Rheological Properties of
Protein Hydrogels

Shane Scott

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies

In partial fulfillment of the requirements
For the MSc degree in Physics

Department of Physics
Faculty of Science
University of Ottawa

(©) Shane Scott, Ottawa, Canada, 2012



Abstract

Certain hydrogel forming de novo proteins that utilize different crosslink-
ing methods are studied experimentally on a rheometer. The stress reaxa-
tion modulus of CRC, a telechelic, triblock protein, is shown to be that of
a stretched exponential function with a value of 5 = 0.5. The insertion of
an integrin binding domain and changes in pH within the range 6.5-8.5 are
shown not to significantly affect the resulting rheological behavior. A selec-
tive chemical crosslinker is used on CRC hydrogel systems and is shown to
change the rheological behavior of the system to that of a combination of a
chemically and physically crosslinked system. Chemically crosslinked hydro-
gels composed of W6, a wheat gluten-based protein, demonstrate a storage
modulus weakly dependent on the angular frequency that is much greater

than the loss modulus, with a modulus concentration dependence of ¢*/%.
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Chapter 1
Introduction

Biological materials, or biomaterials for short, are a wide class of materials
generally used in life sciences and medicine. This class of materials comprises
specific metals (specific kinds of steel, silver, and cobalt), ceramics (numer-
ous oxides, phosphates, and other compounds), polymers (teflon and other
organic chemicals), natural materials (lipid and protein-based materials), as
well as composites between them (I]). These materials also have the benefit
that they do not harm or otherwise destroy biological tissues with which they
may come in contact, generally making them more environmentally friendly
than other kinds of materials. They are frequently used to replace bones and
other soft tissue in medicine, in scientific research (e.g. agar plates for cell
growth), as well as for various other kinds of uses (for example, biologically
produced silk used in optical devices (2))).

Protein-based biomaterials are of increasing interest in biomaterials re-
search. Collagen, a protein found in mammals, has long been used for clinical
purposes due to its high tensile strength, hydrophilicity, and enhancement of
surrounding tissue regeneration (3]). Other, novel protein biomaterials have
also begun to attract attention, from elastic elastomeric based biomaterials,
such as elastin, gluten, and resilin, to telechelic protein materials (those who

interact with each other only at the ends of their strands) since they have



been shown to be of use as cellular scaffolds on which cells may grow (4-
IT)). Of particular interest for this work, the telechelic triblock protein CRC
has already been shown to function effectively as a cellular scaffold (111 [12)),
while the newly created elastomeric protein W6, composed of 6 repetitive W
units, has different properties that may also allow it to be of use in such a
manner. Proteins, their constituents, and the particular structures that they
form will be discussed in detail in chapter

Though largely the subject of those studying life sciences, these protein
materials also possess very interesting physical properties that may have an
effect on cells grown upon them when used as cellular scaffolds. Numer-
ous groups have already proven that by varying the physical properties of a
specific protein-based substance, the differentiation of stem cells grown on
scaffolds made of these materials may be controlled (I3HIS). These papers
demonstrate that it is likely that a stem cell will differentiate into specific
types of cells by sensing the mechanical properties of its environment. This
would explain why, for example, stem cells in muscle tissue will differentiate
into muscle cells while stem cells in bone marrow will differentiate into bone
cells. If CRC and W6 are to be used as cellular scaffolds as well, it is there-
fore of importance that the physical characteristics of materials composed of
these proteins be determined in order to effectively make use of them in a
laboratory setting.

The manner in which these proteins react, dissolve, or combine with other
materials to form composites may determine the properties of the cellular
scaffolds which they compose. One particular way to prepare these proteins
is to use them to form a gel. Gels are materials composed of a network
of interacting polymers. They may be formed within a solvent, an aque-
ous solvent, or no solvent at all. Hydrogels are gels whose networks are
dissolved in an aqueous solvent. The study of their physical properties is
particularly complex, and has long been of interest to materials scientists

(19-21). Proteins that naturally form a network, such as elastomeric pro-



teins and telechelic proteins, create hydrogels because the solvents in which
they are dissolved are aqueous. Thus, the physics of gels is of importance in
understanding the physical characteristics of protein hydrogels.

Of particular interest in materials science are the relations between the
stress of a material due to an applied strain. Two ideal cases exist: that of
the Newtonian fluid and that of the perfectly elastic solid. For a perfectly
elastic solid, the strain, 7, creates a stress, o, via the relation 0 = G-y, where

G is known as the stress relaxation modulus. The resultant stress, o, of

dy
dt’

where eta is the viscosity. Gels have unique physical properties in that they

a Newtonian fluid due to a strain, v, is expressed by the relation ¢ = n

act as both Newtonian fluids and perfectly elastic solids when placed under
strain. Substances that behave in such a manner are labelled viscoelastic
materials. Whereas a Newtonian fluid cannot be sculpted into a shape, vis-
coelastic liquids such as Maxwell fluids can temporarily be sculpted into a
specific form. Over time, however, the energy added to the system to cre-
ate this system becomes dissipated, resulting in a loss of the shape. Unlike
viscoelastic liquids, viscoelastic solids tend to store strain energy elastically.
Once the imposed strain is no longer imposed on the object, a viscoelastic
solid regains its former shape. Viscoelastic substances have complex physical
properties that can be difficult to model. Examples of these materials include
mayonnaise, honey, and lava, all of which are difficult to describe as either
completely solid or completely liquid.

Attempts to describe viscoelastic materials has resulted in the creation
of a theoretical field of study known as rheology (9, 22)). As gels can form
via proteins interacting either physically or chemically with each other, they
are said to be either physically crosslinked, chemically crosslinked, or both.
A chemically crosslinked gel has special properties when deformed: because
forcing a polymer to be a specific length decreases the number of possible
conformations, it will tend to resist such a deformation in order to maxi-

mize the number of possible conformations. On the other hand, physically



crosslinked gels resist deformation in the same way as chemically crosslinked
gels, with the added fact that their physical associations may break at any
time due to thermal fluctuations. A discussion of both kinds of gels is made
in chapter 3] To obtain rheological data from such complex materials, scien-
tific researchers choose a certain amount of strain to apply to a material, and
measure the amount of mechanical stress required to produce this strain. The
corresponding experimental field to rheology is called rheometry. The topics
of rheology and rheometry will be discussed more thoroughly in chapter [3]

In chapter [4), CRC proteins and protein networks will be described and
discussed in greater detail. In addition, the production, purification, and
preparation of CRC networks in their hydrogel form will be elaborated upon.
Concentration measurements for all protein samples, as well as tests to de-
termine their structure will also be discussed. Various rheological tests on
CRC hydrogels and their results will be presented and characterized with
regards to both gel and rheological theory.

CRC hydrogels typically tend to self-assemble: a process whereby merely
dissolving CRC molecules in an aqueous solvent causes them to enter into a
hydrogel network. This is not the sole means of creating a hydrogel network
from CRC molecules, as will be demonstrated in chapter 5 Here, a method
of chemically modifying CRC hydrogels with the compound 1-ethyl-3-(3-
dimethyl aminopropyl)carbodiimide hydrochloride will be discussed. The
resultant changes to the rheological properties of the CRC hydrogels are
demonstrated with rheometric data and linked to gel theory.

A description of W6 proteins, hydrogels, and methods of preparation for
the system will be talked about in chapter [6] The results of rheometric tests
performed on W6 gels are presented and discussed here, with references to
gel theory and rheological theory used to explain them.

The final chapter summarizes the conclusions from the previous three
chapters and discusses possible future work for CRC and W6 hydrogels. An

appendix provides a description of the preparation and composition of im-



portant solutions used in this work, as well as a brief discussion on reverse

osmosis and deionized water.



Chapter 2
Proteins

Proteins are one of the most basic biomolecular assemblies, comprising a
large fraction of the biological materials both inside and outside of cells.
Their functions range from signal transmission in the form of hormones, to
the enzymatic breaking down of chemicals, to forming the scaffolds on which
cells may grow (23). The protein’s functions themselves depend strongly on
their three dimensional, structural arrangement in space (23). This chapter

will focus on their structural assembly and the physics behind it.

2.1 Amino Acids

Polymers are molecules composed of various base units, or monomers, chem-
ically bonded together. Proteins are polymers that utilize various kinds of
amino acids as monomeric units (24). Each amino acid consists of a car-
boxyl group located on one side (called the C-terminus), an amino group
on the other (the N-terminus) and a carbon atom linking these two groups
(the alpha-carbon). In addition to linking the carboxyl and amino groups,
this alpha-carbon possesses a side chain (the residue, or R-group) that is
different for every kind of amino acid, as in Figure 2.1} Tt is this side chain

that distinguishes the individual amino acids and helps to form a protein’s
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Figure 2.1: Schematic diagram of an amino acid with the a-carbon labelled
as C,

structure. The various kinds of amino acids are presented in Figure with
the respective properties of their side chains and standardized abbreviations
denoted beside them. The amino acids with electrostatic side chains all ex-
ist as charged molecules at physiological pH (~7.0) with the sole exception
of histidine, which oscillates between charged and uncharged. These amino
acids tend to form ionic bonds with other electrostatically charged amino
acids or molecules (25). The amino acids in the polar side chain group are
partially charged at physiological pH, forming hydrogen bonds with aqueous
solvents or other partially charged molecules. Amino acids with hydrophobic
side chains tend to bond via hydrophobic interactions or van der Waals forces
with other non-polar molecules.

There exist certain amino acids that possess special properties thanks
to their side chains. These amino acids include cysteine, selenocysteine,
proline, and glycine. Cysteine has a sulfhydryl group that is fairly reactive,
frequently bonding covalently to other nearby cysteine groups via a disulfide
bridge (25]). Selenocsyteine has the same structure as cysteine, save that the
sulphur atom is replaced with selenium. This amino acid is only produced in
environments rich in selenium, rare in most kinds of cells due to the element’s
high reactivity (23). Glycine is the simplest structurally of the amino acids
because of its hydrogen atom as a side chain. This offers the amino acid the
most structural flexibility as it is not hindered by a bulky side chain, allowing

it to bend with greater ease(25)). Proline is the sole amino acid with a ring
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Figure 2.2: Schematic diagrams of all naturally occurring amino acids. The
name of the amino acid is given beneath each, as is their standard, one
letter abbreviation (given in brackets). All are organized according to the
electrostatic properties of their side chains.



Figure 2.3: The peptide bond between two amino acids. The red, dotted
bonds represent the temporary bonds formed between the atoms.

group along its backbone (25). The special properties of glycine and proline
are of particular importance in the structure of protein molecules, and will

be elaborated on later.

2.2 Peptide Bonds

Proteins are formed by covalently linking the C-terminus of one amino acid
with the N-terminal of another, known in biochemistry as peptide bonds.
Proteins are sometimes referred to as polypeptides, due to the multiple pep-
tide bonds that link the amino acids. This process removes the -OH group
from one amino acid and a H atom from the other, resulting in a bond be-
tween the amino acids and the creation of a HoO molecule. These bonds are
especially rigid, not allowing any rotation about the N-C bond. This occurs
because of sp?-hybridization of the electrons in the N-C bond and that of
electrons from the bond between the O and C atoms. The hybridization in
the N-C bond allows “delocalization” of the electrons, creating temporary
bonds that oscillate in their positions as in Figure (23). In this quantum
orbital hybridization, the electron clouds from the three atoms overlap, al-
lowing electrons to transfer between them. This causes the resulting bond to

be planar, allowing it to be very rigid.



Figure 2.4: Diagram of the most probable bond conformations for proline.
Diagram a) is the trans conformation, and b) is the cis conformation.

The conformation of the peptide bond in Figure demonstrates the
Cqs in the trans position to one another, or the position where both are
farthest from one another. This is the most energetically favoured state as
both the C, atoms are large, creating steric effects between the two if they
are found closer. The sole exception to this rule is proline, whose unique ring
structure formed between the C-terminus and C, atom replaces the hydrogen
atom normally bonded to the C-terminus with another carbon. This results
in higher energy states for proline in both the trans position, as mentioned
before, and the cis position, where the Cgpp, atoms are closest together, as
in Figure (23).

While rotations around the N-C bond are generally energetically un-
favoured, rotations about the C-C, bond (or rotations of 1) degrees) and
the C,-N bond (or rotations of ¢ degrees) are frequently encountered, as in
Figure[2.5] These rotations are, energetically, of the same order of magnitude
as the thermal energy at room temperature (23)). Rotations about these axes

are therefore quite common, and help make a protein more flexible.

10



N Ch
w ¢
(
N C
1 R A R
a) b)

Figure 2.5: a) Newman projection about an amino acid’s C,-C bond, showing
a rotation of ¥. b) Newman projection about an amino acid’s N-C, bond,
showing a rotation of ¢.

2.3 Primary and Secondary Structure

The linear sequence of amino acids in a given protein is its primary structure
(26), as shown in Figure This sequence is also referred to as the main
chain, and the order helps to determine the higher order structures of a
protein (23). For naturally occurring proteins, this is the sequence hard-
coded and expressed by a cell’s DNA (25)).

A protein’s secondary structure is the localized geometric arrangement of
amino acids that form within a region of the protein. The secondary structure
is strongly influenced by a protein’s primary structure, specifically because
of the nature of, and interactions between, the side chains of the individual
amino acids. The most common of these structures are the alpha-helix (-
helix) and [-sheet structures (27, 28).

11
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Figure 2.6: A number of amino acids bonded together into a protein. This
represents the primary structure of the protein.

2.3.1 Helices

A helix is a single stranded, spiral structure that can be either right-handed
or left-handed. The N-terminal of a helix is defined by the amino acid group
at the end of a helix whose amine is bonded to another amino acid that
does not participate in the helix. Likewise, the C terminal is defined by
the amino acid at the other end of the helix. Right-handed helices grow
in a counter-clockwise direction from the C-terminus to N-terminus, while
left-handed helices form in a clockwise direction from the C-terminus to N-
terminus (27,29). These helices are stabilized by hydrogen bonds between the
carboxyl group of one amino acid with the amino group of another amino acid
a further distance down the polypeptide chain (23], 27). The hydrogen bond
may not form between the carboxyl group and the closest amine group as they
are too close to one another, but may form with any amine group further
along the backbone. The most common bond occurs between a carboxyl
group and an amine group 4 amino acids away, often called the ag-helix,
where the R denotes the right-handedness. The geometry of these helices
results in an average of 3.6 residues per turn, creating a slight shift in the

position of every fourth residue (27). This occurs because many of the allowed
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Figure 2.7: A Ramachandran plot of ¢ versus 1 for amino acids from var-
ious proteins. The bond angles resulting in various secondary structures
are indicated in the figure. Reprinted from Protein Science, 12, Ho, et
al,“Revisiting the Ramachandran plot: Hard-sphere repulsion, electrostat-
ics, and H-bonding in the a-helix”, pp. 2508-2522 (2003) with permission
from Elsevier

rotations about C-C,, and C,-N, or ¢ and ¢ as mentioned in section [2.2] are
energetically unfavourable as the residues on the polypeptide chain are too
close to one another (23)). Thus, only specific values of ¥ and ¢ will result in
a stable helix.

The actual protein bond angles are typically shown in a graph of ¢ versus
1, known as a Ramachandran map. This map is a plot of measured bond
angles, ¢ and 1, for amino acids in various proteins. A typical Ramachandran
map is given in Figure 2.7 Figure shows a large number of bond angles
occurring in certain regions. It is these angles of ¢ and v that are required to
produce the various secondary structures. In Figure 2.7, the most common
secondary structures are associated with the necessary bond angles required

to create them.
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Figure 2.8: Examples of two possible conformations of two adjacent strands
(shown in red) in a -sheet. a) shows an anti-parallel conformation, while b)
shows a parallel conformation.

2.3.2 Pleated Sheets

Another major kind of secondary structure is the beta-sheet ([-sheet), or
pleated sheet. This structure consists of multiple parallel, zig-zag patterns of
amino acids that form a wavy sheet of protein (28). Stability is introduced by
hydrogen bonds that form perpendicular to the protein chains (25, 28). This
formation can be induced by alternating hydrophobic and hydrophilic amino
acids in a protein’s secondary structure, forcing the hydrophobic residues to
be along one side of the pleated sheet, and the hydrophilic along the other
(30). It should be noted that this is not the only means of creating a pleated
sheet, as will be discussed in section [2.3.3]

The adjacent strands that compose [-sheets may form either parallel,
or anti-parallel arrangements, as in Figure 2.8, Parallel arrangements occur
when the N- and C-terminals of the strands are aligned, while anti-parallel
conformations occur when the N-terminal of one strand is alongside the C-
terminal of an adjacent strand (23| 28). The unique, elongated structure of
the [-sheet allows it to resist tensile stresses applied to it (25)).

In two anti-parallel, adjacent strands found in some [§-sheets, the sequence
of amino acids linking the duo is a structure known as a S-turn (23). This
structure is a hairpin turn constructed from two amino acids whose peptide

bond is found at an angle of 90° to the main chains of the adjacent strands.
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Though this structure is most often found in [-sheets, it can be found in

other protein structures as well.

2.3.3 Residues and Secondary Structures

Another important factor in both a-helix and -sheet formation is the kind
of residues present in the chain. In fact, it is the side chains themselves that
determine the range of possible positions for the amino acid on a Ramachan-
dran plot. Glycine’s lack of a side chain (instead of a side chain it possesses
a hydrogen atom) allows it to have a very large range of the angles ¢ and 1)
(23). This means it has a higher probability of being found in the regions on
a Ramachandran plot that disallow both helix and pleated sheet formation.

Of the other unique amino acids, proline’s inclusion of a main-chain N
in a ring structure in conjunction with its side chain (refer to Figure
discourages hydrogen bonding with the N due to steric forces. This occurs
despite the residue placing its angles within the range necessary for a-helices
(23)). Though the former property makes it unsuitable for placement inside
a helix, it is commonly found at the N-terminus of helices due to the slightly
negative charge of the side chain. Interestingly enough, it is frequently the
presence of proline’s ring structure at the end of a helix that a transition from
a helical secondary structure to an entirely different kind occurs in nature
(23).

Of the other amino acids, those with hydrophobic side chains tend to be
found most often in [-sheets. These particular amino acids tend to have at
least one C atom in their side chains. As these C atoms are particularly
large, there are relatively few angles of ¢ and v that allow enough room
for the side chains. The main exception to this occurs in the region on
a Ramachandran plot corresponding to the required angles of ¢ and v for
pleated sheet formation (23). Of these hydrophobic side chains, only that
found on alanine is small enough to allow for a more even probability of

being found in either the pleated sheet, or helical secondary structure (23).
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In addition, the large size of the polar side chains of tyrosine and tryptophan
mean they have small dipoles and big hydrophobic components, leading them
to favour [-sheet formation like the other hydrophobic residues (23)). One
other polar amino acid, cysteine, can only make weak hydrogen bonds with
water due to the presence of a S group on its side chain. This makes it more
hydrophobic than polar, again causing it to favour the angles of ¢ and v that
encourage pleated sheet formation (23)).

pB-turns in pleated sheet structures are often dominated by polar and
charged residues (23). Their hydrophilic nature allows them to favour hy-
drogen bonding with the surrounding aqueous solution (a common solvent
for proteins). Thus, though they are not likely to be found in the [S-sheet
core structure, they are often needed to create the necessary conditions for
the strands to bend in such a way that they are adjacent to one another.

Polar and charged amino acids are usually found in a-helical structures.
The region of the helix that they are most likely to be found is strongly
dependent upon their charge. N-terminals in helices tend to be very positively
charged, and so amino acids with negatively charged side chains tend to
be found at this end (23). Conversely, the C-terminals are very negatively
charged, encouraging those amino acids with positively charged residues to be
found there. In nature, methionine and leucine are commonly found between
these two regions on a-helices (23)). This region screens the hydrophobic side
chains of methionine and lecuine from the solvent by placing the main chain

between them.

2.3.4 Free Energy Interactions

To further understand secondary structures and why they form, it is nec-
essary to talk about their Helmholtz free energy of formation and about

entropy in the system. The Helmholtz free energy of a system is defined as

F=FE—TSm (2.1)
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where I is the free energy of a system, F is the internal energy of a system,
T is the temperature, and Se,; is the entropy in a system (23], B1)). This
free energy only occurs for an isochoric system (one with constant volume).
Though other kinds of free energy exist (see section , for the purposes
of this exercise the Helmholtz free energy will simply be referred to as the
free energy. It is important to remember Boltzmann’s definition of entropy,
where

Sent = kln(w) (2.2)

where k is Boltzmann’s constant, and w is the number of ways of arranging
a system (31)). Equation is a powerful tool when combined with the
expression for the free energy in equation 2.1] as it allows us to state that
the more ways a system can be arranged, the less free energy it must have.

