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Abstract
Native silk fibers exhibit strength and toughness values that rival those of
the best synthetic fibers. In addition the silk worm is able to spin these fibers using
only water as a solvent with fine control of applied shear, pH and salt concentrations
to efficiently convert the spinning dope into a fiber. In contrast, synthetic polymers
require harsh solvents and extreme processing conditions. These requirements
result in the synthetic fibers being orders of magnitude more energy intensive to
produce and generating chemical wastes that require disposal. It has been found
that these fibers can be solubilized and utilized in the field of biomedical
engineering as a biomaterial for tissue engineering and regenerative medicine
applications. However, the processing of the silk fibroin into these scaffolds and
matrices results in significant protein degradation. In order to provide material
properties for the engineering of new materials, we examine how the regeneration
process impacts the rheological and material properties of the resulting silk based
biomaterials. Additionally, despite significant research on the spinning processes
of silkworms and spiders, a comprehensive understanding of the mechanisms by
which silkworms are capable of spinning such tough fibers eludes researchers.
Here we propose that π-π interactions of the phenolic side chains on tyrosine
residues provide a template to properly orient the silk molecules such that the
crystalline domains are in registration and drives the self-assembly of the spinning
dope. A combination of empirical and modeling based approaches elucidate the
role of the tyrosine residues present in the semi-crystalline regions of the silk fibroin
protein and how to exploit these interactions. The association of the tyrosine
ii

residues and correlation to self-assembly in solution was empirically determined by
assessing the intrinsic fluorescence in combination with circular dichroism. In situ
FTIR found that enzymatic crosslinking of the tyrosine residues initiated the
immediate development of higher ordered combination. The degree of crosslinking
was similarly found to correlate with the final crystallinity when the crosslinked
samples were dehydrated. Molecular dynamic simulations were undertaken in order
to understand the atomistic association of these protein residues. The findings are
consistent with the empirical data suggesting that tyrosine is an important factor in
the self-assembly of the silk proteins. The activity of the tyrosine residues and
potential for crosslinking also provides for a facile method of generating materials
with unique and tunable properties which will be explored and characterized. Thus,
a greater understanding of the spinning process and role of the protein sequence has
been determined and provided avenues for expanding the platform of silk
biomaterials.
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Chapter 1.

Introduction

Silk fibers from the domesticated silkworm, Bombyx mori, are an extremely
tough and versatile material, which has been utilized for millennia in numerous
applications. More recently the constituent proteins, fibroin and sericin, have been
regenerated and used as scaffolds for tissue engineering,1–5 sustained drug
delivery,6–9 and technological applications.10–13 This diverse array of applications
is a result of the well-developed sericulture techniques and the highly evolved
protein structure which give the fibers exceptional strength, extensibility and
toughness.14 The amino acid sequence of the primary structural component of the
silk protein, fibroin, allows for close packing and highly aligned crystals resulting
in high tensile strength, with interspersed amorphous domains that provide
excellent ductility and extreme toughness. These natural silk fiber rival high
performance synthetic fibers with regards to its combination of strength,
extensibility and toughness.15
While a significant amount of research has been conducted in the interest of
understanding the mechanisms allowing for the silkworm to efficiently spin such
tough fibers, a complete picture of the intricacies involved is still elusive. This has
inhibited the ability to develop synthetic polymers or recombinant proteins that can
exploit the same underlying principles to match the efficiency and strength of the
native silk fibers. Similarly, a substantial body of work has explored the utility of
silk as a biomaterial for use in tissue engineering and regenerative medicine.
However, there are still options for developing novel materials for applications in
areas of unmet need.
1

1.1. Silk structure and fiber spinning
Silks are spun by a number different insects including silkworms, spiders, bees
and caddisflies among others arthropods.16 While spider silk has been shown to be
stronger than that spun by silkworms, there are a number of challenges that have
prevented its commercialization.17 Specifically, spiders are cannibalistic in nature,
preventing large scale farming. In addition, the yield from a silkworm is nearly 10
times that of a spider (~1,500 m versus ~150 m)3. Thus, the mulberry consuming,
Bombyx mori silkworm has become the primary commercial source of silk fibers.
The cocoons from the domesticated B. mori silkworm, contain two proteins, fibroin
and sericin. The fibroin provides the strength to the fiber, while the glue-like sericin
allows the cocoon to maintain its’ shape.

These proteins are present in an

approximate mass ratio of 70-80% to 20-30% respectively.18 The fibroin is further
subdivided into heavy and light chains,19 and while three distinct types of sericin
have been reported.20
Due to its structural nature, the fibroin protein, is the more heavily utilized
protein in both the clothing industry and as a biomaterial.21 The fibroin is a high
molecular weight (390 kDa) glycine rich, semi-crystalline protein. It consists of
crystalline and amorphous domains, in a highly repetitive pattern of amino acid
sequences.22 The chain is comprised of 12 ordered crystalline domains of Gly – X
repeats, which account for 94% of the chain length. In the sequence “X” is replaced
by alanine in 65%, serine in 23% and tyrosine in 9% of the structural repeats.23
These repeats, composed primarily of hydrophobic amino acids, allow for the
assembly of the (Gly-Ala-Gly-Ala-Gly-Ser) repeat segments in anti-parallel β2

sheets as shown in Figure 1-1.24

The remainder of the sequence consists of 11

hydrophilic linkers between the crystalline domains and N-terminal and C-terminal
sequences that are similarly hydrophilic.23
It has been suggested that this protein sequence of alternating hydrophilic
and hydrophobic blocks results in the formation of micelles in aqueous solutions,
as depicted in Figure 1-2. The intra-molecular hydrophobic-hydrophilic
interactions result in self-organization where the polar N and C-terminals migrate
toward the outside while the hydrophobic crystalline domains fold on themselves
and are sequestered in the center of the micelle. As multiple fibroin chains
agglomerate the micelle grows to a critical size and additional micelles form and
associate with each other to form fibroin globules. Then, when the silkworm spins
fibers the globules are subjected to elongational shear, taking on an oblong shape
and creating the multi-level fibrillar structure.25 This ordered self-assembly of the
silk fibroin molecules allows for the generation of a highly crystalline biopolymer,
with robust mechanical properties. In addition, the elimination of the water from
core of the micelles allows for rapid evaporation of the water solvent/plasticizer
upon extrusion from the silk gland.26 This allows the B. mori silkworm to rapidly
spin fibers under ambient conditions without the use of highly volatile solvents that
are typically used in synthetic polymer manufacture.27
In addition to a broad understanding of the overall hydropathy of the protein
sequence, others have selectively looked at the individual repetitive motifs in an
attempt to further understand how the different protein domains are involved in
self-assembly and spinning. The unit cell of the anti-parallel β-sheet crystal,
3

consisting of the hexameric G-A-G-A-G-S motif, was originally solved in 1955, by
Pauling, et al. Using 2D X-ray diffraction of single fibers they concluded that the
polypeptide chains were oriented parallel to the fiber axis and held in place by
lateral hydrogen bonds.28 The spectra allowed for the determination of the chain
packing in the crystalline domains, which were found to agree with the theoretical
calculations of the arrangement of the amino acid residues.

These original

calculations were further refined through additional X-ray data,29–31 NMR32–34 and
molecular modelling.35–37
While the structure and arrangement of the crystalline regions are widely
accepted, the conformation and roles of the amorphous domains and their
interaction with the crystals are still poorly understood.38 As highlighted in Figure
1-3, three distinct motifs exist in the protein sequence. The crystalline domains,
which account for roughly, 50% of the protein chain, are punctuated tyrosine rich
motifs, where the serine residues are substituted by tyrosine residues and eleven
irregular linker regions.39 In an attempt to understand how these other motifs
researchers have conducted numerous modeling and empirical works.
Molecular modeling and NMR of synthetic peptides suggests that the linker
regions forms a 180o bend in the protein back bone. A schematic representation of
this turn is shown in Figure 1-4a and the theoretical amino acid locations are shown
in Figure 1-4b and c.39 Single molecule atomic force microscopy also appears to
suggest that these 11 domains represent locations where the protein is folded. It
was found that the characteristic saw-tooth pattern in the force-displacement curves
corresponded to the number of semi-crystalline residues between these hydrophilic
4

moieties. Thus, it was proposed that the increases in force between the sharp
decreases in force were due to the intra-chain bonding within the molecules.40
The tyrosine rich domains have been studied through similar methods,
including molecular dynamics simulations, and NMR of native fibroin as well as
synthesized mimetic peptides.41–45 However, due to the size of these domains and
their potential for long range impacts on the secondary structure, a consensus on
the role of these motifs has not been reached. Asakura, et al. have studied this
structure, both in B. mori silk fibroin as well as several non-mulberry silks and
concluded that the tyrosine residues have multiple functions. They enhance the
solubility, but also destabilize local structures inducing turns and bends, however,
these bends may stabilize the ends of the forming β-sheet crystals.41 However, the
bulky side chain sterically hinders the hydrogen bonds required for local β-sheet
crystals as shown in studies of model peptides as well as deuterated native fibroin.
These findings suggest that in the solid, crystallized state, the tyrosine residues are
located at the boundaries between microcrystalline domains.46 Additionally, given
the crystal size of ~13 nm, or 35 amino acid residues, the protein sequence dictates
that the tyrosine residues must be collocated at the edges of the individual
crystallites47. One study on short synthetic peptides also suggested that the phenolic
side chains may be susceptible to π-π interactions as shown in Figure 1-5. 43
In addition to the importance of the highly evolved protein sequence the
silkworm also has a well-developed spinning apparatus, which is likely to be
equally important.48 While the storage gland, where the precursor fibroin solution
is held, is relatively unremarkable, the spinneret, as represented in Figure 1-6, is
5

quite complicated. As the fibroin transitions from the silk gland, it undergoes a solgel transition as it enters the spinneret. Following this transition, it experiences an
extensional shear as the opening transitions to a smaller diameter tube in the silk
press, prior to flaring open where the fiber is extruded out of the silkworm.49 In
addition to the anatomical geometry, the silkworm is known to modulate a number
of other parameters at specific locations along the spinneret including pH, ion
concentrations (Ca2+, K+, Cu2+) and water content.50–52 The pH has been shown to
decrease significantly from the posterior towards the anterior end of the gland,
starting at approximately 7 and approaching the theoretical isoelectric point of
4.3.53
Despite the significant advances in our understanding of both the role of the
protein sequence and the fine control over numerous parameters during the spinning
process, a complete understanding of the interplay of these factors does not exist.
As underscored in Table 1-1, spider and cocoon silks have remarkable properties
when compared with advanced synthetic fibers.54 However, while synthetic fibers
may approach the strength and toughness of the native silks, the efficiency of their
production is significantly lower than those of spiders and silkworms. Thus, there
remains a significant need to enhance our understanding of the spinning processes
and develop biomimetic systems to increase the manufacturing of synthetic fibers.
Additionally, knowledge of these mechanisms may lead to the ability to surpass the
native properties mechanical properties or develop more specialized fibers for
unique applications.

6

Table 1-1: Tensile properties of silk and advanced synthetic fibers

1.2. Silk as a biomaterial system
While use of the silk in its native fiber form has been exploited in biomedical
engineering for use in replacing and strengthening primarily connective tissues
including ligaments and tendons and in the closure of wounds,55 current work has
focused on the use of silk solutions that have been dissolved and reconstituted to
create three dimensional tissue scaffolds.3 The advantage of this approach is that
the silk fibroin is a naturally occurring biocompatible polymer and can be formed
into myriad constructs including fibers, films, foams and sponges.56

These

constructs also allow incorporation of various growth and signaling factors and can
be tuned to degrade over specified time periods.21 Table 1-2 indicates some of the
applications of silk in biomedical engineering and the preferred morphology.
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Table 1-2 - Cell and tissue applications of silk fibroin scaffolds.

Application

Morphologic form

References

Wound dressings

Film and Sponge

57–60

Bone tissue engineering

Sponge, hydrogel, nonwoven mats

61–66

Cartilage tissue engineering

Porous sponge, hydrogels

67–73

Ligament tissue engineering

Fiber

74–79

Tendon tissue engineering

Fibers

80–83

Hepatic tissue engineering

Films

84–87

Endothelial and blood vessel

Non-woven mats

2,88–91

While regenerated silk fibroin has been shown to be useful material for
biomedical engineering applications, one of the major hurdles has been achieving
mechanical properties as robust as those exhibited by natural silk fibers in a
regenerated form. There have been a number of potential explanations for the
inability to regenerate fibers with mechanical properties comparable to those of
native fibers, including protein degradation during solubilization92 and improper
alignment of the molecules and self-assembled nano-fibrils.93
The molecular weights of the native silk fibroin heavy and light chains,
extracted from the B. mori pupae, are 370 and 25 kDa respectively. These two
chains occur in equal proportions and are connected at their C-terminus by a
disulfide linkage.94,95 The sericins are similarly large proteins with molecular
weights on the order of 400 kDa.20 Due to its implication in inflammatory response,
8

in combination with fibroin, the sericin protein is removed from the raw silk,
leaving pure silk fibroin for use in any application where there is exposure to cells.96
While there are multiple ways to remove the sericin, one of the more commonly
employed degumming processes involves submerging the cocoons in a heated bath
with a 0.02 molar concentration of sodium carbonate (Na2CO3) at approximately
90oC (boiling point) for 20-30 minutes.56 This process serves to break apart the
compacted cocoon fibers and remove the hydrophilic sericin compounds leaving
presumably pure fibroin protein fibers.
While the extraction of the sericin proteins from the fibers is necessary to
avoid inflammatory responses in vivo,97 this extraction process results in the
degradation of protein chains. Most of the literature on regenerated silk fibroin to
date has utilized silk that has been degummed for 20-30 minutes or longer. This
degree of degumming results in protein degradation from an average molecular
weight of 370 kDa and polydispersity of nearly 1 (homogenous with all chains of
equal length) to a broad distribution of weights from non-degraded strands of 370
kDa to small fragments of 40-50 kDa and a number average molecular weight on
the order of 150 kDa.98,99 This significant degradation of the protein chain is a
necessary step for effective use of silks in biomedical engineering, however, its
impact on the nature of the self-assembly process and thereby mechanical
properties are incompletely understood. Thus, a more complete understanding of
the protein degradation and its impact on mechanical properties of regenerated silk
formats may assist engineering attempts to design new biomaterial platforms.
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One of the most useful biomaterial formats is hydrogels. Their high water
content, permeability to nutrients and ions and wide range of mechanical properties
allow them to effectively mimic native tissues. These hydrogels may be formed
from synthetic polymers (PEO, PVA, PCL, PLGA, PGS) or naturally derived
materials (collagen, hyaluronic acid, alginate, silk fibroin, gelatin, .100–102 In
addition to the extensive array of materials, numerous crosslinking methods have
been developed. Physical gels may be held together by molecular entanglements,
ionically-associated domains or hydrophobic interactions. While chemical gels are
formed by covalently crosslinking the individual molecules to form a single,
interconnected network.103
Silk hydrogels have been widely utilized as a scaffold for tissue engineering
and biomedical engineering. A number of methods have been found to initiate the
gelation. Sonicated gels are formed by briefly applying an ultrasonic wave to the
solution, this input of energy induces a transformation of the random coil solution
to a β-sheet rich hydrogel. Adjusting the time and intensity of the ultrasonication,
in addition to silk concentration allows for control gelation kinetics and final
properties.104 Sonicated gels have found application in neural tissue engineering,105
cell encapsulation,104 injectable tissue augmentation,106–108 and engineering of
cartilage tissues.109 Vortex gels, are similarly formed, through the input of energy
into a silk solution, however, this is through the vigorous mixing that occurs during
vortexing.110 The gels have unique shear recovery properties and have proved
useful in the encapsulation of cells and other bioactive molecules.111 The direct
application of an electric current to silk solution results in a marked increase in the
10

elastic modulus of the sample. Interestingly, this process is reversible.112–116
Reducing the pH of silk solution, below a pH of approximately 5, also results in the
formation of a stable gel, and is similar to the electrogel in that it is reversible.56
Post treatment of solid silk scaffolds with alcohol causes the sample to crystallize
due to local dehydration effects.117 This mechanism can also be employed in the
solution state, and has been used to create silk hydrogels.118 Application of acetone,
results in an optically clear hydrogel with potential applications in ocular tissue
engineering.119 Incubation with other surfactants120,121 and polyols, also forms an
injectable hydrogel that has been proposed for use in bioplotting122 and prevention
of adhesions following surgery.123,124 Despite the range of techniques that have
been found, they all rely on the formation of β-sheet crystals to stabilize the silk
constructs. This is an effective method, and utilizes the same mechanisms as fiber
formation. However, the resultant gels tend to be brittle and difficult to work with.
Thus, the development of alternative crosslinking strategies are needed to broaden
the utility of silk-based hydrogels.
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Figure 1-1: Representative antiparallel β-sheet structure

Schematic of anti-parallel β-sheet formation in (Gly-Ala-Gly-Ala-Gly-Ser) repeat
sequence of silk fibroin.24
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Figure 1-2: Schematic of proposed micelle formation

Schematic of chain folding, micelle formation, globule formation and shear of silk
protein. a, Hydrophobicity patter in fibroin heavy chain. b, Chain folding and
micelle formation. c, Globule formation driven by increase in silk concentration.
d, Shear and alignment in spinning.25
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Figure 1-3: Fibroin sequence highlighting repeated motifs

Rearrangement of the amino acid sequence of B. mori silk fibroin heavy chain. The
sequence starts from the N-terminus and ends at the C-terminus. Blue, GAGAGS;
green,

GY∼GY;

red/bold,

GT∼GT;

shade,

GAAS;

gray,

completely

nonrepeating.39
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Figure 1-4: Proposed folding of irregular linker protein sequence

(a) Proposed 2-D schematic of fibroin heavy chain and light chain. The 3-D
structure is most likely lamellar. (b) 3-D model of silk peptide calculated by
simulated annealing only (backbone geometry is shown in thicker sticks). (c) 3-D
model of silk peptide calculated using NMR distance geometry restraints with
simulated annealing (backbone geometry is shown in thicker sticks).39
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Figure 1-5: Molecular mechanics simulation of silk peptide with tyrosine residue

Illustration of the local environment surrounding two tyrosine residues in a
poly(AG) model peptide, calculated by molecular modeling from an initial silk II
structure. The two tyrosine residues are able to interact with one another by
aromatic π-stacking, if the peptides are in-register.43
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Figure 1-6: Silkworm storage gland and spinning duct

Diagram showing a lateral view of the silk duct and silk press summarizing our
observations and hypothesis for the function of these structures in silk spinning.
Fibroin enters the duct from the anterior part of the silk gland as a highly viscous
liquid crystalline sol. The curved lines indicate the molecular director of the rodshaped fibroin molecules. Tapering of the silk duct induces the cellular optical
texture at a critical lumen diameter. Further down the duct, this optical texture
disappears abruptly at a critical linear velocity at which shear at the fibroin/sericin
interface just overcomes anchoring of the fibroin molecules. Secretion of hydrogen
ions into the lumen of the spinning duct by the proton pump in the cells lining the
duct produces a downward pH gradient in the duct. The reduction in pH suppresses
the negative charge in the aspartic and glutamic acid residues in heavy-chain fibroin
inducing a weak gelling of the fibroin. Changes in the interactions between heavy17

chain fibroin, light-chain fibroin, and P25 may also play a role in the dope
processing and gelation. This increase in viscosity induces a transition from Couette
flow to rapid extensional flow, inducing an internal draw down taper. The rapid
extensional flow produced in this way orientates the fibroin molecules and draws
them together, initiating the removal of the water shell around the hydrophobic
fibroin and hence initiating silk II formation. The nascent fibroin filament then
enters the constriction between the stiff plates of the silk press, which acts as a
restriction die. This results in further extensional flow, water removal, and
molecular orientation, leading to further formation of silk II.48
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Chapter 2.

Di-tyrosine Review

2.1. Abstract
The development of functional biomaterials for tissue engineering and medical
applications has received considerable attention recently. While it has been known
for decades that di-tyrosine bonds are key components to the material properties of
native tissues, only recently have these motifs been used in the development of
biomaterials. Here we review the importance of these bonds in the assembly and
mechanical properties of natural materials.125–127 Next we discuss the chemistries
available for crosslinking molecules, via these types of tyrosine-tyrosine bonds128–
130

and how these have been applied to current biomaterials.131–133 Finally, we

present recent research showing that non-covalent aromatic interactions also direct
the assembly of peptides and proteins, suggesting that tyrosine residues are an
evolutionarily important driver of folding and functionality.134,135 In doing so, we
aim to show that the use of di-tyrosine bonding, and more broadly, aromatic
interactions are an underutilized tool in the de novo development of biomaterials.
2.2. Introduction
The phenolic side chain, of the amino acid tyrosine, and its unique chemical
reactivity allows it to participate in a number of molecular interactions.136 This
reactivity provides a facile method for influencing protein behavior and an ability
to oxidatively couple the tyrosine residues, forming di-tyrosine. These crosslinking
reactions may be facilitated by specialized enzymatic reactions or through
interaction with redox active metal complexes via Fenton like reactions. Additional
functional

transformation

are

the

enzymatic

conversion

into

L-3-419

dihydroxyphenylalanine (DOPA), which may be a precursor for crosslinking with
other amino acid residues and may directly serve as an adhesive.137
While the chemistry of the phenol moiety in tyrosine, provides an array of
evolutionarily important functions, it is also implicated in the pathophysiology of a
number

of

diseases.

