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Abstract

Reconstituting silk cocoons into aqueous protein solutions allows for the mechan-

ical properties of silk to be utilized in non-fibrous forms. However, the exact impact

of reconstitution on the protein was previously unknown. I quantify the molecular

weight distribution of the protein after reconstitution as a function of extraction time

and suggest a possible mechanism for the degradation of the protein. Additionally, the

structure and mechanical properties of films made from silk with different molecular

weight distributions is explored.

Once a reconstituted silk solution is made, it can then be transformed into a gel by

running an electric current through the sample. The electric current creates an acidic

domain near the positive electrode, leading to the assembly of an electrogel. I discuss

the mechanical properties of these electrogels through rheological measurements.

The structure of the protein and protein-aggregates is measured by the controlled

addition of acid instead of using an electric current. Aggregate sizes are measured

with dynamic light scattering, while protein structure is observed through small angle

neutron scattering. A possible explanation of the assembly of protein is generated by

interpreting both protein structural and ionic concentration changes.

Additionally, I move towards the covalent enzymatic gelling of reconstituted silk,

where bonds have a particular fluorescent signal and are monitored during gelation.

A comparison between bond growth and modulus growth, as measured through bulk

rheology, indicates that percolation drives the initial stages of gelation. However,
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depending on the molecular weight of the protein, either gelation ends after percola-

tion, or another mode of growth continues gelation. This secondary mode of growth is

not related to the covalent bonds signifying that the molecular weight of the protein

governs whether or not a secondary mechanism contributes to network formation.

Index words: Reconstituted silk, Silk, Silk gel, Colloidal gel, Electrogel,
Biopolymer, Rheology, Small angle neutron scattering, Confocal
microscopy, Protein at interfaces
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Chapter 1

Silk as a Biopolymer

1.1 Types of Silk

I am often asked, "what is the difference between spider silk and silkworm silk?" The

simple answer is that silkworms create one kind of silk, whereas spiders often create

multiple silks designed for different functions. From the perspective of silk strength,

the most commonly studied silkworms and spiders are the Bombyx mori and Nephila

clavipes respectively. Of the different silks spun by Nephila clavipes, the dragline silk

is the most frequently examined [1].

Spider dragline and silkworm silk are made from different proteins. The main

protein element of silkworm silk is fibroin, while dragline silk is made of spidroin. The

amino acid sequences of fibroin and spidroin are fundamentally different, but they

both utilize long regimes of repeating small amino acids [2, 3]. While the mechanisms

for transforming silk from solution to fiber are similar amongst species, dragline fibers

are considered stronger than silkworm cocoon fibers [4, 5, 6]. When considering silk

for engineering applications, the availability of silkworm silk outweighs the strength of

spider silk. Dragline fibers must be harvested directly from the spider, but silkworm

silk is commercially available due to the textile industry. Studying silkworm silk sheds

light on the mechanisms by which aqueous silk protein solutions are transformed into

strong fibers while also providing a platform for materials engineering that can be

scaled up to industrial levels.
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1.2 Why Silk?

Silk from the domesticated silkworm Bombyx mori is an extremely tough and versatile

protein material that has been used for centuries in textiles and as sutures but more

recently in regenerated forms such as scaffolds for tissue engineering, sustained drug

delivery, and technological applications [7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. Diverse

applications stem from the exploitation of the highly evolved protein structure which

imbues the fiber with exceptional strength and extensibility [17]. The amino acid

sequence of fibroin allows for close packing and highly aligned molecules that result

in fibers with high tensile strength, excellent ductility, and extreme toughness.

Native silkworm silk (hereafter called silk) fibers are formed from two types of

proteins, fibroin and sericin, in an approximate mass ratio of 7−8 : 3−2 respectively

with 1-2% residual contaminants including waxes and ash [18]. The sericins are glue

like proteins with molecular weights between 24 and 400 kDa that serve to maintain

the shape of the cocoon [19, 20].

1.3 Silk Fibroin

Silk fibroin is a complex comprised of the following three protein subunits at a molar

ratio of 6:6:1 respectively: a heavy chain with a molecular weight ∼ 390 kDa, a light

chain ∼ 25 kDa, and the glycoprotein P25 ∼ 20 kDa [21, 22, 23]. The heavy and light

chains are connected by a disulfide bond, onto which P25 is noncovalently associated.

Most of the mechanical strength associated with fibroin is contributed to the heavy

chain, and further mention of fibroin is only a reference to this heavy chain.
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1.3.1 Amino Acid Sequence and Secondary Structure

The fibroin chain is composed of 12 hydrophobic segments of low complexity

amino acid sequences that form highly crystalline β-sheet domains in fiber form

[Figure 1.1] [2, 24, 25, 26, 27, 28, 29]. The crystalline fibroin found in fibers is

commonly referred to as Silk II and can be observed through Raman scattering,

infrared spectroscopy, and x-ray diffraction [28, 30, 31]. Often referred to as the

crystalline domains, these 12 segments are rich in Gly-X repeats and account for

94% of the chain length; ’X’ represents alanine in 65%, serine in 23% and tyrosine in

9% of the structural repeats. The assembly of anti-parallel β-sheets is promoted by

these hydrophobic amino acids with small sidechains. The remainder of the sequence

consists of 11 hydrophilic linkers between the crystalline domains and N-terminus

and C-terminus sequences that are similarly hydrophilic [2].

In contrast, the structure representative of the silk within the gland of the animal

(Silk I), is less established; Silk I structure is thought to be α-helix or β-turn [5, 32,

33]. The transition from Silk I to Silk II, mediated by the animal gland, involves a

combination of shear, pH change, and ion diffusion [5, 6, 34, 35, 36, 37, 38, 39, 40].

1.4 Reconstituted Silk

Reconstitution is a method that allows silk’s mechanical properties to be extended into

new non-fiber based materials [7, 25, 41, 42, 43]. Reconstitution begins with pre-spun

Bombyx mori cocoons, eliminating the need to harvest silk from a live animal [29, 44,

45]. Cocoons are chemically reconstituted into an aqueous silk protein solution which

can then be transformed into functionally specific forms for use in biomedicine such

as gels, films, and sponges [7, 25, 42, 43] .
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Figure 1.1: Cartoon schematic of reconstituted fibroin protein. N-terminus, C-
terminus, and 12 long hydrophobic domains separated by 11 small unordered
hydrophilic linkers are labeled.

The reconstituted protein solution is sericin (glue-like protein) free and fibroin

protein is predominantly unstructured. Reconstituted silk structure differs from both

Silk I and Silk II, therefore direct comparisons between reconstituted silk and ’native’

silk should be done with caution [46, 47, 48].

1.5 Biopolymers

A polymer is a covalent linking of monomers that is sufficiently long that the proper-

ties of the polymer are unchanged by the addition of another monomer. The degree

of polymerization needed to call an assembly of monomers a polymer is not universal
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though it occurs for > 100 monomers. Combinations of monomers that do not satisfy

this definition of a polymer are called an oligomer.

Silk fibroin protein is one example of a biological polymer (biopolymer) with amino

acid monomers. Although the amino acids are not identical, the chemistry along the

protein backbone is consistent from the N-terminus to the C-terminus; the polymer

backbone is denoted by repeats of N-Cα-C where Cα is the called the α-carbon. Apart

from glycine which has no side chain, all of the other amino acids have a sidechain

that branches from the protein backbone at the α-carbon; tryptophan has the largest

sidechain. Because fibroin is made of low complexity sequences of amino acids, the

differences in chemistry between amino acids are overlooked in order to interpret the

protein as a polymer.

1.5.1 Gaussian Chain

One of the simplest practical models for describing a polymer is the Gaussian chain

model; the polymer is considered as N bonds ~ri of size ri = |~ri|, where subsequent

bonds ~ri and ~ri+1 are uncorrelated [Figure 1.2] [49]. The bonds ~ri have a Gaussian

distribution with a Kuhn length b such that 〈~r〉 = 0 and 〈~r 2〉 = b2. Therefore the

contour length of the polymer `c = N × b. The positions of chain beads are the set

of N + 1 vectors (~R0, ..., ~RN), where ~ri = ~Ri − ~Ri−1. Because the steps are Gaussian,

the distance ~Rn − ~Rm is Gaussian with

〈
(
~Rn − ~Rm

)2
〉 = |n−m|b2. (1.1)

Although the end-to-end distance ~R = ~RN − ~R0 can be used as a characteristic

length, it does not indicate the size of the polymer, and it is not well defined for all

polymers (e.g. nonlinear polymers). Instead, the radius of gyration RG is defined as

R2
G =

1

2N2

N∑
n,m=1

〈
(
~Rn − ~Rm

)2
〉. (1.2)
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r1

rN

R

Figure 1.2: Random walk polymer. The polymer is approximated as N discrete bonds
each with step ~ri. ~R is the end-to-end vector.

For a linear polymer,

R2
G =

1

2N2

N∑
n,m=1

|n−m|b2

=
1

N2

∫ N

0

dn

∫ n

0

dm (n−m) b2

=
b2N

6
.

(1.3)

RG is a useful quantity for both interpretation and practical use.

1.5.2 Wormlike Chain

It is unrealistic that steps along the polymer are totally uncorrelated. Instead, the

polymer can be interpreted as a continuous rod, and the length at which the orienta-

tional correlation of the rod decays is defined as the persistence length `p. The ratio

of `c/`p defines different polymer classes.