In order to predict the folding of a protein into its secondary structure,
it is important to consider that this structure must be the most probable
configuration of amino acids on the main chain. The probability, P,, of a
system being in a certain state, a, (or in our case, for a protein chain to

adopt a particular conformation) is given by

—F

P, x exp[k—Ta] (2.3)

(23). Equation can be used for any kind of free energy, F,, whether it is
Helmholtz free energy, Gibbs free energy, or others, which will be discussed
later. Thus, in order for a secondary structure, such as an a-helix, or (-
sheet to form, it must have a minimum of free energy compared to other
conformations, corresponding to a higher number of possible states.

To further investigate how the free energy affects secondary structure,
consider an unstructured protein chain with N identical amino acids, also
called a coil. Assume now that n of these N amino acids may form an a-
helix. As the amino acids in a helix form hydrogen bonds with other amino

acids 4 positions away, and the last three amino acids cannot form any more
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hydrogen bonds as there are no more monomers in the a-helix, there must
be n — 2 hydrogen bonds. If this structure were to suddenly form a helix, its

free energy of formation would be
AFoa = Fa - Fcoil (24)

where F,, is the free energy of the a-helix, and F,,; is the free energy of the
unstructured coil (23). If the free energy of formation of a hydrogen bond is

fm, then the free energy of formation becomes
AF, = (n—2)fg —nTS, (2.5)

where S, is the entropy loss in the system by an amino acid being fixed in
a position in the a-helix (23). Rearranging equation , and placing it in
equation [2.3] gives

_AFa o % n(fH - TSOc)
eXp | — | = €Xp | oo | eXPp |
—ex —finir ox —fer|" (2.6)
A e
= gys"
where fin;r = —2fpy is commonly called the free energy of helix initiation,

fer = fu—T5S, is known as the free energy of helix elongation per residue, o,
is the helix initiation parameter, and s is the helix elongation parameter (23).
Equation [2.6] is known as the Zimm-Bragg model, and is commonly used to
determine whether a chain of identical amino acids will form a helix from a
coil by studying the parameters o and s. The energy frnr is independent of
the size of the amino acid chain and is always positive since the free energy of
a hydrogen bond is large and negative for most amino acids (23)). This results
in the term o, being much less than 1, and in turn itself independent of the

size of the chain, n. The energy fgr is a useful tool to determine whether a
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section of n amino acids will form a coil. A negative fgp will result in a large
value for s, indicating that a helix will likely form, while a positive energy
results in a small s, and therefore higher probability of staying in the coil
state.

Experimental estimations of these factors have been made by many scien-
tists for the various amino acids (see the series of papers Heliz — coil stability
constants for the naturally occurring amino acids in water) (32, 33). It
is from these values that scientists may determine the suitability of specific
amino acids for use in alpha-helical designs. For example, values of s for ala-

nine have been calculated at ~2, while proline has a value of s ~0.2 (23, 34).

2.4 Self-assembly of tertiary and quaternary

structures

The interactions of the various secondary structures along a protein’s main
chain comprise what is called a protein’s tertiary structure (23], 25). These
third-order structures can be hydrophobic, hydrophilic, or both, depending
on the natures of the secondary structures comprising them. It is these
complex structures that describe a protein’s form and function, resulting
in what are known as fibrous proteins, water-soluble globular proteins, and
membrane proteins. Fibrous proteins are usually used by cells as structural
scaffolds, and include the proteins that form hair and silk (23]). Water-soluble
globular proteins form large structures that utilize a mix of helices and (-
sheets to form an irregularly shaped mass (23)). Membrane proteins are those
found embedded in the membranes of various parts of the cells. They are
used to transport specific molecules into and out of a cell’s various regions,
such as between the mitochondria and cellular cytoplasm, or between the
cytoplasm and its exterior environment (23)).

Fibrous proteins are of importance for this work, and will be elaborated

upon here. Typically, these proteins have high periodicity, formed via mul-
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tiple secondary structures of the same type separated by various random
sequences with some or no regular structure (23). One particular kind of
fibrous protein are the a-structural fibrous proteins, composed of multiple
helices separated by various, unordered sequences. These kinds of proteins
can form what are called coiled-coils, as proposed by Crick in 1953 (29).
Coiled-coils are interacting a-helices that have a slightly more regular struc-
ture; coiled-coil helices turn every 3.5 residues, whereas normal a-helices turn
every 3.6 residues (29). This periodicity is important when considering their
interactions with other proteins of the same time, forming what is called a
quaternary structure.

Quaternary structures are formed when different proteins interact with
each other via electrostatic, hydrophobic, or Van der Waals forces to form
more complex structures. They are frequently found in biological systems,
either helping to reinforce structures within a cell, or to perform specific
functions that would not be possible for just one of the proteins acting alone
(23, 25). Though the following discussion will focus on the quaternary struc-
tures of fibrous proteins, particularly coiled-coils, it is important to note that
quaternary structure is common in all kinds of proteins, including water-
soluble globular proteins and membrane proteins.

For coiled-coil fibrous proteins, there are two main methods of interac-
tion: either via a double-helix or triple-helix (see (23). A double-helix
involves two coiled-coils interacting with each other, while a triple-helix de-
scribes three coiled-coils associating. Other higher orders of associations
between coiled-coils are possible, but much more unlikely due to the increas-
ing distance between the interacting secondary structures (23). A further

discussion of how these coiled-coils interact is given in the next section.
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Figure 2.9: Two possible ways of coiled-coils to interact. Amino acids are rep-
resented by the black circles, black lines denote covalent bonds, and red lines
represent non-covalent associations between the coiled-coils. a) a double-
helix, b) a triple-helix.

2.5 Amphiphilic Coiled-Coil Helices

In order to continue, it is important to describe the idea of amphiphilicity.
A structure is said to be amphiphilic when it possesses both hydrophobic
and hydrophilic regions. Amphiphilicity allows proteins with hydrophobic
regions that otherwise would be insoluble in aqueous solvent to be soluble
due to the presence of hydrophilic regions on other parts of the protein.
Many coiled-coils are amphiphilic molecules, with some groups of residues
being hydrophilic, and others being hydrophobic.

The most common form of coiled-coil exists with seven repeating amino
acids, commonly referred to as a heptad repeat. The seven positions of this
are represented by the first seven letters of the alphabet, a, b, ¢, d, e, f, and
g, as in Figure [2.10. The structure is forced to form as described previously
in sections [2.3.1] and 2.3.3

One kind of coiled-coil a-helix is the leucine zipper. In one particular
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Figure 2.10: The repeating heptad pattern of a coiled-coil a-helix. From
Science, 281, Petka et al., “Reversible Hydrogels from Self-Assembling Arti-
ficial Proteins”, pp. 389-392 (1998). Reprinted with permission from AAAS.

example of this motif, two of the seven repeating positions (a and d) are
held by a leucine, an amino acid with a hydrophobic residue. These leucines
are present in all repeats of the heptad pattern on the leucine zipper. This
positioning of hydrophobic residues results in a hydrophobic strip along one
face of the coiled-coil a-helix.

The remaining heptad positions of this leucine zipper are held by hy-
drophilic amino acids with specific residues. The b, ¢, and f positions are
held by polar amino acids, while the d and ¢ positions are held by charged
amino acids (refer to Figure for the positions). When the leucine zipper
forms its a-helical structure, the resulting geometry creates electrostatically
charged areas flanking each side of the hydrophobic leucine strip and a hy-
drophilic surface on the remaining part of the structure. When many of these
proteins are dissolved in a polar solvent, the hydrophobic leucine strips tend
to aggregate to shield the hydrophobic portions from the polar surroundings.
These interactions form quaternary structures with a hydrophobic leucine
inner core and a hydrophilic outer surface, similar to the structure shown
in Figure b). When this occurs, the leucine zipper domains involved are
said to be a “bundle”.

The electrostatic residues that flank the leucine strips also interact in-
termolecularly by dissolved charged ions. This creates a weak, electrostatic

interaction between the surfaces of different molecules in a bundle. Depend-
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ing on the arrangement of the positively and/or negatively charged strips,
either an attractive or repulsive potential can be induced between the two
interacting areas. These electrostatic interactions between charged residues
on hydrophobically interacting leucine zippers are known as “salt bridges”.
Leucine zippers will only form these bundles if the Helmholtz free energy
associated with it is at a minimum in the bundled state (35} 36]). Recall that
the Helmholtz free energy, F', occurs for isochoric systems according to the
equation
Frree = E = TSem (2.7)

where E is the total internal energy of the system, T is the temperature
of the system, Se,; is the entropy of the system, and F' is the Helmholtz
free energy (23)). For leucine zippers forming a trimeric complex, there is no
change in volume, so the change in the Helmholtz free energy (AF') may be

calculated via the equation
AFpree = AFe + AFgp, — TAStr — TAScr (2.8)

(35). Here, AFy is the change in free energy resulting from hydrophobic
associations in the trimer, AFgy is the change in free energy from electro-
static interactions, ASrtgr is the change in entropy resulting from the loss
of translational and rotational freedom, and AS¢cp is the change in entropy
resulting from fixing the side chains. As previously stated, a minimum in the
Helmholtz free energy is favoured due to the probability distribution given
by equation [2.3] Fixing the coiled-coils into a trimeric bundle will always
result in decreases in both kinds of entropy from equation [2.8] meaning in
order for the trimeric bundles to form, the losses in free energies must be
greater than that of the entropies. One other important relation that may
be extracted from equation is the relation of the free energy to the ther-
mal energy of the system. If the thermal energy is greater than the energy of

association for the leucine zippers, the probability of coiled-coil associations
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drops, while thermal energy less than the energy for association enhances

coiled-coil interactions.

2.6 Elastomeric Proteins

Proteins that deform only under high strains are known as elastomeric pro-
teins. Elastomeric proteins are chemically cross-linked with each other to
form covalently-bonded, structured networks, distinguishing them from their
self-aggregating, physically cross-linked counterparts. These networks are
typically large, comprising many individual components. In addition, these
elastomeric protein networks are able to absorb large amounts of energy and
then release it, retaking their original form.

To see how this is accomplished, consider a polymer with average end-to-
end distances r. It is important to note that there exists a certain volume
around each monomer where any other monomers pay a high energy cost to
enter. This volume is called the excluded volume, and exists due to steric re-
pulsion forces. Assuming this polymer has N monomers and is in an athermal
solvent (one for which the solvent molecules are as attracted to the monomers
as the monomers are to each other), the excluded volume of each monomer is
given by v &~ b3. The distance b is called the Kuhn length, a measure of the
effective bond length of the N bonds that compose a polymer (22)). Next, we
apply what is known as the Flory theory where the total free energy of the
system is calculated as the sum of the internal free energy, Fj,; = kTv]j—;,
and entropic free energy, F.,; = kT ]\?—; (37). Here, k is the Boltzmann con-
stant and 7' is the temperature. The internal energy is obtained by excluding
monomers from a certain space (i.e. the excluded volume parameter), while
the entropic energy is the amount of energy required to keep the polymer

chain at a size r. The total free energy is then

(2.9)

vIN? r?
r3 Nb?

F:Ent+Fentsz[+
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Figure 2.11: A polymer chain being stretched by a force f on both sides.
The circles are blobs of diameter &.

(22). The average end-to-end distance, r, of the polymer chain is the length
that will minimize the free energy. Setting 0F/0r = 0 and solving for r, we

obtain
r v /PPN 2 pN/ (2.10)

where we have used the fact that in an athermal solvent, v ~ b3 (22).
Consider this same polymer being stretched by a force, f, being applied
to each end of the polymer in opposite directions. Polymers are known to be
fractal objects up to a certain length scale. This means the physics remains
the same when either a smaller or bigger fraction of the polymer of interest

is considered. Taking this into account, we may write
€ ~ bg®/® (2.11)

where £ is called the blob size, and g is the number of monomers in said blob
(22). Above the length scale of these blobs, the chain reacts to the force,
f, by stretching, which changes the size of the end-to-end distance of the
polymer, r. At the blob size, however, the polymer chain is only affected by
a nearly negligible force, allowing the blob to be modelled as a polymer with
the same size as one who is not under any force, as in Figure [2.11] The free
energy required for stretching requires about £7" amount of energy for each

tension blob. As there are % blobs,

N
F~kT—
9

5/2
~ kT ~ kT {Tf] (2.12)



where 7 is the new, extended length of the polymer, and r is the equilibrium
length of the polymer not under any force (22). Since r; > r, the amount
of energy required to keep the polymer in this state is very high. If the
force applied to the polymer were suddenly removed, the probability of the
polymer staying stretched to a length r is very low, as in equation . Since
there are a fewer number of conformational states in the stretched polymer
when compared to the unconstrained polymer, the entropy of this state is
low making it unfavourable. This results in the polymer “snapping” back to
a smaller average end-to-end distance, giving it a higher entropy and lower
free energy.

Elastomeric proteins are those proteins that display the tendencies above,
but possess more complicated secondary structures. Due to the covalent
bonds, a force applied to the network in one direction will be distributed
amongst all components within the network (22)). For example, if the net-
work is stretched to twice its original length in the Z-direction, each polymer
molecule in the network will be stretched to twice their original length along
the Z-direction. Thus, when a stress is applied, the number of conformational
arrangements available to each individual elastomer in the network decreases
drastically, while the free energy increases. When this stress is removed, the
individual elastomers within the network will tend towards smaller end-to-
end distances to increase the entropy, causing elastic recoil ().

Some notable elastomeric proteins include elastin, resilin and gluten.
Elastin is an elastomer found in all vertebrate species that allows for the
elastic properties present in most organs and tissues (4). This process is
necessary, for example, in the vessels and arteries leading to the heart where
there are great changes in blood pressure. The elastomeric proteins present
in these vessels allow them to stretch elastically at high pressure, then snap
back into place as the blood pressure lowers (4). Elastin is also found in
the lungs of all animals, allowing their expansion on air intake and subse-

quent contraction on exhalation with no need for extra muscular input on
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the latter.

Resilin is typically only found in arthropods (notably insects), and is
known as one of the most efficient elastomeric proteins found in the natural
world (5, B8). These properties allow it to be used in the wings of certain
insects such as grasshoppers, dragonflies and damselflies (39, 40). The pres-
ence of resilin in the joints of the damselfly wings and the leg muscles of
fleas and froghopper insects allow the storage of energy once the muscle is
compressed (41], 42). The release of this energy provides extra power to the
insects, whether it is for flight or leaping.

Gluten is an elastomeric protein typically found in cereal species, such as
barley, wheat, and rye (6). This protein is thought to be used to provide a
source of necessary elemental building blocks (such as carbon, nitrogen, and
sulfur) to aid with germination and subsequent growth of produced seeds,
with its elastomeric properties being more an unintended consequence of
the amino acid sequence than biological necessity (43). These unintentional
elastomeric properties and the tendency of gluten molecules to form disulfide
bonds with each other allow for the formation of viscoelastic networks in
aqueous solution. A material is said to be viscoelastic when it possesses both
elastic properties and viscous properties, a concept which will be elaborated
upon in section [3.2] It is these viscoelastic properties that give the many
varieties of dough made from gluten their unique attributes, such as their

ability to stretch before baking.
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Chapter 3

Gels and their Mechanical

Properties

3.1 Gel Theory

Gels are solutions whose solute constituents create an interacting network
that spans the length of the material. This network may form through either
transitional or permanent crosslinks between the solute molecules, where
crosslinks are covalent or physical associations between different molecules.
Many of them possess properties between those of a solid or a liquid, making
them viscoelastic in nature. In the following treatment, only polymer-based

gels are considered.

3.1.1 Polymer Chain Statistics

To describe polymeric gels, it is necessary to introduce some basic concepts
of polymer physics. An “ideal” polymer chain is distinguished from a “real”
polymer chain in that the ideal case assumes that more than one monomer
may occupy the same place in space (44)). This means for an ideal chain, there

are no interactions between monomers, and therefore no excluded volume
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interactions (see section [2.6/for a more detailed discussion of excluded volume
interactions). The problem of ideal chains statistics will be discussed below
and as the ideal case is approximately that of the real one, the latter will
only be used as needed (see section .

Ideal Chain Statistics

Consider a polymer composed of N Kuhn monomers of length b, where the
Kuhn length is as described in section [2.6] If p of these chains are considered,

their mean square end-to-end distance, < r? >, is then

P

l &
<r’>=->Y"T717 (3.1)
Pz

where T'; is the end-to-end vector distance of the ith polymer (22, [45). This
1th polymer can be described as the sum of the N Kuhn monomers of vectorial

length b;, or

ri=) b, (32)

N — — jil—» — (33)
:Z bj-bj—i-ZZbk b;
j=1 k=1

where the dot product between the two vectors Bj and Ek is

— —

by - b, = b%cos Oy, (3.4)

with 60y, the angle between the two vectors. The square end-to-end distance
is a useful means of determining the actual size of a polymer. As there is an

equal probability that the vector ¥ will move in one of two opposite direc-
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tions, the average of < ¥ >= 0. Thus, the square end-to-end distance is more
useful as its root provides a magnitude which may be used in calculations.
To evaluate the second sum in equation [3.3] consider that there is no
restriction on the direction of either of the Kuhn monomers Ek or Ej. This
means that there is an equal probability that the angle between the two is
either cos 6; or cos(6y; +m) = —cos Oy;. Thus, the second sum in equa-
tion must be equal to 0. This leaves the first sum in equation The
angle between gj and itself is 0, making the cosf term equal to 1. Therefore,
equation [3.3| can be rewritten as r? = Nb?, and equation [3.1]is then

12
<r?>= fZNbQ

Pz (3.5)
= Nb?

The result of equation [3.5] can be used to determine the entropy present
in a network of ideal chain polymers. Ideal chains grow in a random walk
pattern, meaning that there is an equal probability that monomer i 4 1
attached to monomer ¢ will branch off in any direction. Polymers that grow
via random walk patterns follow Gaussian statistics. In one dimension, the

probability distribution function, P,, of an ideal chain polymer can be written

as
P(N,r) ! (3.6)
Ty) = —F—exXp | ———— :
7 \2m <12 > P 2<ri>

This probability can be extended to the three dimensions has a probability
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distribution function, P, of the form

P(N, ?) = P, PP,
1 s r?
“\or<r2zs) P\ oz
1 ’ r (3.7)
21 < 7"33 > P 2<r

1 ’ r?
2r <r2 > P 2<rz>

because the probability in all directions is equal. As the probability of an
ideal chain going in either the x, y, or z direction is equal, and the sum
of mean square displacements for z, y, and z must equal the total mean
square displacement of Nb?, we may write < r2 >=< 77 >=< 12 >= NTI’Q.

Assuming ideal chain statistics, we may use this result in equation [3.6]to give

N 3 3/2 37,2
PN, ) = (27rNb2> P <_ 2N62> (3:8)

(22).
The entropy and free energy of an ideal chain can be computed by relating
the probability distribution function from equation |3.8|to the number of ways

of arranging the system, w, via the equation

w(N,7)

P = i

(3.9)

Recalling equation from section [2.3.4] the entropy of an ideal polymer
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chain can be written using equation as

Sot(N, 7) = k In P(N, )—I—k:ln{ 7)d7 ]
K72 3
= — — _' 1
2Nb2+2k1 (QWNb2>+kln{/w 7‘} (3.10)
37
= 2Nb2+Sem(N 0)

where k is the Boltzmann constant, and S(V,0) is the amount of entropy

independent of the end-to-end vector, 7.

3.1.2 Gel Types

The point at which a solution’s solute molecules first form a network spanning
one end of a substance to the other is called the gel point. It is at this the
point at which a gel is said to have formed (22, 46]). Gels can utilize many
different kinds of molecules as a solvent and may be formed through colloids,
though here we will only consider polymeric solute molecules. The polymeric
components of the substance that are not yet a part of this spanning network
of interacting molecules are termed the sol. The physical traits of these
systems depend on the type of gel formed and can be quite varied.

The number of possible crosslinks that a polymer can make with other
polymer molecules in its surroundings determines whether or not a solution
with these polymers as solute molecules may form a gel. This number is
called the functionality, f, of the polymer. If a polymer could only interact
with two or fewer other polymers at most (i.e. f < 3) the result will be
a solution of longer polymeric molecules. These molecules could not form
a network that spans the material and is therefore cannot be called a gel.
If f > 3, the polymers present may form branches, where one polymer can
associate with multiple other polymers. This branching is necessary for gel
formation, and so is assumed to be the case in all gels discussed.

