20 pmol/L, 30 pmol/L, 40 pmol/L, 50 pumol/L; 60 umol/L, 70 pmol/L, 100 pmol/L,
and 500 pmol/L. Each concentration was measured with three different samples. The
release was measured per 10 minutes for the first hour, then at 1.5 hours, 2 hours, 2.5
hours, 3 hours, 6 hours, 12 hours, and 24 hours. To measure the release of vincristine
into the PBS, three 100 uL aliquots were pulled from the supernatant and measured.
After each measurement, fresh 300 pL of PBS was added to maintain constant osmotic
pressure for sustained release of vincristine. The excitation wavelength to measure the
samples was set at 297nm.

Unlike the UV-vis spectroscopy experiments, the transwell insert was left undis-
turbed in a 2 mL well for one hour then was moved to a new well once per hour for the
first 6 hours then moved again to a new well of fresh medium at 24 hours. With the tri-
tiated vincristine samples, the short exposure time for the first few time points ensured
accurate measurement of the relatively high drug concentrations released at early time
points because of the concentration limitation of the LSC (Beckman Coulter LS6500).
Due to LSC counter sensitivity, concentrations greater than 1mM were unable to be
measured because of over counting by the detector, causing the concentration limita-
tion. After the first 24 hours, the insert was then moved to a new well of fresh medium
on day 3, 7, 10, 14, 17, 21, 24, and 28. To measure the release of vincristine into
each well, three 100 uL aliquots were removed from the supernatant in each well and
measured by scintillation counting. Each 100 pl of supernatant was added to 3 mL
of scintillation fluid and counted for 5 min on the LSC. Points measured are averages
of nine total measurements, three from each sample for three different samples, with

uncertainty measured as standard deviation.
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To correlate scintillation counts with vincristine concentration, a calibration
curve was created for each day of measurements at five known concentrations of 10
pmol/L, 100 pmol/L, 1 nmol/L, 10 nmol/L, and 100 nmol/L. 100 uL of each known
concentrations was added to 3 mL of scintillation fluid and measured for 5 minutes on
the LSC. The calibration was performed separately for each day of measurement in

order to account for fluctuations in sample radioactivity and background radiation.

2.2.9 Sustained Drug Potency Setup

To best measure vincristine’s efficacy in inducing cell death after release from
MAXS encapsulation, a sustained drug potency study was designed to match the con-
ditions of the release study and to observe cytotoxicity effects of drug concentrations
observed from hydrogel release. DAQOY cells were cultured in 24-well plates as with the
in vitro studies described above. Three concentrations of vincristine were utilized for
the efficacy study in three sets each of 100 pL of 0.5wt% MAXS hydrogels: 0 pmol/L,
10 pmol/L, and 500 pmol/L. 10 pmol/L matched the concentration used for the release
study and 500 pmol/L is the highest possible concentration that can be encapsulated
due to solubility. After mixing the 50 uL. of DMEM with the 50 uL of MAXS solution,
the entire drug-gel construct was pipetted into a transwell insert, allowed to complete
hydrogelation for 20 minutes and then placed in a wash of 2 mL fresh medium for 20
minutes, same as the release study setup. In order to match the release study’s time
course setup, the insert was moved into a new well of 2mL fresh medium at the same
time intervals (once per hour for the first 6 hours, at 24 hours, then days 3, 7, 10, 14,
17, 21, 24, 28). Rather than measure’ the vincristine’s potency at every well change
during the time course, the potency was measured at weekly intervals. To measure the
potency at the end of each week, wells for days 3 to 7, 10 to 14, 17 to 21, and 24 to 28
were plated with DAOY cells. Additionally, to measure initial release efficacy, the well
used for the first hour of drug release had plated DAOY cells. Using an LDH assay from
Promega and used according to manufacturer instructions, cell deaths were measured

in the newly vacated wells containing DAOY cells having been exposed to vincristine
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release over desired time intervals, for all time points except for those exposed in the
first hour of release. The first set of treated cells were incubated for 2 days after the
initial hour of treatment so that a full cell cycle occurred, allowing for full drug effects,
and then measured with an LDH assay. Points measured are averages of across the

three samples at each condition with uncertainty measured as standard deviation.

2.2.10 Statistics
Data for all LDH assays are presented as mean + standard deviation. Data
was obtained across 3 separate samples. Statistical significance was determined using

Student’s T-test to compare data sets, where p<0.05 considered significant.

2.2.11 Fluorescence Recovery After Photobleaching

For the Fluorescence Recovery After Photobleaching (FRAP) experiments. 100
mL of MAXS8 hydrogels were prepared using previously described methods for 0.5wt%,
1wt%, and 2wt% hydrogels with 4 mmol/L, 2 mmol/L, 400 pmol/L, and 80 pumol/L
concentrations of vincristine encapsualted. Each of the twelve hydrogels were added to
Lab-Tek II Chamber, 8 well plates.

FRAP measurements were taken using laser scanning confocal microscopy on a
Zeiss 510 LCM Confocal Mircroscope with a 20 times magnification objective. Each
measurement, regardless of curcumin concentration or hydrogel weight percentage used
an argon ion laser set at 50% power. All experiments were performed at 25 °C. The
microscope scans each image along the xy plane of the sample, with a circle diameter
of 100 pixels or 90 um for the bleaching area. Before bleaching, 12 images (about 5
seconds each image) are taken at lower laser intensity (5% power), then 10 seconds
of 100% laser intensity for bleaching occurs. The fluorescence recovery detection then
collects images every 5 seconds at lower laser intensity for the next 240 seconds, for a

total of 60 images.
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2.3 Results
2.3.1 Rheometry

The injectable solid properties of MAXS, or shear thinning and immediate so-
lidification, make the material a desirable injection delivery vehicle. To ensure that
the hydrogel retains these properties with drug included, the storage (G’) and loss
(G”) moduli of the system were measured with a frequency sweep for 0.5 wt% MAXS
hydrogel with or without 500 pmol/L vincristine. The storage and loss moduli charac-
terize the elastic and viscous behavior of the material. %61 The thesis work of Sameer
Sathaye investigates MAX hydrogel rheological properties further.%? As shown in Fig-
ure 2.1a, there is a negligible difference between G’ and G’ with and without vincristine
for the MAXS8 hydrogel showing that the presence of the drug does not alter the ma-
terial properties of the hydrogel. Moreover, these data show that once deposited, the
drug-gel construct will retain all the desirable gel physical properties of MAXS.

Previous studies have shown that when a constant shear force is applied on the
hydrogel, the material flows with properties of a low viscosity material. %! Once shear
forces cease, the hydrogel has been shown to immediately recover solid gel properties,
reaching pre-shear peak G’ and G”values quickly after shearing. Figure 2.1b demon-
strates the same shear-thinning and re-healing properties of MAXS8 with 500 pmol/L
of vincristine encapsulated. Thus, after gelation the drug-loaded hydrogel flows easily
when sheared and recovers original properties of the presheared gel after shear ces-
sation. This ability is critical for delivery applications, allowing the hydrogel to be
injected into a specific site and trusted to recover to a gel state with known properties

and to stay in place at the injection site.

2.3.2 In Vitro Studies

In order to show MAXS would be an effective delivery vehicle, releasing vin-
cristine to induce cell death, a series of in vitro studies were performed. In order to
show the ICy, value, the concentration of vincristine directly applied for treatment

was in the picomolar range. These picomolar concentrations agreed with previous in
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Figure 2.1: Triangles correspond to G’ (storage modulus), and squares correspond
to G” (loss modulus). a.) A frequency sweep from 0.1-100rad/s with 0.2% strain was
run for 0.5 wt% MAXS8 hydrogels with 500 M vincristine (filled symbols) and without
vincristine (open symbols). No difference is observed in the viscoelastic properties
of the hydrogel with and without vincristine encapsulated. b.) A time sweep at a
frequency of 6rad/s with a 0.2% strain was run on a 0.5wt% MAXS hydrogel with 500
uM vincristine encapsulated. Early time shows the initial gelation within 10 minutes.
A constant shear at a steady-state shear of 1000/s is applied for 30 seconds at 90
minutes. As soon as the large shear ceases, the time sweep data shows the hydrogel
immediately as a solid material and quickly recovering original gel properties.
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vitro studies, consistent with the potency of vincristine.®! In order to measure the
ICsp for cells being treated either directly with vincristine, or by vincristine released
from a MAXS gel, a series of decreasing concentrations for both directly applied and
hydrogel-released vincristine were prepared. An LDH assay was performed for both
models to find the ICs, as presented in Figure 2.2. Figure 2.2a and Figure 2.2b both
show that cell death increases as the concentration of vincristine increases. For direct
treatment, the IC5y was determined to be between 5 nmol/L and 25 nmol/L, after
showing a clear trend of cell death with increasing drug concentration of treatment.
For the encapsulated vincristine the ICsq is reached when 8 nmol/L of vincristine is
encapsulated into a hydrogel and then exposed to cells. It should be noted that the
released drug concentration for the direct applied treatment are extremely low.
Determining the IC5q concentrations was important in ensuring that vincristine
encapsulated in MAXS8 would still induce cell death, and drug concentration affected
cell death percentage. When beginning the in vitro experiments, 500 pmol/L was
first attempted. This first concentration was chosen since it is the highest concentra-
tion that could be encapsulated due to the limited solubility in aqueous solution of
hydrophobic vincristine. But the potency of vincristine quickly showed that pmol/L
was too high of a concentration, killing cell populations completely. Nevertheless, the
result clearly shows that the concentrations of drug required for original encapsulation
prior to release can be very low and still effective/useful for local delivery. These low
values demonstrate that lower vincristine doses are still effective and would minimize
the amount of undesirable side effects and healthy cell death during local delivery.
Figure 3c to Figure 3f shows light microscope images of the cells treated with the cor-
responding concentrations of vincristine encapsulated in the hydrogel to confirm the
presence of the drug is responsible for cell death. The 0 nM sample consisted of pure
MAXS8 hydrogel without any vincristine. The presence of the MAXS8 does not result in
significant cell death, indicating any cell death with vincristine is a result of the drug,
while at 40 nM, the cells are almost all round and opaque, showing clear signs of cell

death.
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Figure 2.2: Cell death measured using LDH assays, show percent cell death of DAOY
cells a.) after direct treatment with vincristine and b.) vincristine encapsulated and
released from a 0.5wt% MAXS8 hydrogel. All measurements are taken after 2 days of
cell incubation with each listed concentration. * indicates noted concentrations are
significantly different (p<0.05).