In

particular

the

neurodegenerative

diseases

Alzheimer’s,138,139 Parkinson’s140,141 and amyotrophic lateral sclerosis (ALS) 142,143
diseases are known to be related to abnormally elevated levels of di-tyrosine. In
Alzheimer’s these crosslinks, formed by copper mediated oxidation, lead to the
formation of β-amyloid plaques. The aggregation of the plaques are toxic to the
nerve cell and lead to progressive damage.144 In Parkinson’s disease, elevated
tissue iron and mis-compartmentalization of copper and zinc (all transition metals)
results in the formation of di-tyrosine. These crosslinks in the alpha-synuclein
cause the formation of Lewy bodies disrupting normal synaptic functions.145 In
addition to neurodegenerative diseases, oxidative stress and di-tyrosine formation
have also been implicated in diseases associated with aging,146 including stroke,147
muscular dystrophy148 and arthritis.149
Despite the potential for pathogenic oxidative coupling of tyrosine, usually as
part of the natural aging process, evolution has exploited the propensity for these
reactions in the formation of numerous unique and highly specialized tissues. A
fuller understanding of these interactions and how they may be incorporated into
novel materials, will provide important tools for protein engineers in designing new
materials. Here we highlight the crosslinking ability of the tyrosine residue and
how researchers are utilizing this method in the development of new biomaterial
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platforms for use in biomedical engineer systems, tissue engineering and
regenerative medicine.
2.3. Di-tyrosine in natural materials
Tyrosine derived cross-links our found to stabilize the proteins in numerous
structural tissues, with several prominent di-tyrosine rich proteins highlighted in
Figure 2-1. The seminal work, highlighting the importance of di-tyrosine in native
proteins, was performed by Andersen, isolating di- and tr-tyrosine polypeptides
from resilin, extracted from the desert locust, Schistocera gregaria.150 Resilin is
part of a broad family of elastic proteins that also includes elastin, gluten, gliadin,
and abductin. Resilin, provides a low stiffness, but effective energy storage domain
in areas of the cuticle that require high strains and rapid energy release.127,151 In
addition naturally crosslinked resilin exhibits high degree of resilience and displays
a very high fatigue lifetime. It is most commonly known for assisting in the ability
of fleas to have exceptional jumping abilities and in the flight behavior of insects.
The elasticity, mechanical properties and energy storage properties of resilin were
first recognized during studies to determine the mechanism of flight of desert
locusts and dragonflies.152,153 Apart from its role in flight and locomotion, it is
found in biological functions where efficient energy storage and repetitive
movement are required. For example, in the membranes used to produce sound in
cicadas154 and moths155 and crustaceans.127 It is also present in some stretchable
cuticular structures that do not possess long-range elasticity, including the
abdominal wall of physogastric termite queens156 and in the spermatophore wall of
ticks.157
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Weis-Fogh proposed a model whereby randomly coiled protein chains, were
covalently crosslinked, and underwent a significant decrease in entropy upon
straining.153 The proposed theoretical chemical crosslinks in the reslin, found in
insects, were subsequently found to be between tyrosine residues, in the form of diand trityrosine polypeptides.127,158 A complete understanding of the functional
properties of the amorphous domains and crosslinks remains elusive. Recent work
on elastin159–161 suggest that the amorphous hydrophobic domains, form a
kinetically free, random-network polymer, that in the swollen state allows it to
behave as an isotropic rubber.
In order to protect themselves during development, aquatic caddisfly larvae
build composite shelters from adhesive silk fibers, stones and organic materials
collected from their environment Figure 2-1.162 The caddisfly silk consists of a
separate exterior layer of adhesive composition, surrounding an elastic, selfrecovering fiber.163,164 Caddisflies have been divided into three suborders
(Integripalpia, Annulipalpia, and Spicipalpia) each suborder has been found to use
these shelters in differing ways.165,166 Integripalpia larvae are mobile foragers that
use their protective cases, similar to an exoskeleton in order to protect their soft
body. The Annulipalpia, are web spinners, they form stationary structures from
stones and leaves. In addition to serving as protective shelters, they are suspended
such that they also serve to catch food flowing in the stream. In contrast, the
Spicipalpia only spin underwater cocoons immediately before pupation and do not
use them for broader applications.
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Caddisfly silk fibers are drawn through spinnerets, with the spinning dope held
in a pair of large silk storage glands.167 The major structural components of the silk
fibers are heavy and light-fibroins.168 The heavy chain fibroin, consists of a
repeating (pSX)n motifs, where pS is phosphoserine, X is usually aliphatic, and
n=2-6. These highly repetitive motifs account for approximately 30% of the protein
chain length and have been shown to form microcrystalline β-sheet domains. Ionic
Ca2+/phosphate interactions are able to stabilize the hydrogen bonded crystalline
domains and the combination provides the stiffness, tensile strength, and energy
dissipating properties of the fibers.163,169
Caddisfly silk fibers are extremely resistant to solubilization, through standard
protein denaturation methods, suggesting that covalent crosslinking may be present
in addition to the Ca2+ complexes and hydrogen bonded crystallites.164,170 It was
recently found through fluorescence analyses that a significant degree of di-tyrosine
bonding is found in the peripheral area of the caddisfly silk fibers. Additionally,
AmplexRed assay showed the presence of endogenous peroxidases that may be
responsible for the crosslinking.

Further analysis of the putative caddisfly

peroxidase suggested that the active site is well conserved, matching other hemebinding sites of other peroxidases. Thus, it appears that di-tyrosine may play an
important role in the caddisfly fiber spinning and the presence of evolutionarily
conserved peroxidase enzymes implies that this is an important factor in the silk.162
In addition to the aquatic silks of caddisflies, Tussah silk fibroin has been found
to contain significant amounts of di-tyrosine and a smaller amount of tri-tyrosine.
While some concern exists that this is a result of oxidative coupling during
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processing, the fact that it was not found in B. mori, despite similar sequences
suggest it is functional in nature. This is consistent with previous findings.158 The
mole percent content of di-tyrosine roughly correlates to 2 crosslinking sites per
residue. Furthermore, keratose fractions, show significant di-tyrosine content in
the native protein and a failure to show an increase in dityrosine content following
additional oxidation suggests that most potential binding sites are filled. Analysis
of keratose fractions indicates that dityrosine occurs mainly in the crystalline
regions rather than in the amorphous matrix of the wool fibre. It is unlikely,
however, that this small amount of dityrosine could influence the physicochemical
properties of a structure extensively cross-linked by disulphide bonds.171
Di-tyrosine residues have been detected in the structural and connective tissues
of higher order animals in addition to lower ordered invertebrates. These include
elastin from chick aorta,172 rabbit placenta and skin,173 human aorta,174 bovine
ligamentum nuchae,175 human corneal collagen and bovine skin.176 The function
of the di-tyrosine in these tissues has not been fully explained. It has been found
that the content is related to the susceptibility of the protein to alkali hydrolysis,
with alali-insoluble domains containing higher amount of di-tyrosine.177

In

addition it was found that the uterus from pregnant rat and rabbit contained higher
amounts of the di-tyrosine, which may be indicative of the importance of these
domains under high stress and strain conditions.178 Additionally, recent work has
found elevated levels of di-tyrosine in cardiac tissue following myocardial
infarction, cataract tissues, atherosclerotic lesions and in the urine of diabetic
patients.146 Given the wide array of locations where di-tyrosine are found, it
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remains to be determined whether these crosslinks are truly pathogenic or initially
evolved as protective mechanisms to strengthen tissues following injury.
2.4. Methods for crosslinking
The general mechanism of di-tyrosine formation involves the removal of
hydrogen atom from the hydroxyl group on the phenoxy ring to form free radical.
The tyrosyl radical then couples to an adjacent tyrosyl radical forming di-tyrosine.
The tyrosyl radical may also couple to another tyrosine, leaving an unpaired
electron allowing for the generation of tri-tyrosine, and higher order
polypeptides.179 Alternatively, tyrosine residues may be crosslinked with a DOPA
intermediate. Under oxidative conditions, DOPA can generate a free radical
allowing for the coupling of the residues.180 These phenolic oxidative crosslinking
may occur through a number of distinct reaction mechanisms. Due to the role of
di-tyrosine in natural materials, a number of enzymes have been discovered that
specifically or non-specifically crosslink tyrosine amino acids. Transition metals
in the presence of electron donors may cause free radical crosslinking resulting in
di-tyrosine. In an effort to provide greater control over the crosslinking reaction,
photo-initiated catalysts have been developed. More recently peroxidase mimetic
systems have been developed to avoid the difficulties in working with
biomolecules.
2.4.1. Enzymatic reactions
The use of naturally occurring enzymes has a number of advantages in the
crosslinking of proteins and polymers. Enzymatic reactions commonly occur at
neutral pH, in aqueous solutions and at physiologic temperatures. These mild
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conditions make them amenable to the incorporation of labile biomolecules and
cells for in situ gelation. Additionally, enzymes tend to have high substrate
specificity, minimizing side reactions that are prevelant with photo-initiated
reactions or chemically mediated crosslinking. A wide array of plant and animal
derived enzymes have been discovered that, when activated, crosslink tyrosine
residues or phenolic moieties, the mechanism of action of the most commonly
employed enzymes are outlined below.
Peroxidases. Peroxidases are a wide family of enzymes, consisting of up to 42
isozymes, the majority of which use hydrogen peroxide as the substrate. 181 The
most commonly employed peroxidase is horseradish peroxidase, however, the use
soy bean peroxidase has expanded recently due to its greater stability.182 Due to its
historical importance, the mechanism of action of horseradish peroxidase has been
studied extensively,183,184 and a simplified schematic of the catalytic cycle is
depicted in Figure 2-2. HRP is a hemoprotein that in the presence of hydrogen
peroxide conjugates phenol and aniline derivatives. The first step in the cycle is
the reaction between H2O2 and the Fe(III) to generate compound I. This compound
is a high oxidation state intermediate, comprising an Fe(IV) oxoferryl centre and a
porphyrin-based cation radical, that is two oxidising equivalents above the resting
state. The first single electron reduction step involves a reducing substrate that leads
to the formation of compound II, an Fe(IV) oxoferryl species that is only one
oxidising equivalent above the resting state. Both compound I and compound II are
powerful oxidants, with redox potentials estimated to be close to +1 V.130 The
second one-electron reduction step returns the enzyme to the resting state. An
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excess of hydrogen peroxide, without a suitable substrate, may react with a resting
state enzyme to generate compound III. This intermediate is best described as a
resonance hybrid of iron(III)-superoxide and iron(II)-dioxygen complexes.185
Tyrosinase. Tyrosinase is a copper-containing enzyme that catalyzes the oxidation
of phenols, including tyrosine, tyramine and dopamine, in the absence of co-factors.
They are present in plants and animals and are involved in melanin synthesis.186
Additionally they are of significant importance in the food industry as they oxidize
phenolic compounds in fruits and vegetables resulting in the development of
objectionable browning and flavor changes.187 The crystal structure of tyrosinase
has not been solved, however, similarities with hemocyanins have allowed
researchers to deduce the mechanism of action.188 Similar to the reaction of
peroxidase, the reaction relies on the transition of an active site between oxidative
states, in this case a bi-nuclear copper center. In the monophenolase cycle, the
monophenol reacts with the oxy form and binding to the axial position of one of
the coppers centers. Rearrangement through a trigonal bipyramidal intermediate
leads to o-hydroxylation of monophenol by the bound peroxide, which is
schematically represented in Figure 2-3. This generates a coordinated o-diphenol,
which is oxidized to the o-quinone, resulting in a deoxy form. This form is then
capable of coupling to adjacent, oxidized phenols.186
Laccase. Laccases are enzymes that use molecular oxygen to oxidize various
aromatic and non-aromatic compounds by a radical-catalyzed reaction employing
multiple copper atoms. The family of enzymes are largely responsible for the
degradation of organic matter including lignin and are also involved in the
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pathogenicity and immunity of organisms. Their mechanism of action is highly
non-specific making them useful oxidizing reagents for an array of applications.189
The multiple copper centers of laccases, server as active sites, stripping electrons
from a reducing substrate to molecular oxygen (Figure 2-4). Importantly, this
reaction does not release peroxide intermediates that may be toxic. This is
accomplished by four single electron oxidations of the substrate, where the
electrons are transferred to the tri-nuclear copper core. This reduction of molecular
oxygen results in an oxidated substrate, capable of coupling with other radicals and
the production of water.190
2.4.2. Fenton-like reactions
Fenton and related reactions are the result of peroxide interaction (usually
H2O2) with iron ions to form active oxygen species capable of oxidizing both
organic and inorganic compounds. Fenton chemistry was discovered in 1894, when
it was reported that H2O2 in the presence of Fe(II) salts oxidized tartaric acid.191
Since then, Fenton and Fenton-like reactions have great utility in biological
chemistry, synthesis, the chemistry of natural waters, and the treatment of
hazardous wastes.192 In a neat solution, without oxidizable substrates, the reaction
consists of a sequence of seven intermediate steps. A ferrous ion initiates the
decomposition of H2O2, which generates hydroxyl radicals and a ferric ion. The
ferric ion can further react with hydrogen peroxide, causing it to decompose into
water and oxygen.193 In the presence of other substrates, the strong oxidizing
properties of the hydroxyl radicals, can strip a hydrogen atom, resulting in radical
chain oxidation. Multiple oxidized residues may then covalently bond, forming a
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permanent crosslink. In addition to the simple ferric-ferrous transition, it has been
found that both ozone and ultraviolet light (photo-Fenton) can enhance these
reactions. Schematic representations of both Fenton and photo-Fenton reactions on
resilin proteins is shown in Figure 2-5.
2.4.3. Photo-initiated reactions
Ruthenium based photo-initiators were recently developed expressly for the
crosslinking of the phenolic groups present in proteins. Specifically, the intent was
to permanently and selectively crosslink the proteins in an effort to study the
structure and function of different domains within the molecule.194 It was found
that irradiation of ruthenium(II) tris-bipyridyl dication (Ru(II)bpy32+) in the
presence of ammonium persulfate generated reactive intermediates.

These

intermediates were found to efficiently crosslink proteins. Ru(II)bpy32+ is an
efficient visible light-harvesting molecule, which when excited donates an electron
to the persulfate, resulting in cleavage of the O-O bond.195 The products are Ru(III),
an electron oxidant and a sulfate radical. The inferred mechanisms of protein
crosslinking are shown in Figure 2-6. Ru(III)-mediated formation of a tyrosyl
radical is proposed as an initiating step. Coupling of this radical with one of several
possible nucleophiles and subsequent removal of a hydrogen atom by the sulfate
radical could consummate the reaction.
In addition to ruthenium, several other initiators are available. These include
riboflavin196 and Rose Bengal.197 Of particular interest is riboflavin which has
found significant clinical application in the crosslinking of corneal collagen to
enhance the mechanical properties.198 The photo-oxidative crosslinkin method
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with riboflavin and UVA light is effective in biomaterial fabrication as riboflavin
(vitamin B2) is nontoxic and is commonly used as medication. Radicals are
commonly generated by UV light, however the addition of riboflavin, a
photosensitizer (transfer molecule), enhances their production. In a type I reaction,
riboflavin absorbs energy from UV light, and is excited. In an exchange
mechanism, the excited singlet riboflavin is transformed into a triplet-excited
riboflavin.199 For type II reactions, singlet oxygen (1O2) interacts with triplet
oxygen (3O2) resulting in a highly reactive oxygen species that interacts with the
protein. The proposed mechanisms of type I and type II reactions is shown in
2.5. Biomaterials development
Hyaluronic

acid.

Hyaluronic

acid

(HA)

is

an

anionic,

hydrophilic,

glycosaminoglycan that may be found in neural, connective and epithelial tissues.
It is a significant component of cellular extracellular matrix and plays an important
role in the resilience of articular cartilage, inflammation and would repair, cellular
migration and protection of keratinocytes as a free-radical scavenger.200 Given the
wide distribution of HA throughout the body and its array of important role in
cellular function, it has been extensively explored as a biomaterial. However, neat
HA does not have intrinsic cross-linking moieties and exists as a high viscosity
solution. In order to increase residence time and enhance the mechanical properties
of the material, chemical modification is required.201 A commonly employed
modification is the derivatization of the HA polymer with tyramine. The addition
of the phenolic group on the tyramine allows for any of the radical crosslinking
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methods previously describe to initiate di-tyrosine and the formation of a hydrogel,
with the HRP-H2O2 reaction being the most commonly employed.202
Given its important role in cartilage mechanics and the poor healing
properties of damaged cartilage, the use of HA-tyramine gels has been explored
extensively for cartilage tissue engineering.

An important aspect of the

development of HA-tyramine hydrogels is the ability to tune the elastic modulus
and susceptibility to degradation. These factors may be controlled by adjusting the
percent substitution of the tyramine as well as the peroxide concentration during
the reaction.203 As expected, the growth and chondrogenesis were a function of
hydrogel properties and the inclusion of signaling factors.204–206 Modulation of
hydrogen peroxide concentration allows for tuning of the compressive modulus, it
was found that softer gels resulted in cellular condensation, whereas stiffer gels
resulted in a more elongated morphology. More compliant hydrogels also resulted
in enhanced chondrogenesis, in contrast to stiffer gels that led toward fibrous
henotypes.207 In addition to in vitro applications, the derivatized gels have been
investigated for cartilage repair and replacement. For treatment of rheumatoid
arthritis, an injectable formulation, was combined with the steroid dexamethasone,
and tested in a rat arthritis model. It was found that the hydrogel was successful in
treating the induced arthritis and resulted in the significant reduction of cellular
markers of inflammation.208,209 The use of di-tyrosine crosslinked HA has also been
used as a drug and protein delivery platform.210–212
Resilin. As outlined above, resilin is a highly resilient protein with near perfect
elasticity, which is a direct result of di-tyrosine crosslinking.158 These properties
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make resilin an intriguing target for the development of functional elastic
biomaterials. However, the lack of effective means of harvesting the protein from
insects has necessitated the design of recombinant resilin like proteins. The initial
work in developing recombinant resilin biomaterials used a 15 peptide sequence on
Exon 1 from the fruit fly, D. melanogaster, termed rec1. The expressed protein,
when crosslinked using the photo-initiated Ru(II)bpy32+ reaction, resulted in a
rubber-like biomaterial.131 Additional work has expanded on this success,
expressing full length resilin213 and alternative sequences adapted from the D.
melanogaster resilin sequence.214,215 Biomaterials based on the sequences from
mosquitos215 and fleas216 have also been explored. The resultant materials have
tunable properties with elastic moduli in the range of ~ 50 to 70 kPa mimicking the
properties of native muscle and behave as rubber-like materials at low strain but are
capable of effectively dissipating energy at high strains.217
While the requirement for recombinant expression and manufacture of
resilin proteins limits their availability and increases cost, it also affords the ability
to engineer in functionality. The thermally responsive nature of the rec1 resilin was
observed where the gel forms high and low concentration heterogeneities at low
temperatures.218 This was further expanded to show a dual-phase behavior, with
both upper (70o C) and lower (6o C) temperatures at which coacervates form.219 The
rec1 is similarly sensitive to pH changes, undergoing a conformational transition
from a globule to an extended coil as a function of pH, with varied packing density
at the interface.220

These responsive properties may be exploited for both

biomedical and other applications.
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Collagen and Gelatin. The ability to crosslink soluble collagen, via the action of
peroxidase into hydrogels was explored as early as 1968.221 More recently collagen
and gelatin have been chemically modified to increase the content of phenolic
groups. The resulting gelatin derivatives were gellable via a peroxidase-catalyzed
reaction and were thermally stable at 37 °C. The rate of gelation and mechanical
properties were found to be dependent on peroxidase, H2O2 concentration, as well
as on the phenolic content. The gels were cytocompatible and also able to gel in
situ in a rodent subcutaneous model.222