Gels can be either physical or chemical in nature. Physical gels are those
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that form via a physical process, such as electrostatic interactions or entan-
glements. This can create either a strong or weak physical gel. A physical gel
is said to be strong when, at a specific set of physical conditions, the network
it creates does not melt or flow. This occurs because of the strong physi-
cal interactions amongst the constituents that do not allow the gel to easily
change its shape. Examples of strong physical interactions include inter-
twined double and triple helices and entanglements between polymers. Weak
physical gels are formed via weak interactions amongst the constituents, such
as hydrogen bonding, electrostatic interactions, or hydrophobic interactions.
These interactions form reversible crosslinks that break and reform on a finite
timescale.

Chemical gels are different from physical gels in that they form via cova-
lent bonds between molecules. These gels are always strong. Regardless of
the methods used to crosslink the gels, the resultant networks always display

the same behavior, as will be described in the following section.

3.1.3 Chemically Crosslinked Gels

Chemically crosslinked gels form strong networks through their covalent
bonds. This is reflected in their physical characteristics since they act as
viscoelastic solids. To understand chemical gels, it is necessary to first con-
sider what can be called a “dry” network. This network of polymers is
assumed not to be in solution; thus, a “dry” network is not a gel. Models for
chemical gels, however, assume a dry network as a basis, using the results of
the theory to formulate important concepts. The models are then extended
to assume that such a network is “swollen” by a solvent, thereby affecting
certain physical properties, and allowing more information to be gleaned. In
the following discussion of chemical gels, the theory of rubber elasticity is
first used to describe the dry network of polymers, followed by the thermo-
dynamic changes that occur once this network is dissolved in a solvent to

form a chemical gel.
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Figure 3.1: A chemically crosslinked material a) in an undeformed state
with initial dimensions z,, y,, and z,, and b) in a deformed state with new
dimensions A\, %, A\yYo, and A, z,.

Theory of Rubber Elasticity

The theory of rubber elasticity can be described by the af fine network
model, which assumes ideal chain statistics (see section for a descrip-
tion of ideal chains). To understand this model, suppose that a material of
chemically crosslinked polymers is deformed such that it will stretch along
one direction, and compress in all other directions, as in Figure [3.1] If its ini-
tial dimensions are x,, y,, and z,, then its dimensions in the deformed state
are \yTo, A\yYo, and \.z,, where )\; is some constant numerical factor. As the
material is composed of a network of polymers, any deformation occurring
to the material as a whole can be assumed to occur in the same way for the
polymers composing it. If one individual polymer is considered, the change
in its initial dimensions 7., 74y, and 7,, can be related to its new dimensions

(rs, Ty, and r,) by the factors A;, or

Te = AaTox (3.11a)
Ty = AyToy (3.11Db)
T, = AaTos (3.11c¢)
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If the assumption is made that the polymer chains are ideal, then the entropy
of one ideal polymer chain is given by equation with 7% = 72 472 +772.

The change in entropy of a single, ideal chain upon deformation is given by

ASent(Na - ent N T) Sent(N ?o)

P4+
( SN +S(N,0)>

o Bk(ri e, + 13
2Nb?

(3.12)

+ S(N, 0))

k
= o [ = 2 (2= 1), + 2 - 1]

From equation the change in entropy for the entire network is therefore

the sum of the entropic contributions of every individual network strand, or

ASnetwork

Vi 2 (08 = 108 + 05 = 18, + 02 - 1)
(3.13)

where n is the number of ideal chains in the network. Recall that for an ideal

2

chain, the mean square end-to-end distances of each component are related

by < rpix? >=< ryi? >=< r,iz? >= NTIQ For n ideal chains of the same

composition, the equation
1 n
== r, (3.14)
iz

must hold by definition of the mean square end-to-end distance. Therefore,

equation [3.13| may be rewritten as

3k Nb? Nb? Nb?
ASnetwork = _2Nb2 (Ai - 1)(”?) + ()‘ 1)( 3 ) ()\2 - 1)(”?)
nk

(3.15)
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As discussed in section 2.6 the entropy is an important factor in de-
termining the free energy of a polymer, or in this case a polymer system.
The Helmholtz free energy of a deformed polymer network is related to the
entropy by equation [2.1, which in the case of a deformed network of ideal

polymers can be written using equation [3.15| as

AF = Fyetormed — Fundeformed
= (E, — T'Saeformed) — (Eo — T Sunde formed)
= -TAS
nkT

(3.16)

The relative deformations of the material (A, A,, and \,) are not indepen-
dent of one another, as an elongation along one axis will cause a relative
reduction in the other two. If the volume of the new, deformed state is as-
sumed to be exactly the same as that of the undeformed state, the relation

between the deformation constants is
AzAgA; =1 (3.17)

If the deformation is along the Z-direction, then the two other directions
should experience the same amount of deformation as the other. This leads
to the relations A\, = A, = \%, where A = \,. The free energy is then
nkT 2
AF = — [\ —3) 3.18
> ( i (3.18)
The free energy of an ideal chain network can also be related to the force

applied to it. If the force, f, is assumed to occur in one direction (say the
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Z-direction), the equation for the force is obtained by

OAF

_( OAF )
O(ALca) (3.19)
1 0AF
Low OX
nkT 1
" Lo (A_ )\2>

where L,, is the initial size of the material along the Z-direction and L, is
the final size of the material along the Z-direction. The component of stress,
0.z, applied along the Z-direction to the surface with normal Z, can also be

determined via

fs  mkT <A_1)_ nkT\ <A_1>
- L,L. LyL,L. AN2) " LoyLoyLo. A2

fo i (3.20)
where the fact that the deformation along the g-direction and 2-direction is
equal to % Assuming this material has rectangular dimensions, the volume

is defined as L,y Loy Lo, and the total stress, o, is

nkT A 1
o= ()\ - )\2) (3.21)

Equation is useful in determining what is called the “stress relaxatiom
nodulus” (or shear modulus), G, of the ideal chain network. This value
determines the relative strength of a material, and is found via the ratio of

stress to relative deformation, or

o ~ nkT  pRT

TeemT v

(3.22)

where p is the density of the polymer, R is the ideal gas constant, and M.,
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is the molecular mass of a polymer chain. Equation |3.22is a surprising re-
sult in that as the temperature increases, so does the shear modulus. This
means that a chemically cross-linked material will actually stiffen at higher
temperatures, requiring more of a force (or stress) than at a lower tempera-
ture to induce the same deformation. This can be understood by considering
that at higher temperatures a molecule will have more thermal and there-
fore more kinetic energy. This thermal energy allows a polymer to increase
its resistance to being sculpted into a specific shape; this occurs because at
higher kinetic energies, a polymer is harder to keep “still”. Thus, it will want
to spring back to a size that lets it move around more. It should also be
noted that this stress relaxation modulus is independant of time due to the
mutual independence of its components. This important characteristic dif-
ferentiates a chemically crosslinked network from a physical one, as will be
seen in section B.1.4

Another important quantity present in equation that will be elabo-
rated upon in section is the number of elastically effective chains in the
network, %. This is the number of polymer chains that contribute towards
the elasticity of the network. In the affine network theory of rubber elastic-
ity, it is assumed that all of the polymer chains are contributing towards the
elasticity of the network.

In reality, the affine network model of rubber elasticity can only be an
approximation due to entanglement effects (45, 47). Entanglements occur
when one polymer chain gets wrapped around another. When a stress is
applied to such a system, the entanglements themselves will contribute to
resisting the deformation as neither polymer may physically pass through
the other. Thus, the modulus for such a system must be higher, and is

typically represented by the approximation

1 1
GG, + G~ pRT <M 4 Me) (3.23)

where (G, is the contribution of the crosslinks in the network to the shear
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modulus, G, is the entanglement contribution to the shear modulus, M, is
the molecular weight of the chain length between crosslinks, and M, is the
minimum molecular weight in order for entanglements to be observed (48).
From equation [3.23] it can be seen that as the distance (or molecular weight)
between crosslinking sites increases, the contribution of entanglements in-
creases. This follows from the idea that the crosslinks restrict the motion of
a polymer in a network. With less polymer crosslinking sites, there is more
freedom for the chain to move about dynamically, making it more likely it

will be entangled.

Solvent Swelling

As mentioned previously, chemical gel networks are inadequately described
by the theory of rubber elasticity alone. Any model of a chemical gel must
take into account solvent interactions with the crosslinked network. Depend-
ing on the kind of solvent used, when a solvent is considered in relation
to a crosslinked network, it can be thought of as “swollen” in that solvent
molecules permeate the polymer network, taking up volume inside it, and
ultimately pushing the network molecules apart. In the following discussion,
the polymer molecules that compose the network are considered to be the
solute molecules. In addition, it will be assumed that the solute molecules be-
have as real chains in that the chains have excluded volume interactions (see
section for a more detailed description of excluded volume interactions).

The solvent used most often in protein polymer networks is what is known
as a good solvent. A solvent is called a good solvent when the interactions
between the solute molecules and solvent molecules are attractive. As this
attraction is governed by physical interactions, such as hydrophobic or elec-
trostatic associations, the electrostatic or hydrophobic nature of the solute (or
in this case network molecules) will determine whether a solvent is deemed
“good” or not. Athermal solvents, as described in section [2.6] are solvent

molecules that are exactly the same as the solute network. This means that
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athermal solvents are good solvents in the limiting case where the solvent
particles are very attracted to the solute network (22).

When polymer molecules are dissolved in a solvent, the volume fraction,
¢, of polymer chains to solvent plays an important part in the physical char-
acteristics of the resulting solution. A solution with very few chains and a
lot of solvent is called a dilute solution. In a dilute solution, the polymer
molecules will behave as though they were completely isolated from one an-
other. A solution where the concentration of polymer molecules is just high
enough that the chains overlap and interact is called a semi-dilute solution.
It is useful to define the overlap concentration, ¢*, as the volume fraction at

which polymer chains begin to interact as though they were closely packed
by ,

Q" & % (3.24)

r

where NNV is the number of Kuhn monomers in the polymer, b is the Kuhn
length of the Kuhn monomer, and r is the average end-to-end distance of
a polymer in these conditions. As the polymers are real chains, they have
excluded volume interactions (22],/49)). This allows the result in equation m
for the chain length, r, from section to be used in eq to give

Nv?

~ N—4/5
o~ ! (3.25)

o ~
Equation shows that as the number of monomers in a polymer increases,
the overlap concentration decreases.

Another important physical characteristic of chemical gels is the osmotic
pressure, II. When a good solvent is used in a solution of solute molecules, the
solvent will be attracted to the solute. This causes swelling of the molecules
due to what is called the osmotic pressure. The osmotic pressure of a solution
is defined mathematically as the difference in free energy of a pure solvent,

and the resultant solution once solute molecules have been added. Expressed
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mathematically,
0AF

oV In

where AF is the change in free energy, V' is the volume, and n is the num-

1T = (3.26)

ber of solute molecules (22} [49)). For good solvents and semidilute solution

conditions, the osmotic pressure can be written as

1~ kLo <¢> LN (3.27)

TONB \¢o* b3

For a semidilute solution, however, the osmotic pressure must be independent

of the size of the polymer. This implies the exponent for N must be zero, or

z= %. Thus, the final osmotic pressure is
kT
Il ~ §¢9/4 (3.28)

demonstrating a 9/4 dependence of the osmotic pressure on the volume frac-

tion. Furthermore, the osmotic pressure may be related to the concentration

. . . . _m _ Mn _ M
of the polymers in solution via the relation ¢ = { = NiV = N

N, is Avogadro’s number, M is the molecular weight of the polymer, and n

¢, where

is the number of solute molecules in solution. From this, equation |3.28 may

be used to show the relation between osmotic pressure and concentration as
IT oc /4 (3.29)

Equation [3.29| predicts that, for a semidilute solution of polymers in a good
solvent, the osmotic pressure is dependent upon the concentration of a sub-
stance via a power law.

One final property of chemical gels can be attained through the concen-
tration dependence of the osmotic pressure and consideration of the effect of
solvent on the polymer network. Recall that the shear modulus for a mate-

rial is given by the ratio of the stress, o, to the relative deformation of the
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material, as described in section [3.1.3] As stated before, the osmotic pressure
is caused by solvent swelling the solute molecules, or in this case the poly-
mers forming the chemically crosslinked network. This causes the size of the
network to increase. From rubber elasticity theory, however, it is known that
the polymer network has an entropic resistance to increasing in size. This
resistance is governed by the shear modulus. Thus, when a solvent is used to
solubilize a chemically crosslinked polymer network to form a chemical gel,
the osmotic pressure will try to make it to grow in volume while the elastic
properties will attempt to discourage it. As time passes, the osmotic pressure
and shear modulus will equilibrate, resulting in a constant volume (50)). At
this point, the shear modulus will exactly equal the osmotic pressure, and
we can say

=G o (3.30)

(49, 50)). Therefore, for a chemical gel, the shear modulus should demonstrate

a power law dependence on the concentration of polymers in the gel.

3.1.4 Physical Crosslinking and Self-Assembly

Other than chemically crosslinking polymers, polymers may form gels by
physical associations. These associations may be either weak, or strong
(as mentioned in section [3.1.2). As mentioned before, strong physically
crosslinked networks are those that form via entanglements. These types
of networks are very similar to chemically crosslinked networks in that the
entanglements function somewhat like crosslinks, and so they will not be
elaborated upon here. The problem of weak, physical gels, however, will be

addressed in the following sections.

Physical Interactions

Physical gels composed of polymers may be formed via three kinds of in-

teractions: nodular domains, helical structures, and microcrystallites. Of

42



particular interest are helical structures, where associations between poly-
mers only occur between helical regions on the chain. These associations
are termed bundles, and the site on the polymer at which they occur are
called associating sites (8, 48, [51)). In aqueous solution these associating re-
gions may be hydrophobic: the hydrophilic solution forces the hydrophobic
regions of various molecules to cluster together in an effort to shield them
from their environment (9).

Much like the chemical gels mentioned in section[3.1.3] the weakly crosslinked,
physical gels addressed here are affected by entanglements and solution con-
ditions. Semidilute solution conditions will be assumed because at very high
concentrations, entanglements are the dominating factor in determining gel
properties, meaning such a gel would be a strong gel and not a weak gel. At
the opposite end of the spectrum, if the polymer concentration in solution
was low enough to create dilute solution conditions, the polymers would not
interact with one another enough to form a network. Thus, in the following
discussion, semidilute solution conditions must be assumed.

The main property governing the interactions of these is the thermo-
reversibility of their associations. To demonstrate this, consider a weak,
physically crosslinked polymer network. Next, assume that there is only one
possible physical association between the polymers in the material, whether
it is hydrophobic, electrostatic, or some other association. As the crosslinks
between polymers are not permanent, there is some time at which such an
association will possess enough thermal energy to overcome the energy of the
physical association. This causes the physical crosslink to break. If the entire
polymer network is considered, the average time at which breaking occurs is

called the relaxation time, 7, and is given by
T=— (3.31)

where 3(T) is called the breaking function. Tanaka and Edwards have de-
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termined this function can be given by the formula

w
B(T) = wyexp (_k:T) (3.32)
where w, is the characteristic frequency of thermal vibration, and W is the
amount of energy needed to cause the polymers to dissociate (8, [62). Equa-
tion [3.32] demonstrates the dependence of the breaking on the thermal con-
ditions, k7', and so the relaxation time must vary with 7" via the relation
T X exp (%) At high kT, the polymers have more thermal energy, and
so more of them are likely to have enough energy to cause their physical
crosslinks to break. Thus, the relaxation time should be lower, reflecting
the higher number of dissociations occurring. For low kT, the polymers have
less thermal energy, and so are less likely to break their physical associations,
reflected by a longer relaxation time.

The relaxation time has important consequences when a stress is applied
to a material composed of weak, physical crosslinks. As these crosslinks are
time-dependent, the shear modulus must also be time-dependent. Consider
the same physically crosslinked network under stress mentioned before. At
shorter times than the relaxation time (7 >> t), the physical crosslinks of
the polymers have not yet dissociated, so stresses placed on such materials
are still distributed throughout the network via the crosslinks (53). This
distribution of strain energy throughout the network occurs in exactly the
same manner as for a chemical gel because the material makes no distinc-
tion between physical and chemical crosslinks. Thus, at short time scales,
the shear modulus, Gpnysica(t — 0), should approach what is known as the
plateau modulus, G. This modulus is that of the chemically crosslinked
network. For longer times (7 < t), the average crosslink within the network
has dissociated. This means the energy stored by polymers in the stretched
state, as described in section |3.1.3] must use a new mechanism to rid them-
selves of the entropic energy and return to a low energy, low average mean

square end-to-end length. This is done by viscous friction between the poly-
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Figure 3.2: A model of a simple telechelic molecule with two reactive end
groups (in red), and an unreactive center group.

mers and their surrounding environment. As the polymers lengths shorten
to reduce their entropic energy, they collide with the solvent particles and
polymers surrounding them. This allows the entropic energy to be dissipated
as friction with a polymer’s surroundings. In addition, because the elastic
(entropic) energy is proportional to the shear modulus, the latter must also
decrease with time. Weakly, physically crosslinked materials can therefore be
described as viscoelastic liquids: materials that store elastic energy on small
time scales, while dissipating the same energy as viscous friction on longer

ones.

Telechelic Gels

A telechelic polymer is a linear polymer with two reactive end groups and
an unreactive chain, as in Figure 3.2 The term itself was first proposed by
Uraneck, et at in the 1960s for telechelic, organic chemicals that form gels.
(54). Typically, the functional groups at the ends of the polymer are the
same, though there exist “heterotelechelic” polymers that have end groups
with different functionality (55)). In order for telechelic molecules to form gels,
their functionality must be greater than 2, as described in section [3.1.2] else
they would only form very long polymers. As there are only two associating
sites on a telechelic molecule, in order for gelation to occur each site must
be able to associate with more than one other polymer. Thus, telechelic
polymers that form gels always possess associating sites that bind with two,
or more, associating sites.

The two reactive ends of telechelic polymers act as physical association

sites, allowing them to be crosslinked into physical gels. This unique loca-
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tion for the association sites allow for different kinds of structures within
such a network. Consider, for example, a material composed of telechelic
molecules in semidilute solution with associating sites that bind to one an-
other. One possible arrangement for a telechelic polymer in these conditions
is to have both its associating sites physically crosslink with the associating
sites of different molecules within the solution, contributing towards network
formation. Another possibility would be for only one association site of this
molecule to crosslink with another molecule, causing the molecule to only
slightly contribute to network formation. Perhaps the associating sites of a
single molecule will react with either themselves or nothing at all, contribut-
ing nothing towards network formation (8-I10).

The various structures of telechelic polymers in solution allow for different
physical characteristics than normal, weakly crosslinked physical gels. At
semidilute solution conditions, the last two structures are more unlikely, and
so can be ignored. Assuming the first two structures occur, the number
of elastically effective chains in the network, v, can be calculated from the

relation
oW/KT

where n is the total number of telechelic polymers in the network (8, 48)). The
top term in equation [3.33]is a measure of the number of associations between
sites on different polymers, while the bottom considers both associations
between sites on different polymers, and sites that are not associating with
anything at all (8, [51). This implies a two-state case: either the polymers
are a part of the network through the e"V/*7 term, or they do not contribute
at all, represented by the 1. The consequence of equation [3.33] is that only
v associations will contribute towards the elasticity of the network. This

means that the shear modulus for telechelic molecules must be modified from
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equation [3.22) to give

o W/KT
G =vkT =nkT (w) (3.34)
assuming no entanglement contributions.

In addition, telechelic molecules only possess one relaxation time for
each kind of network forming association that its end groups can make. As
telechelic molecules only have 2 association sites, if even one single crosslink
between end groups breaks the polymer no longer contributes to the network,
for the reasons described above. If the polymers had possessed more than one
association site, the breaking of one crosslink would not affect the network as
much because the polymer would still belong to the network through its two
or more other association sites. This would allow it to continue to store any
applied stress energy as elastic energy. In the case of telechelic molecules, it
is therefore an all-or-none case, as described by equation [3.33]

There are two simple models that can be used to describe viscoelastic lig-
uids: the Maxwell model and the Kelvin-Voigt model. In the Maxwell model,
materials are treated as though they possessed a component that stores elas-
tic energy in series with another component that dissipates energy through
viscous friction. Such materials are called Maxwell fluids. In the Kelvin-Voigt
model, an elastic component is placed in parallel with the viscous dissipation
component. Annable, et al, have shown that self-assembling gels composed
of telechelic molecules are well described by the Maxwell model (8, 9). The
viscous component dissipates the energy that the elastic component stores,
leading to a single, average relaxation time for the system. That telechelic
polymer gels are described by a Maxwell model follows from the relations ob-
tained above in equations[3.32],[3.33] and3.34] The reason telechelic molecules
follow the Maxwell model as opposed to the Kelvin-Voigt model is that the

same component that stores stress energy is the same component that dissi-

pates it via viscous friction. If the molecule were to follow the Kelvin-Voigt
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Figure 3.3: A shearing stress, o, being applied to the surface of a material
with a normal vector in the n direction.

model, there would have to be two separate components that only function
in one specific way: one that stores elastic energy and one that dissipates
it. As telechelics store energy via the same component through which they
dissipate energy (i.e. their free ends), they must follow a Maxwell model.