Figure 2.3: Optical micrographs of DAOY cells treated with a.) 0 nmol/L b.) 1.6
nmol/L ¢.) 8 nmol/L and d.) 40 nmol/L of vincristine encapsulated in a MAXS
hydrogel. Live cells appear elongated and transparent, dead cells are rounded and
opaque. The scale bar is 200 pm.
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2.3.3 Initial Release Study

UV-Vis spectroscopy was originally used to measure the released drug from
MAXS into an infinite sink environment. 500 pmol/L of vincristine was encapsulated in
0.5wt% MAXS hydrogel. Table 2.1 shows the measured absorption of the concentration
gradient. The absorption intensities are low at 500 pgmol /L but more importantly, after
10 pmol/L, the values are close to zero and difficult to detect.

After measuring the intensities of the concentration gradient, the 500 pmol/L
vincristine encapsulated MAX8 hydrogel was set up for a day long release. The con-
centrations released decrease with time, as seen in Figure 2.4. However, after a day
of release, the measured concentrations near 5 umol/L, the detector resolution limit
for when the detector could not reliably measure released drug amount. Based on
the gradient, the estimated released concentration at 24 hours was around 5 pmol/L.
The limitation of only accurately measuring one day of release, when the goal is for

long-term release, lead to the use of tritium-labled vincristine.

2.3.4 Release and Sustained Potency

The LSC was chosen for its capabilities to detect lower concentrations. Tritium
(®H) labeled vincristine had to be ordered and used in release studies to be able to
use the LSC. Due to the concentration and volume of the obtained tritium-labeled
vincristine, 10 pmol/L. was the highest concentration that could be encapsulated.A
month long time release of vincristine from a 0.5 wt% MAXS8 hydrogel containing
10 pmol/L tritiated vincristine encapsulated in 0.5wt% is shown in Figure 2.5. The
time points are of concentrations measured at days 1 (accumulated from measurements
between hours 1 through 6, and 24 hours), 3, 7, 10, 14, 17, 21, 24, and 28 in the release.
The inset of Figure 2.5 highlights days 14, 17, 21, 24, and 28 to show that the released
concentrations are non-zero, and these concentrations can be found in Table 2.2 at these
long time points of release. In particular, note that after 28 days, approximately 2 nM
concentration vincristine is still released from the gel. This concentration, while low,

is still a viable concentration that can induce cell death as shown in Figure 2.2a, where
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Table 2.1: Absorption measured via UV-Vis spectroscopy is a function of concen-
tration, the lower concentrations made it difficult for detctor resolution and could no
longer accurately measure the drug amount.

Concentration | Absorption (297nm)

2 pmol/L 0.0047
5 pmol/L 0.043
10 pmol/L 0.12
20 pmol/L 0.32
30 pmol/L 0.53
40 pmol/L 0.73
50 pmol/L 0.87
60 pmol/L 1.11
70 pmol/L 1.2
100 pmol/L 2.2
500 pumol/L 3.7

picomol/L are effective concentrations. This measurement shows that the continu
ously released concentrations are not irrelevant.

In order to ensure the vincristine released from the hydrogel is still biologically
active after prolonged hydrogel encapsulation we determined the efficacy of vincris
tine to induce cell death in DAQY cells at extended time points The experimental set
up mimicked the release study but with an additional interaction step with fresh
DAOQY cells after long time points of drug release. A negative control of 0.5wt%
MAXS8 hydrogel without vincristine was run at the same time to establish that the
cells were dying from the presence of the drug and not the hydrogel or environment.

Two encapsulated drug concentrations were used to test the sustained drug
potency. The first experiment used 10 umol/L concentration of encapsulated vincris
tine to match the concentration used to measure release. This concentration was
chosen to match the concentration that was used for the release study in Figure 2.5.
The second second experiment used a higher concentration of 500 umol/L to show a
difference in release amounts at the highest possible initial drug concentration due to

the limited solubility of vincristine. Figure 2.6 shows a clear increase in cell death for
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Figure 2.4: UV-Vis Spectroscopy data showing one day of release of 500 gmol/L of
vincristine encapsulated in 0.5wt% MAXS hydrogel using a UV-Vis spectrophotometer.
The concentrations measured at the one day time point are hard to resolve by the
detctor.
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Figure 2.5: 28 day release profile of tritiated vincristine from a 0.5wt% MAXS peptide
hydrogel, using a Liqud Scintillation Counter (LSC), which initially encapsulated 10
puM of tritium (*H) labeled vincristine vincristine. After 28 days of release, the amount
of drug being released was still in nanomolar quantities, as seen in the inset which
highlights days 14 through 28 of the release study.
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Table 2.2: The concentrations of released vincristine for the last two weeks of a
month long encapsulation in 0.5wt% MAXS8 hydrogel. These time points accompany
the inset of Figure 2.5. Even after a month of encapsulation, vincristine continues to
be released at effective concentrations.

Time of Release |Concentration (nmol/L)

14 Days 22.5 £2.13
17 Days 14.2 £2.08
21 Days 8.88 +0.980
24 Days 4.48 *0.480
28 Days 2.04 £0.308

the higher vincristine concentration, confirming that the cell death is a result of the
encapsulated vincristine. At first glance, it may seem contrary that the encapsulated
vincristine experiment in Figure 2.2b showed higher percentage cell death at 8nmol /L
and 40nmol/L, both lower than 10 pmol/L, than in the efficacy study in Figure 2.6.
However, the experimental for the two are greatly different. The cell death measured
for time 0 in Figure 2.6 is after only an hour of cell exposure to the drug-gel construct,
as opposed to Figure 2.2, where the cells were exposed for two days, until the LDH
assay was performed. The two days of exposure meant there was an accumulation of
released drug that remain within the wells. The later release and efficacy studies were
modified to simulate a more realistic environment, closer to an infinite sink.

In Figure 2.6, for both concentrations, cell death is greater in vincristine encap-
sulated MAXS8 than hydrogels without vincristine, even after a month of continuous
release in an aqueous environment. The concentration of 2.04 nmol/L + 0.31 nmol/L
released after 28 previous days of release for the 10 pmol/L vincristine encapsulated hy-
drogel should be sufficient to kill almost half the population of cells according to Figure
2.2a containing direct treatment data. However, as seen in Figure 2.6, the cells dying
due to the presence of vincristine is to a lower extent than predicted by Figure 2.2a,
implying the vincristine is slightly less effective after 28 days begin encapsulated inside

the hydrogel. This indicates that there is a percentage of vincristine that deteriorates
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in the aqueous environment, but, more importantly, that there is also a significant per-
centage of vincristine that remains effective after 28 days of encapsulation. Figure 2.6
shows that the percentage of effective vincristine also increases with increased initial
encapsulated drug concentration.

Previous studies of vincristine have shown that very low amounts of vincristine
are extremely effective. Tsuruo et al. showed ICy, values of less than 2 nmol/L for
direct treatment of leukemia cells.” However, much higher concentrations, ranging
from 1 pmol/L to 100 pmol/L, are used for intravenous treatments because of the poor

°0,63.64 Vincristine has a bulk solution half life range of 164

target specificity of the drug.
minutes to 32 hours®% within the body due to its hydrophobicity and functionality.
These studies have shown these cytotoxic effectiveness of released drug has been pro-
tected by the MAXS8 hydrogel for longer than what has been measured in the body. In
usage, once injected, the vincristine-loaded hydrogel can be relied on to continuously
release low but effective concentrations of vincristine to the intended site to treat can-
cers and other diseases. Chapter 3 uses SANS data to examine overall structure and
vincristine location to help in understanding the mechanics of the encapsulation and
ultimately, the release from the hydrogel. The efficacy study suggests the vincristine’s
location within the fibrils. This possible configuration is discussed further in chapter
3. There is clearly some delay of drug exposure to a degrading environment, shielding
the vincristine from its surroundings to achieve the high half-life, similar to pro-drugs
or time-release drugs.