Alternative crosslinking enzymes,

tyrosinase and laccase, were also found to be effective in the formation of stable
hydrogels.223 The thermo-reversibility of gelatin gels was also inhibited by
crosslinking with peroxidase to stabilize them for cell encapsulation. The degree
of reversibility was found to vary with reactant concentrations, as well as whether
the reaction was initiated in the thermally gelled or solution state.224 The
introduction of covalent crosslinks can also be employed to vary the stiffness of the
gelatin gels in order to effect appropriate differentiation of stem cells to appropriate
lineages.225–227 Di-tyrosine crosslinked hydrogels have also been explored for
cellular delivery228,229 and cartilage repair.73
Silk. During the identification of di-tyrosine as the critical crosslink responsible for
the elasticity of resilin, it was found that crosslinking of silk solution with
peroxidase resulted in the formation of an elastic hydrogel.127 The formation of
these hydrogels has been explored recently as a resilient biomaterial for cell
encapsulation and soft tissue augmentation. The hydrogels were found to have
elastic moduli on the order of several hundred Pascals to several kilo-Pascals that
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were tunable based on the molecular weight of the precursor silk proteins as well
as the concentrations of hydrogen peroxide and peroxidase. In addition to
supporting cell encapsulation and growth, they were shown to be well tolerated in
a murine sub-cutaneous implantation.230 Due to the wide range of formulation
variables, gels were designed that were able to faithfully mimic the mechanical
properties of cervical tissues, while remaining injectable. They were shown to
effectively bulk the tissue with a negligible change in modulus, suggesting a
potential application in cervical bulking as an alternative to cerclage.231 The
optically clarity and unique multi-photon absorbance properties enabled them to be
selectively ablated using a pulsed laser system. The high resolution, micro-scale
defects can be used to generate unique, 3-D negative shapes that are able to direct
cell movement in vitro and in vivo.232 The enzymatically crosslinked silk hydrogels
have also been used in cardiac tissue engineering, adipose tissue engineering and
the development of a phenol red based pH sensor.
Alternate gelation chemistries have also been employed to crosslink the
tyrosine residues in silk fibroin towards biomedical applications. Exposure of silk
solution to UV light in the presence of riboflavin generated a clear silk gel. This
same mechanism was shown to effectively increase corneal thickness as a potential
method for correcting shape defects.233 Incubation of 3-D printed silk solutions with
tyrosinase allowed for the generation of stable structures and encapsulation of cells
within the scaffolds.234 Photo-chemical crosslinking of B. mori silk fibroin with
Ru(II)(bpy)32+ catalyst was found to generate silk hydrogels, with swelling and
mechanical properties dependent on the concentration of the catalyst and electon
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acceptors. Additionally, the chemically crosslinked gels were found to successfully
support the grown and proliferation of ATDC5 cells.235
Alginate. Alginate is a polysaccharides that is extracted from marine brown algae
and are biocompatible with low toxicity, making them suitable for a number of
biomedical applications.236 The usual method of crosslinking is ionic in nature,
through the addition of divalent calcium ions. While this method has been shown
effective, the gelation process is reversible necessitating a constant concentration
of calcium. Chemical conjugation of a phenolic group onto the alginate allows for
covalent crosslinking that can stabilize the hydrogel preventing dissolution at low
calcium concentration.237 Hydrogels formed by the conjugated alginate-tyramine
polymers were found to have tunable swelling properties, effectively encapsulate
cells, were stable over 2 months and achieved a ~5.2 fold greater mitochondrial
activity over 51 days of culture.238 It was also discovered that cellular adhesiveness
and proliferation on the alginate-tyramine gels was a function of peroxide and
peroxidase concentrations. Selection of appropriate ration of the reactants was able
to enhance cell adhesiveness allowing for the growth and harvesting of cell sheets
after 168 hours of culture.239 Modified alginate gels are also able to be shaped into
hollow fiber geometries via two-phase coaxial flow. These fibers were shown to
have controllable diameters between 70 – 500 µm and were able to both encapsulate
cells in the bulk and support adhesion and growth on the surface.240
Carboxymethyl cellulose. Cellulosic materials are appealing substrates for
biomaterials

due

to

their

wide

availability,

biodegradability

and

biocompatibility.241 The addition of phenolic groups to commercially available
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carboxymethyl cellulose allowed for its crosslinking, with a peroxidase catalyzed
reaction, to form a stable hydrogel.242 These hydrogels have proven effective in the
development of cell sheet production.243 They have also been used in the
encapsulation of cells in microparticles between 60 – 220 µm in diameter. The
encapsulation process resulted in 87% survivability and the cells survived an
additional 13 days in culture.244 The process for microparticle formation has been
advanced, to provide near mono-disperse gel spheres with radii between 100-400
µm.245 Cellulose based gels have also been utilized for hepatocyte culture,246 and
adipose tissue engineering.247
Poly(amino acid). Owing to their biocompatibility, biodegradability and cellular
recognition a number of poly(amino acid)s have been developed for biomedical
applications. Poly(glutamic acid) was synthesized with a tyramine moiety to allow
for enzymatic crosslinking. As note with other polymer systems, tuning of the
peroxidase and peroxide ratio and degree of tyramine substitution allowed for the
control of both gelation kinetics and final moduli. Stiffness values from 40 to 1,100
Pa were noted and it was found that the mechanics were well correlated with the
release of BSA encapsulated during crosslinking.248 The poly(glutamic acid)
tyramine based hydrogel was also optimized as an injectable system as a candidate
for cell encapsulation and drug delivery.249 Functionalized poly(aspartic acid)
hydrogels were also explored for use as a biodegradeable hydrogel. An extensive
study was performed assessing the efficacy of seven different peroxidases and two
laccases. The resultant gels were tested for their mechanical properties, swelling
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ability and stability, and it was found that enzyme species played a significant role
in determining the outcome.250
Dextran. Dextran is highly soluble, natural polysaccharide, which is easy to modify
chemically. This has made it a natural starting material for the development of
biomaterials, and an array of reactions have been utilized including
methacrylation,251 and thiol based chemistries.252 The facile chemical modification
allowed for tyramine conjugation linked with either a urethane or ester containing
intermediate spacer. The addition of the phenolic ring provided the appropriate
crosslinking site, while the control of the intermediate bond allowed for tunable
degradation. The gels were found to have a wide range of mechanical properties
from 3 to 41 kPa and degradation times between several days and several months.253
Dextran based hydrogels have also been utilized as scaffolds for cartilage tissue
engineering in vitro.254,255 They also may serve as self-attaching cartilage fillers,
for small defects in an effort to delay or prevent osteoarthritis.256
Synthetic polymers. While the majority of biomaterials employing di-tyrosine
crosslinking are based on natural materials, it is also possible to modify synthetic
polymers to allow for crosslinking.

Branched poly(ethylene glycol) was

conjugated with hydroxyphenyl propionic acid to allow for crosslinking with
horseradish peroxidase. The gels provided a flexible in vitro cell culture platform
with tunable gelation kinetics and mechanics.257 Tri-block copolymers of PEOPPO-PEO, known as poloxamers, have been widely used biomedical applications,
but typically erode rapidly limiting their utility. Functionalized linear258 and
branched block-copolymers were found to have significantly greater stability, while
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maintaining their biocompatibility and supporting cell growth and proliferation.259–
261

Polyvinyl alcohol was derivatized to contain phenolic hydroxyl moieties and

glucose oxidase and horseradish peroxidase were added. Upon exposure to an open
wound, and endogenous glucose, the glucose oxidase catalyzed hydrogen peroxide
resulted in in situ crosslinking. This provided a rapid woud closure and potential
as an effective wound dressing.262
Combination systems. One of the most appealing aspects of phenolic crosslinking
in the development of biomaterials is the ability to crosslink any protein, peptide,
polymer, or combination, with the appropriate phenolic group, into a covalent
network. This flexibility allows for the combination of unique properties that are
not easily incorporated in other systems. Copolymerization of non-degradable,
hydrolytically or enzymatically degradable substituents, at predetermined ratios
can be crosslinked to effectively control the rate and mechanism of degradation.
Additionally, cell instructive bioactive proteins and peptides can be permanently
coupled to bio-inert molecules. Native extra-cellular matrix contains a complex
mixture proteins, peptides and polysaccharides among other molecules. Thus, the
ability to effectively incorporate a number of these components in a single system
is an important consideration in the rational design of biomaterials.
2.6. Conclusions
As highlighted, the recent utilization di-tyrosine crosslinking reactions is a
promising tool in the development of functional biomaterials. Advances in both
the design of new reaction mechanisms and optimization of existing reactions has
greatly expanded the available means to effectively select an appropriate
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crosslinking method. These reactions in combination with the ability to derivatize
polymers, which do not natively contain the requisite phenol moiety, with tyramine
has resulted in the development of numerous material formats based on di-tyrosine
crosslinks. The fact that the reaction substrate is consistent across all of the
different polymers also provides the opportunity to develop copolymer and gradient
systems. These systems may be used for both functional engineering as well as for
exploration of biological implications of material substrate specificity and
mechanics. The intelligent design of new peptides and polymers based on dityrosine crosslinks will provide a facile method for de novo design of application
specific biomaterials and hydrogels.
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Figure 2-1: Native proteins employing di-tyrosine bonds

A) Chemical structure of a di-tyrosine bond. B) Highlight of location of resilin in
the flea, the elastomeric protein allows the flea to jump up to 38 times its body
length (Image courtesy of CSIRO Science Images) C) The wing tendon from adult
dragonfly (Zyxomma sp.) contains a significant amount of di-tyrosine rich resilin.263
D) Casemaker Hesperophylax occidentalis fifth instar larvae within its natural
stone case.264
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Figure 2-2: Catalytic cycle of horseradish peroxidase enzyme

The catalytic cycle of horseradish peroxidase (HRP C) with ferulate as reducing
substrate. The rate constants k1, k2 and k3 represent the rate of compound I
formation, rate of compound I reduction and rate of compound II reduction,
respectively.130
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Figure 2-3: Catalytic cycle of tyrosinase

Catalytic cycles of the hydroxylation of monophenol and oxidation of o-diphenol
to o-quinone by tyrosinase.186
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Figure 2-4: Schematic representation of copper centers in laccase enzyme

Schematic representation of the two copper centers, including interatomic distances
among all the relevant atoms.189
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Figure 2-5: Schematic of Fenton and photo-Fenton reactions in resilin

Possible mechanism for resilin cross-linking via the photo-Fenton reaction.
Hydrogen abstraction from tyrosine via strong oxidizing agent (*OH) can generate
tyrosyl radical, resulting in di-tyrosine bridges (A) and other tyrosine oxidation
products (B).214
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Figure 2-6: Mechanism of photo-intitiated ruthenium based crosslinking

Mechanism-based design of a photo-initiated protein cross-linking reaction. The
top left part of the figure represents schematically the electron flow when
Ru(II)bpy32+ (structure shown at the top right of the figure) is photolyzed in the
presence of a persulfate, generating Ru(III) and sulfate radical. Ru(III) is a potent
one-electron oxidant and would be expected to oxidize residues such as tyrosine.
The resultant radical could proceed to form cross-linked products between two
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associated proteins by at least two mechanisms, as shown in the figure. If another
tyrosine residue is nearby, then arene coupling would be expected. Alternatively, a
nearby nucleophilic lysine or cysteine group could attack the radical to eventually
provide a heteroatom–arene linkage. In each case, a hydrogen atom must be lost to
form stable products, and the sulfate radical produced during Ru(III) formation
could play a key role in this step. This figure represents only mechanistic
hypotheses on which the reaction was designed. The true mechanism of
Ru(II)bpy32+/persulfate-mediated cross-linking remains to be determined
experimentally.128
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Figure 2-7: Proposed mechanisms of riboflavin crosslinking

Excitation of riboflavin and the two possible reaction mechanisms.265
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Figure 2-8: Biomaterials developed using di-tyrosine crosslinking

A) Representative images of HRP crosslinked silk fibroin hydrogel undergoing
50% strain, from which it is able to fully recover due to its highly elastic
properties.133 B) Fluorescence and flexibility of a molded rod of rec1-resilin. Rod
was formed by irradiating 200 mg/ml resilin containing 2 mM [Ru(bpy)3]2+ and 10
mM ammonium persulphate in a glass capillary tube. Photographs were taken
under white light (upper panel) and ultraviolet light (lower panel)131 C) Photographs
of 3% (w/v) gelating and Gelatin-Ph solutions before (top) and after (bottom)
addition of HRP and H2O2 at 1 Unit/ml and 10 mM, respectively. Gelating-Ph gels
did not melt at 37o C.222 D) Corgel® Biohydrogel , a patented biocompatible
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hyaluronan hydrogel based on di-hydroxyphenol crosslinks of tyramine substituted
sodium hyaluronate.
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Chapter 3.

Silk
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to
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Adapted from a manuscript by Benjamin P. Partlow, A. Pasha Tabatabai, Gary G.
Leisk, Peggy Cebe, Daniel L. Blair and David L. Kaplan 266
Contributions:
-

In silico protein digestion and rheology – Pasha Tabatabai
WAXS data collection – Peggy Cebe

3.1. Abstract
Regenerated silk fibroin has been proposed as a material substrate for
biomedical, optical and electronic applications. Preparation of the silk fibroin
solution requires extraction (degumming) to remove sericin protein contaminants,
but this process also results in the degradation of the fibroin protein. Here we
propose a mechanism of fibroin degradation and characterize the molecular weight
and polydispersity as a function of extraction time. Rheological analysis revealed
significant changes in the viscosity of samples while mechanical characterization
of cast and drawn films showed increased moduli, extensibility and strength upon
drawing. Fifteen minutes extraction time resulted in degraded fibroin that generated
the strongest films. Structural analysis by wide angle X-ray scattering (WAXS) and
Fourier transform infrared spectroscopy (FTIR) indicated molecular alignment in
the drawn films and showed that the drawing process converted amorphous films
into the crystalline, β-sheet, secondary structure. Most interesting, by using selected
extraction times, films with near-native crystallinity, alignment and molecular
weight could be achieved; yet maximal mechanical properties for the films from
50

regenerated silk fibroin solutions were found with solutions subjected to some
degree of degradation. These results suggest that the regenerated solutions and the
film casting and drawing processes introduce more complexity than native spinning
processes and additional study is required to intelligently engineer processes for
silk solution and biomaterials fabrication.
3.2. Introduction
Silk from the domesticated silkworm, Bombyx mori, is an extremely tough and
versatile protein material that has been used for centuries and more recently in a
regenerated form as scaffolds for tissue engineering,54,73,267,268 sustained drug
delivery,269–271 and technological applications.272–274

This diverse array of

applications stems from the exploitation of the highly evolved protein structure
which imbues the fiber with exceptional strength and extensibility.14 The amino
acid sequence of the primary structural component of the silk protein, fibroin,
allows for close packing and highly aligned molecules that result in the remarkable
mechanical properties, providing high tensile strength with excellent ductility and
extreme toughness.
Native silk fibers, as spun by the domesticated B. mori silkworm, are formed
from two types of proteins, fibroin and sericin, in an approximate mass ratio of 7080 % to 30-20 % respectively with 1-2 % residual contaminants including waxes
and ash.275 The sericins are glue like proteins that serve to maintain the shape of the
cocoon. The fibroin, is a semicrystalline biopolymer with maximum crystallinity of
~55 % and consisting of highly repetitive amino acid sequences. The fibroin chain
is composed of 12 highly ordered crystalline domains of Gly – X repeats. These
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account for 94 % of the chain length, where “X” is replaced by alanine in 65 %,
serine in 23 % and tyrosine in 9 % of the structural repeats. These repeats,
composed primarily of hydrophobic amino acids with small sidechains, allow the
assembly of the Gly-X repeat segments into anti-parallel β-sheets. The remainder
of the sequence consists of 11 hydrophilic linkers between the crystalline domains
and N-terminal and C-terminal sequences that are similarly hydrophilic.23
The molecular weights (MW) of the native silk fibroin heavy and light
chains, extracted from B. mori pupae, are 390 and 25 kDa, respectively. These two
chains occur in equimolar proportions and are connected at their C-terminus by a
disulfide linkage.19,276 The sericins are a family of proteins with molecular weights
between 24 and 400 kDa.20,277 The sericin proteins are removed from the raw silk
due to their implication in inflammatory responses when combined with fibroin,97
leaving the pure silk fibroin for use in biological applications.96 While properly
extracted sericin proteins may be utilized on their own for biomaterial
development,278,279 the two proteins are generally not used in combination. While
there are multiple ways to separate the sericin and fibroin, one of the more
commonly employed degumming processes involves submerging the cocoons in a
heated bath with a 0.02 M concentration of sodium carbonate (Na2CO3).56 This
process disrupts the compacted cocoon fibers and extracts the water-soluble
sericins, leaving pure fibroin protein fibers. However, this process also degrades
the fibroin protein chains. The effect of the degumming process reagents,
temperature and time on fiber mechanics have been reported.280–282 However, most
of the literature on regenerated silk fibroin has utilized silk that has been degummed
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for 20-30 minutes or longer. This degree of degumming results in fibroin
degradation from a monodisperse 390 kDa MW (native protein) to a broad
distribution of weights ranging from undegraded strands to small fragments of 4050 kDa, with a number average molecular weight around 150 kDa.98 The impact of
this significant degradation on the self-assembly process, and thereby the
mechanical properties of materials formed from these proteins, has not been fully
explored.
In addition to the MW, β-sheet crystallinity impacts the mechanical
properties of silk films. Secondary structure influences the properties of proteins
and induction of the highly stable anti-parallel β-sheet conformation in silk has a
significant influence on the mechanics. Tensile testing of films ranging from 14 %
to 58 % crystalline content showed an increase in tensile modulus from 10 MPa to
70 MPa and tensile strength from 2 MPa to 7 MPa, respectively.283 Similar changes
in the mechanical properties can be achieved by altering the crystallinity and adding
a plasticizing such as glycerol284 or hydrophilic polymers such as poly(ethylene
oxide).285,286 Alternatively, modulation of the self-assembly of the fibroin in
solution can enhance or retard the formation of β-sheet crystals and provides water
insoluble scaffolds and films with enhanced random coil and alpha helix content
and mechanical properties intermediate to those of similarly processed amorphous
or highly crystalline samples.287,288
Molecular orientation plays an important role in the properties of polymeric
materials. Entangled polymers may reorient themselves under an external force
along the axis of deformation.289 Since the external stress can become localized
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along these aligned chains, an increase of aligned chains can help support larger
stresses in the network, strongly influencing the mechanical properties.290 Drawing
silk fibers and films has shown a similar enhancement of mechanical properties,
with increases in both elasticity and ultimate strength. Swelling amorphous films
in water, to plasticize and enhance molecular mobility, and drawing them to 2 or 3
times their original length resulted in significant improvement in elasticity, ultimate
strength and toughness. Interestingly, the peak elasticity, strength, modulus and
toughness were found at the same processing conditions, where the samples were
drawn 3 times original length.93 Similar increases in properties with post-spin
drawing has been shown in the manufacture of regenerated silk fibers, where ratios
were increased 2 to 6 times the original length and the breaking strength, strain to
failure and stiffness of the fibers increased.291
The design and optimization of silk-based materials requires an understanding
of the starting materials, reconstitution protocols and processing conditions which
have been shown to significantly impact the properties of the final material. While
the influence of the extraction process, crystallinity and post drawing have been
studied individually, an understanding of the complex interplay between these
variables has not been reported. Therefore, we investigated the effects of extraction
time on the silk fibroin and assessed the implications of the resultant degradation
on the rheological, mechanical and structural properties of silk materials.
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3.3. Materials and Methods
3.3.1. Reconstitution Process
B. mori cocoons were reconstituted into an aqueous fibroin solution as previously
described.56 Briefly, the cocoons (Tajima Shoji, Yokohama, Japan) were cut into
pieces and 5 grams added to 2 L of boiling 0.02 M sodium carbonate (Sigma
Aldrich, St. Louis, MO). Extraction times were 5, 10, 15, 20, 30, 60 and 120
minutes. After extraction, the fibers were rinsed with deionized water (DI) water
and allowed to dry overnight. The fibers were then placed in a 9.3 M solution of
lithium bromide (Sigma Aldrich, St. Louis, MO) at 15 wt% in a 60 oC oven for 4
hours. The fibroin/lithium bromide solution was placed in 3,500 MW cutoff
dialysis cassettes (ThermoFisher Scientific, Waltham, MA) and dialyzed against DI
water for 48 hours. The final solutions were then adjusted to have a concentration
of 50 mg mL-1.
3.3.2. Gel Electrophoresis
The electrophoretic mobility of the fibroin molecules was determined using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). For each
condition 5 µg of silk protein was reduced with 500 mM dithiothreitol (DTT) and
loaded into a 3-8 % Tris Acetate gel (NuPAGE, Life Technologies, Grand Island,
NY). The gel was run under reducing conditions for 45 minutes at 200 V, with a
high molecular weight ladder as reference (HiMark Unstained, Life Technologies)
and stained with a Colloidal Blue staining kit (Life Technologies). In order to
resolve the molecular weight of the proteins from the longer extraction times,
solutions were run on 4-12 % Bis-Tris gels (NuPAGE, Life Technologies, Grand
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Island, NY). As with the Tris-Acetate gels, all samples were run under reducing
conditions and stained with Colloidal Blue. To determine the molecular weight
distributions, the pixel intensity as a function of lane position was assessed using a
house written MATLABTM code. The lane containing the standards was used to
establish a conversion between pixel position and molecular weight.
3.3.3. Determining Molecular Weight Distributions In Silico
The amino acid sequence for the fibroin heavy chain as determined by Zhou et al.23
was digested in silico, utilizing a Monte Carlo like simulation, for a predetermined
number of cuts. Cleavage sites were picked by a random choice among all locations
of either all amino acid types or one specific amino acid. This was repeated for an
ensemble of 20,000 independent initial proteins to establish a distribution of protein
lengths. The protein lengths were converted into a MW distribution by using the
average MW per amino acid in the silk fibroin heavy chain sequence (390
kDa/5,263 amino acids). If a protein fragment had a MW less than the MWCO of
the dialysis cassette the fragment was discarded from the calculation and did not
influence the final MW distribution.
3.3.4. Rheology
Rheological measurements were performed using a double wall Couette geometry
on an Anton Paar MCR 702 stress controlled rheometer (Ashland, VA) to minimize
surface effects and to maximize torque. Solutions at a concentration of 50 mg mL1

were presheared at a rate of 1.0 s-1 until a steady-state stress response was observed