For a more detailed discussion of Maxwell fluids and their properties, refer

to section B.2.11

3.2 Rheological Theory

3.2.1 Basic Rheology

Rheology is the study of how matter lows and deforms. Typically this is ac-
complished by subjecting a material to mechanical shearing forces or stresses
of some kind. To shear a material is to apply a stress or force to a surface in
a direction perpendicular to that surface’s normal vector, as in Figure 3.3
Consider a material between two plates separated by a distance y. If
the top plate is subjected to a shear stress (o) causing it to move while
the bottom plate remains immobile, the material touching the top plate will
move a distance Az in the same direction due to frictional forces. This will

create a deformation gradient, as in Figure . The strain () of the sample
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Figure 3.4: A material between two plates separated by a distance y. If the
top plate is subject to a stress, o, both the plate and the material touching
the top of the plate will move a distance Ax.

is defined as

Ax
v=— 3.35
y (3.35)
while the strain rate (%) is
dy
Yy = — 3.36
7= (3.36)
If the material is a perfectly Newtonian fluid, we may say that
o=mn-% (3.37)

where 7 is said to be the viscosity of the liquid. If the material is a solid, we
may say that
c=G-~ (3.38)

where G is the shear modulus of the material (9). In reality, some materials
exist in a phase that cannot be definitely called either solid or liquid, dis-
playing instead qualities of both. These materials are said to be viscoelastic.

All deformed materials possess what is called a strain history. This term
describes how the deformation of a material at time ¢ is dependent upon
all previous deformations it has undergone. Keeping this in mind, the total
stress placed upon a material may be calculated. When a material is subject

to different kinds of individual step strains, d-;, over a period of time t;, the
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overall stress on the material may be defined as a linear superposition by
Z G(t —t;)ovy; = Z G(t — t;)7:0t; (3.39)

where 7; is the strain rate from equation [3.36] G(t — t;) is the relaxation
modulus of the material, and t; is the time at which even 7 occurs. This

relation may be changed to an integratal

o) = [ LGl — A (3.40)

— 00

which takes into account all strain deformations of the material over a time
' to determine the stress on the material (o(t)) at time t (22 [56} 57).

Viscoelastic Fluids

Consider a Maxwell fluid, as described in section [3.1.4] with a spring and a
dashpot in series as in Figure [3.5] If a stress, o, is applied to this system
at time ¢t = 0, the stress on each component, o;, will be equal while the

components of strain, 7; will not. This may be written as

0 =05 =0p (3.41a)
Y="s+D (3.41b)
o(t)=G(t)y (3.41¢)

where the subscripts S and D represent the spring and dashpot, respectively,
G(t) is the time dependant relaxation modulus, and + is the overall strain of
the system. From equations [3.37], [3.38], [3.41a], and [3.41b] we can write

o(t) =G(t)ys = G(t)(y — ) =n—~ (3.42)
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Figure 3.5: Schematic diagram of a Maxwell fluid: a dashpot and spring in
series. Certain kinds of telechelic polymer gels have been found to act as
Maxwell fluids.

which is a differential equation with stress relaxation modulus G(t). The

solution to this differential equation is

Gt

fy:fyD:Aef n

(3.43)

where A is a constant of integration, and G is a constant term. If no stress
was applied to the system prior to the stress at ¢ = 0, then the strain on the

dashpot at that time was yp(0) = 0, and

v=A (3.44)

Substituting [3.44] into [3.43] and using [3.42] and [3.41d, equation [3.43] can be

rearranged to obtain

Gt

G(t) = GMG_ n

= Gye ™ (3.45)
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where the relaxation time is defined as

Ui

e (3.46)

™

The relations expressed in equations and [3.40] are the expected re-
sponse of any material that acts as a Maxwell fluid to stresses. From this,
we should expect that any such material, including networks composed of
telechelic polymers (see section , will only possess one relaxation time,
Tum, as defined above.

For the Kelvin-Voigt model, the two components (the elastic spring and
the viscous dashpot) are in parallel. When a strain () is applied to the
system, the strain of each component should be equal to that strain (y =
s = vp), while the overall stress of the system will be a linear combination
of the stresses of each component (0 = 0g+0p). As the spring has its strain
related to the stress by o = Gg7v, where Gg is a constant stress relaxation
modulus, and the dashpot’s strain is related to the stress via o = n%, where

7 is the viscosity, the overall stress on the system is then

dy

o(t)=Ggy+ Ubns (3.47)

If a constant stress (o,) is applied and placed in equation [3.47] the resultant

stress relaxation modulus (G(t)) can be derived to be
G(t) = Gs +nd(t) (3.48)

where §(t) is the Dirac delta function.

It has been known for some time, however, that many telechelic gel sys-
tems demonstrate deviations from the standard Maxwell model (58-60). In
particular, research by Berret, et al that has focused on fluorocarbon-based
telechelic systems and that by Tsitsilianis, et al on hydrophobic polystyrene

end-capped telechelics have demonstrated so-called stretched exponential be-
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havior (60-64). This behavior is expressed by the relation

Gt) = Gacexp l— C)B] (3.49)

where ¢ possess the same definitions as in equation [3.45] G is the stress
relaxation modulus at short time scales, 7 is a relaxation time, and [ is a
constant for a particular system with values of 0 < § < 1. The case of 5 =1

corresponds to the standard Maxwell model.

3.2.2 Complex Rheology

One interesting way of studying viscoelastic materials is through oscillatory
shear. Consider a material undergoing an oscillating strain ~y(¢) at a driving
frequency w, or

Y(t) = yosin(wt) (3.50)

applied to an object. For a perfect, Newtonian fluid, equation [3.37| implies
that the stress needed to cause such a strain is given by o(t) = o,cos(wt) =
oosin(wt + 7). The strain is therefore out of phase with the stress by 7 for a
Newtonian fluid. Perfectly elastic solids follow equation [3.38] thus oscillating
stresses are in phase with oscillating strains.

While this is true for Newtonian fluids and elastic solids, a viscoelastic
material’s response to a stress is more complex in that the strain is out of

phase with the stress by a constant §. This can be written as
o(t) = opsin(wt + 9) (3.51)

for a viscoelastic material (56). Replacing equation into equation [3.40]
gives
¢

o(t) = /t Gt~ ()t = [ Gt~ t)eos(wt)dt' (352)

—0o0
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This relation may be further simplified by defining some time t” =t —t' and

placing it into equation [3.52
o(t) = ow / G(t")cos|w(t — t")|dt" (3.53)
0

Using the trigonometric relation cos(a — ) = cos(a)cos(5) + sin(a)sin(f),

equation becomes

o(t) = Yow /Oo G(t")[sin(wt)sin(wt”) + cos(wt)cos(wt™)]dt”
0
= psin(wt)w /OO G(t")sin(wt")dt" + ~,cos(wt)w h G(t")cos(wt")dt"
0 0
= 7,G (w)sin(wt) + 7,G" (w)cos(wt)
(3.54)

where G'(w) is called the storage modulus, and G"(w) is called the loss
modulus. The storage modulus is a measure of the elastic energy stored by
a viscoelastic material under stress, while the loss modulus is a measure of
the amount of energy dissipated by such a material. It can be seen from this
relation that the storage and loss moduli are respectively the sine and cosine
Fourier transforms of the stress relaxation modulus G(t) times w. Thus, they

may be written as

¢ =w /0 G (t)sin(wt)dt (3.552)

¢ =w /0 Gt cos(wt)dt (3.55h)

These moduli can also be used to define what is called the complex modulus,
G*, via the relation
G* =G +1G" (3.56)

Recall that the oscillatory stress of a viscoelastic material is out of phase

with the strain by a factor §. The storage and loss modulus may then be
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written in terms of this constant as

G = Z2coss (3.57a)
Yo
G = z"sma (3.57h)

where o, is the amplitude of the oscillating stress, and 7, is the amplitude of
the oscillating strain.

For chemical gels, the storage and loss moduli should be essentially inde-
pendent of the angular frequency. This independence arises from the relations
derived in section [3.1.3] As can be seen in the equations in this section, there
is no dependence of the shear modulus on time. Thus, when the modulus is
integrated with respect to time in equation [3.40] and the Fourier transform
is applied to the resulting equation, the resultant complex modulus and its
components (G’ and G”) should be independent of angular frequency.

Though chemical gels should only possess the storage modulus component
due to their elastic storage capabilities, in reality a loss modulus component
is also measured. This component is a measure of the relative amount of

energy dissipated throughout the chemical gel via loose ends.

Complex Viscoelastic Fluid Models

The storage and loss moduli for a Maxwell fluid composed of a polymer
network can be determined by performing the sine and cosine Fourier trans-
forms on the stress relaxation modulus from equation [3.45] This gives, for

the storage and loss moduli

, w27_2

G'w) =Guy o (3.58a)
" wT

C"(w) = o7 35 (3.58b)
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where w is the angular frequency, 7 is the average relaxation time of the
material, and G, is the modulus of a chemical gel with polymers of the
same size as those used in the physical gel. These equations can be used
to determine the relaxation frequency, which is the inverse of the average
relaxation time. At this frequency, the moduli are given by G' = %Goo =G,
Therefore, the characteristic relaxation time can be determined at the point
where the moduli are equal, called the crossover modulus.

The temperature dependence of the relaxation time will also have an
effect on the crossover modulus of a telechelic polymer system. As the tem-
perature of the material increases, the relaxation time must decrease. This
causes an increase in the relaxation frequency, meaning the point at which
the moduli are equal will shift to higher frequencies. A decrease in temper-
ature will have the opposite effect, causing a shift in the crossover modulus
towards lower frequencies. A linear concentration dependence for the relax-
ation time was determined by Annable, et al for telechelic polymer solutions.
This linear relationship could be explained by considering that at higher con-
centrations, there are more telechelic polymers through which to distribute
a strain placed upon the system. This means there is less energy distributed
through each individual physical crosslink, and therefore less elastic stretch-
ing of individual polymers. This reduced elastic stretching means smaller
elongations on average, making it less unfavourable for the polymers to be
in such a stretched configuration. This places less strain on the physical
crosslink associations, reducing the number that break, and thereby increas-
ing the relaxation time. In addition, the increase in polymer concentration
allows more energy to be stored in the system elastically, then dissipated as
more polymers will be stretched by the stress. Thus, an increase in both G’
and G” should also be observed. Most real proteins, however, demonstrate
more complex rheological behavior, as will be shown in succeeding chapters.

The Kelvin-Voigt possesses a different stress relaxation modulus from the

Maxwell model, as given by equation|3.48 Taking the Fourier sine and cosine
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transforms on equation [3.48| gives

G'(w) = Gs (359&)
G"(w) = nw (3.59Db)

The relations given by equations|3.59aland [3.59b|are relatively simple: G’ is a

constant term with respect to w, while G” possesses a simple, linear relation
with respect to w. It is clear that the Maxwell models and Kelvin-Voigt
models possess very different properties that should be readily visible given
experimental data.

Performing the sine and cosine Fourier transforms on the stretched expo-
nential model (equation using Wolfram Mathematics software results
in non-analytical results, complicating modelling of both G’ and G”. For the

case 3 = %, however, much simpler functions are obtained for both moduli

, Vi(-c(2s)) s ()
G'(w) =G ZW

oy (St

: Vi (1-C (Gmz) sin (o)
G"(w) = G N

s 1 1
Lo Ve (1 -8 (zz=)) cos (o)
> 2\/wTt
where C'(a) = [ cos(™5- )z and S(a) = [& sin( ™53~ *)dz are the Fresnel inte-

grals.

(3.60)

(3.61)

3.2.3 Rheometry

While rheology is the theoretical approach to determining the viscoelastic

properties of a material, rheometry is the experimental side, though both
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Figure 3.6: Schematic diagram of the plate-plate geometry which can be used
to apply a stress in the f-direction.

terms are sometimes used interchangeably in an experimental setting. Typi-
cal rheometry experiments involve applying a stress or a strain to a material
using a specific geometry to measure the opposing response. This technique
allows either strain to be measured as a function of stress, or vice-versa.
These measurements make it possible to calculate the storage and loss mod-
uli (G' and G”, respectively) for the material.

To determine the complex modulus components, the material must be
subject to an oscillatory shearing stress as in section One possible
means of applying this stress is via a plate-plate geometry, as in Figure [3.6
If a material is placed between the two plates, a shear stress may be applied
by moving the top plate in the O-direction while keeping the bottom plate
immobile (65)).

The relations derived in section are simplified derivations for scalar
quantities. In reality, stresses and strains must be expressed as tensors to

consider all possible deformations on a three-dimensional object. We may
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define the stress tensor, o;;, as

Oij = | Oyz Oyy Oyz (362>

where each component, o;;, represents a force in the i-direction being applied
to a surface with a normal in the j-direction (66)). It is important to note that
these tensors are symmetric, so 0;; = ;. This tensor symmetry is called the
Cauchy rule (66). From the geometry of Figure if a force is applied in
the é—direction, the stress tensor, when converted to cylindrical coordinates,

may be reduced to

0 0 O
Oij = 0 0 (X% (363)
0 00 0

where oy, is the stress component in the #-direction being applied to the
surface with Z-normal.

It is possible to use the double dot product to help determine the “magni-
tude” of a tensor. This mathematical technique involves the deconstruction
of a matrix into two multiplying vectors that are then scalar multiplied to-
gether to create a scalar value. In mathematical terms, for an n X n matrix
A = 3?:', where b is an n x 1 matrix, and ¢ is an 1 x n matrix, the double

dot product is defined as
AA=(D):(b2)=(b-O)b-T)=(b-?)? (3.64)
The magnitude of a tensor is defined as

A| = ,/;A A (3.65)

Equation [3.65| which allows us to calculate the magnitude of the stress tensor
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from equation |3.63| giving

1
o5 = m = 09. (3.66)

The strain may also be represented by a three-dimensional tensor, ~;;,
defined as

Yrr  Yro  Vrz
Yii = | Yor Yoo Vo (3.67)
Yer V20 Vzz

where the component ;; is the deformation in the j-direction of the surface
with a normal in the i-direction, and cylindrical coordinates are used for
convenience (66]). As the stress is only occurring at the upper plate in the
é—direction, the only deformation that occurs must also be in the f-direction
on the surface with normal 2, or vy,. Using equations [3.64] and [3.65] on [3.67]

gives

Yij| = 7e- (3.68)

From subsection [3.2.2] and equation [3.54] the stress and strain components

may be expressed as
09, = V9. |G'sin(wt) + G" cos(wt)] (3.69)

where an oscillatory stress is assumed, and G’ and G” are the storage and
loss moduli, respectively. Equation indicates that, using the plate-plate
geometry, we may arrive at a simple relationship between the stress and
strain on a material, allowing G' and G” to be easily measured.

It is difficult for rheometers to measure the exact stress being applied to
the material in a plate-plate geometry as it is a function of radius (as will
be shown). Instead, the torque, T}, is measured due to its relationship to

the applied stress and the simplicity with which it is measured. For circular
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disks of radius R, this relation is

R R
Tior = 27?/ r2o(r)dr = 27?/ r?G*ydr (3.70)
0 0

where o(r) is the applied stress on the material at radius r (56). The strain of
a material in this geometry at a distance r from the middle with an angular

displacement 0 is
v = or (3.71)
h
where h is the distance between the two plates (56). The maximum strain
possible on the material occurs at the maximum disk radius, R, providing

the relation v = ?7 and its derivative as dr = %dv. Replacing these in

equation [3.70] gives
3
® (R
Tior = 27r/ : () G*3dy (3.72)
0 TR

The Leibnitz rule is given by

da(«)

d b(e) b(a) 9 db
da/a(a) f(x,oz)dx:/a(a) a—af(x, a)dz+ d(j)f(b(a),a)— 7o fla(a),a)
(3.73)

(56). Applying equation to equation after rearrangement and dif-

ferentiation with respect to vr gives

T InT,
G tor [3 dIn “””] (3.74)

B 2m R3yR d Inyg

The complex modulus of viscoelastic materials is a function of both an-
gular frequency and strain. It has long been known that at low strain ampli-
tudes, the complex modulus no longer depends upon the strain. The range
of strains at which the complex modulus is independent of strain is called

dInTyor

the linear viscoelastic region. At these strains the %7fer term in equation
TR

[3.74] simplifies to 1 as the torque is independent of the strain. This leads to
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the much simpler expression for the complex modulus

. 2T, _ 2Th
G = p = (3.75)

where only the amount of strain at radius R must be measured for an applied

torque, Tjp, to determine G* (56). Making use of the relations presented in

equations [3.57al and [3.57b], equation may be used to give expressions for
the storage and loss moduli, giving

, 2TLerh

G = R cosd (3.76a)
v 2Lorh

G" = IR sind (3.76b)

where ¢ is the phase difference between the stress and strain response.

Controlled Stress Rheometry

There are two ways to measure the storage and loss modulus of a sample:
by controlling the stress and measuring the strain or vice-versa. Rheometers
that measure the strain as a function of stress are known as controlled stress
rheometers (56). The most common means of controlling the applied stress
is actually done by controlling the torque applied to a sample via what is
called a drag cup motor, which is described as follows (56}, [67). For the plate-
plate geometry, the top plate is attached to a long, cylindrical shaft while
the bottom plate is held in place. The top part of the cylindrical shaft is
attached to an air bearing, which supports either a copper or aluminum cup.
A torque is applied by generating a rotating magnetic field around the cup,
which will attempt to follow the created field (56, [67). The torque created is
proportional to the square of the voltage (56)). The strain can be measured
using a variety of methods including an optical lever, capacitance transducers,
or optical encoders (56). The latter is the most common, and uses a light

source to shine through a disc composed of various transparent and opaque
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areas, allowing precise measurement of the angular position, 6. For oscillating
torques, the phase difference § may be calculated by determining the time
difference between the oscillating maxima of 6 and the torque.

When using controlled stress rheometers, it is important to precisely de-
termine the instrument inertia. Torque induced on the drag cup is countered
by air bearing friction, rotor inertia and reluctance torque in addition to the
viscosity of the sample, with the largest effect being the rotor inertia for
samples with low viscosity (56). The torque applied, T,,, differs from the

actual torque experienced by the sample, T¢,, via the relation
Towp = Topp — I+ 0 (3.77)

where I is the motor inertia, and 6 is the second derivative of the angular
displacement with respect to time (68). The correction on the torque can
then be determined via subtracting the inertial term, which can be done
with the software. Determination of the motor inertia can be found via a
standardized test using air as the sample medium: the motor inertia is found
by subtracting the calculated torque experienced by the air (determined by
the strain) from the torque applied to the air at a certain angular acceleration.

To control strain on a sample using a controlled stress rheometer, typically
the software attempts several low torque (and therefore stress) values and
measures the strain. An algorithm allows the rheometer to approach the
stress required in order to obtain the strain by reducing the torque by a
small interval if the measured strain is too high, and increasing the torque
by a small interval if it is too low. Thus, before a measurement of the moduli
may be taken, controlled stress rheometers must spend a small amount of

time approaching the desired strain.
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Chapter 4

CRC

4.1 The System

CRC is a de novo protein designed with three parts: two leucine zipper
blocks (the C-blocks, one on each end), and a modular, random coil (the R-
block). The leucine zippers are of the type described in section , possessing
hydrophobic leucines at the a and d positions on the a-helix (see Figure
for the amino acid sequence). The R random coil block is designed so that
it is able to dissolve in aqueous solution via multiple glutamic acids. It
also does not possess any preferred secondary or tertiary protein structure.
These properties allow for the insertion of integrin binding domains (the X
sequence) into the R block, as in Figure (12). Of particular interest are
RGDS binding domains, which previous studies have shown allow cells to
bind to CRC protein hydrogels (11)).

CRC molecules associate via the hydrophobic leucine strips located on
their C blocks. This association is further strengthened by the presence
of salt bridges that form between the positively-charged glutamic acids of
one C block and the negatively-charged lysines on the other, as described in
section[2.5] The charged residues in the R-block exclude it from interfering in
any hydrophobic interactions the C blocks may make with one another. This
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CRC: w
CRC-X: W

C=LGHELAEHKKKLAQLKSELAALKKELAEWE

R=[(AG);PEG],, for CRC and CR
[(AG):,PEG];s X [(AG);PEG]s for CRC-X

X=RGDS for CRC-RGDS

Figure 4.1: The structure and amino acid sequence of the main do-
mains of CRC and CRC-X molecules. Reprinted with permission from
Biomacromolecules, 10, Fischer et al, “Biofunctional Coatings via Tageted
Covalent Cross-linking of Associating Triblock Proteins”, pp.2408-2417
(2009). Copyright (2009) American Chemical Society.

type of system tends to self-assemble into trimeric bundles, as in Figure [4.2]
The hydrophobic strips located on the leucine zipper C block allow these
gels to bind with other hydrophobic surfaces, as also seen in Figure [£.2] It
is possible to hypothesize that the insertion of an RGDS binding domain
into CRC molecules will not affect this gel formation in any way as they are
located in the middle of the R block, a domain which does not play a role in

gel formation.