Attempts to prolong hydrophobic drug half-life in aqueous environments do so
by isolating the drug from the environment in a separate hydrophobic area through
encapsulation.®”% The difference with the MAXS8 hydrogel is that there is no distinctly
hydrophobic cavity that would offer overall obvious protection. As mentioned earlier,
the vincristine is mostly likely shielded by the lysine side chains, providing long-time
drug stability. This protection coupled with the continued release of vincristine from
the 0.5wt% MAXS8 hydrogel further support the use of the drug-hydrogel construct for

local and targeted drug delivery to a tumor environment while decreasing the exposure
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Figure 2.6: A measure of cytoxocity to assess efficacy of released vincristine from
0.5wt% MAXS hydrogels over 28 days. To ensure efficacy of the drug released from
they hydrogel, 0 umol/L (empty bars), 10 pmol/L (lighter gray bars) and 500 gmol /L
(darker gray bars) of vincristine were encapsulated in 0.5wt% MAXS8 hydrogels. There
is a noticeable difference in the effectiveness of the hydrophobic drug on cells despite
encapsulation in an aqueous. DAQOY cell death was measured using LDH assays after
cells were exposed to the drug-gel constructs in the listed days of release. Day 0 cells
were exposed for an hour to drug-gel transwells, then measured two days later. *
indicates noted concentrations are significantly different (p<0.05).

70



and effects on healthy tissue.

While direct treatment of cells is prudent in an in vitro setting, during actual
cancer treatment other non-cancer cells present in the environment should not be
exposed to chemotherapeutics such as vincristine. Current methods of treating cancers
with vincristine lead to negative side effects due to the large, systemic dosages required
and healthy tissue exposed. These large dosages are needed because of the lack of
specific drug targeting. In order to better treat specific regions of the body, such as
the site of a newly resected tumor, a specific, local delivery with an injectable solid
delivery system using a shear-thinning hydrogel is a viable strategy. This deposition
of chemotherapeutic would minimize the need for repeated treatments or intrusions,

Encapsulated vincristine does not affect the shear-thinning and re-healing qual-
ities of MAXS8 hydrogel. The drug release and effectiveness of a vincristine-loaded
hydrogel was examined. Over the course of one month, the vincristine-encapsulated
MAXS8 demonstrated continuous release of vincristine at low concentrations. The low,
but effective, concentrations of drug release would limit exposure of healthy tissue to
the potent drug. The released drug was shown to retain potency for up to one month,
well beyond the typical hours-to-days time reported for the drug to degrade in vitro,
indicating that the hydrogel encapsulation protects the drug from normal degradation
mechanisms. Most importantly, the sustained, continuously released concentrations re-
mained effective against cancer cells while in an aqueous environment during a month
of release.

In practice, the sustained release will allow a targeted area to receive treat-
ment continuously over long time periods that will alleviate problems seen in multiple,
frequent chemotherapy treatments that are used for systemic treatment today. These
multiple treatments expose healthy tissue to vincristine, leading to negative side effects.
The shear thinning and immediate re-healing properties of MAXS hydrogel allows the
deposition of the drug-loaded, solid hydrogel directly to a desired injection site. Addi-
tionally, the injection would be ideal for post-operative treatment after tumor removal

surgeries by depositing the drug-gel construct into the cancer’s previous location. The
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low dosage and continuous release of the vincristine can target any cancerous cells that

may not have been resected as well as preventing the return of any cancer in that area.

2.4 Diffusion Coefficient of Curcumin

To better understand and quantify the release of vincristine from the MAXS
hydrogel, fluorescence recovery after photobleaching (FRAP) was used to measure
vincristine’s diffusion coefficient. FRAP bleaches a selected area and measures the
fluorescence as the area recovers, allowing for brownian motion and diffusion of the
targeted molecule to un-bleach the region of interest (ROI). The time taken to recover
and the area of the ROI are accounted for in the overall calculation for diffusion coef-
ficient. Before finding the diffusion coefficient of vincristine, FRAP was used to find
the diffusion coefficient of curcumin.

While the focus on the chapter is on release of the drug vincristine, encapsulated
curcumin was used as a model for setting up release experiments for hydrophobic
payloads.® Curcumin is a hydrophobic, natural compound derived from the Indian
spice turmeric and degrades after 8 hours in water.% Altunbas et al. successfully
encapsulated and released curcumin from MAXS over a course of two weeks. Despite
the high water content of the MAXS8 hydrogel, the continuously-released curcumin
remained active and effective after 14 days of encapsulation. To quantify the behavior
seen by Altunbas, et al, FRAP experiments were performed on MAXS, using a

Four concentrations of encapsulated curcumin, and three weight percents of
MAXS8 were used as seen in Table 2.3. Previously Branco et al, used FRAP to measure
a neutral dextran probe in different weight percents of MAX1 and MAXS hydrogels. ?
Because of curcumin’s hydrophobic nature and the aqueous environment of the MAXS
hydrogel, the anticipated diffusion coefficients were expected to be much less than the
dextran probes.

As seen in Figure 2.7, 80 pmol/L of curcumin was encapsulated in a 0.5wt%
MAXS hydrogel and bleached for FRAP. Here four time points are shown — 0 seconds,
75 seconds - right after bleaching the ROI, 100 seconds - bleached molecules continue
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Figure 2.7: Lascer Scanning Confocal Microscopy images of FRAP on 80 pmol/L of
curcumin encapsulated in 0.5wt%MAXS8 hydrogel at times a.) 0 sec, b.) 75 sec - once

the ROI has been bleached, c.) 100 sec, and d.) 300 sec - the ROI has recovered from
original bleaching.

diffusing, and 300 seconds - when the ROI has recovered from bleaching and diffusion
re-distributes the bleached and unbleached molecules. 75 seconds was the required
amount of time to effectively photobleach the ROI as seen in Figure 2.7b, showing
the clearly bleached ROI. 100 seconds, seen in Figure 2.7c¢ shows the faint blurred
outline of the ROI as the bleached molecules continue diffusing through the rest of the
sample.In Figure 2.7d, the same ROI no longer is no longer distinguishable from its
surrounding area. Noticeably, the fluorescence of the overall area in Figure 2.7d is less
than that of Figure 2.7a. This decrease in fluorescence intensity over time comes from
the re-distribution of the bleached molecules.

The diffusion coefficient (D) can be obtained from the intensities of the ROI’s

as seen below:

D=2 (2.1)

where w is the radius of the circular spot and 7p is the characteristic diffusion time.

Tp is obtained from the normalized fractional fluorescence recovery function f(t):™

7ty =1 (22)ewn( - 22) [10(22) + 11(22)} + fo (2.2)

t t t t

where Iy and I are modified Bessel functions. The normalized fractional fluorescence
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Figure 2.8: The normalized fluorescence recovery curves for three concentrations of
curcumin 4mmol /L, 400 gmol/L, and 80 pmol/L encapsulated in 0.5wt% MAXS hydro-
gel. These intensities were used to find the diffusion coefficient for each concnetration
of curcumin.

function is related to the raw intensities through:

F(t) — Fo(t)

2.
o (2:3)

ft) =

where Fy is 75 seconds after bleaching, like in Figure 2.7b, F is 300 seconds after
bleaching, as seen in Figure 2.7d. The normalized intensity curves for each of the four
concentrations of curcumin and three weight percents of MAXS8 resemble those found
for three concentrations of curcumin at 0.5wt% MAXS as seen in Figure 2.8.

The calculated diffusion coefficients for the different weight percent hydrogels
and concentrations of curcumin from using the normalized fractional fluorescence re-
covery are listed in Table 2.3.

The calculated diffusion coefficients show a clear decreasing trend for 4mmol/L

and 2mmol /L as weight percent of MAXS8 increases. As shown by Branco, the higher

74



Table 2.3: The diffusion coefficients, 10 cm?/sec, show a clear decreasing trend
for 4mmol/L and 2mmol/Las weight percent of MAXS increases. For the more dilute
amounts of curcumin, the data does not exhibit a clear trend.

MAXS Amount of Curcumin Encapsulated

4 mmol/L. 2 mmol/I. 400 umol/L. 80 umol/L
0.5wt% 3.10 + 2 121+ 7 1.82+ 03 1.74+0.2
1wt% 264+ 03 229+ 09 T710+05 7.22+0.5
2wt % — 1.88% 0.1 1.10 £ 0.09 7.41*0.5

weight percentage of the hydrogel has smaller pores, due to the increased number
of peptides forming branch points and entanglements. Due to the hydrophobic
nature of the curcumin, the diffusion coefficients are lower than those of the neu
tral dextran probes. This diffusion coefficient trend confirms and supports the
diffusion of the cur- cumin molecule, supporting the continuous release observed by
Altunbas. For the more dilute amounts of curcumin, the data does not exhibit a
clear trend. Whereas FRAP measurements can be performed for curcumin encapsu
lated hydrogels, the technique cannot be applied to vincristine encapsulated hydro
gels because the fluorescence peak (N) is outside the detection window of the

instrument.
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Chapter 3

STRUCTURAL CHARACTERIZATION OF MAXS8 AND
ADDITIONAL GELS

Chapter 2 examined the release of vincristine from the MAXS8 hydrogel and the
resultant drug characteristics within the hydrogel. Chapter 3 looks more closely at the
relationship between vincristine and the peptide network through small-angle neutron
scattering (SANS). Using SANS, Chapter 3 investigates the location of vincristine and
how it is incorporated into the network structure. Understanding this relationship
would explain how vincristine can retain its hydrophobic properties and remain active,
despite the long term encapsulation in an aqueous environment. Finally, Chapter
3 concludes with an investigation of a separate class of gels through a collaborative

project with the Johnson group using neutron scattering.