before performing measurements. Mineral oil containing 2 wt% Abil ® EM 90
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surfactant (Evonik Industries, Essen, Germany) was applied to the air-solution
interface (the velocity-gradient plane in this geometry) to limit protein adsorption.
3.3.5. Film Casting and Drawing
Silk solution was poured into, and gently spread, in 100 mm polystyrene Petri
dishes and allowed to dry overnight at room temperature at a relative humidity of
20 to 30 %. Once the films were dry they were removed and cut into 6.2 mm wide
strips. As-cast films were tested without further manipulation, while drawn films
were placed over a jet of steam from boiling DI water and gently stretched. Drawing
was performed manually with a gauge to consistently extend the films to 4x their
original length.
3.3.6. Mechanical Testing
The tensile behavior of the film strips was tested on an Instron 3366 testing frame
(Instron, Norwood, MA), with a 100 N load cell. Sample dimensions were
measured and recorded with micrometers and loaded with a 20 mm gauge length.
The samples were tested at a crosshead speed of 1.2 mm min-1 (0.1 % strain s-1)
following the application of a 0.5 N preload. All specimens were tested until failure
and load and extension data collected. Tensile data was analyzed for elastic
modulus, ultimate tensile strain and ultimate tensile stress.
3.3.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis
Conformational differences in the silk films were analyzed via a JASCO FTIR 6200
spectrometer (JASCO, Tokyo, Japan) combined with a MIRacle™ attenuated total
reflection (ATR) germanium crystal. Films were dried in a laminar flow hood for
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two days in order to remove surface water. For each sample, 64 scans were coadded with a resolution of 4 cm−1, at wave numbers between 600 and 4000 cm−1.
The background spectra were collected under the same conditions and subtracted
from the scan for each sample. Fourier self-deconvolution (FSD) of the infrared
spectra covering the Amide I region (1595−1705 cm−1 ) was performed using Opus
5.0 software (Bruker Optics Corp., Billerica, MA), as described previously.292 The
deconvoluted Amide I spectra were area-normalized, and the relative contributions
of the individual bands were used to determine the content off the secondary
structures.
3.3.8. Wide Angle X-Ray Scattering (WAXS)
To investigate the crystalline structure and molecular alignment of the silk films,
WAXS experiments were performed in transmission mode at the Brookhaven
National Laboratory, using the National Synchrotron Light Source I (NSLSI) X27C
beam line. The wavelength (λ) was 0.1371 nm and the scattering vector
(q = 4πsinθ/λ, where θ is the half-scattering angle) was calibrated using aluminum
oxide. The intensity was accumulated and the scattering patterns were recorded
every 120 s. The intensity was corrected for background, changes in the incident
beam intensity, and sample absorption. Oriented samples were further analyzed by
taking an azimuthal average using ImageJ at the 2θ peak corresponding to the peak
with Miller Index (200)293 and fitting the data with a Gaussian curve. The full width
half max (FWHM), ϕ, was extracted and used to calculate the Herman’s orientation
parameter f where:
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(3 𝑐𝑜𝑠 2 ∅ − 1)
𝑓=
2
3.4. Results
The molecular weight distribution of silk fibroin was strongly influenced by the
extraction time; with increased duration, the peak molecular weight decreases and
the MW range broadens (Figure 3-1). The native protein band was most prevalent
in the solution extracted for 5 minutes, but persisted weakly through the 10 and 15
minute extraction times. The presence of protein with MW greater than the native
state is a consequence of irreversible aggregation despite running SDS-PAGE
under reducing conditions. This has been observed previously and it was found that
additional dialysis against 8 M urea did not result in a decrease of the aggregates.99
The degree of degradation of the fibroin molecule was strongly correlated to
the extraction time during the reconstitution process. The SDS-PAGE reveals the
broadening of the MW distribution with extraction times of 5, 10, 15, 20, 30, 60,
120 minutes as compared to the ladder (Figure 3-1a), uncropped images of the high
and low MW gels can be seen in Figure 3-2a and Figure 3-2b, respectively. The
pixel intensity as a function of pixel position along the lane for the ladder and each
boil time is seen in Figure 3-1a. The known MW of the peaks in the ladder allows
the conversion between pixel position and MW for each gel using a linear fit of
10MW versus pixel position Figure 3-1b. The MW distribution measured for each
extraction time is shown in Figure 3-1b. The two different gels used for SDS-PAGE
mentioned in Section 3.3.2 were calibrated separately allowing the MW
distributions for each extraction time to be compared on an absolute scale. Peak
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MW decreased with extraction time and the median MW is shown with bars
representing the middle 50 % of the protein population (Figure 3-1c). Because the
fibroin has been observed to be denatured and random coil in solution, the middle
50 % of the MW distribution is used to determine the range of overlap
concentrations c*, where:
𝑐 ∗ = 3𝑀⁄
4𝜋𝑅𝐺3 𝑁𝐴
for proteins of molecular weight M and radius of gyration R G where NA is
Avogadro’s constant. Under the assumption of -solvent conditions and an end-toend protein length equivalent to N steps of Kuhn length b (two amino acids or
approximately 8Å), the radius of gyration for the protein is calculated as:
𝑅𝐺 = √𝑁𝑘𝑢ℎ𝑛 𝑥𝑏⁄√6
This calculation only provides the range in which the overlap concentration lies, as
the effective overlap concentration for the polydisperse system depends on the
shape of the MW distribution. The limits on this range vary from around 36 to 150
mg mL-1 for short and long extraction times respectively.
During reconstitution, the aqueous sodium carbonate was strongly alkaline.
As a result, it is likely that serine sidechains along the fibroin backbone were
deprotonated, creating potential cleavage sites where nucleophilic attack may
occur, especially at high temperature.294 To test this hypothesis, the Monte Carlo
type calculation mentioned in Section 3.3.3 was performed and serines were chosen
as the potential cut sites. By increasing the number of cuts per protein from 1 to 10,
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a changing MW distribution qualitatively similar to the different extraction times
from SDS-PAGE was observed (Figure 3-1d). Simulation of cleaving at each
potential amino acid as well as random cleavage are shown in Figure 3-4.Figure
3-4: Simulated cleavage of all amino acid residues Rotational rheology between
shear rates of γ̇ = 0.005 to 10 s-1 revealed a potential yield stress at low shear rates
followed by a Newtonian response after γ̇>0.1 s-1 (Figure 3-5a). The stress
responses at low shear rates, displayed in the inset, were noisy (error bars not
shown) but the possible yield stress was observed in previous experiments.[41]
However, the Newtonian flow was consistent and reproducible as indicated by the
displayed error bars in the main figure of (Figure 3-5b). The viscosity  in the
Newtonian regime strongly depended on extraction time and is plotted as the
relative viscosity 𝜂𝑟 = 𝜂⁄𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡 where solvent is the pure solvent viscosity (Figure
3-5b). As the extraction time increased from 5 to 60 minutes, the viscosity decreases
logarithmically (Figure 3-5b insert). The displayed stress for each extraction time
is an average of a minimum of 4 measurements on the same sample, including
sampling of γ̇ in ascending and descending order. These data were confirmed to be
the steady-state solution by comparison of independent η(t) measurements at
constant γ̇.
The linear elastic modulus, extensibility and ultimate tensile strength of
films in the as cast and steam drawn conditions are shown in Figure 3-6a, b, and c
respectively. All as cast film samples, regardless of degumming conditions,
exhibited brittle behavior with no distinct yield point, low extensibility and failure
within the linear elastic region. Steam drawing of the samples, resulted in a
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transition to ductile behavior, with a prominent yield and subsequent work
hardening behavior until failure. In addition to the overall changes in material
behavior with steam drawing, molecular alignment resulted in higher elastic
moduli, extensibility and ultimate strength for all experimental groups. The
enhancement of mechanical properties was most prominent at moderate extraction
times of 10, 15 and 20 minutes, with 15 minutes exhibiting the largest increases in
extensibility and ultimate tensile strength. Films cast from 60 minute degummed
silk only showed a minor increase in modulus but did not exhibit significant
increases in ductility or strength. Note that the 120 minute extracted samples were
not tested as the resultant films were too brittle to handle.
Secondary structure, determined by deconvolution of FTIR spectra, was not
influenced by the duration of the degumming process. All as cast films were
primarily amorphous, exhibiting a broad peak centered on 1640 cm-1, characteristic
of random coil protein structure Figure 3-7ai. Deconvolution of the spectra showed
a random coil contribution of 45-50 %, turn contribution of 24-26 % with lesser βsheet and α-helical content Figure 3-7bi and Figure 3-7ci. Upon drawing over
steam, the silk films converted into semi-crystalline materials, with high β-sheet
content, as indicated by the distinct peak centered at 1621 cm-1 Figure 3-7aii.
Deconvolution revealed that the drawn films had crystalline contents of 46-50 %,
with random coil contributing 22-24 % of the spectra and turns and α-helices
remaining unchanged between the two conditions Figure 3-7bii and Figure 3-7cii.
In agreement with the FTIR results, 2D WAXS patterns of as cast films
exhibited isotropic patterns, with intensity independent of the azimuthal angle and
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a broad halo characteristic of an amorphous polymer Figure 3-8. Following
drawing, the pattern showed a distinct orientation with the intensity strongly
correlated to the azimuthal angle with the peak intensity located 900 from the film
draw direction (horizontal direction in Figure 3-8aii. The angular average over the
amorphous and oriented spectra reveal a transition from a broad to sharp peak in
intensity with drawing Figure 3-8b. The d-spacing of this oriented sharp peak
corresponded to an inter-sheet distance of 0.48 nm Figure 3-8c and an azimuthal
average taken at this location showed a sharp increase in scattering intensity Figure
3-8c. Fitting of the average intensity versus the azimuthal angle with a Gaussian
curve and determination of the FWHM showed angles between 14.70 and 16.30
corresponding to an orientation parameter of f=0.90 and f=0.88 respectively Figure
3-8d.
3.5. Discussion
The serine residues are likely responsible for the polydispersity as they are
known to be susceptible to protein backbone cleavage.294 However, it should be
noted that because of the more-or-less homogeneous distribution of serines along
the fibroin sequence, cutting at random amino acids and not just at the serines, and
cutting at the serines, results in similar MW distributions for a reasonable number
of cuts. In fact, it is clear to see in Figure 3-4 that only cleavage at glycine (G),
alanine (A), tyrosine (Y), serine (S), valine (V), or random cuts are capable of
producing MW distributions visually similar to those seen in the experiments, i.e.
no banding. If specific cleavages were occurring there would be no clear reason
why this would occur at an amino acid with either a small effectively rigid side
63

chain unaffected by pH (G, A, V), or a bulky side chain where the hydroxyl group
is unable to interact with the backbone (Y). Thus, the polydispersity likely results
from either random cleavage of the protein backbone or specifically at serine
residues where a cleavage mechanism is known. The MW distribution calculated
by serine cleavage qualitatively matches well with the experimental SDS-PAGE
with only a few cuts per protein molecule (Figure 3-1). A quantitative comparison
between experiment and calculation breaks down after a few cuts, suggesting that
the assumption of constant cleavage probability worsens; other higher order effects
should be incorporated, e.g., fragment length and position of cut site relative to
secondary structure, but these are beyond the scope of this work.
Interestingly, even at extended extraction times of 30 minutes, a number of silk
fibroin chains maintain at near-native molecular weight. This is evidenced by the
staining visible near the 400 kDa range, even though the peak intensity has shifted
to a significantly lower value. While some of this may be attributed to aggregation,
the progressive decrease in intensity with additional extraction time suggests that
aggregation cannot fully account for these full length protein chains. This provides
additional support for the fact that the cleavage is essentially random in nature, as
true weak points in the chain would lead to bands in the electrophoresis gels and
would be unlikely to retain native molecular weight chains. The random nature of
the degradation is an important consideration in downstream processing and likely
has a strong influence on the self-assembly of the fibroin. It has been proposed that
the hydrophobic-hydrophilic variation within the sequence results in the formation
of micelles to shield the hydrophobic crystalline regions from the aqueous
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environment.25 Similar processes have been proposed to explain the phenomenon
of gelation in an electric field295 and these have been more extensively explored
using recombinant spider systems where the ratio and order of the hydrophilic and
hydrophobic blocks can be systematically modified.296,297 However, numerous
studies have shown that reconstituted silk solutions behave fundamentally
differently than the native silk dope from the glands of the silkworms in terms of
their ability to nucleate and form β-sheets upon the application of shear.92,298 In
order to understand these differences and engineer control of material properties, it
is critical to understand how the silk regeneration process disrupts the protein
chains.
Apparent yield stresses in protein solutions have been detected and attributed
to protein adsorption at the air-water interface.299 Depending on the extraction
time, the protein concentration was either at or below the overlap concentration,
therefore we consider the noisy low shear rate response as an indicator of an elastic
protein film and not a bulk property despite using a surfactant in mineral oil to deter
protein adsorption to the interface. However, Figure 3-5b reveals the ability to
enhance the solution viscosity by limiting damage to the native protein. The
monotonic decrease of the relative viscosity with extraction time is significant and
correlated to the consistent decrease in the peak molecular weight of each
distribution. The decrease in the viscosity is logarithmic with extraction times
between 5 and 60 minutes, but the 120 minute sample significantly differs from this
trend. These data suggest that there exists a point where continuing to cleave the
protein has limited influence on the viscosity, because the MW of the cleaved
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strands often becomes smaller than the molecular weight cutoff of the dialysis
cassette. This is consistent with the significantly smaller MW range for the samples
degummed for 120 minutes (Figure 3-1c).
Once the protein is formed into films, the polydispersity impacts the
mechanics of the films in a nontrivial way. In the as cast state, films formed from
silk fibroin at intermediate extraction times exhibited lower elastic moduli and an
associated higher extensibility in comparison to films prepared from both high and
low molecular weight silk fibroin proteins. However, ultimate tensile strength was
generally unaffected by the extraction time and the resultant molecular weight
distribution. While the inverse relationship between modulus and extensibility is
expected for engineered materials, the presence of a bimodal trend in properties
suggests that in addition to the average MW, the ratio of high to low MW fragments
is important. This is likely due to a transition from an affine system in the high and
low MW samples, where local deformations correspond to the global deformation,
to a non-affine behavior for moderate extraction times, where the presence of short
and long chains results in significant differences in local deformations throughout
the specimen.299 This is particularly important in the as cast samples, as the random
molecular orientation will result in overlapping chains with differing lengths that
exhibit significantly different local mobility. The introduction of a wider array of
potential local displacements enhances molecular mobility and serves to decrease
the modulus and enhance ductility, as the small molecules prevent jamming, while
the long molecules prevent fracture propagation.
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Upon drawing, all of the film samples exhibited significant increases in
tensile modulus, likely due to the buildup of entanglements and dislocations similar
to other polymer systems.300 Unexpectedly, all samples with the exception of the
60 minute degummed samples, had increases in their extensibility and ultimate
tensile strength.

More traditionally, an increase in two of these interrelated

properties results in a decrease in the third property. These increases were most
pronounced in the samples that were degummed for 15 minutes, corresponding to
the lowest modulus and highest extensibility in the as cast samples. In a
monodisperse synthetic polymer such as polyethylene, an increase in the molecular
weight was associated with a concomitant increase in the strength of the material.301
Thus, the existence of a nonlinear relationship between material properties and the
degree of degradation infers that additional interactions are at work. One material
change that is known to enhance all three properties simultaneously is the
introduction of nanoparticles into polymer resins to generate nano-composites.
This work has shown promise in engineering tougher, stronger and more ductile
polymers.302,303
The transition from an isotropic amorphous system to the highly crystalline
aligned films upon drawing suggests a possible mechanism for the introduction of
rigid nano-crystalline domains that may act similarly to the addition of
nanoparticles to synthetic polymers. The residual ~50 % of random non-ordered
structure (Figure 3-7) should provide the necessary degree of plasticity required to
allow sufficient molecular mobility which is known to be a necessary component
to create tough polymers.304 The β-sheet crystallites provide the necessary hard
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components to enhance the overall properties of the materials. This feature has
been explored extensively using molecular dynamics simulations which showed
that limiting the size of the crystals to a few nanometers resulted in higher stiffness
and strength of the simulated materials. Despite the inherent weakness of the
hydrogen bonding responsible for crystal formation, a stick-slip deformation
allowed for the dissipation of energy and resulted in significantly improved
mechanical properties.305–307

The size examined in the molecular dynamics

simulations of 2-7 nm also corresponds to the size of supramolecular structures that
have been found in silk fibroin gels using small angle x-ray scattering techniques.308
In addition to the composition of the polymer system, such as mobile vs
rigid fractions, the orientation of the molecules plays a crucial role in the behavior
of the materials.309 WAXS analyses on the drawn films revealed that the crystalline
segments were highly aligned with an orientation parameter of 0.90 to 0.88
depending on the extraction time. While the analysis does not consider the
alignment of the amorphous component, the results suggest that alignment is quite
strong, as the theoretical maximum in a perfectly aligned system is 1. This degree
of alignment also corresponds to the alignment of the crystals in fibers from the
Nephila clavipes spider, which has a maximum orientation of 0.98.310
While both the degradation behavior of silk fibroin and the effect of drawing
have been studied previously, the complex interplay between the two factors has
not been described.

In the native fiber, the fibroin is monodisperse with a

theoretically calculated molecular weight of 390 kDa. In order to utilize silk fibroin
in non-fiber based materials, the processing steps involved result in the degradation
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of the protein chains. Interestingly the maintenance of near native molecular
weights does not result in properties on par with native fibers.

Instead the

introduction of a small number of short protein fragments serves to enhance the
material properties of the films. This phenomenon is known in the synthetic
polymer literature where small amounts low molecular weight components are
added to ultra-high molecular weight polyethylene to enhance processing and
properties.311 However, this outcome does suggest that the silkworm (and spiders)
has evolved unique spinning capabilities that allow it to circumvent limitations
inherent in synthetic processing systems. Further elucidation of these factors
should prove instructive to both protein polymers and synthetic polymer
processing.
3.6. Conclusion
The degradation of silk fibroin during reconstitution affects the mechanics of the
resulting materials but can be controlled by the adjustment of extraction time.
Higher molecular weight silk has a higher viscosity than silk solutions with a lower
effective molecular weight. A moderate degree of fibroin degradation resulted in
the best mechanical properties in silk fibroin films prepared and drawn over steam.
Despite the ability to retain near native molecular weight and produce materials
with highly oriented crystalline segments similar to native fibers, the mechanical
properties did not approach those of native fibers. However, elucidation of the
interdependence between silk fibroin degradation and mechanical properties
provides useful information for engineering silk biomaterials.
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Figure 3-1: Molecular weight distributions.

(a) SDS-PAGE was performed to determine the extraction time dependent MW
distributions using both a high (i) (5, 10, 15, 20, and 30 minute) and low (ii) (60
and 120 minute) MW gel. (b) Pixel positions from (a) are converted into normalized
MW distributions for each extraction time and for each ladder. (c) The peak MW
of each distribution (solid circle) is plotted for each extraction time, as well as the
median value (open circle) with error bars containing the middle 50 % of the protein
MW population. Using the middle 50 % of the MW distribution, the range of
overlap concentrations are plotted (asterisks with dashed lines); because of
polydispersity, the effective overlap concentration for each extraction time lies
between the two lines. (d) Cutting at randomly chosen serines is the potential
mechanism for the MW distribution change, and the Monte Carlo calculation shows
a qualitatively similar trend in distributions for 1 (red circles), 2 (magenta squares),
4 (blue triangles), and 10 (black diamonds) cuts per protein.
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Figure 3-2: Uncropped SDS-PAGE gels

The uncropped images of the high MW (a) and low MW (b) gels used for SDSPAGE emphasize the need to use two different MW gels in order to properly
resolve the MW distributions for all extraction times. Image (a) cannot detect the
60 and 120 minute lanes well, while lanes containing short boil times in image (b)
have artifacts due to protein unable to pass through the gel. The fibroin light chain
at 25kDa is also visible in image (b) but similarly degrades with extraction time.

71

Figure 3-3: Image analysis of SDS-PAGE gels.

(a) The local background subtracted pixel intensity vs pixel position along the lane
is measured directly from the images of the both the high and low MW SDS-PAGE
gels. The high MW ladder and extraction times 5-30 minutes are taken from the
high MW gel (Figure 3-2a). The low MW ladder and extraction times of 60 and
120 minutes (shaded data) are taken from the low MW gel (Figure 3-2b). The
known MW values of each ladder are used, with the ladder peak pixel positions, to
determine the conversion between pixels and MW for the high MW (open circles)
and low MW (closed circles) SDS-PAGE gels by a linear fit to log(MW) vs pixel
position (b). The slope and y-intercept for the high MW (solid line) and low MW
(dashed line) fits are -0.0010 and 2.9315, and -0.0014 and 2.5188 respectively. Fits
to both ladders run on a single gel are consistent.
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Figure 3-4: Simulated cleavage of all amino acid residues

Results of the Monte Carlo calculations, where different amino acid types were
chosen as the cut site, and cleavage was made randomly at those sites. The
normalized distributions of MW lengths are shown for cuts of 1 (red circles), 2
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(magenta squares), 4 (blue triangles), and 10 (black diamonds) if enough cut sites
are available. It is clear which amino acids cannot serve as cut sites, as they create
MW distribution that look completely different than the one observed from SDSPAGE, as they show banding at discrete molecular weights (ex: arginine,
glutamine, and histidine). Leucine is not shown but also displays banding.
However, with this method, and without cutting at every site, it is difficult to
distinguish between the distributions created by cleaving at glycine, alanine,
tyrosine, serine, valine, or at randomly chosen amino acids.
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Figure 3-5:Viscosity of silk solutions.

(a) The steady state stress response as a function of shear rate for 50 mg mL-1 silk
solutions exhibits Newtonian flow (the solid line indicating a slope of 1.0 is
displayed to guide the eye) above shear rates of 0.1 s-1 for extraction times of 5
(blue), 10 (red), 15 (black), 20 (magenta), 30 (green), 60 (purple), and 120 (orange)
minutes (a). In this regime, the stress response is reproducible, as shown by the
error bars, but at lower shear rates the stress is noisy and potentially exhibits a yield
stress (inset). (b) The relative viscosity in the Newtonian regime decreases as a
function of extraction time, and the rescaled data in the inset reveals that the
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viscosity depends logarithmically on time for the first 60 minutes, as indicated by
the dashed line.
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Figure 3-6: Mechanical properties of silk films.