When `c/`p ∼ 0, the polymer is rigid. When `c/`p � 1, the polymer is considered

flexible, and the Gaussian chain is an appropriate model. Many biopolymers (actin,
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collagen, fibrin, etc.) fall into a third class, where `c/`p ∼ 1, called semiflexible poly-

mers [50, 51, 52, 53]. Semiflexible polymers can be described by the wormlike chain

(WLC) model.

In equilibrium, a WLC occupies some spherical volume that is defined by RG. Due

to entropic elasticity, displacing the two ends of the polymer to a distance x > RG

requires a force f
f`p
kBT

=
x

`c
+

1

4 (1− x/`c)2
− 1

4
. (1.4)

For small x, f ∝ x/`c; both the WLC and the Gaussian chain have linear force-

displacement relations in the weak-stretching limit [54]. As x → `c, f diverges as

f ∝ 1/(1 − x/`c)
2. The rate of divergence for the WLC differs from the Gaussian

chain f ∝ 1/(1− x/`c) [54].

At the largest displacements, experiments deviate from the WLC model that point

out a significant flaw: the polymer is considered to be inextensible. In real systems,

it is possible that bonds can stretch or twist at large forces [52].

1.5.3 Biopolymer Networks

Because semiflexible polymers have a finite bending stiffness, networks of semiflex-

ible polymers exhibit interesting collective behavior. Above the rigidity percolation

transition, networks of biopolymers strain stiffen [53, 55, 56]. Network stiffening is

interpreted through competing models either focusing on entropy or enthalpy [57].

The entropically driven argument claims that strain removes thermal undulations

between crosslinking sites from the polymer causing the force to diverge as it does for

a single filament [53, 58, 59]. Alternatively, the strain is thought to induce a change

from bending to stretching of fibers in the network; thermal undulations only delay

stiffening [60]. Both theories predict bulk behavior, but the stiffening mechanism has

not been experimentally verified.
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An extensive review on theory and modeling semiflexible networks is published

by Broedersz and MacKintosh [50]. Experimental comparisons between network stiff-

ening and individual polymer deformations are done through the differential modulus

measurement, where the force divergence of a single polymer in Equation 1.4 has a

signature in the stress response of the network [55].
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Chapter 2

Measurement Background

In this chapter, I provide the necessary background information to understand the

measurements performed in the subsequent chapters. I first discuss rheology: the

instruments used, the basic modes of measurement (oscillatory and rotational), and

generic phenomena that are observed in viscoelastic systems. Then, I reference the

use of ultraviolet-visible (UV-Vis) light spectroscopy for calculating the concentration

of silk fibroin in solution by correlating the known amino acid sequence with the

absorbance of UV light. This method is generic for all proteins if the amino acid

sequence is known. The basics of circular dichroism (CD) to determine the secondary

structure of protein are then reviewed. Finally, the theory of small angle neutron

scattering (SANS) is derived, starting from neutrons scattering from an individual

nucleus and ending at basic data analysis techniques.

2.1 Rheology

2.1.1 Instruments

I use rheology as the primary measurement technique through much of this thesis

work. Measurements are performed with either the Anton Paar MCR 301 or MCR

702 stress-controlled rheometer for bulk measurements. I also use a custom capil-

lary rheometer made and maintained by Steve Hudson at the National Institute of

Standards and Technology (NIST) [61].
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2.1.2 Introduction

Rheology is the study of a material’s deformation and flow when subject to an external

stress. A Hookean solid, for example, has a stress σ that is proportional to the defor-

mation strain γ by a modulus G,

σ (γ) = Gγ (2.1)

analogous to Hooke’s law. Materials that exhibit Hookean stress-strain relations store

energy and are elastic. Fluids have a stress response proportional to the strain rate

γ̇ = dγ/dt by the viscosity η,

σ (γ̇) = ηγ̇ (2.2)

that dissipate energy. However, real material properties often exhibit a combination of

elastic and viscous responses that depend on both the observed time and lengthscales.

2.1.3 Oscillatory Rheology

Oscillatory rheology is a useful tool to separate a material’s elasticity from its viscous

characteristics without destroying or altering the underlying structure. Additionally,

the choice of the angular frequency ω and strain amplitude γ0 sets the measured time

and lengthscales respectively. A small oscillatory deformation

γ (t) = γ0 sin (ωt) (2.3)

is imposed on the material. If the measurement is done in the linear regime where

Equation 2.1 is valid, a stress response

σ (t) = σ0 sin (ωt+ φ) , (2.4)

where φ is the phase angle, is measured by the rheometer. Past the linear regime, σ(t)

depends on higher harmonics of ω [62]. This stress response can be split into in-phase
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gradient direction. Stokesian dynamics simulations, however,
demonstrate that hydrodynamic forces become larger at high
shear rates (Pe ≫ 1) than do interparticle forces that drive
Brownian motion. So when the particles are driven close to-
gether by applied shear stresses, lubrication hydrodynamics
strongly couple the particles’ relative motion. The result is a
colloidal dispersion that has a microstructure significantly

different from the one near equilibrium, and hence, the energy
dissipation increases. In hindsight, that should not be surpris-
ing given Batchelor’s calculation of closed trajectories.

In both semidilute and concentrated dispersions, the
strong hydrodynamic coupling between particles leads to the
formation of hydroclusters—transient concentration fluctua-
tions that are driven and sustained by the applied shear field.
Here again, the analogy to traffic collisions disrupting or-
ganized, low-dissipation flow may be helpful. Unlike the
seemingly random microstructure observed close to equilib-
rium, however, this microstructure is highly organized and
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The flow of particles suspended in an incompressible Newtonian
fluid is a challenging fluid-mechanics problem that can be han-
dled analytically for a single sphere and semianalytically for two
spheres. For three or more particles, though, it requires a numer-
ical solution to the Stokes equation—the Navier–Stokes equa-
tion without inertia. Solution strategies range from brute-force
finite-element calculations, to more elegant boundary integral
methods, to coarse-grained methods, such as smoothed-
particle hydrodynamics or lattice Boltzmann techniques, for rep-
resenting the fluid. The method of Stokesian dynamics17 starts
with the Langevin equation for N-particle dynamics,

in which the tensor M is a generalized mass, a 6N × 6N mass and
moment-of-inertia matrix; U is the 6N-dimensional particle trans-
lational and rotational velocity vector; and the 6N-dimensional
force and torque vectors represent the interparticle and external
forces FP (such as gravity), hydrodynamic forces FH acting on the
particles due to their motion relative to the fluid, and stochastic
forces FB that give rise to Brownian motion. The stochastic forces
are related to the hydrodynamic interactions through the 
fluctuation–dissipation theorem. 

In Stokes flow the hydrodynamic forces
and torques are linearly related to the par-
ticle translational and rotational velocities
as FH = −R · U, where R is the configura-
tion-dependent hydrodynamic resistance
matrix. In the Stokesian dynamics method,
the necessary matrices are computed by
taking advantage of the linearity of the
Stokes equations and their integral solu-
tions. Long-range many-body hydro -
dynamic effects are accurately computed

by a force-multipole expansion and combined with the exact,
analytic lubrication hydrodynamics to calculate the forces.

Armed with that method, one can predict the colloidal
microstructure associated with a particular shear viscosity. Take,
for instance, a concentrated colloidal dispersion whose particles
occupy nearly half the volume. If the positions of those particles
are represented as dots, the figure illustrates how the hydro -
dynamic forces affect their probable locations around some
arbitrary test particle (black). The three panels differ only in the
shear rate, represented by the Péclet number Pe, the ratio of the
shear and diffusion rates.

At low Péclet number (0.1), the distribution of neighboring
particles is isotropic, which is typical of a concentrated liquid.
Red indicates the most probable particle positions as nearest
neighbors and green the least probable. At Pe = 1, significant
shear distortion appears in neighbor distributions, such that
particles are convected together along the compression axes
(135° and −45°) relative to the shear flow. At high Péclet num-
bers, the shear-thickening regime, particles aggregate into
closely connected clusters, which is manifest as yet greater
anisotropy in the microstructure. Particles are more closely
packed and thus occupy a narrower region (red) around the test
particle than at lower Péclet numbers, indicative of being
trapped by the lubrication forces.18

Box 3. Stokesian dynamics

Pe = 0.1 Pe = 1 Pe = 1000

M • ,= F + F + FP H B
dU
dt

SHEAR STRESS OR SHEAR RATE

V
IS

C
O

SI
TY Equilibrium Shear thinning Shear thickening

Figure 2. The change in microstructure of a colloidal disper-
sion explains the transitions to shear thinning and shear thick-
ening. In equilibrium, random collisions among particles make
them naturally resistant to flow. But as the shear stress (or,
equivalently, the shear rate) increases, particles become organ-
ized in the flow, which lowers their viscosity. At yet higher
shear rates, hydrodynamic interactions between particles dom-
inate over stochastic ones, a change that spawns hydroclusters
(red)—transient fluctuations in particle concentration. The dif-
ficulty of particles flowing around each other in a strong flow
leads to a higher rate of energy dissipation and an abrupt in-
crease in viscosity. 

Figure 2.1: Example of shear thinning and shear thickening. In a colloidal suspension,
the viscosity can decrease and/or increase depending on the applied stress [65].

(elastic) and out-of-phase (dissipative) components

σ (t) = G′ (ω) γ0 sin (ωt) +G′′ (ω) γ0 cos (ωt) , (2.5)

where G′(ω) and G′′(ω) are the storage (elastic) and loss (viscous) moduli respectively

and depend on ω.