3.1 Small-Angle Neutron Scattering of Peptidic Hydrogels

SANS is a technique for structure characterization of materials that analyzes
the coherent scattering cross section of a sample. The scattering of neutrons is due
primarily to nuclear interactions between incident neutrons and nucleons within the
material, though they can also interact with unpaired electrons. The sample itself can
be a solid, crystal, powder, or solution.

SANS is non-invasive, unlike small-angle X-ray scattering (SAXS), and will not
heat, burn, or ionize samples. This trait is particularly desirable for more carbon
heavy systems such as polymers. Additionally, the range of SANS detection is from
nanometers to hundreds of nanometers, relevant for many polymer systems, both from

basic structure components to larger network structures.
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While traditional transmission electron microscopy (TEM) can be useful for
visualizing structure at the desired length scale, the sample preparation of drying out
the sample can distort or cause artificial structures. Radii or fibril lengths found for a
desiccated sample may be less than those in solution. Cryogenic TEM can sometimes
alleviate these effects but it is not always suitable or feasible. Dynamic light scattering
(DLS) can evaluate samples in solution, but DLS cannot examine structure below the
surface. Also, DLS has difficulties with non-uniformly sized or shaped samples. For
many polymer samples, SANS is the best technique candidate for quantifying and
identifying nanoscale and mesoscopic structures.

Polymer samples of varying degrees of structural order or complexity have all
benefitted from SANS for analysis. Starting with systems that exhibit more defined
structures, block copolymers have been known to microphase separate into different
ordered phases, depending on sample environment or preparation.® Using SANS, vari-
ous groups have been able to accurately identify what phases or structures are formed
by block copolymer systems (e.g. lamellae, cylinders, micelles).? " SANS experiments
were able to also quantify the phase characteristics, finding radius of gyration or fibril
length.

Another advantage of SANS is the ability to contrast match features, isolating
a desired scattering profile. Explained later on, hydrogen and deuterium have greatly
different scattering length densities (SLD). By mixing water and deuterium oxide in
different ratios, the scattering cross section of the mixture could match a feature so
that it becomes part of the background, allowing any not matched structures to scatter
and exhibit an intensity curve. For example, when using SANS for block copolymer
micelles, to identify the core radius, the corona can be contrast matched so that it does
not have a scattering profile, isolating the core.

Besides block copolymers, SANS is useful for many polymer systems, including
those with distinct individual structures such as Tetra-Poly(ethylene gylcol)(Tetra-
PEG)®, monoclonal antibodies?; or polypeptides'’. SANS can also be used to better

understand microstructure and greater network behavior. SANS is powerful enough to
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calculate fibril definitions while also quantifying the mesh size of the overall network,
structures often seen in polymeric or protein hydrogels.''2° Even for less organized sys-

tems, SANS is a powerful tool that provides important information, such as membranes

21,22 3

whether from lipids or ionomers?

Particularly for MAX8 and the MAX family of gels, the detectable size range of
SANS is ideal for understanding the structure the encapsulated payload. Previously,
Yucel'”, Yan!®, Hule!'?, and Sathaye’s thesis work?* have all examined MAX1 or MAXS8
peptides with SANS to determine the structure of the hydrogels. The model that best
describes the MAX scattering patterns uses a combination of the cylinder fit and the
power law. The cylinder model fits and quantifies the fibrils while the power law helps

describe the greater fibrillar network.

3.2 Small-Angle Neutron Scattering Theory

Neutrons are highly penetrating and weakly interacting. While non-destructive,
neutron measurements require a greater number of neutrons than x-rays due to the
lower flux of neutrons compared to even laboratory x-ray sources. The scattering time
is dependent on neutron flux, instrument configuration, and the mass of the sample
being measured. Samples are typically loaded into cells with 1 mm thickness and 1 cm
diameter.

Unlike small-angle x-ray scattering (SAXS), the scattering cross-section is not
easily predictable based on the material used. X-ray scattering uses photons that
interact with the electron cloud. The expected SAXS scattering cross-sections for
materials can be predicted by atomic number of elements present, which dictates the
size of the electron cloud. The larger the electron cloud, the larger the scattering
cross-section.

Neutrons have a mass, spin, and magnetic moment, all of which contribute to
the nuclear interaction between the directed neutron beam and the sample nuclei or
magnetic momentum of unpaired electrons (for magnetic samples). Unlike electron

clouds, which are predictable in size based on atomic number, the nucleus makeup of
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a sample is dependent on isotope and is not easily predictable. Therefore, scattering
cross-sections for SANS are not easily predicted on the basis of the elements present.
One example of this major difference is the comparison of the scattering length densities
(SLD) for elemental hydrogen (*H) versus deuterium(?H or D). The nuclei compositions
of the two isotopes are different, but their electron clouds are not. In SAXS, this would
result in the exact same scattering but in SANS the scattering lengths for hydrogen
is -3.74x107°A and for deuterium is 6.67x107°A. Because of the variation of X-ray
scattering cross sections, X-ray techniques are more informative or fitting for higher
atomic number samples. SANS may be able to provide more information for samples
with high hydrogen content as compared to SAXS. Additionally, the stark difference
between the scattering lengths of hydrogen and deuterium can be used to adjust the
SLD by combining deuterium and hydrogen, accentuating structure features of interest.

When scattering, the coherent macroscopic cross section or scattering intensity

in absolute scale is:

dx

1(6) = = (0) = 01— PV P(0)S(0) 3.)

where S(q) is the inter-particle structure factor and P(q) is the single particle form
N

factor. Here, p; and py are scattering length densities, is the number density of

v
the sample and V), is the sample particle volume. Additionally, the incoherent scatter-
ing cross section is Q-independent and therefore a constant background added to the
coherent scattering. The incoherent scattering scattering profile comes mostly from
hydrogen scattering in the sample.

If the solution is dilute and there are no inter-particle interactions, S(q), is
assumed to be one. Otherwise, the isotropic solution structure factor is seen as:

sin(qr) ,

S(q) =1+ 4nN, /000 [g(r) —1] Q—TT dr (3.2)

where g(r) is the pair correlation function for the interparticle scattering objects. The

potential energy function describing the interparticle relationship is directly related to
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In g(r). In theory, using Fourier inversion on S(g) should be able to calculate g(r). In
practice, there are are approximate forms of S(q) developed for model fitting.

All SANS measurements were performed at the National Institute of Standards
and Technology (NIST) Center for Neutron Research (NCNR) (Gaithersburg, MD,
USA). Experiments were performed on the NGB 30m SANS instrument. All collected
data were reduced and analyzed using the SANS macros package provided by the
NCNR?. The scattered neutron intensity was measured as a function of scattering
variable q, where q=(47/)) sin(f/2) and 6 is the scattering angle. The beam was
monochromated to a wavelength, \, of 6 A. Three sample-to-detector distances of 1m,
4m, and 13m were used to cover a total ¢ range of 0.004 to 0.5 A~'. Titanium sample
cells with a 1 mm path length were loaded with 400uL of each sample. The resulting
data were placed on an absolute scale and corrected for background electronic noise,

detector inhomogeneity, and empty cell scattering using standard techniques.

3.3 MAXS8 Hydrogels
3.3.1 MAXS8 and Vincristine

Chapter 2 characterized the released vincristine, showing that the hydrophobic
vincristine released is still active despite the aqueous environment. To better under-
stand how vincristine interacts with the MAXS8 hydrogel network, SANS experiments
were performed so analyze the structures within the hydrogel.

During the vincristine release experiments in Chapter 2, the rheometry data
shown in Figure 2.1 indicated there were no noticeable differences in hydrogelation
behavior or overall stiffness. This implies that the vincristine’s presence does not affect
the overall hydrogel network itself. If the fibrils had more branching points or fewer
entanglements from due to the presence of vincristine, it would impact hydrogelation
kinetics and the complex modulus for the vincristine encapsulated hydrogels.

Because the rheometry measurements cannot determinethe location of the vin-
cristine within the network, SANS measurements are necessary to probe the bulk nanos-

tructure of the MAXS8 hydrogels. In particular, SANS has the ability to determine if
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vincristine alters the fibrillar nanostructure and clarify where the drug is located within
the nanostructure of the network.

Figure 3.1 shows the scattering profile of 0.5wt% MAXS8 hydrogel with 500 M
vincristine (shaded squares) and without (open squares). The scattering intensity, 1(q),
as a function of scattering variable, ¢, gives information o the sample structure over
hundreds of nanometers. measurement determines sample structure, giving information
in the length scale of nanometers to hundreds of nanometers. The presence of the
vincristine does not alter significantly the overall shape and intensity, implying that the
hydrogel structure is practically identical in both cases. The SANS results reveal that
when encapsulated, there are three configurations for the drug in the overall hydrogel
network: a.) evenly integrated along the fibrils, b.) in aggregated vincristine clusters
with as little exposure to the surrounding aqueous environment or c.) mostly uniformly
distributed through the entire network unassociated with the network completely.