The modulus (a), extensibility (b), and ultimate tensile strength (c) of as cast (dark
shaded) and steam drawn (light shaded) films varies with extraction time. An
enhancement in all three mechanical properties is observed by steam drawing the
films. The extraction time dependence of each attribute is non-monotonic
suggesting a non-trivial dependence on the molecular weight distribution.
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Figure 3-7: Secondary structure of silk films.

(a) The raw FTIR spectra for as cast (i) and steam drawn (ii) films shows a change
in the Amide I absorbance. For quantitative comparison, spectra in the Amide I
region (1595 to 1705 cm-1) are deconvoluted. (b) One representative extraction
time for both as cast and drawn films is displayed where the long dashed line is the
original spectrum, the solid line is the deconvoluted spectrum, and the short dashed
lines are the contributions to the spectra for each type of secondary structure. (c)
The relative intensity of the short dashed line distributions in (b) provides the
fractional secondary structure content of random coil (red circles), beta sheet (green
diamonds), alpha helix (black squares) and turns (blue triangles) in each film. The
dominant secondary structure does not vary much amongst boil times, but it
transitions from random coil into beta sheet upon drawing.
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Figure 3-8: Wide angle x-ray scattering analysis of silk films.

(a) Representative 2D-WAXS diffraction patterns from 15-minute extraction times
of as cast (i) and steam drawn (ii) films reveal an increase in orientation with
drawing. (b) Crystal structure is investigated by radially averaging the diffraction
patterns at each value of 2Theta, where the spectra transitions from amorphous (i)
to crystalline (ii). (c) The azimuthal average of the first diffraction peak in a(ii)
(solid line) fit with a Gaussian (dashed line). (d) The full width at half max
(FWHM) of each oriented film’s azimuthal distribution is determined by the
Gaussian fit and used to calculate the Herman’s orientation parameter f.
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Highly
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Hydrogels
Adapted from a manuscript by Benjamin P. Partlow, Craig W. Hanna, Jelena
Rnjak-Kovacina, Jodie E. Moreau, Matthew B. Applegate, Kelly A. Burke,
Benedetto Marelli, Alexander N. Mitropoulos, Fiorenzo G. Omenetto, David L.
Kaplan230
Contributions:
-

Cell culture and in vitro analysis – Jelena Rnjak-Kovacina
In vivo implantation and histochemistry – Jodie (Moreau) Giordano

4.1. Abstract
Elastomeric, fully degradable and biocompatible biomaterials are rare, with current
options presenting significant limitations in terms of ease of functionalization and
tunable mechanical and degradation properties.

We report a new method for

covalently crosslinking tyrosine residues in silk proteins, via horseradish
peroxidase and hydrogen peroxide, to generate highly elastic hydrogels with
tunable properties.

The tunable mechanical properties, gelation kinetics and

swelling properties of these new protein polymers, in addition to their ability to
withstand shear strains on the order of 100%, compressive strains greater than 70%
and display stiffness between 200 - 10,000 Pa, covering a significant portion of the
properties of native tissues. Molecular weight and solvent composition allowed
control of material mechanical properties over several orders of magnitude while
maintaining high resilience and resistance to fatigue. Encapsulation of human bone
marrow derived mesenchymal stem cells (hMSC) showed long term survival and
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exhibited cell-matrix interactions reflective of both silk concentration and gelation
conditions. Further biocompatibility of these materials were demonstrated with in
vivo evaluation. These new protein-based elastomeric and degradable hydrogels
represent an exciting new biomaterials option for tissue engineering and
regenerative medicine.
4.2. Introduction
Matching mechanical properties to native tissue extracellular matrix (ECM)
is a primary consideration during the selection of biomaterials for tissue
engineering or regenerative medicine.312 In particular, stiffness has a significant
impact on the differentiation of stem cells and maintenance of cell phenotype
during cell culture.313 Hydrogels are particularly attractive for these applications,
as their stiffness can be fine-tuned and they can incorporate growth factors and
other cell signaling factors to optimize cell functions.102 Due to this versatility,
numerous synthetic and natural polymer hydrogels have been studied, including
those based on polyesters,314 polyurethanes,315 polyethers,316,317 elastin,318 resilin131
and collagen.319 However, limited options remain for biomaterials with tunable
mechanical properties that can match the resilience and elasticity of native tissues,
while also being biocompatible, degradable and allow for the incorporation of cells,
proteins and signaling factors.
Several biocompatible and biodegradable synthetic polymers have been
developed that exhibit high resilience and recovery from both applied tensile and
compressive forces.320 Poly(glycerol sebacate) (PGS)321 has shown utility as a
scaffold for engineering vascular,322,323 cardiac,324,325 and nerve326 tissues, but has
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several significant drawbacks including rapid degradation limiting its use to short
term scaffolding.327

Moreover, the

requirement for organic solvents during

processing prevents cell or protein encapsulation.328 Synthetic bioelastomers based
on polyurethanes modified with degradable segments have also been developed316
and used for soft tissue,329,330 bone,331,332 and myocardial333 repairs. While these
materials have shown promise, concerns remain over potential toxicity of
degradation products and the ability of these materials to resist long term strains in
vivo.334 Additional polymers suitable for use as elastomeric biomaterials include
variants of poly(ethylene glycol),317 poly(ε-caprolactone),318 and poly(vinyl
alcohol).335 However, all of these polymers typically require organic solvents for
processing, limiting incorporation of cells and bioactive molecules and many
present issues with acidic degradation products.336
ECM proteins, purified from native tissues or produced via recombinant
DNA methodologies have also been used for tissue engineering scaffolds. For
example, elastin proteins, which provide elastic behavior in many native tissues,
have been explored for tissue engineering of soft, elastic matrices.337 Recombinant
resilin sequences have shown promising mechanical properties.214 Despite the
unique properties and biomimetic nature of these protein biomaterials, they are
limited in supply and are currently cost prohibitive for larger scale applications. In
order to gain the benefits of proteins as biomaterial matrices, due to their diverse
amino acid chemistries for functionalization and biodegradability, recent studies
have explored blending with synthetic polymers or other readily available proteins
or ECM components. For example, elastin was alloyed with silk,338 collagen,339
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and poly(lactide-co-glycolide),340 while resilin was mixed with poly(ethylene
glycol)341 in order to extend utility.
With the prior studies above, there remains a strong need for a versatile,
elastomeric, degradable, accessible and tunable biomaterial. Silk fibroin, a natural
biopolymer that is extracted from the cocoons of the Bombyx mori silkworm, has
been explored extensively for use in tissue engineering and regenerative
medicine.21 Silk is non-immunogenic342 and is FDA approved for some medical
devices including sutures and as a support structure during reconstructive surgery.
Silk can be solubilized and used to form different material formats including films,
foams, electrospun mats and hydrogels.56 The versatility of silks and the large body
of previous work showing the safety and efficacy of silk in tissue engineering,
combined with its natural resilience, make silk protein a good candidate for
elastomeric biomaterials.
Silk hydrogels can be formed by the addition of energy to an aqueous
solution of the protein to drive chain mobility, or via dehydration of the solution;
sonication,104 vortexing,110 decreased pH,343 surfactants,344 or electric fields112 have
been reported.

Sonicated and vortexed silk hydrogels were useful for cell

encapsulation, drug release and neuron growth, but did not exhibit elasticity;
plastically deforming at strains greater than about 10%. Silk electrogels have
shown remarkable elasticity and adhesion, withstanding strains of 1,000%, but
require the application of an electric field and low pH. One common factor between
these hydrogels is that they are formed through physical entanglements and
hydrogen bonding between hydrophobic domains, often resulting in β-sheet
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formation. These β-sheet crystals are responsible for the structure, strength and
long term stability of the hydrogels, but also result in brittle behavior, as the crystals
prevent long range displacements.345
In order to overcome the brittle nature of the β-sheet induced silk hydrogels,
we report on enzyme catalyzed crosslinking of amino acid phenolic groups, which
account for more than 5% of the amino acids in silk,99 by reactions with horseradish
peroxidase (HRP) and hydrogen peroxide. This method has been shown to be
effective to form hydrogels from gelatin,229 hyaluronic acid,202 and mixtures of
hyaluronic acid and alginate.346 Since silk has the requisite phenol groups in
tyrosine side chains, this approach was exploited as a crosslinking mechanism.
Andersen (1964) found that silk solutions acted on by horse radish peroxidase and
hydrogen peroxide formed gels that were stable in water and were highly elastic.127
Aeschbach et al. (1976) also referenced enzymatic crosslinking of silks in a
fundamental study on the formation of dityrosine crosslinks by tyrosine
oxidation.347 More recently similar reactions were used to graft chitosan onto silk
using tyrosinases in an effort to form novel conjugates of the two proteins.348,349
However, no systematic study of peroxidase-induced crosslinked silk hydrogels
have been reported in terms of reaction conditions related to elastomeric
mechanical properties, or in the context of cell and tissue culture.
The goal of the present study was to characterize the gelation, material
properties and cytotoxicity of enzymatically crosslinked silk hydrogels. This
technique results in highly tunable elastomeric silk hydrogels capable of supporting
cell encapsulation. These enzymatically crosslinked hydrogels have controllable
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gelation kinetics, mechanical properties and are produced using all aqueous
processing, offering a broad platform for biomaterial functionalization and utility.
Furthermore the silk hydrogels are amenable to stiffening by induction of β-sheet
while maintaining a considerable degree of elasticity. These highly tunable protein
elastomers offer a new opportunity for degradable, biocompatible and useful
polymers for biomaterials and regenerative medicine needs.
4.3. Results
4.3.1. Mechanism of HRP-mediated silk gelation and structural
characterization
The addition of HRP to a silk solution in the presence of H2O2, results in
the formation of a stable, highly elastic, transparent gel. This is due to the well
known reaction whereby HRP facilitates crosslinking of the tyrosines in the silk
fibroin via the formation of free radical species in the presence of hydrogen
peroxide. H2O2 forms an oxyferryl center and a porphyrin-based cation radical at
the active site of HRP, resulting in an activated enzyme which is a powerful
reducing agent.350 HRP then undergoes two single electron oxidation reactions in
the presence of a phenolic oxidizing agent to return to its ground state. The overall
reaction results in the formation of two water molecules and two phenolic radicals.
In this reaction, tyrosine radicals formed through the HRP catalyzed reaction can
react with one another to form covalent bonds Figure 4-1a.130 The formation of the
dityrosine bonds and the resultant protein secondary structures were assessed by
fluorescence spectroscopy and by Circular Dichroism (CD). The CD spectra
(Figure 4-1b) of the silk solution with HRP revealed random coil conformations
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with a minima near 200 nm and no distinct peaks. Following gelation, a more
ordered conformation was evident with a pronounced minimum around 200 nm and
a peak near 195 nm, confirming that the gelation reaction was not due to typical
anti-parallel β-sheet formation, which would have a distinct minimum at 218 nm.
Dityrosine formation was confirmed by comparison of the fluorescence excitationemission matrix (EEM) for the silk and HRP solutions and the fully formed
hydrogel (Figure 4-1c, d). These data show a distinct shift in the fluorescence
maxima from the solution with an excitation of 290 nm and an emission of 350 nm
to the gel with a peak excitation of 300 nm with an emission at 425 nm. The shift
in the fluorescence indicates the formation of the covalent crosslinks351 and the
intensity of the fluorescence may be correlated to crosslink density as it increased
as a function of silk concentration (Figure 4-2a).

Furthermore, enzymatic

crosslinking resulted in the formation of optically clear gels with negligible
absorbance above 350 nm (Figure 4-2b), and emission of blue fluorescence when
irradiated under UV, that was not present in the precursor solution (Figure 4-1e).
4.3.2. Rheological properties of HRP silk hydrogels
The kinetics of gelation and shear properties of the enzymatically
crosslinked silk hydrogels were assessed using rheology.

Hydrogels of varying

molecular weights and protein concentrations were formed in situ in a cone and
plate geometry maintained at 37oC. By controlling the solution concentration as
well as the molecular weight of the silk fibroin chains the rate at which the gels
formed as well as the final mechanical properties were tunable. The degumming
time of the silk fibers was inversely related to the molecular weight with 10mb (10
86

minutes of boiling to remove the sericin) generating the highest molecular weight.
The gelation kinetics, frequency and strain responses for solutions of 5% w/v
protein are shown in Figure 4-3a, b, and c, respectively. These tests indicated that
increasing both the molecular weight and the protein concentration resulted in
significantly stiffer gels. However, it was found that all gels tested, regardless of
molecular weight and protein concentration were frequency independent and were
able to withstand shear strains of at least 100%. Based on the conditions studied
stiffness values between 200 - 10,000 Pa were obtained, which covers three orders
of magnitude and a significant portion of native tissues properties (Figure 4-4d). In
all cases the loss modulus (data not shown) was below the lower limit of the
rheometer, indicating that these were highly elastic materials with a negligible
viscous component.
4.3.3. Evaluation of stiffness and recovery in unconfined
compression
Hydrated unconfined compression studies were carried out to determine the
compressive properties of the covalently crosslinked hydrogels. Preformed gels (8
mm ⌀, 3 mm height, 5% w/v silk concentration) were equilibrated in either DI water
or PBS for 12 hours and the final diameter measured. The samples were then placed
under a tare load of 3 grams and subjected to 5 compressive cycles to 40% strain to
eliminate loading artifacts. The sixth cycle was recorded and the compressive
modulus, quantified as the tangent of the stress-strain curve at 20 and 40% strains,
was calculated. The stiffness of the hydrogels increased with the magnitude of the
compression and increasing molecular weight and were stiffer when immersed in
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PBS than in DI water (Figure 4-4a). The gels recovered from compressive strains
of over 70% with minimal hysteresis as indicated by representative cyclic loading
curves (Figure 4-4b) and pictorial representations (Figure 4-4c). While these
physiologically extreme strains highlight the excellent resilience of the hydrogels,
fatigue resistance of the hydrogel to high cycle moderate strains was more relevant
to their use in biomedical applications. To evaluate the fatigue properties of the
hydrogels, the dynamic modulus was monitored over 3,600 cycles to a strain
magnitude of 10% (Figure 4-5). The samples showed excellent recovery and
resistance to fatigue, with minimal changes in their dynamic compressive moduli.
These analyses indicate that molecular weight and swelling solvent of the hydrogels
allowed control of material properties over several orders of magnitude while
maintaining high resilience and resistance to fatigue, even after large numbers of
cycles at relatively large strains.
4.3.4. Cytotoxicity and cell encapsulation
To verify that the hydrogels were viable substrates for cell growth and
encapsulation, hMSCs were cultured on the surface of preformed gels as well as
encapsulated during the gelation process. Cells seeded onto preformed gels showed
similar adhesion as the control TCP surface (Figure 4-6a) and supported cell
growth and proliferation for greater than 3 weeks (Figure 4-6b). Live/dead staining
and confocal imaging confirmed that the cells proliferated until confluence (Figure
4-6c). The influence of the gelation reaction and hydrogel network on cell-matrix
interactions was further explored by encapsulating hMSC's in 3% w/v gels formed
in sterile water. An Alamar blue assay one day following encapsulation indicated
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that 52.9 ± 2.3% of the cells survived the gelation versus those plated on TCP
(Figure 4-7a). Live/dead staining indicated that the surviving cells were well
distributed throughout the thickness of the hydrogel (Figure 4-7b). Subsequently,
the hydrogels supported survival and proliferation for at least 29 days, reaching a
plateau of 4.2 ± 0.3-fold increase of over day 1 values (Figure 4-7c). Confocal
imaging confirmed viability, but showed that the cells exhibited minimal
interaction with the matrix and retained a spherical morphology with few
extensions (Figure 4-7d). To avoid cell mortality during the encapsulation process
cells were also tested in 3% w/v silk gels formed in half concentration DMEM
solution. This method did not significantly impact initial cell survival (Figure
4-7e), however, the cells began proliferating immediately and showed a
significantly faster growth rate (p<0.001) when compared to those encapsulated in
water (Figure 5f). More interestingly, the morphology of the cells encapsulated in
DMEM was strikingly different with greater cell spreading and cell extensions on
the order of several hundred microns (Figure 4-7g).
4.3.5. In vivo biocompatibility of enzymatic hydrogels
Preformed hydrogels (5 mm ⌀, 3 mm height) of 2% w/v and 6% w/v silk
protein were implanted subcutaneously in mice and examined histologically at one,
two and four weeks post-implantation. Explanted gels formed from 2% w/v
solution contracted appreciably while the 6% w/v hydrogels maintained their initial
volume (Figure 4-8). H&E staining showed that the silk gels elicited a typical
foreign body response at respective harvest time points, without excessive
inflammation. Despite the contraction of the 2% gels after implantation there were
89

no significant differences in host response to the hydrogels and only the 6% w/v
gels are shown for clarity. After one week of implantation (Figure 4-9a) the gels
had retained their shape, with immune cells at the interface of the gel and tissue,
with minimal infiltration into the bulk of the gel. Sectioning of explants after two
weeks (Figure 4-9b) showed a less distinct interface between the gel and adjacent
tissues as the silk gel became integrated. This trend continued at four weeks (Figure
4-9c) with further erosion of the gel periphery and evidence of gel fragments that
had been broken from the bulk and were fully surrounded by cells. The degradation
of the gel was accompanied by an apparent decrease in the number of adjacent
immune cells.
4.4. Discussion
Advancements in tissue engineering and regenerative medicine are
dependent on the development of easily prepared, inexpensive, biocompatible and
biodegradable materials that can match the resilience, durability and mechanical
properties found in native tissues. The covalent dityrosine bonds of the hydrogels
presented here result in a robust hydrogel network to achieve high stiffness, while
the lack of rigid crystalline segments imbues them with excellent elasticity and
resilience. Furthermore, silk precursor materials have been well-studied, can be
prepared in bulk and have been shown to be both biocompatible and biodegradable.
The wide range of properties and high resilience of these hydrogels suggest that
they may be useful for numerous in vivo and in vitro applications where soft,
tunable and elastomeric substrates are required.
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The bonding of adjacent tyrosine residues has been implicated as a
fundamental component in several elastic and structural proteins including
resilin,158 elastin,125 and keratin.352 Dityrosine residues have also been found to
occur in wild type Tussah silk fibroin, but were not present in the domesticated B.
mori fibroin investigated here.352 The widespread existence of dityrosines in
structural proteins combined with the well-studied peroxidase-mediated oxidative
coupling of accessible tyrosines in the presence of hydrogen peroxide has led to the
development of several hydrogel systems based on this reaction, including
hyaluronic acid,206 gelatin,229 and alginate.346

In addition to providing mild,

physiologically relevant reaction conditions, the peroxidase reaction allows for
significant tunability by varying the solution and reagent parameters, including
tyrosine concentration and accessibility, HRP and H2O2 concentrations and
substrate molecular weight. As demonstrated in this study, the same mechanism is
also applicable to regenerated silk fibroin solutions, where the formation of the
tyrosine crosslinked networks results in an optically clear, highly elastic protein
hydrogel (Figure 4-1). This suggests that in addition to the variables explored here,
control over HRP and H2O2 may serve as additional modes to further tune the
hydrogels.
While many of the hydrogels developed in the biomaterials field to date
have shown tunable mechanics, cell encapsulation features, biocompatibility,
biodegradability or elasticity, none of the current options in the field offers the
combination of all of these characteristics.