2.1.4 Unidirectional Rheology

Unidirectional rheology, on the other hand, imposes either a constant strain rate γ̇

or stress σ and is required to measure η in Equation 2.2. Newtonian fluids like water

exhibit a constant viscosity: η(γ̇) = η. For shear thinning materials like dense emul-

sions, η decreases as γ̇ increases. And for materials that shear thicken like dense

colloidal suspensions, η increases with increasing γ̇. Shear thinning and shear thick-

ening are generic phenomena that can be seen in a wide range of materials or even

at different regimes in the same material [Figure 2.1] [63, 64].
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Stress Relaxation

In addition to characterizing flow, the rheometer can be used to controllably take a

material out of equilibrium in order to explore relaxation, plasticity, or to compare

out-of-equilibrium properties to equilibrium properties. A useful quantification is to

monitor how a material relaxes stress by applying a time dependent step strain

γ =


0, t < 0

γ0, t ≥ 0

(2.6)

and measuring σ (t) [Figure 2.2]. Purely elastic materials store this strain energy

and σ (t) = σ is constant, while viscous materials dissipate this strain energy, and

σ (t→∞) = 0. Viscoelastic materials exhibit a combination of energy storage and

dissipation.

Differential Modulus

Another relevant tool to study out-of-equilibrium gel behavior is the differential mod-

ulus measurement [58]. A small oscillatory stress of amplitude δσ is applied in addition

to a rotational prestress σ0, keeping δσ/σ0 � 1. δσ induces a small strain deforma-

tion δγ, and the differential modulus K ′(σ0) = |δσ/δγ|σ0 is measured as a function of

σ0. K ′ is the experimental equivalent to the numerical derivative of the stress-strain

curve. Because this technique is used with strain stiffening gels (dσ/dγ is increasing),

applying δσ and measuring δγ is utilized to ensure that the response to the deforma-

tion is linear.

12



γ/
γ 0

Time [ s ]
t=0

2.0

1.0

0.0

σ
/σ

0
1.0

0.8

0.6

0.4

0.2

0.0
t=0

t=∞

t=∞
Time [ s ]

Figure 2.2: Stress relaxation in a viscoelastic material. A step strain γ0 is applied to
a material at t = 0 and the stress response σ(t) is measured relative to σ0 = σ(t = 0).
Examples of elastic (red), viscous (blue), and viscoelastic (black) responses to the
applied strain.

2.2 Molar Extinction Coefficient and Protein Concentration

UV-Vis spectroscopy at λ = 280 nm is commonly used to measure the concentration

of protein c in solution through the relation

Abs280 = ε280 × `× c, (2.7)

where ` is the pathlength of light through the sample, ε280 the molar extinction coef-

ficient for the protein, and Abs280 is the absorbance of λ = 280 nm. ε280 originates

from the absorbance of light due to electronic transitions in a molecule. The aromatic

amino acids tryptophan, tyrosine, and phenylalanine all absorb light in the UV, how-

ever only tryptophan and tyrosine are strong absorbers of λ = 280 nm; phenylalanine

13



absorbs at λ = 260 nm. At an excitation wavelength of 280 nm, the weighted contri-

bution to the absorbed light is 5500 M−1cm−1 for each tryptophan and 1490 M−1cm−1

for each tyrosine in the light path [66]. Therefore, ε280 is determined by

ε280 = Ntryptophan × 5500 M−1cm−1 +Ntyrosine × 1490 M−1cm−1, (2.8)

where Ntryptophan and Ntyrosine are the number of tryptophans and tyrosines on one

protein. Consequently, ε280 is known if the amino acid sequence is known. Equation 2.8

is most accurate in proteins with many more tryptophans and tyrosines than cysteines;

the oxidation of two cysteines into a cystine molecule has a small (125 M−1cm−1 per

cystine) but finite contribution to ε280 because of the disulfide bond [66]. The molar

extinction coefficient for silk fibroin is determined to be ε280 = 441030 M−1cm−1 from

the amino acid sequence by Zhou et al. [2].

2.3 Circular Dichroism

Just as UV light is absorbed by particular amino acids, far UV (190-300 nm) light

is absorbed by the peptide bonds along the backbone of the protein [67]. It has been

empirically determined that the secondary structure of the protein, hence the orien-

tations of the peptide bonds, causes a wavelength dependent preferential absorption

of either left or right circularly polarized light. CD takes advantage of the preferential

absorption by measuring the difference in absorbed light defined by the ellipticity Θ,

which is caused by the electronic transitions n → π∗ near 220 nm and π → π∗ near

190 nm. The ellipticity is often converted from a relative quantity in units of mdeg

to an intensive mean residue ellipticity [Θ] = Θ/(10 × ` × c × NAA), where ` is the

pathlength in cm, c is the concentration of protein in mol L−1, and NAA is the number

of amino acids per protein. [Θ](λ) represents the amount of ellipticity per amino acid,

allowing direct comparisons between CD spectra of different proteins.
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Typical CD spectra for proteins with different secondary structures can be seen

in Figure 2.3; the change in [Θ](λ) is dramatic between different structures. Quanti-

tative secondary structure percentages are possible with CD via deconvolution, but

the qualitative shape of [Θ](λ) is usually sufficient to assign a dominant secondary

structure to the protein.

3. Information available from CD studies of proteins

CD signals only arise where absorption of radiation
occurs, and thus spectral bands are easily assigned to
distinct structural features of a molecule. An advantage of
the CD technique in studies of proteins is that comple-
mentary structural information can be obtained from a
number of spectral regions.

In proteins, the chromophores of interest include the
peptide bond (absorption below 240 nm), aromatic amino
acid side chains (absorption in the range 260 to 320 nm)
and disulphide bonds (weak broad absorption bands
centred around 260 nm). In addition, non-protein cofactors
can absorb over a wide spectral range [6], including
pyridoxal-5V-phosphate around 330 nm, flavins in the
range 300 nm to 500 nm (depending on oxidation state),
haem groups strongly around 410 nm with other bands in
the range from 350 nm to 650 nm (depending on spin
state and coordination of the central Fe ion), and
chlorophyll moieties in the visible and near IR regions.
If a number of chromophores of the same type are in
close proximity, they can behave as a single absorbing
unit (exciton) which will give rise to characteristic
spectral features. Finally, induced CD signals can arise
from ligands which have no intrinsic chirality but acquire
chirality when bound in an asymmetric environment such
as provided by a protein.

The types of information which can be obtained from CD
studies of proteins include:

3.1. Secondary structure composition (% helix, sheet, turns,
etc.) from the peptide bond region

Absorption in this region (240 nm and below) is due
principally to the peptide bond; there is a weak but broad
nYp* transition centred around 220 nm and a more intense
pYp* transition around 190 nm. (As noted in Section 3.2,
in certain cases aromatic amino acid side chains can also
contribute significantly in this spectral range). The different
types of regular secondary structure found in proteins give
rise to characteristic CD spectra in the far UV (Fig. 3).

A number of algorithms exist which use the data from far
UV CD spectra to provide an estimation of the secondary
structure composition of proteins. Most procedures employ
basis datasets comprising the CD spectra of proteins of
various fold types whose structures have been solved by X-
ray crystallography. Detailed descriptions of the algorithms
and datasets have been given in recent review articles [10,11].
Widely used algorithms include SELCON (self-consistent)
[12], VARSLC (variable selection) [13], CDSSTR [14], K2d
[15], and CONTIN [16]. An online server DICHROWEB
[17,18] has been developed, hosted at Birkbeck College,
University of London, U.K. which allows data to be entered
in a number of formats including those from the major CD
instrument manufacturers, and to be analysed by the various
algorithms with a choice of databases. One point to be noted

is that the databases do not include structures of oligopep-
tides and thus CD spectra of these compounds except under
conditions where particular secondary structures are pre-
dominant (Section 4.2) cannot be analysed reliably at
present.

In Section 10, we will describe how an assessment of the
reliability of the various methods of structural analysis of
proteins can be made.

For conventional CD instruments with a Xe arc light
source, it is difficult to make measurements much below
180 nm, partly because the intensity of the radiation falls
off in this region, but also because both the N2 used for
purging the sample compartment and optics and the H2O
solvent absorb significantly. However, estimates of secon-
dary structure content are significantly more reliable if CD
data further down into the far UV region (170 nm and
below) are included; these can be obtained using synchro-
tron radiation CD (SRCD) [19–21]. However, in order to
take full advantage of these developments, it will be
necessary to build up larger datasets containing spectral
data on proteins of different fold types to 170 nm and
below.

It is possible to obtain estimates of the a-helical content
of peptides and proteins from more limited data by using the
values of the CD signals at 208 nm and 222 nm [22].
However, it must be emphasised that these estimates are to
be treated with caution and, if at all possible, CD data
should be gathered over a more extended range of wave-
lengths in the far UV.

Fig. 3. Far UV CD spectra associated with various types of secondary

structure. Solid line, a-helix; long dashed line, anti-parallel h-sheet; dotted
line, type I h-turn; cross dashed line, extended 31-helix or poly (Pro) II

helix; short dashed line, irregular structure.