4.2 Methodology

4.2.1 Protein Expression

Large-scale CRC and CRC-RGDS protein expression was performed using a
New Brunswick Scientific Bioflo 110 bioreactor using standard protocol (see
reference (I2) and appendix . To verify that protein was expressed, a
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
performed after each run using samples collected during the bioreactor pro-

cess. The optical densities (ODs) of each were measured, and the samples
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Figure 4.2: CRC molecules crosslinked into a network. From Petka et al.,
Science, 281, 5375, (1998). Adapted with permission from AAAS

diluted with 8 M urea and mixed until an OD of 4 was obtained. Note that
the OD is the absorbance of a sample using light at a wavelength of 600
nm, where absorbance will be defined in section The electrophoresis
process was the same as that first mentioned by Cleveland, et al, save three
5 minute rinses with DI water were done, followed by 1 hour of staining,
and overnight destaining, again in DI water (69). It should be noted that al-
though the molecular weights of CRC and CRC-RGDS are 17900.6 g/mol and
18317 g/mol, respectively, the proteins themselves tend to run much higher
on a SDS-PAGE gel, perhaps due to excessive negative charge (12). A sam-
ple SDS-PAGE containing both pre-induction and post-induction samples is
demonstrated in Figure [4.3]

4.2.2 Protein Purification

All the cell pellets from one bioreactor run are gathered and resuspended in
Buffer B for a total volume of ~1.5 L of solution. For a discussion on buffers

used in protein purification, please refer to section [B.2.1 The solution was
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“Weight (in kDa):

250
148

98
64

50

36

Lanes are as follows:

1. 10 ul. SeeBlueFlus 2

2. 0ul CREC-DG# 21, pre-induction
3. 5ul CRC-DG# 21, post-induction

Figure 4.3: A sample SDS-PAGE of the CRC bioreactor run # 21 pre-
induction and post-induction samples. The appearance of the dark band
in the post-induction sample indicates protein expression.
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then refrozen in a —20°C freezer to help lyse intact cells. One-sixth (~250
mL) of this lysate solution was then diluted with ~225 mL Buffer B, and
well stirred to break up any remaining, intact cells. To begin separating the
protein from undesirable cell components, such as organelles and DNA, the
lysate is centrifuged for 20 minutes at high speeds. The resulting supernatant
liquid is collected.

GE IMAC Sepharose resin (~100 mL) was placed on a Pharmacia XK50
column. The resin was then bound to nickel, as per the instructions from
the manual. The column was prepared for purification by equilibrating the
pH of the column to pH 8 by washing through ~300 mL of Buffer B. Half
of the supernatant liquid collected from centrifugation was then run through
the column. The six histidine residues (His-tag) present in the CRC and
CRC-RGDS amino acid sequences allowed the protein to bind to the nickel
present on the column, while those proteins lacking the His-tag were more
likely to flow through (70H72). This occurs because histidine possesses an
imidazole group as a residue, a factor which has previously been found to
enhance binding (73). Further washes with ~200 mL of Buffer B, and ~800
mL of Buffer C (same composition as Buffer B, save pH is at 7.0) washed
out weakly bound protein. Protein was then extracted from the column (or
eluted) and collected by pumping through ~200 mL elution buffer. Samples
were taken at each step of the column purification process and ran on a SDS-
PAGE gel. A sample SDS-PAGE containing all the washes and elutes for a
particular protein batch is provided in Figure [4.4]

Following elution, the protein solution was concentrated in Millipore tan-
gential flow concentrators, following the procedure outlined in the instruction
manual. The resulting protein solution was then sealed in treated Spec-
tra/Por 1 dialysis membranes by Spectrum Labs. These specific dialysis
membranes have molecular weight cut-offs of 6000 to 8000 Da, well below
the molecular size of CRC (17900.6 Da) and CRC-RGDS (18317 Da) to en-

sure that there is little loss of protein. Sealed bags of protein were then
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TWeight (n kDa):

250 —
48—

98—

64—

50—

3 —— . - <

22—

16 ——— -
-
1. 2 3 4. 9. 6 7. 2. 9.

Lanes are as follows:

1. 5ul SeeBlueFlu: 2 3. 20uL CRC #7, C Wash
2. 5uL CRC #4-1, Load 9. 7ul CEC #7, Elute

3 20ul CRC #4-I, B Wash

4 20ul CRC #4-1, C Wash

5 4ul CRC #4-1, Ehste

6. 5ul CRC #7, Load

T 20ul CRC #7, B Wash

Figure 4.4: A sample SDS-PAGE showing the load fractions, wash fractions,

and elute fractions collected for CRC samples # 4-1 and # 7. Lane 1 contains
a protein standard, SeeBluePlus 2.
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placed in a continuous flow dialysis system that continually pumped in fresh
reverse osmosis (RO) water. The pores in the dialysis membranes allowed
osmotic pressure to force the salts (urea, tris, sodium phosphate, and imida-
zole) dissolved in solution into the surrounding water. The water was allowed
to pour out of the top of the system to allow the resulting aqueous solution
to be continually diluted.

After leaving the protein in the dialysis system for 2 days, precipitate and
a highly concentrated gel appeared in the bag. Low pH resulting from the
RO water causes the protein to precipitate out of solution, and experiments
performed indicate that it would not redissolve in solution. This made it
unfit for use as undissolved protein possesses different properties than dis-
solved protein, and so it was deemed necessary to re-solubilize it. To do
so, the resulting gel was placed in a 50mL tube and deionized water with
sodium phosphate and sodium azide was added for a final concentration of
~10 mM sodium phosphate, 0.2 mg/mL sodium azide in solution. The gel
was then heated in a 65°C heat bath and vigorously shaken until the gel was
nearly completely dissolved. The resulting solution typically contained pre-
cipitate, which was removed by a combination of centrifugation and syringe
filtration with a 0.2 um filter. The cleared solution was then replaced in the
Spectra/Por 1 dialysis bags and the aforementioned dialysis system for one
more day to remove remaining sodium phosphate and sodium azide. The
final solution was frozen in a —80°C freezer and placed into a lyophilizer to
remove the frozen water by sublimation (74). Dried samples were collected

from the lyophilizer and stored in a 4°C freezer, until use.

4.2.3 Hydrogel Preparation and Rheometry

Samples were prepared by weighing the mass of protein required for a spe-
cific weight /weight (w/w) concentration of protein to total mass into a 2mL
Eppendorf microcentrifuge tube. The average purity of samples was found

from multiple testing to be around ~90%, so this concentration was assumed
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when preparing samples. The mass of 50 mM sodium phosphate, 0.2 mg/mL
sodium azide in aqueous solution required to obtain the desired protein con-

centration was calculated via the formula

(4.1)

1
Msor = 0.90(Mypro) ( 00% 1)

[CRCly,

where my,, is the mass of the solution required, m,,, is the mass of protein
weighed out, and [C'RCy is the desired (w/w)% concentration of protein in
hydrogel. The resulting solution was then heated in a 65°C heat bath and
stirred occasionally until fully dissolved and well mixed. The actual concen-
tration of the resulting protein hydrogel was then determined according to
the protocol outlined in section [4.3.1]

An Anton-Paar MCR 301 rheometer was obtained to perform all rheom-
etry results. This rheometer uses a drag cup motor and optical encoder to
measure torque, 6, and 4, as explained in section [3.2.3] The rheometer uti-
lized disposable, 25 mm diameter, circular top plates and specialized bottom
plates, both designed by Dr. James Harden. These plates were sand-blasted
to create a rough surface. This rough surface was used to minimize the
amount of slippage that could occur between the plates and the samples
as slip between the two causes a lower stress to be observed for a certain
strain. Samples were loaded onto the plates as per operating instructions. A
procedure was performed before each test to determine the height between
the two plates. This procedure uses a normal force sensor which measures
deflections in the air bearing and a resultant difference in capacitance, al-
lowing the normal force to be calculated. Thus, the height between the two
plates can be determined by slowly lowering the rheometer’s top plate until
a normal force is detected. At this point the height of the upper plate is
slowly increased until no more normal force is measured. This point is set as
the zero height point. When loading a sample onto the rheometer, an excess

amount of material is used. Then, the rheometer is lowered to a distance
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of 1 mm between the upper and lower plates. Excess sample is squeezed
out from between the two plates when this is done, necessitating its removal
via a scoop. Standardizing the height ensures the sample volume is similar
between different samples.

Uncertainty in sample measurements for any rheometer cannot be deter-
mined exactly from numerical estimations as the biggest variation between
samples is caused by loading. As CRC is a fairly liquid-like substance it
tends to flow, though its high viscosity means an exact volume cannot be
pipetted onto the rheometer’s bottom plate. Thus, it is difficult to add the
same amount of material to the plates every time. This necessitates edge
trimming with a scoop, removing any excess sample that may affect rheom-
etry. Though this excess material removal does help ensure the amount of
materials loaded are fairly similar, they are not exactly the same and cannot
be measured, resulting in an unknowable contribution to uncertainty.

In addition to this complication, samples typically possess different amounts
of trapped gases within their networks. The more gases present in a network,
the lower their rheological properties will be, though their elimination from
a network once loaded onto the rheometer is impossible. While centrifuga-
tion was performed to eliminate trapped gases from the samples before being
loaded onto the rheometer, small amounts of air were still trapped during
the loading procedure. Measurements of the amount of gases trapped are
impossible once a sample has been loaded and tested as removing a sample
from the rheometer to determine the relative volume of gases cause the sam-
ple to trap even more air withing its network. This trapped gas effect cannot
be accurately quantified, and thus also contributes an unknown quantity to
uncertainty between samples.

When the upper plate of the rheometer is lowered onto a sample, there
is a chance that an air pocket or multiple air pockets will exist between
the sample and the upper plate. Air pockets between the sample and plates

allow for lower torques to cause higher strains, due to less surface area contact
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between the instrument and samples. This results in lower rheometric data
results. This cannot be observed as the upper plate is not transparent, and
so it cannot be guaranteed that this does not occur for samples. Thus,
air pockets will also contribute an unknowable contribution to variations
between measurements. Thus, the actual uncertainty between measurements

of samples cannot accurately be determined.

4.3 Concentration and Circular Dichroism

It is possible to use spectroscopic techniques to determine quantitative and
qualitative information about the concentration and structure of proteins
within a hydrogel. Techniques used to derive information from CRC hydro-
gels include ultraviolet absorption spectroscopy for concentration determina-

tion and circular dichroism spectroscopy for structural data.

4.3.1 Concentration Determination

While most amino acids absorb light at around 200 nm, it has long been
known that 280 nm light is strongly absorbed by the amino acids pheny-
lalanine, tryptophan, and tyrosine, and is weakly absorbed by cystine (two
disulfide-linked cysteines). This occurs because the electrons within the aro-
matic rings of phenylalanine, tryptophan, and tyrosine all require less energy
to attain an excited state than most amino acids due to resonance within the
rings ((75).

The spectroscopic technique itself was first developed by the mathemati-
cians Pierre Bouguer and Johann Heinrich Lambert and later developed into
its present form by German physicist August Beer into Beer’s Law (76} [77).
Consider light incident on a solution containing solute molecules that absorb

light of a specific wavelength. The intensity of the light after passing through
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the solution (/) is then related to the initial intensity (I,) by
I=1, 107 (4.2)

where ¢ is the concentration of the solution, d is the distance within the
solution the light travelled before exiting, and e is known as the extinction
coefficient of the solute (77). This extinction coefficient is characteristic for

every substance, has units of M ~tem™!

and depends upon the wavelength
of light being considered. To simplify calculations, the absorbance, A, is

typically derived as
I
A = —logi <[> =ec-c-d (4.3)

(77)). Tt is also useful to obtain the concentration in units of mg/ml, which

may be obtained using the molecular weight, MW, and (4.3)) to form

A-MW
- e-d

C

(4.4)

A blank measurement of the absorbance value of the solvent without so-
lute allows any contribution of the solvent to the 280 nm absorbance to be
eliminated.

The 280 nm extinction coefficient of tryptophan, tyrosine, and cystine are
well known, and are given in Table (78, [79). Whenever cysteine appears
in a protein’s amino acid sequence, it is assumed that half of them have
formed the 280 nm absorbing cystine molecule as it is difficult to explicitly
determine the cystine quantity, and the contribution of cystines is relatively
low compared to that of tryptophan and tyrosine (79). From knowledge
of the amino acid sequence of CRC, and therefore the number of cysteine,
tryptophan, and tyrosine residues, it is possible to calculate the extinction
coefficient for CRC and CRC-RGDS (see Table[L.1)). It should be noted that
the RGDS amino acid sequence contains no cysteines, tryptophans, or ty-

rosines, and therefore will not contribute to the calculation for the extinction
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coefficient.

Substance € in [M~tem™]
Cystine 120
Tryptophan 5690
Tyrosine 1280
CRC (and CRC-RGDS) 13940

Table 4.1: Extinction coefficients for certain amino acids and amino acid
complexes

From this information, the concentrations of CRC hydrogels could be
determined via 280 nm absorbance (Absygy) measurements of a solution con-
taining the protein in a container of known size. Quartz cuvettes with in-
terior lengths and widths of 1 cm were chosen as containers due to their
transparency to light at 280 nm. Most spectrophotometers are only accurate
at measuring values of Abssgy within the range of 0.1 and 1. As the lowest
concentration of CRC hydrogels would produce an Abssgy much higher than
the maximum limit, samples were diluted in order to reduce their concentra-
tion, and therefore their Abssgy. In addition, because there is no guarantee
before concentration measurements that the CRC hydrogel concentration is
homogeneous, two samples were taken from different regions of the hydrogel.
This was done so that an average concentration could be calculated to try to
eliminate the effects that any heterogeneity would have on the concentration
measurement of the hydrogel.

The concentration measuring technique is as follows. Two samples of a
specific hydrogel were weighed out (giving my) into 1.5 mL tubes using a
Mettler AE260 DeltaRange scale. One millilitre of an 8 M urea solution was
then weighed into each tube containing the hydrogel samples to denature
the protein and cause the gel to dissociate, providing mgopent- The resul-
tant solutions were then heated in a 65°C heat bath and agitated until the
gels were completely dissolved and well mixed. Another dilution was made

of each sample by weighing 200 uL of the resultant solutions into new 1.5
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mL tubes (providing mseution) and mixing in an additional 800 uL of 8 M
urea. A blank measurement was then made of the solvent using a Thermo
Spectronic BioMate 3 spectrophotometer. The Absygg values for each sam-
ple were then measured and the concentrations (Csopution) Of the protein in
the diluted solutions calculated from (4.4). Using the obtained masses, the
weight /weight protein concentration of the gel (Csampre) Was then determined

via the formula

Mgel + Msolvent

- 100% (4.5)

Csample = Csolution * MW -
Mesolution = Mgel

Since two samples were tested, the average concentration is considered to be

the hydrogel concentration. This is equal to

c +c
Chydrogel = samplel : sample2 (46)
with the uncertainty equal to
1
ACh;z/drogel — §|Csamplel - csample2| (47>

The reason the uncertainty on the concentration is calculated by differences
between sample concentration measurements is that the uncertainty due to
the instrument used to measure absorbance at 280 nm is far smaller than
variations in concentration within the sample itself. CRC samples are some-
what heterogeneous in their concentration due to the viscoelastic nature of
the material. This makes it far more likely that deviations between measure-
ments are due mostly due to differences in concentration between the two

samples than to the instrument.

4.3.2 Secondary Structure Determination

The secondary structure of CRC is very important for hydrogel formation,

and so it is important to verify that CRC molecules are indeed forming a-
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helices. One means of determining a protein’s secondary structure is to use
a technique called circular dichroism (CD). Circular dichroism has been
shown to qualitatively demonstrate the existence of secondary structures,
specifically a-helix, 8-sheet, and random coils, within a protein (80, 81).
Different optically active (or chiral) structures will absorb different amounts

of L over R circularly polarized light due mainly to differences in their struc-
ture (82). The difference between the absorptions of left and right circularly
polarized light (A, and Ag, respectively) at a specific wavelength can give
the ellipticity (#(\)) by

O(\) = 32.98 - (AL(\) — Ar(\)) (4.8)

where the ellipticity is related to the ellipse’s major axis (a) and minor axis
(b) by

O(\) = tan™* <b> (4.9)

a

(82). Tt is typical to present the CD data as the mean residue ellipticity
([0]mrw,r) at wavelength A as

100 - O())

e (4.10)

[e]mrw,)\ =

(82). This form for the ellipticity has the added advantage that it is inde-
pendent of the concentration of protein and the path length of the solution
containment vessel.

The determination of the secondary structures from the mean residue
ellipticity is done by qualitative observation of the position and number of
minima and maxima. Figure [4.5] shows the various forms the mean residue
ellipticity takes for common protein secondary structures.

CD data for two samples of CRC and one sample of CRC-RGDS were
taken with a JASCO spectrophotometer. All samples were prepared by

weighing out a sample in the dry form into a 1.5 mL tube. Samples were
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Figure 4.5: CD spectra for various protein secondary structures. Solid-line,
a-helix; long dashed line, anti-parallel (-sheet; dotted line, type I S-turn;
cross dashed line, extended 3;-helix or poly (Pro) II helix; short dashed line,
irregular structure. Reprinted from Biochimica et Biophysica Acta (BBA)
— Proteins & Proteomics, 1751, Kelly et al., “How to study proteins by
circular dichroism”, pp. 119-139 (2005), with permission from Elsevier.
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dissolved in 10 mM sodium phosphate (pH 7.5) buffer to ensure pH stability.
A low concentration of sodium phosphate was used to reduce the amount of
circularly polarized light absorbed by the salt. The protein was dissolved at
a concentration of 20 M. CD data for various samples of CRC and CRC-
RGDS are presented in Figure
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Figure 4.6: Mean residue ellipticity for various samples of CRC and CRC-
RGDS.

As can be determined by comparison with the results from Figure [4.5]
Figure [4.6] demonstrates that the shape of all plotted CRC and CRC-RGDS
mean residue ellipticity data is indicative of a-helices and random coil re-

gions. This reinforces the idea that both CRC and CRC-RGDS possess

a-helical end domains in solution.
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4.4 Results and Discussion

To study the rheological behavior of CRC gels, the storage and loss moduli
(G" and G”, respectively) were measured as functions of angular frequency, w,
on the Anton-Paar MCR310 rheometer. Results for G’ and G” are calculated
by Rheoplus software using the relations given by equations [3.76] Only one
sample has been tested for each data set as good quality protein was difficult
to obtain due to its finite lifetime in aqueous solvent and the large cost
and amount of time it takes to produce the amounts of protein required
for rheometric tests. As such, no standard deviations, n-values, or p-values
could be calculated for each data set. An appropriate strain amplitude was
chosen that ensured the 5.3% sample (and therefore all samples of a higher

concentration) was within its linear viscoelastic range.

4.4.1 Measurement Uncertainty

A plot of G" and G” vs. w within the frequency range 10 rad/s < w < 100
rad/s is shown in Figure . Nominal sample conditions, such as concentra-
tion, pH, and temperature, were identical for both samples, but subject to
uncertainties described below.

As explained in section [3.1], the concentration of the gels plays a large
role in its strength, and therefore rheology. A small difference in the gel
concentration can play a large role in a gel’s response to a stress or strain. Due
to the manner in which the gels were prepared (i.e. mixed) it is impossible
to obtain a homogeneous gel concentration, and so all measurements of this
value may vary from the mean concentration. Another possible variable that
can cause uncertainty is differences in the loading of samples. This could lead
to some air pockets appearing between the gel sample and rheometer, thereby
decreasing the measured moduli. The typical uncertainty for rheological
measurements is 10-20%, and is assumed for all measurements of both G’

and G” in the following discussion and chapters.
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Figure 4.7: G’ (®) and G” (W) vs. angular frequency, w, for two 7.5% CRC
gels, pH 7.5, at T = 285 K.