The enzymatically crosslinked

hydrogels presented here meet all of these criteria with shear moduli from the
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hundreds of Pascals to over ten kilopascals and tangent moduli from fifteen to four
hundred kilopascals. Further, these new gels are not cytotoxic and they support cell
encapsulation, are biocompatible and biodegradable and are capable of recovering
from extreme compressive strains. Additionally, the sensitivity of the gels to
swelling in low ionic strength solvents and contraction in high salt solution is
governed by both the initial protein concentration and molecular weight, allowing
for selection of both modulus and degree of contraction for a given application.
Most importantly these hydrogels represent excellent candidates as
biomaterials for applications that require the ability to fully recover from large
strains or long term cyclic compression. It has been shown in numerous cases that
scaffold modulus and mechanical stimulation are critical for proper development
of tissues.79 Similarly, excessive local stress and strain have been implicated in
pathological remodeling of tissues.353 Thus, it is imperative that a material for use
in engineering or replacing these dynamic tissues support long term strains without
appreciable changes in mechanical properties. As demonstrated in the present
study, these enzymatically formed silk hydrogels are capable of withstanding 3,600
cycles of 10% strain with negligible changes in modulus, suggesting that they are
a likely platform for use in dynamic tissue engineering such as cardiac and skeletal
muscle.
In addition to their superior resilience, these hydrogels also allow for long
term hMSC survival both on the surface and encapsulated within the matrix.
Adhesion of cells onto the surface of gels was not significantly different than on
TCP and while proliferation was slower than on TCP, the fold change was of the
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same order of magnitude. This suggests that the hydrogels are not cytotoxic and
warrant further investigation as elastomeric biomaterials. While surface seeding of
cells is an important screen, numerous synthetic elastomers that require toxic
crosslinking agents and solvents are also capable of supporting cell growth after
proper curing and removal or inactivation of the deleterious substances. Therefore,
to advance the elastomeric biomaterials field, new materials must also allow for the
direct encapsulation of cells in addition to withstanding repeated strains. Due to
retardation of the gelling reaction in a solution of physiologic salt concentration,
cells were initially encapsulated in hydrogels formed in water or cell culture media
at reduced concentrations. Despite cell losses during the encapsulation process, the
cells that survived were robust and capable of long term proliferation and survival.
These results are promising and show the potential of the hydrogels for three
dimensional cell culture, either to avoid cell-specific morphologies (as in the case
of the water), or different morphologies (depending on the concentration of DMEM
used during crosslinking). With suitable gel functionalization or inclusion of ECM
components, cell responses should be tunable to specific tissue needs.
The dramatically different cell morphologies formed in DMEM indicated
that network strength was weaker than those formed in water. The weaker network
formation in media was confirmed using rheology, where gels formed in media
were less stiff than those crosslinked in water (Figure 4-10). Thus, it seems that
the cells were able to exploit weaker networks to spread and form extensions that
were visible in the confocal images (Figure 4-7g). The hypothesis that network
strength was responsible for the differences in cell morphology was further
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supported by experiments at lower protein concentrations (1.5% w/v vs. 3% w/v).
Cells grown in the lower concentration gels, with weaker mechanics and a higher
water content, had similar morphologies to those formed in the DMEM-based
hydrogels with a flattened appearance and distinct extensions (Figure 4-11). These
experiments show that in addition to tunable mechanics these hydrogels may allow
for control of cell-matrix interactions and the ability to influence cell shape. This
may serve as an independent means of manipulating cell differentiation, as cell
shape has been previously implicated as a factor in commitment of a stem cell to a
given lineage.354
The success of the hydrogels for cell encapsulation and utility in vivo may
also be enhanced by recent developments based on silk systems. The molding of
channels into scaffolds was advantageous for cell infiltration for soft tissue repair
and replacement in a mouse model.355 This method employed the use of a linear
wire arrays to form channels throughout a scaffold to enhance diffusion of oxygen
and nutrients and promote vascularization in critically sized defects. This technique
can be readily employed with these hydrogels allowing for implantation of larger
scaffolds without concern for necrosis due to diffusion limits. Silk has also been
found to be a promising candidate for delivery and release of growth factors,105
antibodies,356 and antibiotics.357 The addition of these bioactive agents is possible
due to the all aqueous processing of the hydrogels and may further enhance this
highly tunable system.
Silk has been explored for soft tissue augmentation,358 cartilage
regeneration,267 and vascular regeneration,2 all of which can benefit from the unique
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combination of elasticity and tunable mechanics presented here. The gels were well
tolerated subcutaneously (Figure 4-9), suggesting that further study is warranted
for targeted applications. Furthermore, the mild nature of the crosslinking, makes
the technique amenable to incorporation of cells and bioactive molecules, as well
as the development of an injectable system, as has been accomplished with other
materials employing this reaction.211

The ability to influence cell-matrix

interactions in vivo may also be exploited to control integration of the biomaterial
following implantation. The combination of these attributes, in addition to the high
resilience, makes this silk gelation system a promising system for numerous
applications in regenerative medicine.
In addition to its use as a biomaterial, silk has recently enjoyed utility as a
platform for electronics, optics and related technological applications.272 The
hydrogels described here have potential as substrates for these technologies where
the elastomeric nature can be exploited to create flexible, biocompatible, three
dimensional optical and electronic devices.

Additionally, due to the strong

multiphoton absorption of silk fibroin232 these gels are a promising candidate for
three-dimensional femtosecond micromachining, which when combined with the
optical transparency of the hydrogels may be used to develop novel optical sensors
and devices.
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4.5. Conclusions
The present work demonstrates the formation of a new family of natural,
biocompatible, biodegradable elastomeric hydrogels for use in tissue engineering
and regenerative medicine. The gels have exceptional resilience, highly tunable
properties, support cell survival and proliferation and were well tolerated when
implanted in vivo. Additionally, the all aqueous processing makes the process
amenable to incorporation of other ECM proteins and growth factors, allowing for
the control of cell-matrix interactions and increasing the versatility of this new
biomaterials platform. This unique combination of characteristics, in a protein
based hydrogel, eliminates many of the disadvantages inherent in current
elastomeric biomaterials. The development of an elastomeric biomaterial that can
faithfully recapitulate numerous properties of native extracellular matrices, while
retaining a high level of versatility, will allow the engineering of more natural and
functional tissues.
4.6. Experimental
4.6.1. Preparation of Aqueous Silk Solution
Silk solutions were prepared using our previously established procedures.56
Briefly, 5 grams of B. mori silkworm cocoons were immersed in 2L of boiling 0.02
M Na2CO3 solution (Sigma-Aldrich, St. Louis, MO) for 10, 30 or 60 minutes,
subsequently referred to as 10 mb, 30 mb and 60 mb respectively, to remove the
sericin protein coating. Degummed fibers were collected and rinsed with distilled
water three times, then air-dried. The fibers were solubilized in 9.3 M LiBr (SigmaAldrich, St. Louis, MO) at 60°C for 4 hours. 15 mL of this solution was then
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dialyzed against 1 L of distilled water (water changes after 1, 3, 6, 24, 36, and 48
hours) with a regenerated cellulose membrane (3,500 MWCO, Thermo Scientific,
Rockford, IL). The solubilized silk protein solution was then centrifuged twice
(9700 RPM, 20 min., 4°C) to remove insoluble particulates. Protein concentration
was determined by drying a known mass of the silk solution under a hood for 12
hours and assessing the mass of the remaining solids.
4.6.2. Preparation of Enzymatically Crosslinked Silk Hydrogels
Horseradish peroxidase (HRP), type VI (Sigma-Aldrich, St. Louis, MO)
lyophilized powder was mixed with deionized water to form a stock solution with
a concentration of 1,000 U/mL. The HRP solution was added to the silk solution
in a ratio of 10 Units of HRP to 1 mL of silk solution. To initiate gelation, 10μL of
165 mM hydrogen peroxide (Sigma Aldrich, St. Louis, MO) solution were added
per mL of silk solution, for a final concentration of 1.65 mM, and mixed by gentle
pipetting prior to setting.
4.6.3. Circular Dichroism (CD)
To perform CD, a 100 μl aliquot of 2% w/v silk solution, 1 μl of HRP and
1 μl of hydrogen peroxide was thoroughly mixed and immediately loaded into
0.01 mm path length demountable quartz cuvette (Starna Cells, Atascadero, CA).
The sample was then loaded into the spectrophotometer and allowed to gel at
37oC for 1 hour at which time the spectra were obtained from 260 to 190 nm at a
resolution of 0.5 nm. CD measurements were acquired using an Aviv model
62DS spectrophotometer equipped with a temperature controller (AVIV
Biomedical, Inc., Lakewood, NJ). CD spectra presented are the average of three
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measurements and were smoothed using 9 point Savitzky-Golay smoothing
algorithm in OriginPro 9.1 (Origin Lab, Northampton, MA).
4.6.4. Fluorescence Spectroscopy
To assess the intrinsic fluorescence of the solution and hydrogels, 1.5 ml
of 1% w/v silk solution was pipetted into a 3 mm pathlength quartz cuvette
(Starna Cells, Atascadero, CA) and excitation-emission was recorded using a
Hitachi F4500 Spectrofluorometer (Hitachi, Schaumburg, IL) from 250 nm to 500
nm in 10 nm increments at an intensity of 700 V using a 2.5 nm slit width to
avoid saturation. The silk solution was then rinsed from the cuvette and 1.5 mL
of new solution, with HRP and H2O2 were mixed and pipetted into the cuvette.
The solution, with initiator, was allowed to gel for 2 hours at room temperature
and another excitation-emission spectrum was collected. Spectra were then
processed to subtract background fluorescence from the solvent and cuvette and
normalized to account for differences in the xenon lamp output spectrum.
4.6.5. Rheology
Rheological measurements were conducted on the enzymatically
crosslinked hydrogels to determine the gelation time and mechanical strength. All
rheology was carried out on a TA Instruments ARES-LS2 rheometer (TA
Instruments, New Castle, DE) using a 25mm stainless steel conical plate (angle:
0.0994 rad) and a temperature controlled Peltier plate set to 37oC. Briefly, gels
were mixed by gentle pipetting and 420 μL of solution was loaded under the
geometry. Prior to gelation, the geometry was lowered to the specified gap and
low viscosity oil was placed around the outside edge of the cone to prevent water
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evaporation. A dynamic time sweep was conducted at a frequency of 1 Hz (6.283
rad/sec) and 1% strain for 4,000 seconds or until the sample had reached a
plateau modulus, whichever occurred first. Following gelation, dynamic strain
and frequency sweeps were carried out on the gels to ensure that measurements
occurred within the viscoelastic regime and to assess the elasticity and relaxation
times of the hydrogels. Silk solutions degummed for 10, 30, and 60 minutes were
tested at concentrations of 1%, 3% and 5%.
4.6.6. Hydrogel Cyclic Compression Testing
Unconfined compression tests were conducted to assess the mechanical
properties of the silk hydrogels as well as the recovery following multiple
compression cycles. Five percent solutions of silk, degummed for 10, 30 and 60
minutes were used for the cyclic compression testing. Preformed enzymatically
crosslinked hydrogels were biopsy punched into cylinders (8 mm ⌀, 3 mm height)
and allowed to fully swell in DI water or contract in PBS for approximately 12
hours. The final diameter of the samples were measured and used for calculation
of compressive stresses. Samples were loaded in a TA Instruments RSA3
Dynamic Mechanical Analyzer (TA Instruments, New Castle, DE) between
stainless steel parallel plates in an immersion bath. The upper plate was lowered
until a compression force of ~3 g was registered. Samples were subjected to five
preloading cycles to 40% strain in order to eliminate artifacts. The sixth cycle
was recorded and tangent moduli were calculated at 20% and 40% strains for
comparison. All testing was conducted at a constant crosshead speed of 1
mm/min. Sequential strain testing until failure was conducted in 10% strain
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increments from 20% to 80% strain following five preconditioning cycles to 40%
strain. Fatigue stability of the gels was tested by monitoring the dynamic modulus
at a frequency of 0.5 Hz and 10% strain over the course of 3,600 cycles.
4.6.7. Cell survival and proliferation
Human mesenchymal stem cells (hMSC's) were isolated from fresh bone
marrow aspirate (Lonza, Basel, Switzerland) as previously described359 and
cultured in Dulbecco's Modified Eagle Medium (supplemented with 10% fetal
bovine serum and 1% antibiotic/antimycotic) (Life Technologies, Grand Island,
NY) and seeded at passage 3-4. For surface seeding, gels of roughly 400 μm
thickness, of 60mb silk solution at a concentration of 3% wt/v were prepared as
described above and allowed to cure for 1 hour, at 37 oC in an incubator. Cells
were seeded at 210 cells per mm2, and allowed to adhere for 150 minutes prior to
flooding with media. In order to minimize the time the cells were exposed to subphysiological osmolarity, encapsulation was accomplished by partially gelling the
silk solutions. The 60mb silk solution HRP and H2O2 were gently mixed allowed
to gel for approximately 10 minutes, at which time cells at 500 or 1,000 cells per
mm3 were added to the solution and 100 μl per well was added to 48 well plates
or glass bottom petri dishes. The plates were placed into an incubator and
allowed to gel for an additional 10 minutes at which time the wells were flooded
with media. All cell culture was performed in an incubator maintained at 37 oC
and 5% CO2.

100

4.6.8. Metabolic Activity
The relative metabolic activity of the cells in each scaffold was
determined by AlamarBlue assay (Life Technologies, Grand Island, NY)
according to the manufacturer's directions. Scaffolds were rinsed with Phosphate
Buffered Saline (PBS) and incubated in DMEM medium with 10% AlamarBlue
reagent for 4 hours at 37 oC with 5% CO2. Following incubation with the reagent,
aliquots (100 μl) were placed into black 96 well plates and the fluorescence
quantified using a plate reader with an excitation wavelength of 550 nm and an
emission wavelength of 590 nm. Cells plated in tissue culture wells were
maintained as above and utilized as controls, while acellular hydrogels were used
to adjust for background fluorescence.
4.6.9. Cell Imaging with Confocal Laser Scanning Microscope
Imaging of the surface seeded and encapsulated cells was performed by
staining with a LIVE/DEAD Viability/Cytotoxicity Kit (Life Technologies, Grand
Island, NY) according to the manufacturer's instructions. Briefly, cells were
incubated with calcein AM and ethidium homodimer-1 (EthD-1) for 60 minutes
to stain live (green) and dead cells (red) respectively. After staining the gels were
washed three times with PBS and imaged using a Leica DMIRE2 confocal laser
scanning microscope (CLSM) (Wetzlar, Germany) with excitation at 488 nm and
emission at 499-537 nm for live cells and excitation at 543 and emission at 620650 nm for dead cells.
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4.6.10.

Subcutaneous Implantation

All in vivo experimentation was conducted under protocols approved by
the Tufts Institutional Animal Care and Use Committee. Mice used in this study
were 4-6 week old BALBc female mice (Charles River Laboratories, Wilmington,
MA). The mice were randomly assigned into three timepoints with three animals
per group. Each animal had two preformed gels (5 mm ⌀, 3 mm height) of 2%
w/v and 6% w/v protein concentration, subcutaneously implanted in lateral
pockets under general anesthesia of oxygen and isofluorane. At week 1, 2 or 4
post-implantation, animals were euthanized and the specimens along with the
adjacent tissues were collected for histological examination.
4.6.11.

Histochemistry

Explants were fixed in 10% neutral buffered formalin (NBF) and
embedded in paraffin following xylene and graded ethanol incubation. Samples
were sectioned to 6 μm thickness, placed on glass slides and paraffin was
removed. Sections were then stained with hematoxylin and eosin (H&E) (SigmaAldrich, St. Louis, MO) to visualize cell nuclei and cytoplasm. Following
staining samples were imaged using a Zeiss Axiovert 40 CFL microscope and a
10x objective (Carl Zeiss AG, Germany).
4.6.12.

Statistical Analyses

Data are expressed as mean ± standard deviation. One or two-way
analysis of variance (ANOVA) and Tukey post-hoc analysis were used to
determine statistically significant differences. Statistical significance was
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accepted at the p < 0.05 level and indicated in figures as *p<0.05, **p<0.01,
***p<0.001.
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Figure 4-1: Chemistry and structural characterization

a) Schematic representation of the crosslinking of tyrosine residues on silk
molecules, these covalent bonds allow for chain extension creating highly elastic
hydrogels. b) Circular Dichroism (CD) spectra of silk solution and enzymatically
formed hydrogels, show a change to a helical structure and not β-sheet as found in
other silk materials. Fluorescence excitation-emission spectra of solution (c) and
gel (d) confirm the formation of dityrosine bonds. e) The resultant hydrogels are
optically clear and exhibit a blue fluorescence when irradiated with UV that is not
present in the precursor solution.
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Figure 4-2: Fluorescence and optical properties of hydrogels

a) Fluorescence intensity of hydrogels is directly proportional to the silk fibroin
concentration, indicating that the number of dityrosine crosslinks can be related to
the fluorescence intensity. b) Enzymatic silk hydrogels are transparent above ~350
nm simplifying imaging of encapsulated cells.
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Figure 4-3: Rheological properties of hydrogels

Representative gelation kinetics (a), strain sweeps (b) and frequency sweeps (c) of
different molecular weight gels show controllable kinetics and final mechanical
properties in highly resilient, frequency independent gels. Curves indicated were
performed at a protein concentration of 5% w/v in DI water. d) Final storage
modulus as a function of molecular weight and concentration, demonstrate the wide
range of stiffness achievable.
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Figure 4-4: Compressive properties of hydrogels

a) Tangent moduli of 5% w/v cast gels swelled in water and PBS show strain and
molecular weight dependence. b) Cyclic compression curves of gels immersed in
PBS showing excellent recovery below 70% strain, inset highlights complete
recovery below 40% strain. c) Image of hydrogel undergoing ~50% compression,
under 50 g (2) and 100 g (3) brass weights and showing complete recovery after
removal (4). Scale units are in milimeters.
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Figure 4-5: High cycle fatigue testing of hydrogels

Monitoring of the dynamic modulus of 5 wt% hydrogels over 3,600 cycles to 10%
strain at a frequency 0.5 Hz showed negligible change in modulus after minor initial
settling.

While ability to recover after high numbers of strain cycles was

independent of the molecular weight, larger chain length resulted in stiffer
hydrogels.
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Figure 4-6: Human mesenchymal stem cell interactions on silk gel surfaces

a) Cell attachment on silk and TCP at day 1 post-seeding as determined by Alamar
blue. b) Cell proliferation on silk gels and TCP over a 24-day period as determined
by Alamar blue and presented as fold change compared to day 1. c) Live (green)
and dead (red) cell staining on silk gels over a 14-day period. Scale bars are 300
µm.
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Figure 4-7: Human mesenchymal stem cells encapsulated in silk gels

Silk gels were formed in water (a-d) or DMEM (e-g). a) Cell survival following
encapsulation in silk gels compared to cells seeded on TCP as determined by
Alamar blue at day 1 post-encapsulation. b) Live (green ) and dead (red) staining
on cells encapsulated in silk gels at day 1 post-encapsulation showing a cross110

section and an average projection of a 352 µm thick image stack. c) Cell
proliferation on silk gels and TCP over a 29 day period as determined by Alamar
blue and presented as fold change compared to day 1. d) Live (green ) and dead
(red) staining of cells encapsulated in silk gels at days 9 and 29 post-seeding
showing an average projection of 212 µm and 212 µm thick image stacks
respectively. Scale bars are 300 µm. e) Cell survival following encapsulation in
silk gels formed in water and DMEM compared to cells seeded on TCP as
determined by Alamar blue at day 1 post-encapsulation. f) Comparison of cell
proliferation in silk gels formed in water and DMEM as determined by Alamar blue
at days 5 and 9 post-encapsulation and presented as fold change compared to day
1. g) Live (green ) and dead (red) staining on cells encapsulated in a silk gel
formed in DMEM at day 9 post-encapsulation showing an average projection of a
180 µm thick mage stack. Scale bars are 300 µm (top) and 175 µm (bottom).
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Figure 4-8: Contraction of gels at time of explant

Hydrogels of 2 wt% and 6 wt% implanted in a murine subcutaneous model,
exhibited differences in the degree of contraction. The 6 wt% hydrogels maintained
their initial dimensions while the lower concentration gels showed pronounced
contraction in vivo. Scale bar is 2 mm.
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Figure 4-9: In vivo interactions with implanted silk gels

Preformed hydrogels of 6% w/v were implanted subcutaneously in a mouse model.
Gels were explanted and examined histologically by H&E staining 1 (a), 2 (b) and
4 (c) weeks following implantation.

The hydrogels showed progressive cell

infiltration and degradation as the duration was increased. Scale bars are 250 µm.
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Figure 4-10: Cell culture media negatively impacts gelation kinetics and final
stiffness

Hydrogels that are formed from 60mb, 3 wt% silk solutions exhibit slower gelling
rates and lower final storage modulus when formed in the presence of buffered
media than those formed in DI water.
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Figure 4-11: Human mesenchymal stem cells interactions with silk gels

a) Cell proliferation on the surface of silk gels formed in water compared to TCP
as determined by Alamar blue over a 29 day period. b) Live (green) and dead(red)
staining of cells encapsulated in silk gels formed in DMEM over a 29-day period
showing average projections of 179 µm, 234 µm and 200 µm thick image stacks.
Scale bars are 300 µm. c) Live (green) and dead(red) staining of cells encapsulated
in silk gels formed in water at a lower silk concentration (1.5% silk compared to
3% presented in other figures )over a 29-day period showing average projections
of 81 µm, 83µm , 49 µm and 71 µm thick image stacks. Scale bars are 300 µm
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Chapter 5.

Tyrosine templating in the self-assembly
and crystallization of silk fibroin

Contributions:
-

Molecular dynamic simulations – Mehran Bagheri, UOttawa

5.1. Abstract
Native silk fibers exhibit strength and toughness values that rival those of the
best synthetic fibers. Furthermore, the silk worm is able to spin these fibers using
only water as a solvent with fine control of applied shear, drawing, pH and salt
concentrations to efficiently convert the spinning dope into a fiber. In contrast,
synthetic polymers require harsh solvents and extreme processing conditions.
Despite significant research on the spinning processes of silkworms and spiders, a
comprehensive understanding of the mechanisms by which silkworms are capable
of spinning such tough fibers eludes researchers. Here we propose that π-π
interactions of the phenolic side chains on tyrosine residues provide a template to
properly orient the silk molecules such that the crystalline domains are in
registration and drives the self-assembly of the spinning dope.

Intrinsic

fluorescence measurements in conjunction with circular dichroism show that as the
silk self assembles the tyrosine residues are found in a more hydrophobic local
environment.