S.M. Kelly et al. / Biochimica et Biophysica Acta 1751 (2005) 119–139 121

Figure 2.3: Typical circular dichroism spectra for proteins with different secondary
structures. The mean residue ellipticity as a function of incident light wavelength for
α-helix (solid line), anti-parallel β-sheet (long dashed line), type I β-turn (dotted line),
extended 31-helix (cross dashed line), and irregular structure (short dashed line) [67].
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2.4 Small Angle Neutron Scattering

Small angle neutron scattering (SANS) measurements are made at the NIST Center

for Neutron Research in Gaithersburg, Maryland. Because NIST is a user facility,

the data are nicely output by the experiment, but a ’black box’ element exists as a

result. I believe it is important to connect the fundamentals of neutron scattering

with the data output by the user facility. While there are many useful sources to

learn about SANS, I have tried to compile all of the most important information in

this section. Most of this work is derived through the work of Squires, Pynn, and

Hammouda [68, 69, 70].

2.4.1 Scattering from a Single Nucleus

To understand how a real material scatters neutrons, the scattering from an indi-

vidual nucleus must be addressed. Consider a nucleus at the origin that acts like a

point-particle. Incident neutrons traveling with wavevector ~k0 = (0, 0, k) and wave-

function ψ = eikz spherically scatter off the nucleus with scattered wavevector ~k′

and wavefunction

ψs = − b
r
ei
~k′·~r, (2.9)

where ~r is the location of the observed wave with respect to the origin and b is the

scattering length. The negative sign in Equation 2.9 is arbitrary but chosen so that

b > 0 is repulsive. While the premise of scattering is a change in momentum (~k0 6= ~k′),

I will only discuss elastic scattering (|~k0| = |~k′| = k). Additionally, I will only focus

on isotropic scattering, so Equation 2.9 is rewritten as

ψs = − b
r
eikr. (2.10)
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2.4.2 Scattering Length

As can be seen in Equation 2.10, b has units of length, though it defines the neutron-

nucleus interaction. For x-ray scattering, b ∝ Z where Z is the atomic number; b

is more complicated in neutron scattering. In general, b is a complex number where

Im(b) is related to neutron absorption by a nucleus. Some elements like cadmium are

strong absorbers of neutrons because Im(b) for these nuclei are significant. For most

elements, particularly the elements found in proteins, Re(b) � Im(b), so I consider

b = Re(b) in the following sections.

Neutrons scatter from nuclei that have an apparent size defined by the differential

cross section

dσ

dΩ
≡ Number of neutrons scattered per second into area dS

ΦdΩ
(2.11)

where Φ is the incident flux and dΩ is a differential solid angle. With neutrons traveling

at speed v, the number of neutrons scattered through a surface dS per second is

vdS|ψs|2 = vdS
b2

r2
= vb2dΩ, (2.12)

and since the flux of incident neutrons

Φ = v|ψ|2 = v, (2.13)

the differential cross section becomes

dσ

dΩ
= b2. (2.14)

Therefore, the total scattering cross section for a nucleus is

σtot = 4πb2. (2.15)

The nucleus appears, to the neutron, to be an object with total scattering cross

section of σtot. σtot varies randomly with Z and even amongst isotopes [Figure 2.4].
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Figure 1:  Neutrons are scattered from nuclei while x-rays are scattered from electrons. 
Scattering lengths for a few elements are compared. Negative neutron scattering lengths are 
represented by dark circles. 
 
A few disadvantages of neutron scattering follow.  
 
-- Neutron sources are very expensive to build and to maintain.  It costs millions of US 
dollars annually to operate a nuclear research reactor and it costs that much in electrical bills 
alone to run a spallation neutron source. High cost (billions of dollars) was a major factor in 
the cancellation of the Advanced Neutron Source project in the mid 1990s.  
 
-- Neutron sources are characterized by relatively low fluxes compared to x-ray sources 
(synchrotrons) and have limited use in investigations of rapid time dependent processes. 
 
-- Relatively large amounts of samples are needed: typically 1 mm-thickness and 1 cm 
diameter samples are needed for SANS measurements. This is a difficulty when using 
expensive deuterated samples or precious (hard to make) biology specimens. 
 
 
2. TYPES OF NEUTRON SCATTERING 

X-rays interact with the electron cloud 
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Figure 2.4: A comparison between X-ray and neutron interactions with various ele-
ments. Solid symbols are for nuclei with negative scattering cross sections [70].

b is a consequence of nuclear interactions and cannot be predicted by current theories

of nuclear forces. Therefore, b must be measured experimentally for each isotope.

2.4.3 Origin of Coherent and Incoherent Scattering

In an assembly of N nuclei, where the ith nucleus is at position ~Ri with scattering

length bi, the incident wave with wavevector ~k0 is expressed as

ψ = ei
~k0·~Ri , (2.16)

the scattered wave with wavevector ~k′ becomes

ψs(~r) =
N∑
i

ei
~k0·~Ri

[
−bi
|~r − ~Ri|

ei
~k′·(~r−~Ri)

]
. (2.17)

Note that Equation 2.17 reduces to Equation 2.10 when N = 1 and ~Ri = (0, 0, 0).
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Define the scattering vector ~q as the momentum transfer ~q = ~k0− ~k′ and measure

the wave at distances larger than inter-atomic distances (~r � ~Ri). In the simplest

scenario, all nuclei are identical with the same average scattering length b̄. However,

variations of nuclei positions or spin states with time cause fluctuations δbi around b̄

that are uncorrelated with fluctuations δbj. Therefore, bi = b̄+δbi. The total scattering

cross section for an assembly of point particles, using Equations 2.11 & 2.17, becomes

dσtot
dΩ

=

〈
b̄2

N∑
i

N∑
j

e−i~q·(
~Rj−~Ri)

〉
+N

〈
δb2
〉

=
dσcoh
dΩ

(~q) +
dσinc
dΩ

(2.18)

where σcoh and σinc are the coherent and incoherent scattering cross sections respec-

tively. Coherent scattering depends on ~q and originates from scattering of different

nuclei at the same time, creating an interference pattern from scattered waves. Inco-

herent scattering is caused by scattering from individual scatterers at different times

that adds independently. As a result, the total scattering cross section

σtot = σcoh + σinc. (2.19)

For the remainder of this section, I will exclusively discuss σcoh because only σcoh

contains structural information, and I rename σ = σcoh for convenience.

2.4.4 One Finite Sized Particle as an Assembly of Point Particles

Real objects can not always be considered point-particles. However, finite sized par-

ticles with volume VP can be approximated by an arrangement of nuclei. Redefining

bi = b̄, the coherent scattering cross section for an assembly of identical point particles

becomes
dσ

dΩ
(~q) =

〈∣∣∣∣∣
N∑
i

bie
i~q·~Ri

∣∣∣∣∣
2〉

. (2.20)

19



Extending the sum over nuclei into an integral over all space ~r inside of the particle,

the scattering cross section becomes

dσ

dΩ
(~q) =

〈∣∣∣∣∣ 1

Vp

∫
d~r b(~r)ei~q·~r

N∑
i

δ(~r − ~Ri)

∣∣∣∣∣
2〉

. (2.21)

Instead of scattering from point nuclei at ~r = ~Ri, the scattering length density

ρ(~r) =
b(~r)

Vp
(2.22)

is defined. Additionally, the number density of scatterers

n(~r) =
N∑
i

δ(~r − ~Ri), (2.23)

where 〈n(~r)〉 = n/VP , is equivalent to

n(~r) = n̄+ ∆n(~r) (2.24)

with a spatially fluctuating density ∆n(~r) about an average density n̄.

Equation 2.21 can then be rewritten as

dσ

dΩ
(~q) =

〈∣∣∣∣∫ d~rρ(~r)ei~q·~r (n̄+ ∆n(~r))

∣∣∣∣2
〉
. (2.25)

Approximating ρ(~r) = ρ inside the particle and separating the terms in the integral

gives
dσ

dΩ
(~q) =

〈∣∣∣∣n̄ρ ∫ d~rei~q·~r + ρ

∫
d~rei~q·~r∆n(~r)

∣∣∣∣2
〉
. (2.26)

The first integral only contributes when ~q = 0 and is not measured in a scattering

experiment. The second integral is the Fourier transform of the density fluctuations

in real space. Therefore, Equation 2.26 becomes

dσ

dΩ
(~q) =

〈
|ρ∆VPn(~q)|2

〉
. (2.27)

Note that the scattering cross section only depends on ρ, VP , and the density fluctu-

ations in momentum space.

20



2.4.5 Origin of the Contrast Factor

In the case of a general two-phase system where the ith component has volume Vi

(total volume V = V1 + V2), scattering length density ρi, and density fluctuations

∆ni(~q), the ~q 6= 0 scattering in Equation 2.26 is rewritten as

dσ

dΩ
(~q) =

〈∣∣∣∣ρ1 ∫
1

∆n1(~r)e
i~q·~r1 + ρ2

∫
2

∆n2(~r)e
i~q·~r2
∣∣∣∣2
〉
, (2.28)

where
∫
i
is the integral over all of Vi. Given that ∆ni(~r) = ∆ni(−~r) and that the

incompressibility assumption requires ∆n1(~r) = −∆n2(~r),

dσ

dΩ
(~q) = (∆ρ)2V 2

1 〈∆n1(~q)∆n1(~q)〉 . (2.29)

The contrast factor ∆ρ = (ρ1 − ρ2) in Equation 2.29 is an extremely important and

powerful feature of SANS; a careful choice of ∆ρ greatly simplifies data interpretation.

Contrast Matching

One of the advantages of neutron scattering is the ability to adjust the contrast factor

∆ρ between the scatterers and the solvent. Since dσ/dΩ(~q) ∝ ∆ρ2, the intensity

of scattering is maximized by adjusting the solvent. Solvent adjustments are most

frequently accomplished by isotope changes, since isotope changes dramatically affect

the scattering length of the nucleus [Figure 2.4]. In aqueous solvents, some percentage

of the water (H2O) is replaced by deuterium oxide (D2O) to maximize ∆ρ2.