It is possible the vincristine domains would both scatter as individual particles of
polydisperse size and shape due to the large hydrogen content within the drug molecules
and could display interparticle correlations due to their presence throughout the gel
network. Both of these effects would significantly increase intensity at lower ¢ regions
of the graph. The lack of a significant difference in overall curve shape for low and mid
q scattering, in both intensity and slope, confirms that there are no size differences
in the morphology of the hydrogel networks with or without vincristine. While not
significant enough to change the curve shape, there is a definite, albeit slight, increase
in intensity within the mid-q range, associated with the nanofibrillar characteristics of
the overall hydrogel.In particular the similar slope of the two curves implies that the
large fibrillar network has the same structure both with and without vincristine present.
A slight increase in the scattering intensity is observed when vincristine is present in
the system(q > 0.03 A'l),however, this is likely due to an increase in the incoherent
scattering cross section from the additional hydrogen atoms in the vincristine molecules.

The rheology shown in Figure 2.1 shows that the storage moduli are the same
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Figure 3.1: Small-angle neutron scattering from 0.5 wt% MAXS8 hydrogels with
500uM vincristine (yellow) and without (blue) as a function of scattering variable
g. Both lines have a similar overall shape and slope throughout the measured ¢ range,
implying that the presence of vincristine does not alter the structure of the MAXS8 gel
or the intramolecular folding of individual MAXS chains. The measured slopes for the
mid-q region are 0.922 and 0.948, for hydrogels with and without 500uM of vincristine
respectively. The cartoon inset shows the possible drug-gel configurations, a.) green
fibrils indicating the yellow vincristine bound to the blue MAXS fibrils, b.) domains
of yellow vincristine mostly at the branch and entanglement points, or c.) yellow vin-
cristine evenly scattered throughout the MAX8 network. Only (a.) is supported by
the scattering curve.
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with or without drug, indicating no fibrillar disruption or gel network differences, sug-
gesting that the vincristine is not within the fibrils. Another way of confirming the
presence of fibrils, is to measure the slope in the mid-q range of a SANS scattering
measurement. A slope around -1 in this range is indicative of nanofibrillar structure.
In this case, as seen in Figure 3.1, the slope was measured in the g-range of 0.015 to
0.05. For hydrogels with and without 500uM of vincristine the slope was 0.922 and
0.948 respectively, both close to one, indicating preservation of nanofibrillar structure.

Most likely, the vincristine evenly incorporates itself around the outside of the
fibrils, perhaps buried within the hydrophobic lysine side chains?®. A third possibility
of vincristine freely moving throughout the entire network is discounted because of the
lack of change in intensity of the scattering. Furthermore, during the release studies
shown in Figure 2.5, the infinite sink setup would cause a concentration gradient that
would release most of the vincristine before the final time point. If vincristine was
unassociated with the fibrillar network and freely soluble in the buffer background, the
intensity of the hydrogel-drug sample curve would be less than the pure hydrogel at
low and mid q due to the presence of the hydrogenated drug compounds floating freely
in solution and lowering the contrast between the peptide fibrils and the deuterated

solvent.

3.3.2 Vincristine Encapsulated MAX8 Over Time

As seen in Figure 3.1, the network structure of MAXS8 with and without vin-
cristine does not greatly change. The greatest difference is the noticeable increase in
background is due to the increased hydrogen presence of vincristine. Rheometry and
the similarity in scattering profile suggest the vincristine is not interfering with or
located around branch points and entanglements. The slight difference in slope may
imply that the vincristine is embedded uniformly along the fibrils. The presence of
large domains, although dilute, may create enough contrast to influence the shape, not

just the slope of the scattering curves. As vincristine is released from the hydrogel, if
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the vincristine is incorporated with the fibers, the contrasting SLD of vincristine could
show a change in the scattering curves.

The next experiment examines vincristine encapsulated MAXS8 hydrogels re-
maining in the same environment for 10 days. There is no release of the vincristine
into a sink or diffusion gradient. If in fact, the vincristine were in large domains, it
would be protecting the hydrophobic drug by reducing overall surface area exposure
to the aqueous environment. Over the course of 10 days, if there were large domains
of vincristine, the domains would break and diffusion within the hydrogel, resulting in
a change in the shape or intensity of the scattering curve. Similar to the samples of
Figure 3.1, these long term hydrogels were immediately deposited into the titanium
sample cells after self-assembly. As in Figure 3.1, the Day 0 samples were measured
on the same day as assembly into the sample cells. Afterwards, the sample cells were
placed aside and undisturbed for 10 days, where both samples were run again.

The 10 day time course can be seen in Figure 3.2, showing the scattering for the
MAXS8 hydrogels with and without vincristine at days 0 and 10. Unlike in Figure 3.1,
there is a major difference in slope between hydrogels with and without vincristine.
This is most likely an error from how the hydrogel was made, as a later set up with
the same concentration of vincristine encapsulated (Figure 3.3) shows the curves with
very similar slopes at the mid-q range. While the slopes are different, the overall shape
of the curve still suggests a uniform fibrillar network.

The most important difference of the time course samples is the increase in
background. The hydrogels were not disturbed over 10 days in a sealed sample cell.
Most likely, the increase in background comes from an increase of hydrogen in the
envrionment. The hydrogen exchanges with the deuterium, changing the overall scat-
tering cross section, increasing the scattering intensity. The exchange occurs, despite
the sealed environment, and happens for both samples. The average background (high
q) I(q) at Day 0 and Day 10 for both hydrogels and the intensity increase can be
seen in Table 3.1. The increase in background for both samples were similar. While

vincristine has the higher overall background for both time points due to the increased
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Figure 3.2: Comparison of 0.5wt% MAX8 hydrogels with and without 500umol/L
of vincristine at assembly and 10 days after sitting in the same sample cell, without
release or change in environment.

hydrogen content of vincristine, MAX8 has a greater increase in hydrogen content

over time.

Table 3.1: Average of background intensities for each 0.5wt% MAXS8 hydrogel
with and without vincristine at Day 0 and Day 10 and the resultant increase in
background intensity from Day 0 to Day 10.

0.5wt% MAXS8 Hydrogel H Day 0 I(q) ‘ Day 10 I(q) ‘ Difference
Oumol/L Vincristine 0754 .0953 .0199
500umol/L Vincristine .106 123 0172

While between MAXS8 hydrogels with and without vincristine, there is a differ-
ence in the scattering curve at a lower q range. For each individual hydrogel, there
were no changes in low and mid-q regions between Day 0 and Day 10. This further
supports vincristine is not in large domains, unattached to the fibrils. If vincristine
were in clumps or domains, it would diffuse and decrease in size, changing the

shape of the scattering curve.
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3.3.3 Release of Vincristine from MAXS

The last SANS measurement conducted was a time course of vincristine release
from the MAXS8 hydrogel The hydrogel structure is examined at days 7 and 10 of
release. As in Chapter 2, the vincristine encapsulated hydrogels are formed and placed
in a transwell insert and moved to a fresh well at the same time points referenced in
section 2.2.8. In order to have enough sample for SANS, four hydrogel setups were
needed for each time point. When loading the sample cell, each hydrogel was collected
from the insert and placed into the sample cell. After realizing the amount of hydrogen
that is exchanged even in a sealed environment from the previous experiment, each 24
well plate was sealed with parafilm and packed into an airtight bag. The day 0 time
point for the drug encapsulated hydrogel is not assembled and immediately added to a
sample cell. To best mimic the release studies performed in Chapter 2, the day 0 time
point also has four gels made and deposited into transwells. These four gels are washed
to remove any unencapsulated drug, as described in chapter2, and then collected from
each and placed into the sample cell.

Figure 3.3a shows the the scattering curves for the 10 days of vincristine release
from the MAXS8 hydrogel. Despite best efforts to prevent hydrogen exchange, the
increase in background (high-¢q, ¢ > 0.3-¢) intensities are still noticeable for days 7
and 10. As background intensities increased, the overall intensity in lower q regions
decreased over days of release. The decrease of intensity could be the result of an
overall contrast change or a loss of material. While the scattering curve shapes for day
7 and day 10 are still indicative of fibrils present, the slopes of day 7 and day 10 at
low-g are different than when vincristine is first encapsulated suggesting there may be
a change in the greater overall network. This effect of release over time could be from
vincristine’s attachment to the MAXS8 during encapsulation, supporting the hypothesis

of vincristine uniformly associated along the hydrogel’s fibrils.
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Figure 3.3: SANS of a 10 day release of 500umol/L vincristine from 0.5wt% MAXS.

3.3.4 MAXS and Cisplatin

Another approach to understanding how the payload interacts with the fibrillar
network and where it is located, was to replace vincristine with a different drug, cis-
platin. Cisplatin, another hydrophobic chemotherapeutic, was encapsulated in 0.5wt%
MAXS8 hydrogels. Three concentrations of cisplatin were encapsulated in 0.5wt%MAX8
as seen in Figure 3.4. The curves of the three concentrations of cisplatin encapsulated
in MAXS hydrogel have a similar shape as MAXS8 hydrogel alone. Unlike the vincristine
scattering, there is no increase in background intensity because cisplatin has 6 total
hydrogens compared to vincristine’s 56 hydrogens. The 500umol/L cisplatin encapsu-
lated hydrogel has the exact same slope as MAXS alone, while the lowest encapsulated
concentrations share similarities. This difference could be from how the hydrogels
were assembled, and show that the fibrillar network of MAXS is not disrupted by the
presence of cisplatin.