4.4.2 Stretched Exponential Behavior

In the first test, a (10.4£0.3)% (w/w) gel was tested at 12°C by measuring the
storage modulus, G’, and loss modulus, G”, as functions of angular frequency,
w. The data were scaled by dividing the storage and loss moduli (G’ and G”)
of each set by the intersection point of the moduli (G’ = 992 Pa = G”), and
dividing all values of w by the angular frequency at this intersection point
(w = 5.15 rad/s). The scaled data are plotted in Figure 4.8

Unlike in ideal telechelic systems, Maxwellian behavior was not observed.
Stress relaxation was instead expressed via stretched exponential behavior.
Thus, it was first necessary to determine which value of 5 could accurately
model the data. In order to do so, numerical estimations were made using
Wolfram Mathematica software. Equations|[3.58 were used to model the case
£ =1, while the Fourier sine and cosine transforms were performed on equa-
tion for the cases § = 0.75, 0.5, and 0.25 to obtain equations for G’
and G”, respectively. The crossover angular frequency was first determined
by setting G'(w) = G”(w) for each value of § and using the software to esti-
mate a possible value for w where this crossover would occur. The numerical

values obtained for w at each value of 5 were then used in their respective
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equations for G’ to obtain the value of the modulus at the intersection point.
These modulus values were then used as divisors in order to scale their re-
spective equations. Values of angular frequency were input into the resulting
equations to generate data sets for each 3. Results are shown in Figure [4.8|
As can be readily seen, the stretched exponential model with § = 0.5 fits
the data much more accurately than the estimations using g = 1,0.75, or
0.25. In order to quantify the quality of the stretched exponential model with
B = 0.5 as a good fit, it is necessary to calculate the parameter x2?. This
parameter is a means of determining how close experimental data matches

model data, with a minimum being desired. x? is calculated via

X2 _ Z Gemp(wz) Gmodel (W'L) (411)
i=1

Gmodel (wl)

where G.,,(w;) is the experimental storage (or loss) modulus datum at a cer-
tain angular frequency, w;, Goder(w;) is the model storage (or loss) modulus
datum at a certain angular frequency, w;, and n is the number of data points
(in this case, n = 1) (83). To ensure a good fit, x* must be a minimum with
respect to other possible values for 5 (83)). Model data were calculated for
[ values of 0.45 and 0.55 and plotted with the § = 0.5 model data as well
as the data points for the 10.4 % gel in Figure [£.9] These values for 3 were
chosen as they are similar to the value of 8 = 0.5. x? values were calculated
using equation for each model, with the data presented in Table [£.2]
Table demonstrates that the calculated y? data for 3 = 0.5 is very near

5 X2 for G;caled X2 for G;/caled
0.45 0.659 0.705

0.5 0.274 0.0763
0.55 0.573 12.1

Table 4.2: Calculated values of x? for various values of §3.

a minimum with respect to the other two models. The true value of 3 likely
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Figure 4.8: G (®) and G” (W) vs. angular frequency, w, for a 10.4% CRC
gel, pH 7.5, at T = 285 K. The data have been fitted to numerical estimations
of the stretched exponential model with the blue line representing values for
B =1 (the Maxwell model), the green line representing the values for which
£ = 0.75, the red line for values using 5 = 0.5, and the orange line for values
representing 5 = 0.25.
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lies in the range 0.5 < > 0.55, though further work must be done in order
to determine the value exactly.

This variation from the Maxwell model is not predicted from the ideal
theory, but imitates results obtained by Berret, et al and Tsitsilianis, et al
where the value for § had to be determined numerically (60H64]).

One possible reason for the variation from ideal Maxwell behavior in
CRC systems is the formation of dimers. Though the end groups of CRC
must bundle into trimers in order to form a crosslinked network, a finite
number of dimers and unimers do exist in the system. These dimers would
not contribute very much to elastic energy storage within the system as they
would not be able to distribute the stored energy throughout the network. In
addition, when the dimer dissociates it will dissipate energy through viscous
friction in exactly the same way as the CRC molecules involved in a trimeric
bundle dissipate energy once the trimer disassembles. This results in a lower
storage modulus due to less trimeric junctions, and a higher loss modulus due
to a larger number of end groups dissipating energy through viscous friction

than accounted for in trimeric bundles.

4.4.3 Thermal Dependence

In the thermal dependence tests, the temperature was varied using a Peltier
hood to observe the behavior of the gels. The Peltier hood controls temper-
ature via electrical heating to increase temperature, or by running cooling
water through the bottom plate to cool the metal and reduce the sample’s
temperature. In combination, the two can be used to precisely control the
temperature of the sample by using a thermometer within the rheometer to
measure the temperature of the metal, which must be at the same temper-
ature as the sample since they are in thermal contact. Data points were
obtained from a (10.4 & 0.3)% (w/w) gel, and are plotted in Figure [1.10]
The data from Figure demonstrates a shift in the relaxation fre-

quency to higher frequencies for higher temperatures. This is as expected
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from the theory, discussed in section [3.2.2] where higher temperatures in-
crease the thermal energy of the system, allowing for greater dissociations
between the physical crosslinks. It also demonstrates that the stretched be-
havior demonstrated in section is conserved within this temperature
range as the data set for T' = 285 K displayed in Figure is the same as
that presented in the previous section.

To fully investigate the temperature dependence of this gel, the crossover
angular frequency (w,) and crossover moduli (G,) for each temperature (7')
were determined by finding the intersection between the linearly interpolated
lines created from the storage and loss moduli bounding the intersection. The
data are given in Table [4.3] Note that the uncertainty on the temperature is
determined via the reading on the rheometer’s thermometer, the uncertainty
of the angular frequency is given in the rheometer’s manual, while that of 7

is calculated from the uncertainty of w.

T [in K] G, [in Pa] | w [in rad/s] 7 [in §]
(285.00 £ 0.01) | 9.02X10% | (5.6£0.2) (1.22£0.05)
(290.00 £ 0.01) | LO6X10° | (10.3£0.2) | (6.1=0.2)X10"
(295.00 +0.01) | 1.13X10% | (22.6 +0.2) | (2.79 £0.03)X10~!
(300.00 4+ 0.01) | 1.16X10° | (46.5+0.2) | (1.352 & 0.006)X10~"
(305.00 £ 0.01) | 1.22X10° | (95.4£0.2) | (6.59 £ 0.02)X10 2

Table 4.3: Crossover modulus and crossover angular frequency for the
(10.4 £ 0.3)% (w/w) hydrogel sample presented in Figure gel at var-
ious temperatures.

From these crossover values, the original data were scaled via the formulae

G'(w, T

;caled = (CGU; ) (412&)
G"(w,T)

" =7 4.12b

scaled Gr ( )
w

scaled — 4.12

Wgcealed w ( C)
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The scaled moduli were then plotted versus the scaled angular frequency,
leading to Figure
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Figure 4.11: G (®) and G” .y (W) vs weeareq for a (10.4+0.3)% (w/w)

scaled scaled
CRC gel at various temperatures.

As the values of G, ;.; and G4 agree for all T studied, we can see that
CRC protein hydrogels possess the same behavior within the temperature
range of 285 K to 305 K. The advantage to this thermal scaling method
allows the rheological behavior of the CRC hydrogels to be extended to lower
or higher frequencies than is normally possible.

It is also possible to explain the thermal behavior of the hydrogels by
associating it with the energy of formation of the physical association repre-
sented by the relaxation time, as done by Annable, et al, themselves building

off the theoretical work of Tanaka and Edwards (8, 51)). Using the crossover
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angular frequency, w,, to find the characteristic relaxation time, 7 (see Fig-
ure|4.11]), and plotting the logarithm of these versus the inverse of the thermal
energy, kT, in Figure [4.12] we see a linear relation between the two. Note:

the uncertainty on In(7) was calculated using the relation

AT

T

Aln(r) = (4.13)
where the A7 is the uncertainty in 7.
The linear nature of the data indicates a relation that follows an Arrhenius

equation of the form
T o eAC/KT (4.14)
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as proposed by Tanaka and Edwards (51)), where AG is some amount of en-
ergy dependent upon the binding of the telechelic polymers. This indicates an
Arrhenius dependence of the relaxation time on the temperature, as expected
from the theory for physical gels presented in section [3.1.4l From the linear
fit of Figure , the slope of the graph is estimated as (1.76 +0.02) X 10~

J of energy at room temperature.

4.4.4 Concentration Dependence

The rheological dependence of CRC hydrogels on concentration was also
studied. Three concentrations (5.3 £ 0.1%, 7.5 £ 0.1%, and 10.4 + 0.3%) of
CRC in 50 mM sodium phosphate, 0.2 mg/mL sodium azide (pH 7.5) were
used to determine the gel behavior over a range of concentrations. The stor-
age moduli (G’) and loss moduli (G”) were measured as functions of angular
frequency, w, and the results are shown in Figure [£.13] The uncertainty on
the data are approximately equal to the uncertainty on the concentration
measurements, giving a maximum approximate uncertainty of 3% on each
modulus measurement.

The data in Figure [£.13]indicate a concentration dependence for the gel’s
moduli and relaxation time. As expected from the theory presented in sec-
tion [3.2.2] the moduli increase with increasing concentration. This is due
to a higher number of telechelic polymers increasing the amount of elastic
energy stored in the system once it is deformed.

Using the same linear extrapolation technique to scale the data as in sec-
tion we obtain Table The data presented in Table can be used
to estimate a relationship between the relaxation time and concentration,
as plotted in Figure f.14] A linear relationship is assumed between the re-
laxation time of the moduli and the concentration, as this is expected from
theory for telechelic polymer gels. The slight variation in data points from
linear behavior could be attributed to a small sample size where a single

point variation could cause a significant difference in statistical analysis. It
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Figure 4.13: G’ (®) and G” (W) vs. w for varying concentrations of CRC
at T = 285 K.

Concentration | G, [in Pa] | w [in rad/s] 7 [in s
(3+0.0)% | 9.92X10% | (5.2+0.1) (1.22 £ 0.03)
(T5£0.1)% | 3.23X10° | (145+0.1) | (435 =£0.03)X10"
(10.4£0.3)% | 1.13X10° | (52.2 £ 0.1) | (1.204 £ 0.002)X10 T

Table 4.4: Crossover modulus and crossover angular frequency for various
CRC hydrogel concentrations at T = 285 K
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Figure 4.14: The relaxation time, ¢, plotted as a function of gel concentra-
tion. A linear dependence is assumed between the relaxation time and the
concentration. The data is taken from Table [£.4]

is therefore assumed that if enough samples were tested, the samples would
demonstrate a much more linear behavior.

To verify that CRC gels continue to display the same behavior at different
concentrations, the data from Table 1.4 were used to plot Figure [d.15 Here,
the behavior of the different concentrations seems to cause little variation on
the stretched exponential behavior of the gels. This is logical as increasing
the overall concentration should only affect the relative amount of elastic
energy stored and dissipated, as well as the speed with which the gels can
dissipate the energy in terms of viscous friction. Concentration should not
have any other effect on the overall mechanism of how the networks store and
dissipate the energy. This also demonstrates that at concentrations of 10.4%
and below, entanglements don’t play a role in the gels. Had entanglements
participated in gel properties, no relaxation time would be observed as the
energy would be stored by protein molecules crossing over one another, a
physical association that can never break.

In order to determine a possible relationship between concentration and

modulus data, a plot of G, vs. ¢[%] was made, with the results displayed in
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Figure 4.16: G, vs. ¢ for hydrogels at T" = 285 K. A power law fit has been
assumed between G, and concentration.

Figure[4.16] A power law fit was found to best fit the data, though with only
three data points it is impossible to say with certainty that the moduli should
follow this model. From the fit given, an estimation of the uncertainty of the

crossover modulus, G,., due to uncertainty in concentration can be made via
AG,(c) = A" T Ac (4.15)

where AG,(c) is the uncertainty in the crossover modulus, ¢ is the concen-
tration (in %), and A and x are constants. Estimations of A and x using
iterative software give values of 0.782 and 3.08, respectively. Using these

calculated values in equation allow an estimation of the uncertainty on
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the crossover modulus to be calculated.

4.4.5 Insertion of an Integrin Binding Domain

Another topic of interest with CRC hydrogels is the effect an integrin binding
domain, such as RGDS, will have on the gel’s rheological properties if placed
in the middle R block. The addition of the RGDS might affect the elastic
energy present in the protein by increasing the length of the R block. It is
far more likely, however, that the insertion of the RGDS domain should have
minimal effect due to its location in the R block far away from the physical
associations in the C blocks. Two hydrogel samples were prepared in 50
mM sodium phosphate, 0.2 mg/mL buffer at pH 6.5: one composed of 7.7%
(w/w) CRC, the other of 7.7% (w/w) CRC protein with the RGDS binding
domain, or CRC-RGDS. Each was tested on the rheometer, and the results
are given in Figure [{.17]

Slight variations between data in Figure 4.17] can be easily explained
by considering the uncertainty between measurements, as expressed in Fig-
ure by the example error bar. To determine the exact amount of vari-
ability between the data sets, the uncertainty for the crossover moduli were
determined from equation [4.15] The approximate value of this uncertainty
is shown by the error bar in Figure £.171 Even with this error in consid-
eration, the differences between the data sets still seem to be fairly large.
These differences may be due to differences in loading between samples, and
likely not any contribution by the RGDS domain. This can clearly be seen
by comparing the differences between the data sets of Figure [4.7] with those
of Figure .17} the differences between the data sets of the former set are
much larger than those of the second. This strongly favours the explanation
that differences between data sets are likely due to differences in loading and
not any contribution the RGDS domain exerts on the rheometry.

This confirms the previously stated hypothesis: as the RGDS domain
is located in the random coil (R) block of the protein it should play no
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Figure 4.17: G’ (®) and G” (W) vs. w, for 7.7% CRC and CRC-RGDS at
T = 285 K, with an approximate uncertainty of ~20% displayed by the error
bar.
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part in the crosslinking interactions of the trimeric bundle. The insertion
of the RGDS does not significantly affect the elastic energy of the sample
either, indicating that the presence of this domain in the R block will not
affect physical crosslinking, and therefore will have no effect on the physical

network.

4.4.6 pH Dependence

Another possible variable for CRC gels is sensitivity to pH. As the pH of
a solution is a measure of the concentration of H™ ions or OH™ ions in
solution, it is possible that the pH could affect the salt bridges that reinforce
the trimeric bundle. A pH of 7.5 is of particular interest because this is the
approximate pH of blood in the human body. Various CRC samples were
prepared in 50 mM sodium phosphate, 0.2 mg/mL sodium azide buffer at
different pH values, 6.5, 7.5, and 8.5.

The prepared gels were subsequently tested on the rheometer, and the
resulting data are given in Figure [4.1§

From the data presented in Figure [4.18] it can be concluded that pH vari-
ations between the ranges of pH 6.5 and pH 8.5 will have no significant effect
on the overall structural properties of CRC hydrogels. This likely occurs
because at these pH values, the a-helical interactions are shielded by the salt
bridges formed between the lysines and glutamic acids. These salt bridges
interact with the ions of the solution, preventing them from interfering with
the interactions of the leucine zipper core. Thus, CRC protein networks are

unaffected by solutions in the pH range of 6.5 to 8.5.

4.4.7 Conclusion

From the data presented in the previous sections, it can be concluded that
CRC hydrogels demonstrate stretched exponential behavior with a value of
[ in the range 0.5 < [ > 0.55. This value is likely close to a value of
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£ = 0.5. This can be related to the appearance of dimers within the system.
This behavior remains the same for a range of temperatures (285 K - 290
K), concentrations, and solution pH values. Increasing the temperature of
these gels shifts the relaxation frequency to higher values, while increasing
the concentration shifts it to lower frequencies. The association energy for
the trimeric bundle is estimated to be around (1.76 +£0.02) X107 J, and the
logarithmic relaxation time shows an Arrhenius dependence on the temper-
ature. An increase in protein concentration results in higher modulus values
due to increased storage of elastic energy. The addition of an integrin binding
domain, RGDS, has no effect on either the relaxation time or modulus prop-
erties. Finally, changing the solution pH has no effect on relaxation times
or on moduli. All of these can be explained by telechelic polymer theory, as

presented in previous sections.
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Chapter 5

EDC Crosslinked CRC

5.1 The System

In addition to undergoing self-assembly, CRC protein hydrogels may also be
chemically crosslinked using a selective chemical crosslinker. This process ir-
reversibly crosslinks the protein gels, changing the gels from weak, physically
crosslinked ones to chemically crosslinked gels. The behavior of the system

should then be modelled as an ideal elastic network.

EDC crosslinking

The chemical 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide hydrochloride,
or EDC, is a well-studied zero-length chemical crosslinker used to covalently
bond proteins (see Figure . The term zero-length is used to describe
crosslinkers that do not become chemically linked to the final product, thus
adding no extra (or zero) length to the final product. EDC functions by first
reacting with a carboxylic acid group to form an O-acylisourea which can
then react with an amine group to from an amide bond (84, [85).

Leucine zipper bundles are good candidates to form branched polymer
networks via EDC crosslinking, if certain conditions are met. If an amino

acid with a carboxylic acid containing residue (such as glutamic acid) is
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Figure 5.1: An EDC molecule

positioned at every e position of the leucine zipper, and an amine containing
residue (such as lysine) is positioned at every g position, they can be easily
crosslinked together due to their relative proximity in the trimeric bundle.
The number of chemical crosslinks possible for a CRC molecule depends on
the number of lysines available in a leucine zipper: there are only three lysines
available for crosslinking on the leucine zipper, as opposed to four glutamic

acids.

5.2 Methodology

Samples used for crosslinking were made following the protocol outlined in
section [4.2.3] with the only exception being that all samples were dissolved
in a 50 mM sodium borate, 0.2 mg/mL sodium azide (pH 7.5) buffer solution
instead of a sodium phosphate buffer. Sodium phosphate is known to react
with EDC while sodium borate does not, making the latter the more desir-
able buffering salt for crosslinking. For all crosslinked samples, the starting
concentration was purposely set higher than the desired testing concentration
as the addition of EDC solution to crosslink CRC gels would dilute them.
CRC samples were loaded into a 1 mL syringe and transferred to two
separate 2 mL syringes with leur-locks. The syringes were then briefly heated

and shaken to remove air bubbles from the gel samples loaded. One syringe
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Figure 5.2: G’ (®) and G” (W) vs. w for two 5% CRC, 50 mg/mL EDC
sample at a pH of 7.5 and temperature of 295 K.

was then attached to a leur-lock trijunction, with one end containing a rubber
stopper. A sample of CRC was loaded into the system and the desired amount
of EDC to add was calculated for each sample. This EDC was dissolved in
the same buffer as the CRC, and was loaded into the system via a Hamilton
syringe. The sample was quickly mixed using two syringes attached to the

leur-lok system, and then loaded onto the rheometer plates.

5.3 Results and Discussion

As in chapter 4, only one CRC hydrogel sample was tested to obtain each
data set. The reasons for this are the same as explained in section [£.4] There
are therefore no calculations for standard deviation, n-values, or p-values
obtained for each set of data.

A plot of G" and G” vs. w for two different samples, each nominally with
5% CRC, 50 mg/mL EDC at T' = 295 K is given in Figure .

The uncertainty for this data set should be larger than it was in Chap-
ter [4] as the volume of CRC protein gel measured before crosslinking cannot

be obtained with great accuracy. This is due to the estimation required by
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Figure 5.3: G’ (®) and G” (W) vs. w for a 5% CRC, 50 mg/mL EDC sample
at a pH of 7.5 and temperature of 285 K. A numerical estimation was made
combining a constant modulus with the stretched exponential model with
£ =0.5.

combining the inaccurate volume measurement made by using the scale on
the syringe with the approximate volume measured for the trijunction. Thus,
when EDC containing buffer is added to the system the amount added could
easily cause the protein concentration to be much higher or lower than re-
quired. This is in addition to the uncertainty introduced by differences in
concentration and the manner in which samples are loaded onto the rheome-

ter, as explained in section [£.4.1]

5.3.1 Gel Behavior

First, the rheological behavior of a 5% CRC, 50 mg/mL sample at pH 7.5
and a temperature of 12°C was characterized by measuring the storage mod-
ulus, G/, and loss modulus, G as functions of angular frequency. Results are
presented in Figure [5.3] As can be seen, EDC crosslinked CRC gels are not
entirely independent of angular frequency, as might be expected for a chem-
ically crosslinked gel (see section . One possible explanation for this is

that not all of the telechelic polymer ends are chemically crosslinked, and in
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fact are still partially governed by physical crosslinks. The rheology moduli
data should therefore be expressed as linear combinations of the chemical gel
components and physical gel components.