Alternatively, the solvent can also be adjusted to selectively scatter from a partic-

ular part of the system instead of maximizing ∆ρ2. The most straightforward contrast

variation involves mixing H2O and D2O to create a binary solvent with a desired

average scattering length density ρmix. As schematized in Figure 2.5, a system with

constituents A and B with ρA and ρB will scatter from both A and B. However,

scattering will come from only A if ρmix = ρB.
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Figure 3: Various contrast conditions.  
 
 
6. THE PHASE PROBLEM 
 
The so-called “phase problem” affects all scattering methods because measurements are 
performed in reciprocal (Fourier) space. In order to explain the issue, let us consider the 
simple case of a scattering medium (think solvent) of scattering length density Ug (think 
“grey” color), and two set of structures, one comprised of “white” spheres of scattering 
length density Uw and one comprised of “black” spheres of scattering length density Ub. 
Assume that the white and black spheres are identical except for their scattering length 
densities (i.e., “color” as appearing to neutrons) that are opposite. Also assume that the white 
spheres are hydrogenated (Uw < Ug) and the black spheres are deuterated (Ub > Ug). 
Microscopy is sensitive to the following differences Uw-Ug <0 and Ub-Ug >0 whereas 
scattering methods are sensitive to the following “contrast factors” (Uw-Ug)2 > 0 and (Ub-Ug)2 
>0. Both are positive and therefore appear the same. In order to defeat the phase problem, a 
second sample is necessary whereby the scattering length density of the solvent matches that 
of the black spheres for example (Ug = Ub). In this case the black spheres will be invisible and 
the white spheres will be distinct.  

 Finite contrast  Zero contrast 

 Multiple contrasts  Contrast match 

Figure 2.5: Capabilities of contrast matching in neutron scattering. Changes in solvent
scattering length density change the contrast. Reprinted from Hammouda [70].

2.4.6 Assembly of Finite Sized Particles

I have shown for the previous scenarios that dσ/dΩ(~q) =
〈
|f(~q)|2

〉
, where f(~q) is a

scattering amplitude. In the case of a point particle at ~Ri, f(~q) = −bei~q·~Ri , whereas

f(~q) = ∆ρVP∆n(~q)ei~q·~ui for a finite sized particle centered at ~ui. Therefore, the scat-

tering cross section for an assembly of N identical finite sized particles is

dσ

dΩ
(~q) =

〈∣∣∣∣∣
N∑
i

∆ρVP∆n(~q)ei~q·~ui

∣∣∣∣∣
2〉

. (2.30)

Expanding this out, I get

dσ

dΩ
(~q) = (∆ρ)2V 2

P

〈
N∑
i

N∑
j

∆n(~q)∆n(~q)ei~q·(~ui−~uj)

〉

= N(∆ρ)2V 2
P 〈∆n(~q)∆n(~q)〉

(
1 +

1

N

〈
N∑
i

N∑
j 6=i

ei~q·(~ui−~uj)

〉)
.

(2.31)
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Defining the single particle form factor

P (~q) ≡ 〈∆n(~q)∆n(~q)〉 (2.32)

and the structure factor

S(~q) ≡

(
1 +

1

N

〈
N∑
i

N∑
j 6=i

ei~q·(~ui−~uj)

〉)
, (2.33)

Equation 2.31 becomes

dσ

dΩ
(~q) = N(∆ρ)2V 2

PP (~q)S(~q). (2.34)

2.4.7 Macroscopic Scattering Cross Section

The macroscopic scattering cross section is defined as

dΣ

dΩ
(~q) ≡ 1

V

dσ

dΩ
(~q), (2.35)

where V is the volume of the sample; dΣ/dΩ(~q) is an intensive property of the

sample. Because of instrumental conditions, the actual measured scattering of the

sample varies. However, the absolute scattering intensity I(~q) is calculated knowing

the experimental parameters:

I(~q) = [φA`T∆Ωεt]
dΣ

dΩ
(~q) (2.36)

where φ is the neutron flux, A is the area of the sample, ` is the pathlength of the

sample, T is the sample transmittance, ∆Ω is pixel size in units of solid angle, ε is

the efficiency of the detector, and t is the counting time for the experiment. With

I(~q) known, a quantitative comparison can be made between measurements.

2.4.8 Scattering in Experiments

In a SANS experiment, a monochromatic neutron beam is directed through a colli-

mated aperture and incident upon the sample. The sample scatters the neutrons over
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some angle onto a 2-dimensional detector as schematized in Figure 2.6; in the case

of isotropic scattering, the detector is azimuthally averaged to determine I(q). The

scattering vector q is calculated by

q =
4π

λ
sin

(
θ

2

)
, (2.37)

where λ and θ are the neutron wavelength and scattering angle respectively.

 88

selector. Collimation is preformed through the use of two apertures (a source aperture and a 
sample aperture) placed far (meters) apart. Scattering is performed from either liquid or solid 
samples. Detection is performed using a neutron area detector inside an evacuated scattering 
vessel. The large collimation and scattering distances make SANS instruments very large 
(typically 30 m long) compared to other scattering instruments.  
 

 
 
Figure 2: This figure represents the schematics of the SANS technique. It is not to scale with 
vertical sizes are in centimeters whereas horizontal distances are in meters.  
 
The SANS technique has been an effective characterization method in many area of research 
including Polymers, Complex Fluids, Biology, and Materials Science. Other areas such as 
magnetism also benefited from SANS. SANS instruments have been essential components 
for any neutron scattering facility for almost three decades. They provide the main 
justification for the growth and prosperity and are highly oversubscribed. New sample 
environments have given new momentum to the technique. These include in-situ shear cells, 
flow cells and rheometers, pressure cells, electromagnets and superconducting magnets, 
vapor pressure cells, humidity cells, in-situ reaction cells, etc. New advances in electronics, 
data handling methods and computers have made SANS a sophisticated “user friendly” 
characterization method for the non-experts and for “routine” characterization as well as 
cutting edge research.  
 
 
4. THE MEASURED MACROSCOPIC SCATTERING CROSS SECTION 
 
Consider a simple scattering system consisting of globular (think spherical) inhomogeneities 
in a matrix (think solvent). If this system is assumed to be incompressible, the SANS 

Incident Beam 

Area Detector 

Scattered  
Beam Sample Q 

Source 
Aperture 

Sample 
Aperture 

Monochromatic 
Neutron Beam 

Monochromation Collimation Scattering Detection 

Figure 2.6: Schematic of small angle neutron scattering. Monochromatic neutrons
are focused onto a sample and scatter onto a 2-D detector. Reprinted from Ham-
mouda [70]. If scattering is isotropic, 2-D scattering can be averaged onto a single
curve.

2.4.9 Data Analysis

Once I(q) is determined, data analysis begins. There are many different ways to ana-

lyze SANS data, but most of these methods require some a priori structural infor-

mation or assumptions. However, the Guinier and Porod analyses techniques are the

most basic because they require minimal assumptions. In the following subsections, I

go through the derivations of each method.
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Guinier Analysis

One of the simplest analysis types is an expansion of P (~q) using Equations 2.26 & 2.32.

Define ~s = ~r − ~r′ = (sx, sy, sz), and set ~r′ at the origin. The integrals can then be

replaced by
∫
d~s: the distribution of distances ~s. For small ~q · ~s,

P (~q) ≈
∫
d~s+ i

∫
d~s (~q · ~s)− 1

2

∫
d~s (~q · ~s)2 (2.38)

where
∫
d~s (~q · ~s) = 0 from symmetry.

The quadratic term is expanded∫
d~s(~q · ~s)2 =

∫
d~s(qxsx + qysy + qzsz)

2

=

∫
d~s(q2xs

2
x + q2ys

2
y + q2zs

2
z)

(2.39)

from the same symmetry argument above. Because (q2xs
2
x + q2ys

2
y + q2zs

2
z) = q2s2/3, I

can rewrite

F (~q) ≈
∫
d~s−

1
6

∫
d~s (q2s2)

∫
d~s′∫

d~s′′

= V0

(
1− q2R2

G

3

)
≈ V0e

−q2R2
G/3

(2.40)

to order O(qRG)2 where

RG =
1

2

∫
d~s s2∫
d~s

. (2.41)

Porod Analysis

In the case of isotropic scattering, the scattering function can be rewritten in terms

of the pair correlation function g(s) as

I(q) ∝
∫
d~s

sin(qs)

qs
g(s), (2.42)
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where 〈
e−i~q·~s

〉
=
sin(qs)

qs
(2.43)

is the Debye approximation [71]. In a mass fractal, mass scales with sD, where D is

the mass fractal dimension. As a result, the pair correlation function g(s) ∝ sD−3 [72].

Using Equation 2.42,

I(q) ∝ 1

qD
(2.44)

for the scattering of a mass fractal. D ranges between 0 and 3.

Systems that have surface fractals with dimension Ds have mass that scales with

s2−Ds , resulting in g(s) ∝ s3−Ds [73]. Therefore,

I(q) ∝ 1

q6−Ds
(2.45)

for the scattering of a surface fractal. Values of Ds range between 3 for a rough

surface and 2 for a smooth surface. Note that Ds = 2 recovers the Porod scaling of

I(q) ∝ 1/q4. Therefore, a microscopic picture of the structure inside a material can

be determined by measuring the fractal dimension [Figure 2.7].
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Figure 7: Assortment of Porod law behaviors for different shape objects.  
 