Similar to the time course of Figure 3.2, 500umol/L cisplatin encapsulated

MAXS8 hydrogel was set aside for 10 days to allow for diffusion of cisplatin within
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Figure 3.4: Three concentrations of cisplatin are encapsulated in MAXS, showing
similar scattering patterns through most of mid—¢ and high-q. There is some difference
in the low-g, indicating the presence of cisplatin may cause possible changes to the
network.

the sample cell. SANS for 0.5wt% MAXS8 hydrogel with and without 500umol/L cis-
platin was measured, set aside for 10 days and then measured again, as seen in Figure
3.5. The scattering curves show no change in slope or shape. Additionally, the same
background intensity increase implies the same amount of hydrogen exchange for both
samples, despite sealed sample cells. Figure 3.5 supports the possibility that cisplatin is
distributed along the fibrillar network of MAXS. Cisplatin is much smaller in size than
vincristine, and would explain why vincristine encapsulated hydrogels show a slight
difference in slope where cisplatin hydrogels do not.

A 10 day cisplatin release experiment was arranged for one time point at day
10 the same way as the vincristine release SANS experiment seen in Figure 3.3. There
is no change in mid-q slope and a slight change in low-q slope between the two time
points. This further confirms the overall fibrillar network of MAXS8 remains intact

throughout release of the drug from the hydrogel. Cisplatin’s smaller size could create
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Figure 3.5: Comparison of 0.5wt% MAXS hydrogels with and without 500umol/L of
cisplatin at assembly and 10 days after sitting in the same sample cell, without release
or change in environment.

domains that would be harder to detect with SANS measurements, especially since
cisplatin has less contrast than vincristine. Additionally, cisplatin has overall lesser
hydrophobicity, this would allow cisplatin to diffuse through the aqueous environment
of the MAXS8 hydrogel more freely and uniformly than vincristine. These differences
could explain the differences between the scattering of the two payloads during the
time course.

The SANS data from the three different experimental setups examine the re-
lationship of vincristine within the polymer fibrillar network. The results suggest the
encapsulated vincristine cannot be in large domains or clumps, and is likely, distributed

throughout the hydrogel network.
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Figure 3.6: SANS of a 10 day release of 500umol /L cisplatin from 0.5wt% MAXS.

3.4 Small-Angle Neutron Scattering on Supramolecular Assemblies
3.4.1 Poly(ethylene gylcol) and Palladium Gels

Poly(ethylene gylcol) (PEG) and palladium gels were synthesized and preared by
the Johnson group at MIT. The gels are formed through multi-metal /ligand supramolec-
ular assembly of metal cages held by a polymer network. The palladium atoms are
held in place by bis-pyridine ligands attached to PEG chains. Two different ligands
with different binding points were used, creating two different types of clusters a pad-
dlewheel and a cage core. Nuclear magnetic resonance (NMR) and simulations of the
two different gels were performed by the Johnson group. These characterizations did
not quantify the cluster sizes of each gel. Using SANS, the remainder of this chapter
determines the average radius of each cluster for both paddlewheel and cage gels. The

proposed models of the two types of gels can be seen in Figure 3.7.

3.4.2 Core-Chain Model
When first fitting the data, sphere-based fits were used due to the nature of

the palladium constructs. While using the sphere-based fits, there was a noticeable
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Figure 3.7: Models of the a.) paddlewheel gel and the b.) cage gel, where the red
core and blue polymers are modeled by the core-chain model and the gray polymers
are modeled by the power law for overall fit.

mismatch of the fit to the data. The fit overestimated the intensity for any q less
than 0.035. Because it is in the nanometer range, the overestimation indicates the fit’s
interpretation of what was going on at the surface of the palladium construct, where
the ligands connect. A different model was needed to best fit the data. Recently, Hore
et al. created the Core Chain model to interpret the SANS data of polymer grafted

iron oxide particles?".

The model’s interpretation of the interface difference between
polymer and center reflected the Johnson group samples much more accurately than
previously used sphere models provided by the NIST macros.

Scattering data for both samples were fit using a sum of two models, the power

law model and the core chain model. The power law model is primarily used to show

the presence of a larger entangled network, and describes the scattering intensity as

I(q) = Aq™" (3.3)

The core-chain model used here is a slightly modified version of the reported model?”
The original Hore core-shell-chain model described an inorganic iron oxide core
with a shell layer of dense polymer brush, surrounded by grafted polymer chains with

excluded volume. Here, the shell layer element is omitted but the model remains intact
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otherwise. In addition, the core in the present system is not inorganic entirely, but a
mixed composition of Pd and poly(ethylene glycol).

The modified model examines the polymer surrounding the core, the interactions
between polymers as well as between polymer and core. Most importantly, the model
does not assume that the polymer chains are Gaussian, and allows the excluded volume
of the chains to vary. For this reason, Debye functions are omitted in favor of a more
detailed description of polymer chain scattering. The scattering intensity is calculated
from the sum of the spherical core form factor, core-chain form factor correlations,
chain-chain correlations, and the form factor of a polymer chain with excluded volume.

The form factor amplitude of the spherical core is given by Fa(q),

3]1 (qrcore)

qTCO’V‘e

FA(Q) = (pcore - psolvent)‘/core (34)

where 7; is a spherical Bessel function of order 1, r..,. is the radius of the paddlewheel
or cage, Vi, is the volume of the paddlewheel or cage, core is the scattering length
density (SLD) of the paddlewheel or cage, and solvent is the SLD of the solvent.
Scattering from polymer chains is described by the form factor amplitude and
form factor of the polymer chains, F(q) andPg(q), respectively. Note that because
polymer chains are fractal in nature, the form factor is a separate function from the

form factor amplitude. The functions are given by,

Fy(q) = Wv(%U) (3.5)
Py(q) = VU%%%U) - ﬁveU) (3.6)

where the lower incomplete gamma function reads

Y(d,U) = /O : dt(e7't41) (3.7)
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The parameter U = ¢*a>N?” /6 contains the scattering variable ¢, the statistical seg-
ment length of the polymer chain (a), the degree of polymerization of the chain (N),
and the excluded volume parameter v.

The total macroscopic scattering cross section for N, /V density of nanoparticles
with NV, grafted polymer chains per particle, including the power law term, is then

expressed as

dX N.
déq) - Aqin + Vp [FA(q)2 + NQVB (pChain - psolvent)FA(Q)FB(q>+
N9<N9 - 1)V§(pchm’n - psolvent)QFB(Q)EA(Q)QFB(Q)+ (38)

Ngvé(pt:hain - psolvent)QPB(qn S’L(Q) + B

where E4 = jo(qreore) is a spherical Bessel function, and B is the constant incoherent
background. The radius of gyration for the chains surrounding the paddlewheel or cage
is calculated from the parameters of Eq. 3.8 as

N2u CL2

By = v+ 1)(2v + 2) (3:9)

This model is then summed with the power law seen in Equation 3.3. The core-
chain model examines the core and the immediately surrounding polymer chains, in
high and mid-q ranges. The power law examines length scales greater than 50nm in
lower-q, examining the higher-order network of the polymer chains. The combination
of the two models gives a complete picture of what is happening throughout the entire
network and what is happening locally with each palladium core. Figure 3.7 shows
what is considered the core for the paddlewheel sample and the cage sample, where
blue polymers are those seen by the core-chain model. The gray polymers are part of
the larger network and modeled by the power law. The fit for the paddlewheel gel is
seen in Figure 3.8a, and the fit for the cage gel is seen in Figure 3.8b.

The SLDs for the core of each sample were calculated using an average of the

PEG and palladiums SLD on the basis of the composition of the two components.
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Figure 3.8: SANS scattering of the a.)paddlewheel gel with a calculated radius of
5.5nm with 4 chains surrounding the core and b.) cage gel with a calculated radius of
1.7 nm with 20 chains surrounding the core.

Using the NCNR SLD calculator, the bis-pyridine SLD was 1.98 x 106 / A2, the Pd
SLD was 4.02 x 107 / A2 and DMSO-d6 had an SLD of 5.28 x 10~ / A%, The
composition of the components, calculated on the basis of the density and mass for
paddlewheel and cage gels, was 70% polymer and 30% Pd yielding an initial SLD of
2.59 x 1070 / A2. The initial SLD does not take into account the possible presence of
PEG or DMSO within the core, and so is only an initial approximation. The calculated
radii, resulting from the core-chain model fits, for the paddlewheel and cage structures
were 0.55 + 0.054 nm and 1.7 £+ 0.25nm, respectively. The calculated number of
ligands, also from the core-chain model fits, for the paddlewheel and cage structures,
N,, were approximately 4 and 20, respectively. The excluded volume parameter (v),
calculated from the core-chain model fit, for the paddlewheel gel and cage gel, were
0.574 and 0.595, respectively. A value of that is close to 0.6 is indicative of a swollen
polymer chain (i.e., R, ~ N%%).The radius of gyration (R,), calculated using Eq. 3.9,
with parameters obtained from the core-chain model fits, for paddlewheel and cage gel

were, 0.493 nm and 0.456nm, respectively.
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Chapter 4

SUMMARY AND FUTURE WORK

4.1 Summary

Peptide hydrogels are gaining attention for biomedical applications. The dif-
ferent assemblies structures of peptides and the resultant properties have many ad-
vantages. Chapter 1 explores the chemistry and characteristics of peptide hydrogels.
In particular, peptide hydrogels are useful for drug delivery applications. The ability
to self-assemble at physiological conditions, cytocompatibility, and physical character-
istics of shear-thinning are all advantages for the hydrogel. In this thesis, the focus
has been on on peptide hydrogel in particular, MAXS8 from the MAX family of pep-
tides. MAXS self-assembles at physiological conditions into S-hairpin based fibrillar
network that is physically cross-linked. Previous work encapsulated and characterized
many different payloads including cells, drugs, probes. Using this previous experience,
Chapter 2 focuses on encapsulating vincristine, a very hydrophobic chemotherapeu-
tic in 0.5wt% MAS hydrogels, as a future drug delivery. Vincristine is an often used
chemotherapeutic that require very low concentrations (nmol/L) to be effective at
killing cells. Vincristine attacks any cell, cancerous or not, causing many of the side
effects (e.g. hair lossor stomach irritation)associated with chemotherapy. To measure
Vincristine’s ICsq, DAOY cells, a model for medullablastoma—pediatric brain cancer,
were used. For direct application of vincristine and vincristine encapsulated in MAXS,
the IC5p was found to be in the nmol/L range.