In situ Fourier transform infrared spectroscopy measurements

indicate that enzymatic crosslinking of the tyrosine residues results in the rapid
development of higher ordered secondary structures. Additionally, control of the
crosslink density, directly influences the degree of crystallinity upon drying of the
crosslinked silk solution. In order to more thoroughly understand the role of
116

tyrosine in silk self-assembly, molecular dynamics simulations were conducted on
silk-mimetic peptide fragments. The results indicate that tyrosine residues tend to
co-locate in solution, and in addition to the π-π interaction form hydrogen bonds
with the adjacent residues. It was also found that stable tyrosine interactions
resulted in higher β-sheet content and this was further enhanced by inducing a dityrosine bond in the model.
5.2. Introduction
Silk fibers from silkworms have been utilized for thousands of years due to their
combination of strength, extensibility and toughness.15 Despite being spun by a
caterpillar, with mulberry leaves as the only feedstock, they are able to rival high
performance synthetic fibers in their mechanical properties. While a significant
amount of research has been conducted to determine the mechanisms of spinning,
a complete understanding of the process eludes researchers.27,360 Due to an
incomplete knowledge of the complex spinning mechanisms, researchers have been
unable to fully explain the toughness of silk fibers, and take advantage of the highly
developed evolutionary processes to improve efficiencies in manmade fibers. One
area that has been incompletely explained is the interaction of individual amino
acid residues in the protein sequence and how these may enhance the spinning
abilities of the silkworm.
The role of the protein sequence has been explored for its importance in the
spinning process. The silk fibroin sequence consists of three distinct motifs; eleven
hydrophilic linker domains, crystalline domains comprised of glycine, alanine and
serine and regions rich in tyrosine residues. One hypothesis that has been proposed
117

is that the hydropathy of the fibroin protein results in micelle formation.296,360,361
Specifically, the hydrophilic linker regions and N and C terminals migrate to the
outside, shielding the hydrophobic crystalline motifs inside. It is proposed that
these micelles then interact to form globules and are elongated and form fibrils with
the application of shear.25 Others have taken a more selective approach and studied
the individual repetitive motifs found in the protein sequence. The crystalline
domain consists of hexameric repeats of GAGAGS and the resultant β-sheet
crystals have been studied extensively through X-ray and NMR methods and is well
understood.28,35,293,362 The highly conserved, hydrophilic linker region has been
synthetically produced and analyzed as well as modeled and has been found to
result in a 180o turn in the backbone of the silk molecule.39 The GY~GY motif has
also been studied both experimentally and empirically but a definitive role has not
been determined.42,45,47,363
In addition to protein sequence, silkworms and spiders employ a variety of
physical and chemical means to convert the random coil silk fibroin spinning dope
into a semi-crystalline, highly oriented fiber. Included in these modalities are
applied shear, physical drawing, dehydration, changes in salt concentrations,
decreases in pH and introduction of metal ions.48 The shear sensitivity and
rheological properties of silk fibroin solutions has been assessed and significant
differences have been found between native spinning dopes and those regenerated
from cocoons.50,92,364–366 However, degree of degradation during sericin removal
and solubilizing were not addressed, which have been shown to be important
considerations.99 The species and concentrations of different salts and metal ions
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has also been shown to vary significantly along the length of the storage glands and
spinning ducts in the silkworm. These have been shown to influence the transition
from random coil proteins to the β-sheet crystalline form of silk.

The

conformational transitions induced by the addition of salts also significantly change
the rheological properties of the solutions, suggesting they are critical to the
efficient spinning.52,367–369 The enzyme alkaline phosphatase has been shown to be
present in the lining of the spinning duct and result in a pH drop from the storage
gland to the spinneret of 8.2 to 6.2, respectively.53 This pH drop has been shown
previously, and similar to salt concentrations effects both the secondary structure
and rheology of the silk solutions.343,370,371
While the role of the GY~GY domain in B. mori silk has not been definitively
determined, the chemical reactivity of the phenolic side chain of tyrosine has been
shown to be important in the spinning of other silks. The presence of covalent
dityrosine bonds has been found in Tussah silk fibroin as well as marine silks from
caddisfly larvae and sandcastle worms.162,352,372 These marine organisms also
utilize the intermediate DOPA, as an adhesive to bind dissimilar materials, capable
of curing under aqueous conditions.373,374 Recently, researchers have found that
dragline silks from several species of spiders contain appreciable quantities of
dityrosine.375 Peroxidases, necessary for the formation of dityrosine and DOPA
have also been shown at the spinneret of the N. Clavipes spider and it is suggested
that they may result in crosslinking during the spinning process.376
Recently, silk hydrogels have been formed by covalently crosslinking tyrosine
residues via an enzymatic reaction of horseradish peroxidase with hydrogen
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peroxide as the activator. Di-tyrosine formation was confirmed by the appearance
of a strong fluorescence at excitation and emission wavelengths of 315 and 415
respectively. In the hydrated state they exhibit a high degree of elasticity and
variable mechanics based on the crosslink density and solution molecular weight.230
However, when allowed to dry the hydrogels spontaneously crystallize resulting in
significant β-sheet content without the post treatment or additives required to
crystallize other silk formulations. This suggests that the tyrosine residues are
playing a key role in the crystallization of the fibroin molecules.
While covalently bound di-tyrosine has not been isolated from B. mori silk
fibers, aromatic residues are known to have significant, non-covalent or π-π
interactions. These interactions are known to play important functional roles in
numerous materials including porphyrin aggregation,377 the strength of Kevlar,378
and the stability of the DNA double helix.379 In proteins, interactions between
aromatic amino acids play a role stabilizing multiple structural elements. These
include the hydrophobic cores of globular proteins,380,381 helical bundles,382 and βhairpins.383 The interactions of aromatic residues are specific and analysis of
proteins found in the protein data bank analysis shows that aromatic residues often
occur in clusters, with more than two interacting aromatic groups.384 This is finding
may point to the significance of the role aromatic amino acids play in protein
structure, as clusters of aromatic groups have a much larger capacity to stabilize
structures.385 Thus, clarification of the role of the aromatic side chain of tyrosine
residues in the silk fibroin sequence, explanation for their repetitive spacing and a
greater understanding of the spinning process will serve several critical purposes.
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5.3. Experimental Section
5.3.1. Silk Solution Processing
Silk cocoons (Tajima Shoji, Yokohama, Japan) from the B. mori silkworm
were regenerated into an aqueous fibroin solution as described previously.56
Briefly, the cocoons (Tajima Shoji, Yokohama, Japan) were cut into pieces and the
silkworm was removed. 5 grams of cocoon pieces were added to 2 L of boiling
deionized water with 0.02 M sodium carbonate (Sigma-Aldrich, St. Louis, MO) for
30 minutes to remove the sericin protein. After extraction, the fibers were rinsed
with DI water and allowed to dry overnight. The remaining pure fibroin fibers were
then dissolved in a 9.3 M solution of lithium bromide (Sigma-Aldrich, St. Louis,
MO) at 15 wt% and placed in a 60 oC oven for 4 hours. The resultant solution was
injected into 3500 MW cutoff dialysis cassette (ThermoFisher Scientific, Waltham,
MA) and dialyzed against DI water for 48 hours to remove the lithium and bromide
solutions. Following dialysis, the solution was centrifuged (XXXX) to remove any
precipitates or debris. The final solutions were adjusted to have a concentration of
50 mg/mL, frozen at -80 oC and lyophilized. The dried silk fibroin was dissolved
overnight in deuterated water at a concentration of 50 mg/mL and centrifuged to
remove any residual fragments. Solutions were diluted in deuterated water to 20
mg/mL and 40 mg/mL for circular dichroism and FTIR analyses, respectively.
5.3.2. Tyrosine Crosslinking
Horseradish peroxidase (HRP), type VI (Sigma-Aldrich, St. Louis, MO)
lyophilized powder was mixed with deionized water to form a stock solution with
a concentration of 1,000 U/mL. The HRP solution was added to the silk solution
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in a ratio of 10 Units of HRP to 1 mL of silk solution. To initiate gelation, 10μL of
hydrogen peroxide (Sigma Aldrich, St. Louis, MO) solution were added per mL of
silk solution. Stock hydrogen peroxide concentration was prepared at 100 times the
desired for a final concentration.
5.3.3. Circular Dichroism (CD)
CD spectra be collected to determine the conformation as a function of
storage time. Spectra will be collected using an AVIV Biomedical Model 410 CD
spectrometer (Lakewood, NJ) as described previously.230 Solutions were loaded
into a 10 µm path-length demountable cuvette and placed in a temperature
controlled cell holder set at 25 oC. Three wavelength scans were collected between
180 and 260 nm using 0.5 nm steps. Signal intensity is averaged and smoothed
using a 9 point Savitzky-Golay smoothing algorithm and normalized.
5.3.4. Fluorescence Spectroscopy
The intrinsic fluorescence of the native tyrosine and tryptophan residues
will be monitored as the silks solutions age to detect differences in the local
environment of the fluorescent amino acids.[41] Fluorescence spectra will be
obtained using a Hitachi fluorescence spectrophotometer (F4500, 450 W Xenon
lamp; San Jose, CA). Solution is loaded in a 1 cm path length quartz cuvette.
Excitation-emission matrices are measured

incrementally for excitation

wavelengths in the 250 – 400 nm range with corresponding emissions in the 250 –
600 nm range in 5 nm increments. The scan speed is 1,200 nm/min with excitation
and emission slits set to yield a 2.5 nm resolution.
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Measurement of fluorescence intensity, as an assessment of crosslinking
density, was performed using a VersaMax microplate reader (Molecular Devices,
Sunnyvale, CA). Aliquots (100 µl), of silk solution, with crosslinking agents
mixed in, were pipetted into an opaque 96 well plate and allowed to gel for 12
hours. Evaporation was minimized by filling unused wells with deionized water
and tightly sealing the plate with parafilm. Endpoint fluorescent measurements
were taken at an excitation-emission of 315 and 415 nm and background
fluorescence was subtracted.
5.3.5. Fourier Transform Infrared Spectroscopy (FTIR) analysis
Conformational content of dried hydrogels were analyzed via a JASCO
FTIR 6200 spectrometer (JASCO, Tokyo, Japan) combined with a MIRacle™
attenuated total reflection (ATR) germanium crystal. Hydrogels were dried in a
laminar flow hood for three days in order to fully dehydrate them. For each sample,
64 scans were coadded with a resolution of 4 cm−1, at wave numbers between 600
and 4000 cm−1. The background spectra were collected under the same conditions
and subtracted from the scan for each sample. Fourier Self-Deconvolution (FSD)
of the infrared spectra covering the Amide I region (1595−1705 cm−1 ) was
performed using Opus 5.0 software (Bruker Optics Corp., Billerica, MA), as
described previously.292 The deconvoluted Amide I spectra were area-normalized,
and the relative contributions of the individual bands were used to determine the
content off the secondary structures.
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5.3.6. Molecular Dynamics Simulation
. To assess the role of tyrosine at the molecular level, simulations were
conducted on two short peptide chains. The peptide sequences were selected based
on the highly repeated motifs in silk fibroin, [GAGAGS] and [GAGY]. The
peptides were constructed in random-coil, fully extended structure, using a custom
designed Python code. The two sequences are as follows:
Silk-Y: Y GAGAGSGAGAG Y GAGAGSGAGAG Y
Silk-S: S GAGAGSGAGAG S GAGAGSGAGAG S
Note that in the second sequence, the tyrosine residues at the terminal ends and
center were replaced with serine residue to assess the effect of only the tyrosine.
All MD simulations employed Langevin thermostat and barostat and were
conducted in pure water under NPT conditions at 300 K and 1 atm. CHARMM36
force field386

with t protein backbone improvement387 and dihedral angles

optimization388 were adopted for proteins and TIP3P water molecule. 389 The Van
der Waals (vdW) interaction cut-off was 12 Å and electrostatic interaction was
computed with the particle-mesh Ewald (PME) algorithm. The time step was set at
2 fs and all atom simulation was performed using NAMD (release 2.10).390
The propensity for aromatic and peptide-peptide interactions was assessed as a
function of amino acid composition and concentration. In order to ascertain
appropriate initial conditions, both sequences, were simulated for 100 ns, starting
from a random-coil structure. Conformations from last 50ns of the simulation were
selected as the initial conformations for subsequent simulations. Three sets of
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multi-chain simulations of the mimetic peptides were conducted at concentrations
of 3 vol% and 9 vol% for 200 ns. In the multi-chain simulation, an association
defined as the time tyrosine residues were within 6Å of each other, or 5Å for serine
amino acids. The distance was measured from the aromatic ring center and the
center of the sidechain atoms, for tyrosine and serine, respectively.
The influence of the tyrosine residue on the formation of β-sheet in the peptide
chains was assessed by extending adjacent strands in a zigzag pattern with the
tyrosine from one strand next to those in other molecules. The tyrosines were cross
linked and the chains placed under a variety of tension from 1 to 12 KT/Å. The
application of the force was necessary to avoid large end fluctuation and mimic the
force applied by shear. The simulations were executed for 25 ns each, with the
protein complex solvated within a water box using periodic boundary conditions.391
The MD box was extended enough to maintain at least 15 Å distance between
protein atoms and the boundary of the simulation box. The content of β-sheet was
measured using a STRIDE algorithm392 implemented in the VMD. Any residue
single β H-bond was included in the percent β-structure calculation.
5.4. Results and Discussion
Secondary Structure and Tyrosine Fluorescence during self-assembly. In order
to assess the interaction of the tyrosine residues during self-assembly, the intrinsic
fluorescence and secondary structure of a regenerated solution were monitored as
the solution aged. The shape the fluorescence emission spectra was found to
change with a maxima around ~305 nm at early time points, while a shoulder
centered on ~340 nm, progressively increased, until overwhelming the 305 nm
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emission (Figure 5-1a). The CD spectra, of fresh solution, revealed a random coil
conformation, with a characteristic minima near 195 nm. As expected, the β-sheet
content increased with increasing aging time, as signified by the magnitude of the
depression at 218 nm (Figure 5-1b).
The correlation between secondary structure and the fluorescence of silk
has previously been reported, in the fresh solution state and the β-sheet rich gelled
state.393 These results show similar starting and ending values, but show that both
develop gradually as the fibroin molecules self-assemble. The fluorescent emission
at 305 nm is characteristic of tyrosine, while that at 345 nm is from tryptophan
residues. As the relative concentration of these amino acids is constant, the changes
in intensity suggest either an energy transfer phenomenon or a change in local
environment of the tyrosine residues. Raman analysis of regenerated silk solutions
during assembly and aging, following a sharp reduction in pH, revealed significant
changes in the local environment.

The tyrosine residues were found in a

hydrophilic environment in random coil and initial stages of assembly.

As

crystallization continued the local environment became more hydrophilic, and the
residues were likely in the protein core.394 The specificity of the local environment
surrounding tyrosine residues, and their distribution throughout the sequence,
suggests that their position is important in proper folding and is not random.
In situ development of secondary structure after crosslinking. To validate the
hypothesis that tyrosine residues may play a direct role in the development of
secondary structures in silk proteins, the residues were enzymatically crosslinked
and monitored for conformational changes. In order to actively monitor the
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development of higher order structure, the silk was crosslinked in situ, on the FTIRATR crystal and spectra were collected every 5 minutes. The amide I and amide II
changes are shown in Figure 5-2a and b, respectively. Based on a thorough analysis
of peptides with different substitutions using IR spectroscopy, specific bands have
been identified to distinguish between random, helical and the crystalline
conformations of silk I and silk II.

The characteristic band a 1654 cm-1 is

attributable to the random coil conformation. Of particular note in the amide I band
there is a discrepancy in the designation in the bands at 1618, 1627 and 1695 cm-1.
These bands are traditionally identified as β-sheet, however, evaluation of a
degraded fraction of silk fibroin, known not to contain any β-sheet content, had
significant contributions at these wavenumbers. Based on this, it was presumed
that these bands may also be associated with short, irregular pieces of β-like
content, but lacking the extended structure of a β-sheet.395 Based on CD data, the
development of β-sheet following crosslinking takes a substantial amount of time,
far in excess of the 1 hour assessed here. This suggests that the development of
bands in these wavenumbers is characteristic of shorter β-like fragments of silk I
that coalesce to eventually transition to a silk II secondary structure.

Crosslink dependent crystallinity. The rapid formation of secondary structures
following crosslinking of the tyrosine residues, suggested that selectively
controlling the degree of crosslinking may result in differing degrees of crystallinity
following dehydration. The degree of crosslinking can be controlled by adjusting
the hydrogen peroxide added to initiate the reaction. This crosslinking efficiency
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can then be determined by measuring the intensity of the di-tyrosine fluorescence.
As seen in Figure 5-3a, the fluorescence intensity was directly related to the
peroxide concentration, with a maximum occurring a final peroxide concentration
of 1.08 mM. As with the fluorescence intensity, following dehydration, the FTIR
spectra were found to be related to the concentration of peroxide added to the
reaction (Figure 5-3b). At low concentrations of peroxide, the spectra indicated
that negligible crystallization occurred similar to the control dried solution.
However, as the peroxide, and associated crosslinking, increased towards a
maximum, the β-sheet content also increased. Deconvolution of the spectra (Figure
5-3c) allows for a quantitative analysis of the crystallinity by comparing the area
under the curve of the spectral components. Normalization of the fluorescence
intensity allowed for a comparison of the crosslink density versus the crystallinity.
As indicated in Figure 5-4d, there dehydration induced crystallinity is directly
related to the initial crosslink density.
Numerous methods for crystallization have been explored, including
treatment with alcohols, plasticization through water annealing, autoclaving56 and
isothermal heating above the Tg, among others.396 Additionally, reduction of pH,
addition of ions or small molecules and the application of energy (shear, vortexing,
sonication) have been shown to speed up the natural self-assembly process, leading
to a faster transition to β-sheet. While each of these methods has been helpful in
determining the susceptibility to different perturbations, none of them provide
information on the specific sites within the protein chain that are responsible for
the structural differences. Residue specific crosslinking has been an important tool
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in the identification of the functional domains of active proteins.397 However, to our
knowledge this method has not been used to elucidate the domain specific roles in
structural protein folding. The findings by Asakura, et al. that tyrosine residues are
found at the edges of microcrystalline regions47 supports the fact that tyrosine
colocation is critical in the crystallization cascade.

Evidence of a “super”-

secondary structure308 and an average crystallite size incorporating 35 residues398
also necessitates the tyrosine residues be consistently located at the edges. The
bulky side chain is incompatible with the tightly packed β-sheet domains and an
analysis of the protein sequence shows that this average can only occur if the
tyrosine residues are localized and not randomly distributed. This implies that they
are active participant, most likely through aromatic interactions, in the selfassembly of the fibroin protein.

Tyrosine co-location in solution. The empirical evidence clearly indicates that
tyrosine residues are both involved in the self-assembly and that forced coupling
results in changes in secondary structure changes and dehydration induced
crystallization. However, the ability to probe the self-assembly at the atomistic
level is limited experimentally. Molecular dynamic simulation allows for a high
resolution evaluation of how substitutions in protein sequence can stabilize or
destabilize protein structures. Modeling of peptides with and without tyrosine
residues clearly indicate the presence of tyrosine residues serve as a stabilizing
force in a concentration dependent manner. As shown in Table 5-1 at a volume
fraction of 3% the presence only slightly increases the percent association from 7.7
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± 2.2% and 9.6 ± 3.7% for peptides without tyrosine to 12.4 ± 5.3% and 35.5 ±
13.3% for peptides that include a tyrosine. The average association time also
increased from an average of 1.8 ns to 3.45 ns for serine and tyrosine, respectively.
These effects were significantly enhanced in simulations conducted at a volume
fraction of 9%. The peptides incorporating serine at the center and ends had a
similar propensity for association of 10.7 ± 2.6% and 16.8 ± 3.0% and a reduced
association time of 1.55 ns. However, the increase in concentration resulted in a
significantly higher percentage of residues that were associated, 52.6 ± 0.7% and
44.8 ± 5.3%. There was also a substantial increase in residues with interaction
lifetimes greater than 0.5 ns. Representative snapshot of the final distribution of
the high concentration chains incorporating tyrosine residues is shown in Figure
5-4. Thus, the incorporation of tyrosine in the peptide sequence results in
significantly higher peptide-peptide interactions, specifically a propensity for
aromatic stacking as had been proposed previously.43

There was also a

concentration dependent increase in association for peptides with a phenolic side
chain that was not seen in the serine substituted group. This is consistent with
findings on other proteins, where increasing aromatic groups resulted in a nonlinear increase in stability.384
Beta sheet formation in crosslinked silk peptide. There is disagreement as to the
propensity for the tyrosine residues to stabilize or destabilize the formation of βsheet. To determine whether the incorporation of tyrosine in our peptides was
compatible with the hydrogen bonding necessary for crystallization, several
configurations were simulated. An assembly of 3 and 6 chains was simulated at
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different amount of applied force, as a corollary for the fact that the peptide is part
of a larger molecule (Table 5-2). In agreement with the results of the solution
simulations, the samples incorporating 6 chains had significantly higher percentage
of hydrogen bonding sites filled, independent of the applied force. Representative
assembly incorporating 6 chains is depicted in a. Similarly crosslinked and uncrosslinked chains were tested in a parallel configuration and the percentage of
filled bonding sites assessed (Table 5-3). The influence of crosslinking also served
to both nucleate and preserve β-sheet conformations. Although the structures were
initially in a β conformation, in the absence of tension, the large end fluctuation
served to disrupt nearly all of the hydrogen bonding associated with a stable βsheet. The residues surrounding the central cross-linked tyrosines, favors the
backbone hydrogen bond, disrupting chain fluctuations. Compared to non-cross
linked chains, in the absence of tension, cross-linking increases the chance of
having β content by 50%. However, under higher tension, their effect will
diminished as the chain fluctuations are damped. Representative conformations of
crosslinked and un-crosslinked simulations are shown in Figure 5-5 b and c,
respectively. While the results of the crystallization simulations are less conclusive
than those indicating a role for aromatic interactions in self-assembly, they do not
suggest that tyrosine residues are incompatible with β-sheet formation. This is
consistent with other work assessing how tyrosine interacts with adjacent and long
range β-type structures.44 The implication of hydration state of tyrosine in the
transition from the crystalline silk I state to the β-sheet silk II state also suggests
that the tyrosine side chains do not specifically inhibit crystallization.47
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5.5. Conclusions
Using a combination of correlational measurements, forced association and
molecular modeling we show that the tyrosine residues in silk fibroin play an active
role in self-assembly and crystallization. The intrinsic fluorescence of the silk
protein was directly related to the secondary structure. While the covalent coupling
of tyrosine residues resulted in rapid development of higher order structures,
ultimately leading to a crosslink dependent β-sheet content. Molecular modelling
confirmed the propensity for the clustering and association of the aromatic side
chains and showed that their interaction enhanced the fraction of amino acids
involved in hydrogen bonding.
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Figure 5-1: Fluorescence and structure during solution aging

A) Intrinsic fluorescence of the silk solution over time indicates that tyrosine
residues, with an emission of ~305 nm are dominant immediately after dissolution.
However, during the course of self-assembly, tryptophan fluorescence overwhelms
that of the tyrosine. B) CD spectra reveal a predominantly random coil structure in
fresh solution that slowly transitions to a β-sheet rich gel over time.
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Figure 5-2: Time dependent conformational changes following tyrosine crosslinking

Immediately following enzymatic crosslinking of the tyrosine residues, significant
changes are seen in the secondary structure of the silk. A) Changes in the amide I
region indicate an increase in bands associated with β-sheet and crystalline silk I
conformations. B) Intensity changes in the amide II region suggest similar
movement toward a crystalline conformation, containing elements of both
crystalline silk I as well as β-sheet (silk II).
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Figure 5-3: Effect of crosslink density on crystallinity

Degree of tyrosine crosslinking effects the β-sheet content following dehydration.
A) Intensity of di-tyrosine fluorescence, a measure of the number of residues
involved in bonding, is a function of the amount of peroxide used in the reaction.
B) FTIR spectra of the dried hydrogel show a relationship between peroxide
concentration and therefore a crosslink density and crystallinity. C) Representative
deconvolution of an FTIR spectra to quantify the crystalline content.