As discussed in section £.4.2] CRC gels display a stretched exponential
behavior with 8 = 0.5. The model for EDC crosslinked CRC modulus behav-
ior should also take this into account. A series of equations for both storage

and loss moduli may then be written as
s _ 1 i (L
- 0 H0-C ) ()

_Gm\/j([@_s@gg_}cos ()] +1) Lo (5.1)

= Gk + G,

, V3 (1-C (k) sin ()
G"(w) = Guo 2&?
G0-S(E) el 62
+G
> 2\/wT
= Gk’ + G

where G, is the plateau modulus, " and k" are short forms for the stretched
exponential components, and G/ and G’ are contributions from the chem-
ically crosslinked protein molecules. These equations were also numerically
determined using Wolfram Mathematica software by estimating the values
of G, G, and G and inputting the correct values of w. The model data
are also plotted in Figure 5.3

The correspondence between the data and the model is quite good, indi-
cating that these gels are indeed a mix between a chemical gel and physical
gel as evidenced by the mixed rheological response of the gel. Differences
between the model and the data are quite small, less than the expected

differences between nominally similar samples (see Figure [5.2). It is there-
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fore likely that EDC crosslinking CRC results in some permanent, chemical
crosslinks that produce a constant modulus contribution, while uncrosslinked

molecules continue to exhibit stretched exponential behavior.

5.3.2 EDC Concentration Dependence

CRC samples crosslinked at a constant concentration and varying amounts of
EDC were tested to determine whether the EDC concentration had an effect
on either the gel as it crosslinked, or on the resultant crosslinked network.

The rheometric tests were completed by measuring the storage and loss
moduli at 1% strain and 10 rad/s as functions of time for various 5% gels.
These values were chosen as 1% strain is within the sample’s linear viscoelas-
tic range, and at an angular frequency of 10 rad/s there is less chance that
slip will occur. The data are presented in Figure[5.4] As can be seen over this
10 hour period, the moduli of the CRC samples with higher concentrations
of EDC plateau much quicker than those samples with lower concentrations.
This occurs because a higher concentration of crosslinker within the material
makes it more likely the trimeric bundles will encounter an EDC molecule
and form covalent bonds. As can be seen, the storage moduli for all samples
increase with time. This occurs because, as time progresses, more trimeric
bundles become chemically crosslinked, increasing the value of the storage
modulus, which is a measure of the elastic energy.

Another conclusion may be drawn from these data by comparing the
curves for the 10 mg/mL EDC concentration sample and the 50 mg/mL
EDC sample. As can be seen, the storage modulus for the former seems to
be approaching that of the latter near 10 hours. The storage modulus of the 5
mg/mL EDC concentration sample at 10 hours seems to be approaching that
of the 10 mg/mL EDC concentration sample at 6 hours. It is possible that
the storage modulus for these concentrations of EDC would all converge to
the same value at high enough concentrations. The loss modulus for both the

10 and 5 mg/mL EDC concentrations seem to be approaching the maximum
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Figure 5.4: G’ (®) and G” (W) as functions of time for 5% CRC gels with
varying EDC concentrations.
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loss modulus value of the 50 mg/mL EDC sample. It is possible that, given
enough time, these samples would also attain this maximum value, and then
begin to drop as well. One possible reason for the drop in loss modulus with
time for the 50 mg/mL sample is due to a lower number of free ends able
to dissipate elastic energy through viscous friction with the solvent. Given
enough time, all the free ends should come into contact with EDC, and
therefore be eligible for chemical crosslinking. Thus, as time progresses there
are more chemical crosslinks formed than physical ones, leading to lower
storage modulus data.

To further compare the effects of varying EDC concentrations on the 5%

gels, a plot of moduli versus w is given in Figure [5.5. From Figure [5.5] it
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Figure 5.5: G/ (®) and G” (W) vs. w for 5% CRC hydrogels with varying
EDC concentrations at 295 K.

107



Gel Sample Gl ae P2
5.3% CRC 17.8

5% CRC, 5 mg/mL EDC 652

5% CRC, 10 mg/mL EDC 701

5% CRC, 50 mg/mL EDC 566

Table 5.1: The maximum storage modulus, G/ for a 5.3% CRC sample

max?

and a 5% CRC, 50 mg/mL EDC sample at various temperatures for 0.1 <
w < 100 rad/s.

is seen that the behavior of the hydrogels is decreasingly dependent of w for
higher concentrations of EDC. It is also seen that a characteristic relaxation
time, 7, can no longer be calculated from any of the samples as there is
no crossing over of the storage (G’) or loss (G”) moduli within the range
of frequencies studied. Both the aforementioned observations lead to the
conclusion that after 10 hours and at a minimum concentration of 5 mg/mL
EDC, a 5% CRC hydrogel changes from a stretched exponential fluid to
a chemical gel. This arises from the fact that stretched exponential fluids
have an associated relaxation time with their rheological components, while
chemical gels are very weakly dependent on the time, and therefore angular
frequency. In the case of CRC, this relaxation time is associated with the
lifetime of the self-assembling trimeric bundles, and chemically crosslinking
them together prevents the dissociation of the trimers from occurring.

It should be noted that the maximum storage modulus for all three CRC
samples with different amounts of EDC is higher than that of the 5.3% sample
of CRC without EDC, as presented in table[5.1} From these values it is readily
seen that the EDC crosslinked samples are over thirty times as strong as the
physically crosslinked CRC sample. This is likely due to the increased number
of crosslinks caused by the chemical crosslinking. The physical associations
of regular CRC are not permanent, and the energy required to break them
is of the order of the thermal energy. Therefore, at room temperature (~295

K) many of the potential trimeric associations of the physically crosslinked
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system are dissociated, creating a weaker system that cannot store stress
energy. Chemical crosslinking, however, creates far more bonds, allowing
many more molecules to participate in energy storage and dissipation. This
creates much higher maximum storage moduli than the physically crosslinked
sample. Thus, there are still some physical trimeric associations that can

dissociate, creating a dependence of the modulus on angular frequency.

5.3.3 Temperature Dependence

The behavior of a fully crosslinked gel was investigated at various tempera-
tures to determine the thermal dependence. The 5% CRC, 50 mg/mL EDC
sample was selected since the moduli varied very little with ¢, implying that
the sample was fully crosslinked. The data are shown in Figure [5.6|

Figure [5.0]indicates an inverse relationship between the moduli of a CRC
hydrogel and the ambient temperature. From the model proposed in sec-
tion [5.3.1], the first components are those representing the chemical gel con-
tribution to the moduli. These are proportional to the temperature, and
should increase as temperature is raised. This is likely due to a finite fraction
of non-EDC crosslinked CRC leucine zippers. As the EDC has not affected
them, their interactions must be the same as before. Therefore, the physical
associations of EDC crosslinked CRC gels create lower moduli within the

frequency ranges studied due to decreases in relaxation time.

5.3.4 CRC Concentration Dependence

The behavior of EDC crosslinked CRC hydrogels at different concentrations
is also of interest. Crosslinking time tests were performed for ten hours on a
5%, 7.5%, and 10% CRC hydrogels with 50 mg/mL EDC as in Figure[5.7, An
EDC concentration of 50 mg/mL was chosen because, as indicated from the
data in Figure [5.4] at 10 hours with this concentration of EDC many of the

sites available will crosslink. The curves presented in Figure [5.7] demonstrate
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Figure 5.6: G’ (®) and G” (W) vs. t for a 5% CRC hydrogel with 50 mg/mL
EDC.
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Figure 5.7: G' (®) and G” (W) vs. t for hydrogels with 50 mg/mL EDC
and varying CRC concentrations at a temperature of 295 K.
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very similar behavior with time. At all concentrations shown, the storage
modulus overtakes the loss modulus in less than one hour’s time. This occurs
more quickly at higher concentrations, likely due to the increased number of
possible chemical crosslinks. With a larger number of possible crosslinking
pairs of glutamic acids and lysines, the rate of reaction increases. Thus, the
reaction must occur more quickly for higher concentrations of CRC. This
is reflected in a higher storage modulus, representative of increased elastic
energy storage in the system due to a larger number of crosslinks.

The shapes of the curves for all three concentrations above the crossover
point (the point at which G’ > G”) are all very similar. This indicates
that all three concentrations of CRC are in the same semidilute solution
range during and after crosslinking. The largest difference between the three
concentrations is the relative strengths of each gel. The 10% CRC sample
possesses the strongest storage and loss moduli, while the 5% possesses the
weakest. This is due to the increased number of chemical crosslinks at higher
concentrations of CRC, allowing more polymers to both store and dissipate
stress energy applied to the system.

Next, the rheological responses of the EDC crosslinked CRC hydrogels
with angular frequency were determined at 7' = 295 K, as shown in Fig-
ure[5.8 As the concentration of the CRC hydrogels in Figure [5.8]is increased,
the values of the moduli are increased, as expected from the data given in
Figure 5.7, The moduli do show slight angular frequency dependencies, with
the storage modulus increasing and the loss modulus decreasing at higher
angular frequencies. This is due to physical associations that have not yet
been chemically crosslinked, as discussed in section [5.3.1}

The relative behavior of all three concentrations is also very similar, save
shifted to higher modulus for larger concentrations. The 5% CRC sample
seems to be much more dependent upon angular frequency as its storage and
loss modulus are much closer in magnitude at low frequencies. This further

reinforces the idea that the angular frequency dependence of the modulus
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Figure 5.9: G’ (®) vs. concentration at w = 10 rad/s and T = 295 K. An
exponential fit has been made of the concentration dependence.

depends on physical associations that EDC has not chemically crosslinked
because at this dilute concentration the CRC protein molecules are less likely
to contact one another. This decrease in contact due to lower proximity also
decreases the chance that an EDC molecule will enable a chemical crosslink
to occur, resulting in a slight increase in non-chemically crosslinked physical
associations.

Due to the complex nature of the system (i.e. both physical and chemical
crosslinks), the dependence of the moduli on concentration can be expected
to be different from the linear, theoretical predictions for both chemical and
physical gel systems. This can be demonstrated via a plot of the storage
modulus at w = 10 rad/s vs. concentration, as in Figure The dependence
of the storage modulus on concentration was modeled with an exponential
fit for the storage modulus. Here, the modulus is plotted as a function of

concentration via the relation

G =G+ Gohd'

(5.3)
= G, + AkTe*r

where G/ is a constant modulus term, ' is the stretched exponential compo-
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nent defined in section A and « are constants with respect to concen-
tration, and c is the percent (w/w) concentration of the CRC hydrogel. The
AkTe* term is derived from G, = vkT, where v are the number of elasti-
cally effective chains. The value of v therefore demonstrates an exponential
dependence on concentration.

This concentration dependence is different than that predicted by the
theory of section for chemical gels, but there are examples of this be-
havior in the literature. Yarovoy, et al studied a poly(methyl methacrylate)
(or PMMA) system that gels in an ionic solvent due to the stereochemistry
of its components (86). This system displayed an exponential dependence for
the moduli on polymer concentration, much like the EDC crosslinked CRC
system.

The crosslinking of the CRC system is quite different from that of the
PMMA system in that there exist both physical associations via the hy-
drophobic interactions of unreacted leucine zippers and chemical crosslinks
between the lysines and glutamic acids. As stated before, the PMMA sys-
tem forms a gel through its stereochemistry, specifically between the isotactic
and syndiotactic versions of the polymer. Isotactic polymers are those with
individual monomer unit’s side chains geometrically aligned along the pri-
mary chain, while syndiotactic versions have their individual monomer units
aligned such that any side branches are not aligned. This allows the PMMA
molecules to lock together via Van der Waals forces (86). Thus, the crosslink-
ing between the systems are quite different, necessitating investigation of
other possibilities for this behavior.

One other way of modelling the moduli is via a power law, as demon-
strated in Figure with a constant frequency of w = 10 rad/s. A numer-

ical fit was made to the data using a power law equation of the form

G =G+ Gook

(5.4)
=G + AT K
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Figure 5.10: G’ (®) vs. concentration at w = 10 rad/s and T = 295 K. A
power law fit has been made of the concentration dependence.

where G is a constant modulus, ' is the stretched exponential term defined
in section [5.3.1, A and « are constants with respect to concentration, and ¢ is
the percent (w/w) concentration of the CRC hydrogel. Numerical estimates
of a are given by 5+ 1. A power law dependence has been found for different
telechelic systems by Tsitsilianis, et al, with different exponents for different
systems (87). Variations in the power law exponents were explained by how
much larger they were from unity. As explained previously, G, = vkT which
predicts a linear dependence upon concentration. Therefore, the farther the
component is from unity, the fewer the strands that contributed to forming
bridges between trimeric junctions.

It can also be argued that the number of elastically effective chains,
v, is related to the power law dependences on concentration, ¢ and c”.
Skrzeszewska, et al have demonstrated that the shear modulus for triblock
telechelic systems demonstrate a dependence based on the relation

Fe(2p —1)3RT

G, ~ 2 (5.5)

where F'is a front factor, c is the concentration, RT is the thermal energy per
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mole, and p is the probability that a certain end group will form a trimeric
junction (88)). The prefactor F is equal to 1 if the affine network theory
is adhered to, while a value of 1/3 is used when dealing with trifunctional
nodes (88)). Concentration dependencies are slightly more complicated than
this equation suggests at first glance.

The probability that a certain end group will be a part of a trimeric
junction specifically, p, is inherently dependent upon the concentration of
protein. At lower concentrations, it is statistically less likely that an end
group will encounter another end group. It is therefore less likely to be
involved in a junction, giving it a lower probability. In addition, this also
encourages the formation of dimeric junctions which don’t add to the network
as they essentially create longer strands. As the concentration increases, the
likelihood of an end group contributing to network strength will also increase,
causing a related increase in probability.

It is difficult to determine which of the aforementioned relations between
the storage modulus and concentration is the true relationship. This arises
mostly due to a lack of modulus data: in this study, only half a decade
of information is presented. To determine conclusively which of the two
relations can be ascribed to EDC crosslinked CRC systems, it is necessary
to extend the range of the data to more than one decade, allowing more

information about the overall behavior of the gels to be considered.

5.3.5 Conclusion

Chemically crosslinking CRC protein molecules creates chemical gels with
rheological behavior indicating a mix of physically crosslinked components
that follow a stretched exponential model with 5 = 0.5 and chemically
crosslinked components. Decreasing the concentration of EDC causes the
gels to take longer to fully crosslink. An EDC concentration of 50 mg/mL
is sufficient to crosslink CRC molecules fairly quickly. Increasing the protein

concentration causes a slight increase in the speed at which the networks
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crosslink, and increases the magnitude of both storage and loss moduli. The
behavior of these gels is nearly independent of angular frequency, with slight
variations in modulus strength due to physical associations that have not
been chemically crosslinked. This frequency dependence is more pronounced

for lower concentrations of CRC.
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Chapter 6

Biomimetic Gluten Proteins

6.1 The System

W6 is a wheat gluten derived protein composed of 6 repetitions of a specific
amino acid sequence (W1). The W1 sequence is based on the A and N
mutated gluten sequences studied by Wellner, et al with the exception that
the glycines present in a normal gluten molecule are replaced by glutamic
acids to enhance solubility (30). The W1 sequence makes use of this enhanced
solubility as it is composed of half an A block and half an N block, the latter
of which is not very soluble. The resulting amino acid sequence is given in
Figure

Other than its increased solubility, W6 cannot physically self-assemble
into a gel form as it lacks the necessary electrostatic, hydrophobic, and hydro-
gen bonding mechanisms for physical gelation. However, due to the presence
of six tyrosines (the Y in Figure , W6 can undergo chemical crosslink-
ing via an addition polymerization reaction through the use of horseradish
peroxidase (HRP) and HyOy. HRP reacts with hydrogen peroxide to create
free radicals. These free radicals react with tyrosine residues to create an in-
termediate free radical that can react with other tyrosines to form what are

called dityrosines (89, 90)). The formation of dityrosines as a means of bond-
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MAPGQGQCEYDPTSLOQEPGQOGQPEYDPTSLOEPGQGQPEYD
PTSLQEPGQGQPEYDPTSLOQEPGOGQPEYDPTSLQEPGQGQOP
EYDPTSLOEPGQGQPEYDPTSLQEPGQGQPEYDPTSLOEPGQ,
GQPEYDPTSLOEPGQGQOPEYDPTSLQEPGQGQPEYDPTSLQE
PGQGOPEYDPTSLQEPGOQGQOPEYDPTSLQCPGQGQOP

Figure 6.1: The W6 amino acid sequence. W6 is composed of six repetitions
of the W1 insert, highlighted in red here.

ing and strengthening elastomeric proteins is a known natural phenomenon
in resilin (91], 92)) and elastin (93). The process itself requires the presence of
hydrogen peroxide (HyO3) as an oxidizing agent to react with two tyrosines
to produce the dityrosine, as in Figure (89, ©0). The rheological char-
acteristics of W6 gels would then behave as a chemically cross-linked gel,
obeying the mechanics of kinetic gelation described in section |3.1.3]

Methods of crosslinking elastomeric proteins are varied, though they al-
ways result in covalent bonding between molecules. Gamma radiation has
been used to crosslink elastin aggregates to form nanoparticles which can be
used as drug delivery systems (94} 95). Advantages to this crosslinked system
include the lack of potentially toxic crosslinking chemicals, the sterilization
of the material by the gamma rays, and the creation of a biodegradable drug
delivery system (94)).

This reaction involves the conversion of hydrogen peroxide to a free radical
intermediate (89). It is this free radical that reacts with a tyrosine to form
a tyrosine radical, which in turn reacts with another tyrosine to form the
dityrosine. Such reactions are known as addition polymerization reactions,

and are further discussed in section B.1.3]

120



Figure 6.2: HRP catalyzed reaction of two tyrosines with a hydrogen peroxide
to produce a dityrosine

6.2 Methodology

W6 was expressed, purified, freeze-dried and donated by Dr. Scott Dick.
Samples were weighed into 1.5 mL tubes, and dissolved in 150 mM sodium
pyrophosphate (pH 10.2) buffer. The concentration was verified by using
990 pL sodium pyrophosphate to dilute 10 uli of sample, mixing well, and
then measuring the Abssgg with sodium pyrophosphate as a blank as per
previous instructions. HRP solutions were prepared by weighing dry HRP
into a tube, and adding enough 25 mM borate buffer solution for a final
concentration of 50 mg/mlL HRP. Hydrogen peroxide (HyO3) solution was
prepared by diluting pure solution to 100 mM with DI water.

The volumes of W6, HRP, H,Oy and DI water solutions needed for a
desired concentration were calculated. The W6, HRP and DI water were
then mixed together using a micropipette. For cases of higher concentrations
of W6 (40 mg/mL, or above), the reaction occurred too quickly at room

temperature to remove the sample from the tube, so all samples were kept
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on ice for these concentrations. Once the HyO, was added, the sample was
quickly mixed and pipetted onto a 25 mm diameter mould. This mould was
placed into a heater set to 37°C for a period of 1 hour before the sample was

transferred to the rheometer.

6.3 Results and Discussion

All gels in this section were characterized by measuring the moduli, G’ and
G", versus angular frequency, w, on the Anton Paar MCR 301 rheometer.
A shorthand description of W6 gels is also used in the following section to
describe the relative concentrations of the three major components. If a W6
gel possesses A mg/mL W6, B mg/mL HRP, and C mM H,O,, then such a
gel will be denoted as an A-B-C' W6 hydrogel.

As in Chapters 4 and 5, only one sample was tested in order to obtain
each data set as it was very time consuming to obtain significant amounts
of W6 to perform each test. Again, this results in no standard deviation,
n-values, or p-values for each data set.

A plot of G" and G” vs. w for two different samples of 20 mg/mL W6, 1
mg/mL HRP, and 10 mM Hy0, at 7' = 298 K is given in Figure[6.3] As with
CRC gels, there were large sample-to-sample variations in moduli measured
for nominally equivalent samples, presumably due to the strong sensitivity
of rheological parameters on uncertainties in protein and crosslinker concen-
trations as well as the loading procedure. Another possible culprit for the
large uncertainties could perhaps be the presence of an impurity. Each sam-
ple in Figure [6.3] was obtained from a different batch of protein, and in each
purification of W6 there exists a small amount of impurity that absorbs 280
nm light. When a sample with more impurity (in this case, the first sam-
ple) has its concentration measured using 280 nm absorption, its calculated
concentration will read higher than it should. It is very possible that this

occurred here, where the first sample had a higher level of impurity making
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Figure 6.3: G’ (®) and G” (H) vs. w for two 20-1-10 W6 hydrogels at
T =298 K.

its measured W6 concentration higher than it actually was.