Vincristine’s presence does not alter the MAX8 shear-thinning or assembly prop-
erties, characteristics important for MAXS8 as a drug delivery vehicle. As a drug de-

livery vehicle, MAXS8 loaded with vincristine would be deposited and remain in the
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targeted area. After deposition, the MAXS8 would release vincristine continuously to
the surrounding area.

Measurements of released vincristine from MAXS8 were first performed with UV-
Vis spectroscopy. The released concentrations were too low after a day for the detector
resolution. Instead of UV-Vis spectroscopy, release studies were measured using a
liquid scintillation counter and tritium (*H) labeled vincristine. Over the course of a
month of encapsulation, the drug encapsulated hydrogels showed continuous release.
Vincristine’s hydrophobic nature and subsequent deactivation were a concern, since
the encapsulation over the month was in an aqueous environment. An efficacy test to
measure if released vincristine still killed DAQOY cells, shows that even after the month
long encapsulation, vincristine was still active. Additionally, of the two concentrations
encapsulated, the higher concentration killed a greater number of cells continuously
through all time points. This trend confirms the cell death measured is a result of the
vincristine itself. Through all cell death experiments, MAXS8 without vincristine was
also placed in the presence of cells and shown that the peptide hydrogel by itself odes
not kill or affect cells.

To better characterize vincristine, an attempt to calculate the diffusion coeffi-
cient by FRAP proved unsuccessful. Vincristine has an excitation peak not visible on
the confocal microscope. FRAP is a useful technique used to calculate the diffusion
coefficient of curcumin, a hydrophobic derivative of turmeric with medicinal proper-
ties. The FRAP measurements show the more dilute concentrations of encapsulated
curcumin had less predictable trends. The lack of trend most likely is a result of cur-
cumin not being a dye and not meant to stay stable under long periods of exposure or
bleaching.

The results of chapter 2 support MAXS8 hydrogels as potential vincristine car-
rying drug delivery vehicles. Vincristine is hydrophobic, with a half life at most of
32 hours as a bulk material in clinical studies. With the MAXS encapsulation, this
half life can be extended, prolonging the usefulness and exposure of vincristine to can-

cerous tissue. The targeted deposition of the drug-hydrogel construct would provide
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local, continuous release of the vincristine. The local delivery would reduce exposure
of healthy tissue to vincristine, minimizing harmful and uncomfortable side effects.

Chapter 2 characterized vincristine and its release from MAXS8 while chapter
3 used SANS to exam the relationship of vincristine with the MAXS8 network itself.
Based on rheometry data from chapter 2, the vincristine does not disturb the gelation,
shear-thinning or re-healing properties, indicating the branch points and entanglements
of the fibrillar network are not disturbed. If vincristine is not at the branch points or
entanglements, vincristine with in MAXS8 could exist as A.) evenly distributed areas at-
tached or associated along the fibrils, B.) large domains or clumps that minimize surface
area exposure of vincristine, or C.) uniformly distributed smaller domains unattached
to the fibrils.

Using SANS, a powerful structure characterization technique, to investigate
the vincristine encapsulated hydrogel network, three experiments across several time
points were performed. The first compares MAX8 with or without vincristine The
overall slope and shape of the scattering curve were very similar with a slight change
in slope. This change is seen at mid-¢q, implying there might be a difference between
fibril characteristics.

The next experiment examines diffusion of vincristine within the hydrogel. After
assembly, the MAXS8 hydrogels with and without vincristine are left for ten days within
a sealed sample cell environment. Between time points, each hydrogel’s scattering
curves showed almost no change, except in the background (high-¢, ¢ > 0.3) intensities.
The increase for MAXS8 with and without vincristine are very similar, and an indication
of hydrogen exchange, despite the sealed samples. The lack of change in scattering
curve for each sample, indicates there are not structural changes for either the MAXS
or the vincristine. If the vincristine were in large clumps, there would be inner-gel
diffusion or change in aggregation size over the course of 10 days, resulting in a change
in the shape or intensity of the scattering curve.

Finally, the structures of the hydrogel as the vincristine is released for 10 days is

examined. Most noticeably, there is a decrease in intensity as the hydrogel releases over
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time. A decrease in intensity can be from a hang in contrast or a decreased amount of
material to scatter. In this case, it is possible the intensity decrease could be vincristine
leaving the hydrogel environment and altering the contrast of the fibrillar network

While the work with vincristine was telling, another drug was also encapsulated
to better understand the relationship of an encapsulated payload and the MAXS8 hydro-
gel. The second drug used was cisplatin, another, slightly less hydrophobic chemother-
apeutic that is much smaller than vincristine with fewer hydrogens throughout. As
with vincristine, three experimental setups, two of which involve a time course, were
used to characterize the hydrogel structure with cisplatin encapsulated.

First, three concentrations of cisplatin were encapsulated in 0.5wt% MAXS hy-
drogels. Despite the orders of magnitude in difference of concentration, the scattering
curves did not show a comprehendible trend. The lowest and highest concentrations of
cisplatin shared the same scattering curve shape while the middle concentration shared
the same scattering curve as MAXS8 without anything encapsulated. Most noticeable
here, because of the decrease in hydrogen as compared to vincristine, the high-g back-
ground intensities between MAXS hydrogels with and without cisplatin does not create
a huge difference.

The next scattering experiment looked at MAXS8 hydrogels with and without
500pumol /L cisplatin at two different time points for the same environment. Once
assembled and measured in the neutron beam, the hydrogels remained in the sample cell
for ten days and were measured again. The only changes seen were like the vincristine
experiment, an increase in background indicating an increase in hydrogen content.
There are no changes in the shapes or slopes of the scattering curves.

Finally, the scattering to examine the structure of the hydrogel after cisplatin
is released over 10 days. There is a slight decrease in intensity, most likely from a
slight loss in material when combining the four gels in transwells into one sample.
This same decrease in seen after 10 days of release. The two curves show no major
difference in scattering curve shape, or decrease in intensity, unlike the vincristine

experiment. These major differences could stem from the difference in drug itself.
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The lowered contrast of cisplatin may not have as big of an effect on overall hydrogel
intensity scattering and therefore less noticeable when the drug is released and removed
from the system. The lesser hydrophobicity may mean the cisplatin is not as tightly
associated with the fibrils, creating less of an effect after release into each well.

The last part of Chapter 3 uses SANS to better characterize a PEG-Palladium
gel system. The multi-metal/ligand assembly is synthesized by the Johnson group at
MIT. While NMR and simulations were used to characterize the gels, other methods of
quantifying size of each gel were more difficult. Using SANS and the excluded volume
core-chain model, radii sizes for the metallic core of each chain and the number of

attached polymer chains were quantified.

4.2 Future Work
4.2.1 Vincristine and Release

Having effectively shown encapsulated vincristine can be released at continu-
ous effective amounts from MAXS8 hydrogels creates many other potential application
possibilities. These possibilities include changing the drug encapsulated or creating
combinations of drugs to be encapsulated, more realistically like current cancer treat-
ments. Changing the hydrogel itself or having different concentrations of drug encap-
sulated could result in better control in the rate of encapsulated drug release over time.
Showing the effectiveness of the vincristine release from MAXS in wvitro, there are also

obvious next steps towards in vivo work.

4.2.1.1 Addition of Payloads or Concentrations

The most obvious potential for future work with vincristine encapsulated hydro-
gels, would be to change the drug or payload encapsulated. The models for measuring
cell death and release are already configured and understood, reducing the difficulty in
characterizing new drugs of varying hydrophobicity or size encapsulated in the MAX8
hydrogels. The change in hydrophobicity or size would also change the released con-

centrations and time of release, leading to new applications with MAXS as a delivery
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vehicle, not just aimed at cancer treatment. A different payload could also be easier to
characterize within the MAXS hydrogel, showing excitation peaks that are detectable
with the confocal microscope. With a detectable peak, FRAP and other fluorescence
methods could obtain diffusion coefficients for the payload, further quantifying the
relationship of payload and MAXS.