 
5. THE ZIMM PLOT 
 

Another well known plot is the Zimm plot (1/I vs Q
2
) which found wide use in light 

scattering from dilute polymer solutions where extrapolation to zero Q and zero 
concentration yields the molecular weight, the radius of gyration and the second virial 
coefficient. The Zimm plot is also useful in polymer blends (in the single-phase region) 
where the slope is proportional to the correlation length, which is proportional to the Flory-
Huggins interaction parameter (incompressible RPA model) to be described later.  
 
Assume a Lorentzian form for the Q-dependence of the scattering intensity:  
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Figure 2.7: Structures associated with Porod slopes. Reprinted from Hammouda [70].
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Chapter 3

Materials and Methods

I outline particular protocols that are useful when conducting the experiments in sub-

sequent chapters. First, I give step-by-step instructions on reconstituting silk solutions

from cocoons. I then provide a recipe for cleaning and depositing thin layers of tita-

nium and platinum on glass coverslips to create conductive and optically transparent

electrodes. After this, the steps for creating a silk gel via electrogelation are discussed.

Finally, I summarize the important details on using inductively coupled plasma mass

spectrometry (ICP-MS).

3.1 Silk Reconstitution Protocol

Silk reconstitution is based on the protocol by Rockwood et al. [43]. However, partic-

ular details that I have adjusted that were not previously considered are emphasized

in the protocol.

1. Cut Bombyx mori cocoons into small fragments, discarding animals and severely

stained silk. Total weight: X grams.

2. Boil deionized (DI) water in a glass beaker for a total volume V = X · 0.4 L

H2O/ 1.0 g silk.

3. Once boiling, add sodium carbonate (Na2CO3) to DI water at a concentration

of [Na2CO3] = 0.02 M and dissolve completely.
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4. Add cocoon pieces into boiling water for 10 minutes, actively submerging with

a metal spatula to ensure maximum dispersion. Use a stir bar on low to circulate

water, but avoid tangling with silk. Note: Changing the boil time will change

the molecular weight distribution [74].

5. Drain water into sink after boiling. Wring out fibroin by hand.

6. Wash fibroin extract three times for 20 minutes minimum with approximately

2 L DI water.

7. After washing, wring dry, spread fibroin out onto clean aluminum foil, and leave

to dry overnight in chemical fume hood.

8. The next day, the fibroin extract weight should be about 0.60 · X. Total weight:

Y grams.

9. If not already prepared, make a 9.3 M lithium bromide (LiBr): 83 g LiBr +

78 mL DI water = 100 mL 9.3 M LiBr. Note: It has been noticed that the

choice of anhydrous LiBr strongly influences reconstituted silk properties. LiBr

purchased from Acros is more alkaline, while LiBr purchased from Sigma Aldrich

is more acidic; silk batches made from these two LiBr stocks will behave differ-

ently.

10. In a small beaker, combine Y grams of fibroin with 9.3 M LiBr at a concentra-

tion of (4 mL 9.3 M LiBr/ 1.0 g fibroin). Avoid creating bubbles. Chaotropic

LiBr disrupts the hydrogen bonds responsible for the fibroin β-sheet crystallites,

allowing the fibroin to dissolve into solution [75].

11. Place beaker uncovered in a dry oven at 60 ◦C for 2-4 hours.
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12. While fibroin is dissolving in the oven, soak a dialysis sleeve with a molecular

weight cutoff (MWCO) much smaller than the protein size of 350 kDa (∼ a

factor of 10). Note: I use 12 kDa, but I recommend switching to 3.5 kDa to be

consistent with Kaplan’s lab.

13. Once the sleeve is soaked and opened by running water through it, loosely tie

and clamp it closed at one end to prepare for fibroin solution. Place a clean

plastic funnel into the dialysis bag.

14. Pour dissolved fibroin into the dialysis bag through the funnel and tie the

open end, removing most of the air. Remember, the volume of the dialysis

bag between ties will determine the protein concentration.

15. Place dialysis bag in 2 L of DI water, and replace the water following the

schedule: (hours are relative to last water change)

(a) After 1 hour (dispose of water with chemical waste)

(b) 2 hours after (a)

(c) 3 hours after (b)

(d) 6 hours after (c)

(e) 12 hours after (d)

(f) 12 hours after (e)

16. After dialysis, pour fibroin solution into a centrifuge tube and centrifuge at

∼ 3000×g for 30 minutes to pellet debris and undissolved fibroin at the bottom

of the centrifuge tube. Pour supernatant into a new centrifuge tube and repeat.

17. If using this silk for scattering techniques, additional centrifugation and filtra-

tion is required. Split the silk solution into 1.5 mL centrifuge tubes and spin at
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∼ 16000×g for a minimum of 2 hours. Using a syringe, filter the supernatant

through a 0.45 µm polyvinylidene difluoride (PVDF) filter.

18. The final protein concentration will be ∼ 50 mg mL−1.

3.2 Making Transparent & Conductive Glass Coverslips

It is important to have robust thin films of metal adhered to a glass coverslip for

the electrogelation process. This metal layer must remain conductive (no oxidization)

while being thin enough to image through with the confocal microscope. Here is the

recipe I developed to make a transparent and conductive coverslip.

The first step is to very thoroughly clean the 40 mm round glass coverslips by

creating a Piranha wash. Be very careful, Piranha is dangerous.

1. Mix sulfuric acid (H2SO4) with hydrogen peroxide (H2O2) at a volume ratio of

4:1. Be sure to add the H2O2 to the H2SO4 for safety.

2. Submerge each coverslip for 3-5 minutes.

3. Rinse well with DI water and carefully dry with nitrogen.

Once the coverslips have been through the Piranha wash, they are further cleaned

through deep reactive-ion etching.

1. Pump the chamber down to 7.5 x 10−5 mbar.

2. Introduce oxygen gas at a rate of 50 sccm (standard cubic centimeter per

minute).

3. Use 100 W power for 5 minutes at 30 mbar chamber pressure.

31



Finally, I use CVC plasmatron deposition to deposit thin layers of titanium and

platinum on the clean sides of the coverslips. I do this as slowly as possible to form

homogeneous layers.

1. Once the pressure in the chamber is pumped down, input argon gas to raise the

pressure to 8 x 10−3 torr.

2. Presputter off the oxidized layer on the titanium target at a power of 50 W

until the deposition rate remains constant (∼ 1500 Å).

3. Sputter titanium at a power of 7 W for a deposition rate of 0.1 Å s−1 onto

each plate for 35 Å total. The platinum will not stick to the glass without the

titanium ’wetting’ layer.

4. Sputter platinum at a power of 7 W for a deposition rate of 0.5 Å s−1 onto each

plate for 25 Å total.

5. When removed from the CVC, check the resistance of the coverslips (∼ 0.5 −

1.0 kΩ).

3.3 Electrogelation

Silk electrogels are formed by running an electric current through a reconstituted silk

solution. If the current exceeds 2 - 3 mA, electrolysis of water near the electrodes will

create H+ and OH− ions; there is an excess of H+ near the (+) electrode and an excess

of OH− near the (-) electrode [76]. An electrogel forms on the (+) electrode and grows

towards (-) electrode until the gel front reaches ∼ 60% of the gap. Electrodiffusion of

these ions is considered to be the driving force behind electrogel growth [76].

Rheological measurements of an unperturbed electrogel are different than that of

an electrogel that has been transferred from its location of growth onto the rheometer
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(data not shown). Presumably this is due to the formation of irreversible protein

structure. As a consequence, it is necessary to form an electrogel on the same substrate

that is used for measurements.

1. Begin by making electrical contact with the conductive glass coverslip and the

(+) end of a DC power supply.

2. Pipette a small droplet of silk solution (∼ 120 µL) onto the center of the cov-

erslip. The volume used will determine the radius of the electrogel.

3. Place two 0.5 mm insulating plastic spacers on the edge of the coverslip. The

height of the spacers will determine the thickness and radius of the electrogel.

4. Gently lower the top electrode, attached to the (-) end of the power supply, into

contact with the silk solution, resting it on the spacers.

5. Turn on the power supply and adjust the voltage to 5.0 V. The current must

exceed 2-3 mA to initiate electrolysis.

6. Wait 15 minutes to ensure that gel growth has reached steady state, then turn

off the power supply.

7. Carefully remove the top electrode, spacers, and all connections to the power

supply.

8. With a Kimtech wipe, wick away any obvious liquid from the surface of the gel.

9. Place electrode, with electrogel, into a humid swinging bucket centrifuge and

spin at 500×g for 5 minutes.

10. Place electrode, with electrogel, into a vacuum desiccator for 30 seconds.
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11. Quickly submerge the electrode, with electrogel, into DI water to rehydrate.

Wick away excess water.

12. Carefully fix glass electrode to rheometer surface and lower rheometer head

slowly.

3.4 Inductively Coupled Plasma Mass Spectrometry

ICP-MS is used to measure concentrations of the isotopes Li-6, Li-7, Br-79, and Br-81

in liquid. Liquid samples are prepared by combining silk samples (both liquid and gel)

with a hydrochloric acid (HCl) stock assay of 37% (∼ 2 g) to break the protein bonds.

This method uses high concentrations of HCl to ensure that protein bonds break, but

further optimization can make this method safer by lowering HCl concentrations.

DI water is added (∼ 4 mL) to decrease the Li and Br ion concentrations into the

measurable range. Each sample measurement requires ∼ 3 mL of total sample.