6.3.1 Thermal Dependence

To determine the behavior of W6 gels with temperature, a sample with con-
centrations of 20 mg/mL W6, 1 mg/mL HRP and 10 mM H,O, were tested
on the rheometer at three temperatures: 298 K, 310 K, and 318 K. The data
are presented in Figure [6.4]

From these data, it is clear that neither the storage nor loss moduli de-
pend appreciably on the angular frequency, w, indicating nearly ideal elastic
behavior. The presence of dropped channels (values of G” that drop to 0) for
the T' = 318 K sample may be a result of the crosslinking process used for
W6. The free radical peroxide crosslinking of W6 molecules together seems
to create a gas as a byproduct. This reaction continues even during testing
on the rheometer as there is no means of completely stopping it short of
changing the chemistry of the gel. The resultant bubbles could cause slip-
page to occur. In addition, at higher temperatures the hydrogel system tends
to contract, as per the theory presented in section [3.1.3] This contraction

squeezes solvent out of the gel, placing it between the sample and the top
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Figure 6.4: G’ (®) and G” (W) for a 20-1-10 W6 hydrogel at various tem-
peratures.
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Figure 6.5: G (®) versus kT for a 10 mg/mL W6, 1 mg/mL HRP, 10 mM
H>05 sample. The red line represents a linear fit made to the data.

rheometer plate. The solvent can then increase the chances of slip occuring
for the sample, causing G” to be measured as 0.

As also can be seen, G increases as T increases. To estimate the depen-
dence of the storage modulus on temperature, values of G’ were plotted versus
ET. Assuming a linear relation with temperature, the results were then fit
to a linear numerical model, as shown in Figure [6.5] From Figure [6.5] the
relation between the storage modulus and temperature could be modelled
by G' < kT, as expected from equation presented in section [3.1.3] As-
suming a linear relationship, the exact value of the proportionality constant
between the two was determined by the fit to be (6 + 1) x 10%* Pa/J. This
constant should be equal to the density of the elastically effective protein
molecules. Assuming the storage modulus dependence on k7' is linear and
noting its independence of w indicate that W6 gels could behave as chemi-
cally crosslinked gels when an oscillating stress is applied. If the relation is
truly linear, then the thermal conditions vary with temperature exactly as
predicted from the theory of rubber elasticity.

The variation between the data and the linear fit may be due to slipping

occurring between the rheometer tool and the gel. This slippage would cause
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the measured stress to be lower than it should for a specific strain, resulting

in a lower storage modulus.

6.3.2 Protein Concentration Dependence

Samples with varying W6 concentrations were tested on the rheometer with
constant concentrations of HRP and H;0O45 to determine the effects of con-
centration on the gels. The data are presented in Figure [6.6]

It is clear that as the concentration of W6 increases, so do the values of
G' and G”. To determine exactly the relation between the concentration and
moduli, logG’ and logG"” were plotted as functions of log concentration (log
c) at w =10 rad/s, T'= 310 K, and v = 0.25%. A linear fit was calculated
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for G’ using Igor software, with the results presented in Figure [6.7}
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Figure 6.7: log G’ (®) and log G” (M) vs. log c. A power law fit has been
calculated for the data, with the results displayed.

From the linear fit, we can see that the data for G’ follows a power series

law,

G =G, + A (6.1)

where G, = 100 £ 300 Pa, A = 1+ 1 Pa/(mg/mL), and § = 2 £ 4, as
determined by a power series fit. Of these three calculated values, only that
of G, is an inherent property of W6 while the other two are consequences of
the way the polymer solution forms a gel network. This is a consequence of
the osmotic pressure created once the elastic network and the solvent which
permeates it reach an equilibrium in which the elastic energy of contraction

is exactly balanced by the swelling brought about by the solvent. The value
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Figure 6.8: G’ (®) and G” (W) vs. w for 20 mg/mL W6 samples with 10
mM H,0,. Data were taken at T = 310 K, 0.25% strain

of ¢ calculated by the software above is very close to the value of 9/4 = 2.25
predicted by theory in section [3.1.3] This predictability based on rubber
elasticity theory further reinforces the idea that W6 gels are well-behaved

chemically crosslinked hydrogels.

6.3.3 HRP Concentration Dependence

To determine whether the concentration of HRP would have an effect on
modulus behavior, two 20 mg/mL W6 samples were prepared with 10 mM
Hy0,. The results are shown in Figure [6.8] From the graph, it can be seen
that the additional HRP has little effect on G’. The variation between the

storage moduli of the two samples is likely explained by differences in purity
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of the two samples, as explained previously. The difference in the storage
moduli is then not derived from differences in HRP concentration, indicating
that the sample with 1 mg/mL HRP is fully crosslinked. This shows that
for 20 mg/mL W6, above a HRP concentration of 1 mg/mL, the system has
enough enzyme to fully crosslink. The addition of more crosslinker above

this point will therefore not affect the gel in any manner.

6.3.4 Scaling Dependence

To see what range of moduli could be obtained, various samples of W6 hy-
drogels were tested. All these samples had the concentrations of each com-
ponent proportional to each other by the ratio 10:1:5 (W6 [mg/mL]:HRP
[mg/mL]:H,0, [mM]). The data are presented in Figure [6.9]

As can be seen, the range of both moduli stretches over a few orders of
magnitude. The loss modulus lies in a range from 10° Pa < G” < 10° Pa,
while the storage modulus is within 10> Pa < G” < 10° Pa. These ranges
are much larger than those presented in section [6.3.2l This is due to the
increased amount of HyOs present in the gels, allowing more protein to be
crosslinked at higher concentrations due to the increased availability of the
hydrogen peroxide. This in turn is reflected in much larger moduli. The
moduli data between 10 mg/mL W6 and 40 mg/mL W6 seem to follow a
trend, as expressed in Figure [6.10] The moduli data again follow a power
law with an exponent equal to approximately 2.25 = 9/4, as expected from
the theory of rubber elasticity, as presented in section [3.1.3] The biggest
difference between these data sets and those where the HRP and H,O5 con-
centrations are held constant is the strength of the modulus for the gel with
60 mg/mL W6, 6 mg/mL HRP, 30 mM H,0,. This sample has much higher
moduli than expected. This could be due to HRP and HyO4 present in such
high concentrations along with very high W6 concentrations that individ-
ual W6 molecules are crosslinked with themselves. This would create extra

crosslinks, reducing the distance between crosslinks of protein.
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6.3.5 Conclusion

W6 gels behave as chemically crosslinked gels swollen in solvent. Their ther-
mal dependence indicates increases in their moduli with temperature due to
increased elasticity of the protein chains. Moduli demonstrate a dependence

9/4 when the concentration

on concentration according to a power law with ¢
of W6 is increased while keeping that of HRP and HyO45 are held constant.
Changing the concentration of HRP in the samples does not affect either
the storage or loss moduli above a concentration of 10 mg/mL. In addition,
scaling the concentrations of HRP and HyO45 with that of W6 causes the gels
to possess much larger moduli than the gels whose HRP and H504 remain
constant. Even with this scaling, the gels still demonstrate a modulus de-
pendence on the concentration equal to ¢4 for modest concentrations (with

more rapid increases at high concentrations of protein and H202).
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Chapter 7
Conclusion

The invention of novel biomaterials for use in various areas of medicine and
scientific research is on the rise. Protein hydrogels, one particular type of
novel biomaterial, has previously been shown to be of use as cellular scaffolds.
The protein CRC has already been proven to work as a cellular scaffold,
while the newly created W6 protein may yet prove the same. As the physical
properties of the hydrogel networks composing these cellular scaffolds is of
particular importance, the rheological properties of CRC and W6 hydrogels
were determined by rheometric techniques.

The telechelic properties of CRC were demonstrated to have an effect
on the rheological properties of CRC hydrogels. Storage modulus and loss
modulus data were measured by varying the angular frequency to determine
that the CRC networks behave as weakly, physically crosslinked systems that
follow stretched exponential modulus behavior with a value of g very close to
0.5. As temperature was increased, the moduli behavior was shifted towards
higher frequency. This was elaborated upon by collapsing the data for a
10.4% CRC hydrogel at various temperatures within the range 285 - 305 K
onto a single master curve using their relaxation times. This curve showed
very little variation between the various data ranges plotted on it. From

this, the relaxation times were found to depend on the energy of association
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through an Arrhenius dependence, and that this energy was equal to (1.76 £
0.02) X107 J. CRC hydrogel samples at concentrations of 5.3%, 7.5%, and
10.4% were also tested by measuring modulus data vs. angular frequency
at a temperature of 285 K. As concentration was increased, the relaxation
frequency decreased and the strengths of the moduli increased. These data
were also collapsed onto a single master curve where it was shown that despite
differences in concentration; the gel behavior was overall the same. CRC
proteins with modular integrin binding domains were then allowed to form
a network and tested rheometrically. The data were compared with that of
a regular CRC network at a similar concentration and pH and found to be
nearly identical. A number of samples with differing pH values and similar
concentrations were then tested on the rheometer, demonstrating that at pH
values of 6.5, 7.5 and 8.5 the rheological behavior of the protein networks
remained the same.

CRC networks were then chemically crosslinked with EDC. The resultant
gel networks were tested on the rheometer where it was shown the data
agree with a model where the moduli could be expressed as a combination
of components from the physically crosslinked CRC network and that of a
chemically crosslinked network. The physical associations of the network
continued to demonstrate stretched exponential behavior with § = 0.5. The
storage modulus was also shown to be much stronger than that of the purely
physically crosslinked hydrogel. 5% CRC gels with 5 mg/mL, 10 mg/mL,
and 50 mg/mL EDC were also tested on the rheometer with modulus data
measured as a function of time. It was shown that higher concentrations of
EDC resulted in a plateau in the moduli much quicker than those with lower
concentrations of EDC, though the moduli of all the gels with time seemed
to converge towards the same values. A time of ~10 hours was chosen for
these data to ensure that most crosslinking for the materials was complete.
The storage and loss moduli of these gels were then tested with varying

angular frequency, where it was shown that the samples with lower EDC
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concentrations displayed stronger dependencies on angular frequency than
that with the higher EDC concentration. As temperature was increased for
a 5% CRC gel crosslinked with 50 mg/mL EDC, the moduli were shown
to decrease, indicating that physical associations play a stronger role in the
crosslinked network than covalent interactions. Samples with 5%, 7.5%, and
10% CRC and 50 mg/mL EDC were also tested at a temperature of 295
K. Their moduli were determined first as functions of time, where it was
demonstrated that the modulus behavior for all three samples was the same,
with crosslinking occurring only slightly quicker for higher concentrations
of CRC. The same samples then had their moduli tested as functions of
angular frequency to determine that there were two possible explanations for
storage modulus behavior: one as an exponential dependence via the relation
G’ x e, the other via the relation G’ o c.

The rheological properties of chemically crosslinked W6 hydrogels were
then determined by testing various samples on the rheometer. A 20 mg/mL
W6, 1 mg/mL HRP, 10 mM Hy0, sample was shown to have no modulus
dependence on the angular frequency. As the temperature was increased for
this hydrogel, the moduli demonstrated an increase in strength. Linear fits
made to the moduli showed a dependence on the temperature for this gel to
be linear, exactly as expected from theory, with a proportionality constant of
(6+1) x 10* Pa/J. Next, 10 mg/mL, 20 mg/mL, 40 mg/mL, and 60 mg/mL
W6 samples with constant HRP and H,O, concentrations were tested and
plots of their moduli vs. angular frequency at a temperature of 310 K were
made. The storage modulus was shown to increase with increasing concen-

94 exactly as expected from theory for a

tration via the relation G’ x ¢
chemically crosslinked gel. Next, 20 mg/mL W6, 10 mM H,O, samples with
HRP concentrations of 1 mg/mL and 2 mg/mL were compared by plotting
their moduli vs. angular frequency data on a plot at 310 K. It was shown
that the gels displayed no dependence on the HRP concentration as expected

since HRP is a catalyst and therefore will only affect the rate of reaction.
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Finally, W6 samples were tested where HRP concentrations and HyO5 con-
centrations were scaled linearly with W6 concentrations. These gels displayed
much higher moduli than the gels where the HRP and H2O5 concentrations
were held constant, and again showed the moduli depended on the concen-
tration by a factor of 9/4 for W6 concentrations less than 60 mg/mL. At this
concentration, however, it was postulated that entanglements may begin to
make a contribution to the storage and loss moduli strength due to high
W6 density within the gel. This caused the moduli to no longer display the
theoretical concentration dependence of 9/4 for the moduli.

Despite this progress in characterizing these protein hydrogels, there still
remains much work to be done. Full thermal spectra of CRC hydrogels
remain to be completed, allowing the full range of the hydrogel behavior
to be explored. In addition, the behavior of the CRC hydrogels above a
concentration of 10% remains experimentally undetermined. Another unclear
aspect of these hydrogels is what effect the salt concentration has on the
hydrogel’s rheological properties.

For EDC crosslinked CRC hydrogels, similar work to that required for
CRC hydrogels remains in that the full thermal, rheological behavior and
the effects of different salt concentrations remains unknown. It is also neces-
sary to determine whether the moduli vary concentration via an exponential
relation or power law dependence as this should allow someone to predict
what the modulus data will be for a certain concentration. This can be done
by accumulating a larger range of modulus data at higher and lower concen-
trations than presented here in order to expand the range of data to over
one decade. In addition to these problems, it remains to be seen at what
concentration of EDC these crosslinked CRC hydrogels begin to behave as
predicted by the theory of rubber elasticity, or whether this type of behavior
is even possible.

Despite their theoretical simplicity in comparison to CRC hydrogels, W6

hydrogels still have much more work to be done. Their behavior with varying
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H505 concentrations is still largely unknown, as is the effect of different pH
levels. There is also the question as to how exactly entanglements above a
W6 concentration of 60 mg/mL play a role in rheological behavior. Integrin
binding domains, such as RGDS, are also theoretically possible in the W6 se-
quence, making experimental, rheological behavior of such protein hydrogels
an open question.

Biomaterials will continue to play an important role in research and
medicine in the years to come. The results displayed in this work demonstrate
that protein hydrogels possess interesting, predictable rheological behavior.
With further refinement of the purification process and more experimental
data from their use as cellular scaffolds, CRC and W6 hydrogels could prove
to be very useful tools for scientists looking to finely control the extracellular

environment of their samples.
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Appendix A

Protocols

A.1 Bioreactor Protocol

CRC and CRC-RGDS were cloned into Escherichia coli (E. coli) strain pQE30/SG13009
obtained from Qiagen, and stab cultures of media containing these sam-
ples were placed into a —80°C freezer for storage by Dr. Stephen E. Fis-
cher. Samples were extracted from these stab cultures and were streaked
onto lysogeny broth (LB) plates containing ampicillin and kanamycin an-
tibiotics using sterile technique. In addition, this particular E. coli strain
possesses plasmids (bacterial DNA) that encode for particular enzymes (-
lactamase and Neomycin phosphotransferase II) that break down ampicillin
and kanomycin, respectively, making these antibiotics harmless to bacteria
encoding these enzymes. Cultures were then grown overnight in a 7' = 37°C
oven.

One individual colony was chosen and placed using sterile technique into
a 5 mL autoclaved, LB solution with 100 g/mL ampicillin, 25 p g/mL
kanamycin. This seed culture was placed in a 37°C shaker to grow for 8
hours. The seed culture was then inoculated using sterile technique into a
500 mL autoclaved, LB solution mixed with 100 ug/mL ampicillin, 25 pg/mL

kanamycin and left to grow overnight in a 37°C shaker.
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While the seed cultures were being prepared, a New Brunswick Scientific
Bioflo 110 bioreactor was also being prepared. About 4.6 L of deionized wa-
ter was mixed with 200 g of yeast extract inside the 14.0 L glass chamber
of the bioreactor. The system was then sealed and autoclaved to sterilize
the contents. After waiting for it to cool, it was hooked up to the control
unit. A number of solutions were also prepared and sterilized using either
an autoclave or filter sterilization. These were then mixed together to make
~1200 L of feed solution (500 g/L glucose, 200 g/L yeast extract, 15 g/L
MgSO,e7H,0, 25 mg/L kanamycin, 100 mg/L ampicillin). A 20X concen-
trated media salts solution was also prepared, as per the protocol mentioned
in appendix

The feed solution and concentrated ammonium hydroxide were then fed
through the control unit’s peristaltic pumps and attached to lines leading into
the glass chamber of the bioreactor. The pH of the culture in the bioreactor
is monitored and controlled by the control unit by measuring the actual
pH to the desired pH. When there is a variation of approximately 0.05 pH
units, the peristaltic pumps push through a small amount of base or acid
to attain the desired pH. The culture itself is acidic in nature, requiring the
base in order to obtain the desired pH of 7. As the culture grows and begins
to produce protein, the pH becomes basic and the control unit will pump
solution attached to the acid input into the glass chamber. The basic pH of
the culture is also an indication that the bacteria require sustenance in the
form of feed solution, and so this solution is hooked up to the bioreactor’s
acid input.

Determination of the relative concentration of bacteria in the sample was
performed using sterile technique to extract a sample. This sample was
then diluted with LB media, and the Abssgg,m measured with LB media
used as a blank. Typical values were between 2.00 and 3.00 OD units. The
culture was inoculated into the bioreactor media with ~55 mL of 918 mg/mL

glucose, . The temperature of the bioreactor’s glass chamber is controlled
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at 37°C, while the pH is set to 7.0. The bacterial culture is then monitored
until an optical density (OD) of ~20. At this point, a 1 mL sample was
collected and centrifuged. The supernatant liquid was disposed of, and the
pellet stored as a pre-induction sample. 5 mL of 1 M of filter-sterilized
isopropyl-5-D-thio-galactoside is added to the culture to induce the E. coli
to produce protein. The resulting solution is left for 4 hours, and collected
in centrifuge bottles. At this point, the OD of the culture is measured and a
post-induction sample is collected exactly as outlined for the pre-induction
sample. The bottles containing the culture are then centrifuged at 8000¢g for
15 minutes. Supernatant liquid is then disposed of, and the cell pellets are

collected and frozen in a —20°C freezer.
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Appendix B

Solutions

B.1 Bioreactor Solutions

B.1.1 20X Concentrated Media Salts Solution

20X concentrated media salts solutions added directly into the bioreactor,
as mentioned in section [£.2.1 were prepared as follows. About 10 g of
(NH4)2HPOy, 33.75 g of KHyPOy, 4.25 g of citric acid, and 3.5 g of MgSO,e7H,0
were stirred in with ~25 mL of trace metals solution. The total volume was
brought to 250 mL with DI Hy,O, and the resulting solution was heated and
stirred until fully dissolved. It was then filter-sterilized. Ingredients for the
trace metals solution are given in Table [B.1]

B.2 Protein Purification Solutions

B.2.1 Urea Buffer Solutions

Urea is known to denature proteins in aqueous solution, making it a perfect
candidate to use as an ingredient in specific kinds of solutions in protein lab-

work. By denaturing poteins imbedded in the cell membrane, it can be used
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Ingredient Concentration
FeCL306H,0O 26.98 g/L
ZnCl, 2.74 g/L
NasMoO,e2H,0O 2.0 g/L
CuSO,e5H,0 1.9 g/L
H;BO; 0.5 g/L
Concentrated HCl | 100 mL/L

Table B.1: Concentrations for the ingredients of the trace metals solution.

to lyse cells, as mentioned in section [4.2.2] For this work specifically, the na-
tive conformations of CRC and CRC-RGDS allow hydrogels to self-assemble
in aqueous solution, a condition undesirable when using column purification
as the gels will form directly on the column, making it problematic to remove.
As such, urea buffers are well suited for use with CRC and CRC-RGDS.

In this work, the standard urea buffer used consisted of 8 M urea, 100
mM sodium phosphate (monobasic), and 7.6 mM tris base. The high urea
concentration ensures that proteins remain in the denatured state, while
the tris base and sodium phosphate ensure that the pH of the solutions is
controlled. By adding small amounts of acids or bases to such a solution, no
significant change will happen to the pH due to the presence of counterions
in the form of sodium phosphate and tris. This allows these solutions to
maintain pH at a reasonable level, avoiding very high or very low pH values
that might harm biological materials, such as the proteins.

Three main kinds of urea buffer solutions were used in this work: Buffer
B, Buffer C, and the elution buffer. All three used the same composition of
urea, sodium phosphate (monobasic), and tris base mentioned above. The
main difference between Buffer B and Buffer C is in their pH values, with
Buffer B using a pH of 8, and Buffer C using a pH of 7. Proteins have been
found to bind to IMAC resin much more easily at a pH value of around 8§,

and less so arond pH values or 7 or lower (71)). Thus, Buffer B is a suitable
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choice as a binding buffer, existing at a pH amenable to protein binding,
while Buffer C will was out more weakly bound protein, leaving those more
strongly bound (such as CRC and CRC-RGDS) which contain a His-tag. The
elution buffer used possesses the same pH of Buffer B, but has the addition of
250 mM imidazole to competitively bind to the IMAC resin. As imidazole is
smaller than either CRC or CRC-RGDS,; it has a higher capacity for binding
than the His-tags present on the CRC molecules, allowing it to take the place
of any protein bound to the IMAC resin.
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