Thinking larger scale, MAXS8 could deliver multiple payloads and not be limited
to one drug. In reality, chemotherapy is often a combination of drugs to be most
effective. While encapsulating two payloads into one hydrogel may not seem the most
practical, since the release of both payloads cannot be guaranteed to be uniform, two
different drugs in two different hydrogels can be feasibly combined.

MAXS hydrogels carrying different encapsulated payloads can be loaded into
the same syringe and then deposited. Because of the solid behavior of the hydrogels,
the physical barrier between different hydrogels would be maintained. This can be seen
in Figure 4.2. First, two separate 0.5wt% MAXS hydrogels were assembled, one with
phenol red in DMEM as the assembly triggering buffer and the other with NaCl solution
as the assembly triggering buffer. The phenol red containing hydrogel is assembled
and deposited first in the vial. After gelation, the second hydrogel is deposited on top.
Figure 4.2b.) shows a 0.75wt% MAXS hydrogel, encapsulating trypan blue deposited
into different columns within the bilayer hydrogel via 26-gauge needle and syringe. As
the blue hydrogel was deposited, the more quickly the needle was pulled upwards, the
thinner the column. The bilayers and columns did not run or mix after deposition,
maintaining a clear interface.

The clear interface and ability to combine MAXS hydrogel with several payloads
would provide a way of administering or depositing several drugs at once. Faster
releasing or a higher concentration payload could be created and deposited farther
away from the surface like the trypan blue hydrogel. The slower releasing or lower
concentration payload could surround the first drug. For different payloads, this could
create more uniform release across the entire hydrogel. By encapsulating payloads

of varying concentration, release could be sustained for a longer time, as the lower
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Figure 4.1: a.) An upside down vial of two layers of 0.5wt% MAXS8 hydrogels, one
assembled with phenol red present and one assembled without phenol red layered on
top. b.) Trypan blue in 0.5wt% MAXS hydrogels are inserted into the bilayer gel and
show clear interfaces within the hydrogel.

concentration releases initially, the higher concentration of drug would diffuse into the

lower concentration hydrogel, then release.

4.2.1.2 In vivo Work

Having shown success in killing cells in vitro, in vivo work could come next.
Medullablastoma was the potential cancer focused on throughout chapter 2. It is a
pediatric brain cancer. The next in vivo experiment would focus on injecting MAXS
hydrogel into the brain, specifically mice brains. Because of the delicate nature of the
brain and the smaller volume of a mouse brain, very low volumes would have to be
injected to ensure the presence and pressure of MAX8 do not cause undue side effects.

A major question in vivo work could address would be whether or not MAXS
peptide hydrogel stays put and remains in the deposition location within the brain.
One way of visualizing this would be to attach a near-infrared (NIR) dye to MAXS.
An NIR dye is necessary because the living body of the mouse fluoresces more in the
infrared (IR) spectrum and the dye would be detectable if the mouse were imaged while

still alive. Once the hydrogel is deposited, the MAX8 within the brain can easily be
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monitored for a long period of time.

Another in vivo experiment could use brain tumor expressing mice to see if
vincristine encapsulated MAXS8 could shrink or affect the tumor. Two experiment con-
ditions for the tumor expressing mice would show if MAXS8 would really be an ideal
drug delivery candidate. The first condition, deposits the vincristine loaded MAXS hy-
drogel near/around the tumor. Monitoring the tumor size could show the effectiveness
of the released vincristine from the MAXS8 hydrogel. The second experiment would
first remove the tumor. After the tumor is resected, the hydrogel would be deposited
in the cavity. The tumor site would be monitored for tumor reappearance and local

tissue reactions or sensitivities.

4.2.2 SANS
4.2.2.1 Vincristine and Other Drugs

At first glance, the SANS data of chapter 3 could not conclusively state that
the vincristine was distributed along the fibrillar surfaces of MAXS8. The data shown
did not quantify the radii or length of the fibrils before or after release of vincristine
from the overall system. Previous work used a summed model of the cylinder model
and the power law model to determine the radii for MAX hydrogels.

Using the summed model, fitting for the vincristine and cisplatin encapsulated
hydrogels would show if the encapsulated drug changes the fibril size. A change in
fibrillar size would be calculated and confirm the current idea that the vincristine
resides along the surface of the fibrils, evenly. These calculations would also quantify
the hydrogel network over time of encapsulation, an area that has not received attention
before.

While previous Pochan group members have fit MAX peptide hydrogel scatter-
ing data before, the MAX peptide does not have the presence of other payloads. In
these experiments, the presence and constantly changing surrounding concentration of
vincristine have to be taken into account. The presence of vincristine clearly affects

intensity, meaning its SLD will have an effect on fit calculations.

116



‘s
¢ Cage Gels
3] age

Y
‘».‘,.% ® PEG 2k - Ligand

.wm.. ® MeO PEG 2k - Ligand

g

o
f'.',v'

ot

)
.

//’:::.-.-.-. .-

45678 2 3 45678 2 3 45

P 0.1
q(A)

Figure 4.2: While the two ligand configurations are the same, the PEG 2k ligand is
biarmed and the MeO PEG 2k ligand is only one armed. While both form cage cores,
only the linked, bi-armed ligand creates a network.

Taking the time to fit each time point and variation of drug encapsulated MAXS
is important, since each scattering curve had slightly different features than MAXS8
hydrogel without drug. This work is an obvious next step, and could pave the road for

a better understanding of how payloads interact within the hydrogel and its effects.

4.2.2.2 PEG-Palladium Gels

The supramolecular gels created by the Johnson group used two-arm ligands.
The ligand at each end of a PEG molecule helped create a larger overall network with
the entanglements. Among the Johnson group samples examined with SANS, one
armed ligands that formed gels were also measured. These samples create a drastically
different low-g profile as seen in Figure 4.2. Here, the PEG chain and ligand config-
uration are exactly the same, creating a cage gel. The greatest difference is the lack
of a network throughout the hydrogel. Next steps would characterize these one armed
ligand supramolecular gels to create a more complete story for the PEG-Palladium

systems.
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4.2.3 Cell Encapsulation in MAXS8 Hydrogels

The focus of chapters two and three have been on the encapsulation of vincristine
in MAXS8. During the vincristine project, there was also experiment optimizations
and characterizations for encapsulating chondrocytes in MAXS for eventual, clinical,
delivery vehicle purposes. The goal of the project aimed to reduce the effects of shear on
chondrocytes during injection. After injection the cells would be able to take advantage
of the 3D hydrogel environment, growing and proliferating as needed to eventually
rebuild cartilage.

The ATDCS5 cell line used to develop the assays needed was an acceptable chon-
drocyte model. Cells were encapsulated in the same manner as other payloads, added
to DMEM then mixed with MAXS peptide solution dissolved in water. When first en-
capsulating the cells in 0.5wt% MAXS hydrogels, there was an issue with unexpected
cell death at the bottom of the hydrogels. After several different hydrogel formation
conditions as well as many different cell concentrations, the best conditions for cell en-
capsulated MAXS8 were found. First, the hydrogel is created with a 1 million cell/mL
density and deposited in a well. After gelation, ensuring the hydrogel has formed
properly, the hydrogels are removed from the first well and transferred into the final
desired well. To emulate more realistic conditions, the samples were all injected by
hand at speeds of 10mL/min, 50mL/min, and 200mL/min from 1mL syringe with an
18G needle.

Once injected and settled, each sample was is then covered in 2mL of DMEM,
which is changed every three days. On the desired day of the time course, samples
containing hydrogel for RNA extraction are aspirated, then covered and incubated in
liquid nitrogen for 10 minutes. After being flash frozen, the samples are treated with
a TRIzol reagent to isolate RNA. Using Qiagen kits and primers, the desired RNA se-
quences are replicated for polymerase chain reaction (PCR) and marker concentrations
are compared.

Cell filled hydrogels were also stained with Alcian blue, another assay used to
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Figure 4.3: Light micrographs showing Alcian blue staining on one week time course
0.5wt% MAXS hydrogels containing a.) no cells after the hydrogel has dried, b.)
ATDCS5 cells after the hydrogel has dried, c¢.) ATDC5 cells, while still hydrated. Scale

bar represents 5Smm.

detect extracellular matrix (ECM) related proteins in the cell-gel constructs. Tra-
ditional Alcian blue methods cannot be followed for the hydrogel, because of Alcian
blue’s charged dye and the 3D nature of the hydrogel, false positives from dye retention
is an issue. A protocol requiring many more wash steps and a negative control of plain
MAXS8 hydrogel are needed to properly assess the results of Alcian blue staining. Fig-
ure 4.3a shows the light, but still noticeable blue stain for the negative control hydrogel
with no cells. Figure 4.3b and 4.3c show the obvious darker blue stained areas where
the ATDC5 cells grew, a week after injection.

All of the major sticking points and issues that naturally occur from creating
new protocols have been ironed out. Having fine-tuned the many details required for
understanding and quantifying the benefits of chondrocytes encapsulated in MAXS
hydrogels, the next step would be just to run the experiment as a whole. Several time
points would be run to show if there are any major differences in cell markers between
injecting chondrocytes suspended in DMEM or injecting chondrocytes encapsulated
in MAXS hydrogels. Cell death and apoptosis markers would be of importance for
immediately after injection, while markers for ECM growth and development would be

important for weeks after injection.
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