ICP-MS ionizes the liquid sample using a plasma and measures the count rate of

each ion on a detector. This technique is capable of safely measuring ion concentra-

tions from 25 parts per billion (ppb) to 10 parts per million (ppm), where 1 ppm =

10−3 mg mL−1. Concentrations too high can damage the detector, while concentra-

tions too low can not be detected above background noise.

In addition to silk samples, dilutions of known Li and Br concentrations are

required to convert the output count rate into a concentration. A series of concentra-

tions is better than one concentration because it ensures that the conversion between

count rate and concentration is linear in the measured window and it provides a real-

istic error associated with each measurement. Additionally, it is necessary to measure

the Li and Br concentrations in both DI water and HCl; the background ion concen-

tration is a volume weighted ratio of solvents and can be subtracted off.
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Chapter 4

Impacts of Molecular Weight Changes from Reconstitution

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 had

not been previously reported. Therefore, I investigate the effects of extraction time on

the silk fibroin and assess the implications of the resultant molecular weight (MW)

degradation on the rheological, mechanical, and structural properties of silk mate-

rials. Additionally, I propose a mechanism of fibroin degradation and characterize the

molecular weight and polydispersity as a function of extraction time. This chapter

can be found in the publication Silk fibroin degradation related to rheological and

mechanical properties by Partlow and Tabatabai et al. [74].

4.1 Introduction

Sericin proteins are removed from raw silk during reconstitution due to their impli-

cation in inflammatory responses, leaving the pure silk fibroin for use in biological

applications [77]. While properly extracted sericin proteins may be utilized on their

own for biomaterial development, the two proteins (fibroin and sericin) are generally

not used in combination [78, 79]. One of the more commonly employed degumming
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processes involves submerging the cocoons in a heated bath with a 0.02 M concentra-

tion of sodium carbonate (Na2CO3) [43].

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 [80, 81, 82]. However, most of the

literature on regenerated silk fibroin has utilized silk that has been degummed 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 40-50 kDa, with a number average

molecular weight around 150 kDa [83]. 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. β-sheets of sufficient size require larger forces than α-helices before

unfolding, so the initiation of β-sheets in a network is equivalent to forming stronger

nodes [84]. Additionally, the conversion of random coil peptides into β-sheets increases

the density of nodes in the network thereby decreasing the contour length between

nodes and leading to a higher effective stiffness as is shown for semiflexible polymers

in Equation 1.4. Tensile testing of films ranging from 14 - 58% crystalline content

showed an increase in tensile modulus from 10-70 MPa and tensile strength from 2-7

MPa respectively [85]. Similar changes in the mechanical properties can be achieved by

altering the crystallinity and adding a plasticizing agent such as glycerol or hydrophilic

polymers such as poly(ethylene oxide) [86, 87, 88]. Alternatively, modulation of the
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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 α-helix content and mechanical properties intermediate to those of similarly

processed amorphous or highly crystalline samples [89, 90].

Molecular orientation plays an important role in the properties of polymeric mate-

rials. Entangled polymers may reorient themselves under an external force along the

axis of deformation [91]. Since the external stress can become localized along these

aligned chains, an increase of aligned chains can help support larger stresses in the

network, strongly influencing the mechanical properties [92]. 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 plasti-

cize and enhance molecular mobility, and drawing them to 2 or 3 times their original

length resulted in significant improvement in elasticity, ultimate strength and tough-

ness. Interestingly, the peak elasticity, strength, modulus and toughness are found

at the same processing conditions, where the samples are 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 are increased 2 to 6 times the

original length and the breaking strength, strain to failure and stiffness of the fibers

increased [94].

4.2 Experimental Procedures

4.2.1 Reconstitution Process

Bombyx mori cocoons are reconstituted into an aqueous fibroin solution as previously

described in Section 3.1. Briefly, the cocoons (Tajima Shoji, Yokohama, Japan) are

cut into pieces and 5 g added to 2 L of boiling 0.02 M sodium carbonate (Sigma
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Aldrich, St. Louis, MO). Extraction times are 5, 10, 15, 20, 30, 60 and 120 minutes.

After extraction, the fibers are rinsed with deionized (DI) water and allowed to dry

overnight. The fibers are then placed in a 9.3 M solution of lithium bromide (Sigma

Aldrich, St. Louis, MO) at 15 wt% in a 60◦C oven for 4 hours. The fibroin/lithium

bromide solution is placed in 3,500 Da MW cutoff dialysis cassettes (ThermoFisher

Scientific, Waltham, MA) and dialyzed against DI water for 48 hours to remove excess

lithium bromide. The final solutions are then adjusted to have a concentration of 50

mg mL−1.

4.2.2 Gel Electrophoresis

The electrophoretic mobility of the fibroin molecules is determined using sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). For each condition

5 µg of silk protein is reduced with 500 mM dithiothreitol (DTT) and loaded into

a 3-8% Tris Acetate gel (NuPAGE, Life Technologies, Grand Island, NY). The gel

is run under reducing conditions for 45 minutes at 200V, 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 are run on 4-12% Bis-Tris

gels (NuPAGE, Life Technologies, Grand Island, NY). As with the Tris-Acetate gels,

all samples are run under reducing conditions and stained with Colloidal Blue. To

determine the molecular weight distributions, the pixel intensity as a function of

lane position is assessed using a house written MATLAB code. The lane containing

the standards is used to establish a conversion between pixel position and molecular

weight.
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4.2.3 Determining MW Distributions in Silico

The amino acid sequence for the fibroin heavy chain as determined by Zhou et al. is

digested in silico, utilizing a Monte Carlo like simulation for a predetermined number

of cuts [2]. Cleavage sites are picked by a random choice among all locations of either

all amino acid types or one specific amino acid. This is repeated for an ensemble of

20,000 independent initial proteins to establish a distribution of protein lengths. The

protein lengths are 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 has a MW less than the MWCO of the dialysis cassette the fragment

is discarded from the calculation and does not influence the final MW distribution.

4.2.4 Rheology

Rheological measurements are performed using a double wall Couette geometry on

an Anton Paar MCR 702 stress controlled rheometer (Ashland, VA) to minimize sur-

face effects and to maximize torque. Solutions at a concentration of 50 mg mL−1

are presheared at a rate of 1.0 s−1 until a steady-state stress response is observed

before performing measurements. Mineral oil containing 2 wt% Abil EM 90 surfac-

tant (Evonik Industries, Essen, Germany) is applied to the air-solution interface (the

velocity-gradient plane in this geometry) to limit protein adsorption.

4.2.5 Film Casting and Drawing

Silk solution is poured into, and gently spread, in 100 mm polystyrene Petri dishes

and allowed to dry overnight at room temperature at a relative humidity of 20-30%.

Once the films are dry they are removed and cut into 6.2 mm wide strips. As-cast

films are tested without further manipulation, while drawn films are placed over a jet
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of steam from boiling DI water and gently stretched. Drawing is performed manually

with a gauge to consistently extend the films to 4× their original length.

4.2.6 Mechanical Testing

The tensile behavior of the film strips is tested on an Instron 3366 testing frame

(Instron, Norwood, MA), with a 100 N load cell. Sample dimensions are measured

and recorded with micrometers and loaded with a 20 mm gauge length. The samples

are tested at a crosshead speed of 1.2 mm min−1 (0.1% strain sec−1) following the

application of a 0.5 N preload. All specimens are tested until failure and load and

extension data collected. Tensile data is analyzed for elastic modulus, ultimate tensile

strain and ultimate tensile stress.

4.2.7 FTIR Analysis

Conformational differences in the silk films are analyzed via a JASCO FTIR 6200

spectrometer (JASCO, Tokyo, Japan) combined with a MIRacle attenuated total

reflection (ATR) germanium crystal. Films are dried in a laminar flow hood for two

days in order to remove surface water. For each sample, 64 scans are co-added with a

resolution of 4 cm−1 at wave numbers between 600 and 4000 cm−1. The background

spectra are 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 ) is performed using Opus 5.0 software (Bruker Optics Corp.,

Billerica, MA), as described previously [28]. The deconvoluted Amide I spectra are

area-normalized, and the relative contributions of the individual bands are used to

determine the content of the secondary structures.
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4.2.8 WAXS Analysis

To investigate the crystalline structure and molecular alignment of the silk films,

WAXS experiments are performed in transmission mode at the Brookhaven National

Laboratory using the National Synchrotron Light Source I (NSLSI) X27C beam line.