D)

Relationship between the relative fluorescence and β-sheet content clear show that
maximizing crosslinking results in higher crystallinity.
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Figure 5-4: Representative ending arrangement of silk mimetic peptide containing
tyrosine

Following simulation for 200 ns, the tyrosine residues in silk mimetic peptide
fragments tend to aggregate in clusters, forming stable associations.

136

Figure 5-5: Representative conformations of silk mimetic peptide propensity for βsheet formation

Representative ending conformations for silk mimetic peptide sequences. A) the
presence of 6 strands over 3 results in significantly more stable β-structure
hydrogen bonding. B) Un-crosslinked tyrosine residues allow for end fluctuations
to disrupt local hydrogen bonding without chain tension. C) Crosslinking of
tyrosine residue stabilizes chain fluctuation allowing for hydrogen bonding of the
adjacent backbone.
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Table 5-1: Silk mimetic peptide association in solution
Silk-Y
Trial 1
Percent residues associated
12.4 ± 5.3 %
3 Vol% Associations longer than 0.5 ns, number(lifetime) 1.1 (0.0 ns)
Total association time per residue
2.4 ns
Percent residues associated
52.6 ± 0.7 %
9 Vol% Associations longer than 0.5 ns, number(lifetime) 35.2 (1.6 ns)
Total association time per residue
2.4 ns

Silk-S

Trial 2
35.5 ± 13.3 %
17.1 (0.5 ns)
4.5 ns
44.8 ± 5.3 %
58.1 (0.6 ns)
2.7 ns

Trial 1
Trial 2
7.7 ± 2.2 % 9.6 ± 3.7 %
0.0 (0.0 ns)
2.1 (0.0 ns)
1.7 ns
1.9 ns
10.7 ± 2.6 % 16.8 ± 3.0 %
13.1 (0.5 ns) 16.1 (0.4 ns)
1.4 ns
1.7 ns

*Simulations were run for 50 ns following equilibration. Results were divided into 10 ns intervals for statistical calculations.

Table 5-2: Propensity for β-sheet formation as a function of chain number

Chain Tension
0.1 kT/Å

1 kT/Å

3 kT/Å

3 Beta-strands
%26 ± %2 %30 ± %2 %46 ± %2
6 beta-strands
%32 ± %1 %40 ± %1 %61 ± %1
*Silk-Y chain under tension. backbone hydrogen bond

6 kT/Å
%63 ± %2
%80 ± %1

Table 5-3: Crosslink dependent stabilization of β-sheet
Chain Tension
0.1 kT/Å

1 kT/Å

3 kT/Å

Crosslinked chains
18%
22%
29%
Freely associated chains
12%
23%
33%
*Average β-content over all residues for final 15 ns of simulation

6 kT/Å
60%
77%

12 kT/Å
87%
-
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Chapter 6.

Future work and associated projects

6.1. In situ crosslinking and fiber spinning
6.1.1. Background and significance
Despite the fact that raw cocoon silk fibers are inherently weaker than those
spun by spiders, research has shown that forced reeling from the silkworm can
significantly increase the strength and toughness of the fibers.399 This suggests that
the fibroin protein sequence of the B. mori silk moth, while different than those of
spider dragline spidroins, is capable of producing fibers that are comparable to
those of spider silks. The inherent weakness of the naturally spun fibers is likely
due to the silkworms characteristic “figure 8” spinning pattern, whereby it rotates
its head and spinneret in repetitive motions to create the oval shaped cocoon. This
method of spinning results in inconsistent drawing speeds that inherently cause
variations in fiber diameter and molecular orientation. In spite of significant
research and effort, researchers have been unable to effectively spin fibers capable
of matching these properties from regenerated silk fibroin solutions.400 Current
attempts have focused on spinning regenerated fibroin solutions from organic
solvents using wet spinning techniques, relying on the ability to achieve high
concentrations and provide rapid evaporation during extrusion and drawing.401
Others have employed microfluidics in an attempt to apply extensional flow, while
simultaneously lowering the pH and increasing the concentration, utilizing an
acidic PEO outer fluid.402 This inability to consistently spin regenerated fibers of
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near or greater strength and toughness provides an opportunity to advance the field
and build on previous attempts.
Advanced synthetic fibers that exhibit properties similar to silks rely on an
entirely different mechanism to achieve their high strength and toughness. These
high-performance materials rely on a solution-spinning/drawing process known as
gel spinning.403 The polymer most commonly used is ultrahigh molecular weight
polyethylene dissolved in an appropriate solvent. The concentration of the solution
is adjusted such that he polymer is not in a true liquid state during extrusion, but has a
significant degree of molecular entanglement and behaves as a gel. The molecular
weight between these physical entanglements dictates the maximum draw ratio that
can be achieved. As the mechanical properties are directly related to the draw ratio,
fine adjustments in MW and concentration allow for the manufacture of extremely
strong fibers. Maximizing the draw ratio allows for a greater degree of molecular
orientation, which produces strong inter-chain forces in the resulting filaments that can
significantly increase the tensile strength of the fibers. In addition, the liquid crystals are
aligned along the fiber axis by the extensional shear forces during spinning. The filaments
emerge with a very high degree of orientation, further enhancing strength. In addition

to polyethylene, aramids, polyvinyl alcohol and polyacrylonitrile fibers can be
produced by gel spinning.

Here we propose that we can artificially increase the apparent molecular
weight of the silk fibroin fiber by inducing covalent crosslinks during the spinning
process. The molecular weight of the silk fibroin protein has a maximum of
approximately 390 kDa, which is well below the weights required to effectively
employ gel spinning techniques. Additionally, concentrating the silk solutions, to
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a point where spinning may be possible, results in a highly unstable solution, with
a significant degree of heterogeneity, preventing consistent spinning and postdrawing. Covalently crosslinking the tyrosine residues in the silk fibroin during
spinning, will provide a means of effectively increasing the molecular weight,
without inducing the instabilities found in highly concentrated solutions. By
adjusting the rate of crosslinking to match the spinning/drawing rate will allow for
both extremely high orientation of the chains with the potential for a “single
molecule” fiber. The covalent bonds in combination with the crystalline and
amorphous regions inherent in the protein sequence will allow for the production
of a fiber with a strength that approaches the theoretical maximum of a protein
chain, with enhanced extensibility due to the slip provided by the amorphous
domains.
6.1.2. Experimental details and expected outcomes
Spinning apparatus – A custom designed spinning system will be required in order
to effectively tune the relationship between crosslinking and drawing rates. Basic
designs may utilize a microfluidic device or alternatively a coaxial flow system.
Crosslinking may be initiated through an enzymatic reaction between the tyrosine
residues, HRP and H2O2, alternatively the bonding may be achieved with the use
of an appropriate photoinitiator and ultraviolet light.
In the enzymatically based crosslinking system, the HRP would be mixed in with
the silk solution and would require a co-flow system with the H2O2 incorporated in
the outer fluid. This system would effectively adapt previously developed coaxial
or microfluidic devices that have shown utility in spinning of silk materials using
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PVA or PEO as the secondary fluid. Adjusting the concentration of the HRP and
H2O2 will allow for a wide range of crosslinking rates. The addition of a drawing
stage with controllable draw speed will provide the necessary degree of tunability
with regard to proper orientation of the molecules. Crystallization will likely be
induced during the drawing process, however, crystallinity may be enhanced
through a post-treatment via standard methods such as water annealing, methanol
treatment or autoclaving.
In the photoinitiated system an optically clear spinneret would be designed allowing
for the application of UV light to induce the covalent crosslinking. The silk solution
would be mixed with tris(2,2-bipyridyl) dichloro ruthenium(II) hexahydrate
(Ru(II)(bpy)32+) as the catalyst and ammonium persulphate (APS) as the electron
acceptor. The solution would then be spun and drawn while simultaneously
exposing the system to UV light. Modulating the concentrations of Ru(II)(bpy)32+,
APS, and silk fibroin and light intensity will provide the necessary control over
crosslinking rate, while the controllable drawing system noted above will allow for
an adjustable draw rate.
Tensile testing – The mechanical properties of the resultant fibers as a function of
crosslinking and drawing rates is of greatest interest. Mechanical testing would be
conducted using standard test methods in both dry and hydrated states. mic The
dynamic mechanical thermal properties of the resultant fibers would also be assessed.
Application of cyclical strain while assessing storage and loss moduli as a function of
temperature will allow for the determination of thermal transitions. These transitions
will be related to crystalline content and provide insight into the stability of the
covalently crosslinked fibers.
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Orientation analysis - One of the primary factors affecting the mechanical
properties of fibers is the degree of molecular orientation. Achieving maximal
maximum protein alignment parallel to the fiber axis should result in the strongest
fibers. The primary method to assess alignment is analysis of 2-D wide angle Xray scattering patterns. Azimuthal scans of the crystal reflections and measurement
of the spread of the scattering allows for the calculation of an orientation
coefficient. In an ideal system the coefficient will approach a maximum of 1 in a
perfectly aligned system. Comparison of orientation as a function of spinning
parameters and mechanical properties will provide insight into optimization of the
spinning system.

6.2. Determination of heterogeneity in silk hydrogel under tension
6.2.1. Background and significance
The properties of elastic networks are strongly influenced by large scale variations
in local crosslinking density.404 When swollen with an appropriate solvent, these
result in local differences in polymer concentration. While these inconsistencies
are not readily apparent in the bulk, as the overall properties are an average of all
polymer chains, they result in a fractal distribution of heterogeneities. Uniaxial
deformation of these imperfect, swollen gels causes unique scattering patterns. The
spectra show an increase of intensity parallel to the direction of stretching and result
in isointensity curves known as “butterfly patterns”. These patterns are in contrast
to those predicted by classical elastic theory which suggests that the intensity
should decrease in the direction of stretching.405 These abnormal butterfly patterns
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have been seen in numerous systems including neat polymer and copolymer
systems of varying molecular weights.406,407 However, to our knowledge these
heterogeneities have not been studied in biologically relevant systems.
To assess the degree of heterogeneity inherent in silk fibroin based
hydrogels, SANS scattering experiments are proposed.

The experiments are

designed to elucidate the heterogeneities inherent in randomly crosslinked and
subsequently crystallized elastomeric silk hydrogels. Semi-crystalline silk fibroin
materials have been proposed for use in numerous biomedical and technological
applications due to their extreme toughness and versatility.

Importantly the

mechanical properties of the silk materials can be easily controlled by adjusting
processing conditions, generating a range of materials from highly elastic hydrogels
to strong but brittle films. The primary modes of control are covalent crosslinking
of the tyrosine residues and the induction of β-sheet crystallinity. However, despite
extensive research the fundamental basis of these properties and the structural
transitions inherent in their development remain poorly understood. Control of the
degree of hydration at the time of crystallization has recently been shown to
strongly influence the mechanical properties of silk hydrogels. This suggests that
the spatial distribution of the crystallites and local heterogeneities are important
considerations in determining how the protein network behaves. By assessing these
heterogeneities using butterfly isointensity patterns as a function of crosslink
density, crystallinity and degree of strain we hope to gain a fundamental
understanding of how the biopolymer network behaves.
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The mechanisms for elasticity and conformational transitions have been
studied extensively for synthetic polymer systems and are generally well
understood. However, the application of these principles and theories to structural
proteins has been fraught with difficulties. The inherent complexity of the protein
molecules, processing limitations and susceptibility to radiation damage have
hindered the analysis of these biopolymers.

We have found that silk fibroin from

the B. Mori silkworm may serve as an exemplary system to compare and contrast
similarities between synthetic and natural elastomeric materials. Enzymatically
crosslinked silk fibroin hydrogels provide an excellent model system for assessing
these parameters in a natural, protein based elastic gel. These gels are formed by
crosslinking native tyrosine residues in the silk protein. This dityrosine bond has
been implicated as a key component in the elasticity of numerous proteins,
including resilin, elastin and mussel adhesives.

Importantly, the degree of

crosslinking and crystallinity are easily tuned by adjusting the gelation and post
treatment protocols, making this an ideal system to assess the behavior of the
network heterogeneities under applied strain.

We hypothesize that these

experiments will elucidate the crosslink heterogeneities in protein hydrogels, and
how they influence mechanics in the presence of differing sizes and distribution of
β-sheet crystallites.
6.2.2. Experimental details and expected outcomes
Hydrogel preparation and post treatment - Silk fibroin hydrogels will be made as
previously described.133

Briefly, solubilized silk fibroin solution will be

enzymatically crosslinked using horseradish peroxidase (HRP) with hydrogen
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peroxide (H2O2) as the initiator. The crosslinking process forms a randomly
crosslinked network of silk proteins with dityrosine bridges. Crosslink density may
be modulated by controlling the concentrations of HRP and H2O2 added to the silk
solution. Hydrogels may be measured neat, in an as cast state or post treated to
induce β-sheet crystals. Post treatments consist of soaking the hydrogel in a 70%
methanol solution for 12 hours or autoclaving at 121 oC and 20 psi for 60 minutes.
Post treatments will be performed in swollen and as cast states to assess how the
degree of hydration affects the distribution of the crystallites in the silk hydrogel
network. These methods will generate a range of materials with a range of covalent
crosslink densities, crystalline content and crystal distribution to effectively allow
for the decoupling of the individual effects.
In situ stretching Small Angle Neutron Scattering (SANS) – SANS will be used to
investigate the structural features of the hydrogels as a function of post treatment
method and applied strain. Testing will be conducted at the National Institute of
Standards and Technology Center for Neutron Research (NCNR).

In situ

application of strain will necessitate the design and fabrication of a custom
stretching device that can interface with the sample chamber and maintain the
hydration state of the hydrogel samples. Spectra will be corrected for background
scattering and rescaled to obtain an absolute intensity. Resultant patterns will then
be compared with existing theoretical and experimental work to compare and
contrast the mechanisms that lead to elasticity in synthetic and natural polymer
systems.
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Mechanical testing – Hydrated mechanical testing will be performed on samples to
assess how post treatment and crystallinity effect the mechanical properties of the
silk hydrogels. Initially, constant rate elongation until failure will be conducted in
order to ascertain the elastic modulus, ultimate strength and extensibility of the
samples. Additionally, the toughness of the materials, calculated as the area under
the stress-strain curve, will be calculated.

Introduction of nano-particles has

previously been shown to strongly enhance the toughness of polymer composites,
and it is likely that the β-sheet crystals will act as toughening agents. Furthermore,
stress/strain relaxation testing will be conducted on as cast and post-treated
samples. In other work, applied strain has been shown to initiate crystallization,
these experiments will allow for the determination of critical strains that are able to
orient molecules sufficiently to result in hydrogen bonding.
Birefringence analysis – Birefringence analysis of the hydrogels in both relaxed
and as a function of applied strain can be used to ascertain the degree of molecular
orientation in the gel. In situ stretching of the hydrogel under polarized optical
microscopy will allow for the determination of morphological changes and an
increase in birefringence. The magnitude of the stress induced birefringence can
then be utilized to calculate an orientation coefficient that will be related to
crosslink density, concentration and induced crystallinity.
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6.3. 3D Printing of silk based and gradient biomaterial matrices
6.3.1. Background and significance
3D printing of biomaterial scaffolds has shown great promise in the field of tissue
engineering and regenerative medicine (TERM). In particular, the utilization of 3D
printing in combination with CT, MRI and other imaging modalities, provides for
the possibility of generating patient specific constructs. One of the most important
technical challenges that must be overcome in order to advance the field, is the
development of effective 3D printable biomaterials. There is currently a limited
number of available materials and they do not adequately recapitulate the
complexity of the native cellular environment. Recent progress has shown that large
scale tissue constructs may be printed with sufficient porosity to maintain cell
survival in the bulk, while also providing sufficient mechanics to prevent
collapse.408 While this progress has been encouraging, the constructs are based on
synthetic polymers that do not have the same instructive properties as biologically
based materials and also may pose problems with deleterious degradation products.
Other work has focused on utilizing naturally derived structural proteins,
collagen in particular has been heavily explored. These materials better mimic the
natural extracellular environment and can provide signaling factors, adhesion
moieties and allow for cellular remodeling. Despite the benefits of these systems
there are significant drawbacks to their use. Specifically, the mechanical integrity
of the most common collagen constructs, based on thermal or pH dependent
gelation, is poor without additional post treatment. While post-treatment with
chemical cross-linking or ultraviolet curing may significantly increase the strength
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of the materials, they are often deleterious to labile biomolecules and also limit the
incorporation of cells.
Thus, there remains an unmet need for the development of a biologically
relevant bioink, allowing for the incorporation of labile biomolecules and live cells,
while also providing the necessary mechanical properties and resolution to print
functionally relevant constructs. Enzymatically cross-linkable biomaterials have
the potential to provide a significant degree of bioink flexibility and functionality
while maintaining the ability to incorporate cells, growth factors and other bioactive
molecules. The only requirement of the materials is that they contain a sufficient
amount of phenolic side chains (tyrosine, tyramine) to allow for the covalent
bonding to occur. Currently, numerous naturally derived (silk, gelatin, fibrinogen,
chitosan), recombinant (SELP, resilin, elastin) and derivatized (dextran, PEG,
hyaluronic acid, alginate, carboxymethyl cellulose, poloxamer) materials have been
crosslinked by this reaction. Additionally, tyrosine terminated peptides including
adhesive motifs or sequences for site specific cleavage can easily be synthesized
and incorporated.
6.3.2. Experimental details and expected outcomes
Printing and material requirements - Commercially available printers may be
adapted or custom designed systems may be developed in order to print the
materials. For simple constructs, of homogenous composition, a single nozzle
system may be utilized. However, multi-nozzle systems would add the ability to
generate gradient or heterogeneous materials with location specific compositions.
The two requirements for successful printing using this method, are the
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incorporation of horseradish peroxidase (HRP) into the precursor solution, and
sufficient viscosity to maintain adequate spatial resolution.

The covalent

crosslinking would then be accomplished by directly printing into a bath with
appropriate concentration of H2O2, or the green body could be subsequently placed
in a bath with H2O2. Adequate bioink viscosity can be accomplished by adjusting
the concentration of the material, or incorporation of nonreactive thickening agents
(PEG, methylcellulose).

Additionally, a bi-functional gelling system may be

designed that incorporates a thermally responsive material (gelatin, poloxamer),
that would allow for an initial gelation by temperature control with subsequent
enzymatic covalent crosslinking.
Construct analysis – In addition to the biological relevance of the construct the two
most important considerations in the material development are the mechanics and
the available resolution. Measurement of mechanics can be performed in numerous
ways, for homogenous systems, bulk measurements may be conducted either on
similarly formed, non-printed samples. Alternatively, the apparent mechanics of
the entire construct may be assessed by printing a sample of appropriate shape and
size.

These tests would utilize standard compression test methods to assess

modulus, hysteresis and dynamic properties. Gradient systems, where the material
composition is location dependent would require more complicated analyses,
employing nano-indentation or atomic force microscopy. This would provide the
necessary data to assess how compositional changes affect local mechanical
properties.

While mechanics and bioactivity are important factors in the

functionality of the construct, native tissue architectures tend to be complex,
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requiring sufficient resolution in printing. The resolution of both positive lines and
negative gaps are both critical parameters, as diffusion limitations require sufficient
spacing to ensure cell survivability. These resolutions may be examined by printing
common test patterns and assessing line width and height through profilometry.
Functional cellular experiments and tissue development – Following material
development and optimization of printing parameters, the flexibility of the system,
range of available materials, and ability to incorporate functional peptides provide
for an expansive array of potential experiments and applications. Options for these
experiments include proliferation, migration, adhesion, differentiation and coculture evaluation as a function of composition, porosity and shape.
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