The wavelength (λ) is 0.1371 nm and the scattering vector (q = 4πsinθ/λ, where

θ is the half-scattering angle) is calibrated using aluminum oxide. The intensity is

accumulated and the scattering patterns are recorded every 120 s. The intensity is

corrected for background, changes in the incident beam intensity, and sample absorp-

tion. Oriented samples are further analyzed by taking an azimuthal average using

ImageJ at the 2θ peak corresponding to the peak with Miller Index (200) and fitting

the data with a Gaussian curve [95]. The full width half max (FWHM), φ, is extracted

and used to calculate the Herman’s orientation parameter f where:

f =
3cos2φ− 1

2
. (4.1)

4.3 Results

The molecular weight distribution of silk fibroin is strongly influenced by the extrac-

tion time; with increased duration, the peak molecular weight decreases and the MW

range broadens [Figure 4.1]. The native protein band is most prevalent in the solution

extracted for 5 minutes, but persists weakly through the 10 and 15 minute extraction

times. The presence of protein with MW greater than the native state is a conse-

quence of irreversible aggregation despite running SDS-PAGE under reducing con-

ditions. 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 [96].
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Figure 4.1: Quantifying molecular weight distributions. (a) High MW (5, 10, 15, 20,
and 30 minute) (i) and low MW (60 and 120 minute) (ii) SDS-PAGE gels. (b) Pixel
positions from (a) converted into normalized MW distributions for each extraction
time and for each ladder. (c) The peak MW of each distribution ( ) and median
value (#) 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 (∗). (d) MW distribution for Monte Carlo cutting at randomly chosen
serines shows a qualitatively similar trend in distributions for 1 (#), 2 (�), 4 (4),
and 10 (3) cuts per protein.
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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 25 kDa is also visible in image (b) but similarly
degrades with extraction time.
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The degree of degradation of the fibroin molecule is strongly correlated to the

extraction time during the reconstitution process. The SDS-PAGE reveals the broad-

ening of the MW distribution with extraction times of 5, 10, 15, 20, 30, 60, 120 minutes

as compared to the ladder [Figure 4.1(a)], uncropped images of the high and low MW

gels can be seen in Figure 4.2. The pixel intensity as a function of pixel position along

the lane for the ladder and each boil time is seen in Figure 4.3(a). The known MW

of the peaks in the ladder allows the conversion between pixel position and MW for

each gel using a fit of MW versus pixel position [Figure 4.3(b)]. The MW distribution

measured for each extraction time is shown in Figure 4.1(b). The two different gels

used for SDS-PAGE mentioned in Section 4.2.2 are calibrated separately allowing

the MW distributions for each extraction time to be compared on an absolute scale.

Peak MW decreases with extraction time and the median MW is shown with bars

representing the middle 50% of the protein population [Figure 4.1(c)]. 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∗ = 3M/4πR3
GNA (4.2)

for proteins of molecular weight M and radius of gyration RG where NA is Avogadro’s

constant. Under the assumption of θ-solvent conditions and an end-to-end protein

length equivalent to N steps of Kuhn length b (two amino acids or approximately

8 Å), the radius of gyration for the protein is calculated as:

RG =
√
N × b/

√
6. (4.3)

The use of both Equations 4.2 & 4.3 only provides a range for the overlap concen-

tration, as the effective overlap concentration for the polydisperse system depends on
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measured directly from the images of 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 4.2(a)]. The low MW ladder and extraction times of 60 and 120 minutes
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PAGE gels by a linear fit to log(MW) vs pixel position. The slope and y-intercept
for the high MW (solid line) and low MW (dashed line) fits are -0.0010 and 2.9, and
-0.0014 and 2.5 respectively. Fits to both ladders run on a single gel are consistent.
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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 is strongly alkaline. As a

result, it is likely that serine sidechains along the fibroin backbone are deprotonated,

creating potential cleavage sites where nucleophilic attack may occur, especially at

high temperature [96, 97]. To test this hypothesis, the Monte Carlo type calculation

mentioned in Section 4.2.3 is performed and serines are chosen as the potential cut

sites. By increasing the number of cuts per protein from 1 to 10, a changing MW

distribution qualitatively similar to the different extraction times from SDS-PAGE is

observed [Figure 4.1(d)].

Rotational rheology between shear rates of γ̇ = 0.005− 10 s−1 reveals a potential

yield stress at low shear rates followed by a Newtonian response after γ̇ > 0.1 s−1

[Figure 4.4(a)]. The stress responses at low shear rates, displayed in the inset, are

noisy (error bars not shown) but the yield stress was measured in previous experi-

ments [98]. However, the Newtonian flow is consistent and reproducible as indicated

by the displayed error bars in the main figure of Figure 4.4(a). The viscosity η in the

Newtonian regime strongly depends on extraction time and is plotted as the relative

viscosity ηr = η/ηsolvent where ηsolvent is the pure solvent viscosity [Figure 4.4(b)]. As

the extraction time increased from 5 to 60 minutes, the viscosity decreases approxi-

mately logarithmically [inset Figure 4.4(b)]. 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 are 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 4.5, where extensibility
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Figure 4.5: Molecular weight dependence of film mechanics. The modulus (a), exten-
sibility (b), and ultimate tensile strength (c) of as-cast (dark shaded) and steam
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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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is defined as the percent length increase before yielding. All as-cast film samples,

regardless of degumming conditions, exhibit brittle behavior with no distinct yield

point, low extensibility and failure within the linear elastic region. Steam drawing of

the samples results in a 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 is most prominent at moderate extraction times

of 10, 15 and 20 minutes, with 15 minutes resulting in optimal enhancement exhibiting

the largest increases in extensibility and ultimate tensile strength. Films cast from 60

minute degummed silk only shows a minor increase in modulus but did not exhibit

significant increases in ductility or strength. Note that the 120 minute extracted

samples are not tested as the resultant films are too brittle to handle.

Secondary structure, determined by deconvolution of FTIR spectra, is not influ-

enced by the duration of the degumming process. All as-cast films are primarily

amorphous, exhibiting a broad peak centered on 1640 cm−1, characteristic of random

coil protein structure [Figure 4.6(a)]. Deconvolution of the spectra shows a random

coil contribution of 45-50% and turn contribution of 24-26% with lesser β-sheet and

α-helical content [Figure 4.6(b) and (c)]. Upon drawing over steam, the silk films

convert into semi-crystalline materials, with high β-sheet content, as indicated by the

distinct peak centered at 1621 cm−1 [Figure 4.6(a)]. Deconvolution reveals that the

drawn films have crystalline contents of 46-50%, random coil contributing 22-24% of

the spectra, and turns and α-helices remaining unchanged after drawing [Figure 4.6(b)

and (c)].

In agreement with the FTIR results, 2D WAXS patterns of as-cast films exhibit

isotropic patterns, with intensity independent of the azimuthal angle and a broad
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Figure 4.6: Molecular weight dependence of secondary structure in films. (a) The raw
FTIR spectra for as-cast (i) and steam drawn (ii) films in the Amide I region. (b)
Deconvoluted spectra in the Amide I region (1595 to 1705 cm−1) for one representative
extraction time of both as-cast and drawn films is displayed: original spectrum (long
dashed line), deconvoluted spectrum (solid line), and contributions to the spectra for
each type of secondary structure (short dashed lines). (c) The relative intensity of
the short dashed line distributions in (b) provides the fractional secondary structure
content of random coil ( ), beta sheet (�), alpha helix (�) and turns (N) 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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halo characteristic of an amorphous polymer [Figure 4.7(a)]. Following drawing, the

pattern showed a distinct orientation with the intensity strongly correlated to the

azimuthal angle with the peak intensity located 90 degrees from the film draw direc-

tion (horizontal direction in Figure 4.7(a)). The angular averages over the amorphous

and oriented spectra reveal a transition from a broad to sharp peak in intensity with

drawing [Figure 4.7(b)]. The d-spacing of this oriented sharp peak corresponded to

an inter-sheet distance of 0.48 nm [Figure 4.7(d)] and an azimuthal average taken at

this location shows a sharp increase in scattering intensity [Figure 4.7(c)]. Fitting of

the average intensity versus the azimuthal angle with a Gaussian curve and determi-

nation of the FWHM showed angles between 14.70 and 16.30 degrees corresponding

to an orientation parameter of f = 0.90 and f = 0.88 respectively [Figure 4.7(d)].

4.4 Discussion

4.4.1 Molecular Weight Characterization

The serine residues are likely responsible for the increase in polydispersity with extrac-

tion time as they are known to be susceptible to protein backbone cleavage [97].

However, it should be noted that because of the more-or-less homogeneous distribu-

tion 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 4.8 that Monte

Carlo cutting only 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); non-banded molecular weight distributions

occur when amino acids are homogeneously distributed along the protein sequence.
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If specific cleavage occurs, there is no clear reason why it would take place at an

amino acid with 1) either a small effectively rigid side chain unaffected by pH (G, A,

V), or 2) 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 4.1]. 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).

Interestingly, even at extended extraction times of 30 minutes, a number of silk

fibroin chains maintain a 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 environ-

ment [99]. Similar processes have been proposed to explain the phenomenon of gelation

in an electric field and have been more extensively explored using recombinant spider
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systems where the ratio and order of the hydrophilic and hydrophobic blocks can be

systematically modified [100, 101, 102]. 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 [46, 48]. 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.

4.4.2 Rheological Impact

Apparent yield stresses in protein solutions have been detected and attributed to

protein adsorption at the air-water interface [103]. Depending on the extraction time,

the protein concentration was either at or below the overlap concentration, therefore

I 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 4.4(b) shows 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 con-

sistent 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 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 4.1(c)].
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4.4.3 Film Mechanics

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. We suggest this is due to a

transition from an affine system in the high and low MW samples, where local defor-

mations 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 [104]. 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 propaga-

tion.

Upon drawing, all of the film samples exhibit significant increases in tensile mod-

ulus, likely due to the buildup of entanglements and dislocations similar to other

polymer systems [105]. Unexpectedly, all samples with the exception of the 60 minute

degummed samples, have increases in their extensibility and ultimate tensile strength.

More traditionally, an increase in two of these interrelated properties results in a
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decrease in the third property. These increases are most pronounced in the samples

that are 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 [26]. Thus, the existence of a nonlinear relation-

ship 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 [106, 107].

4.4.4 Alignment and β-sheets

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 syn-

thetic polymers. The residual ∼ 50% of random non-ordered structure [Figure 4.6]

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 [108].

The β-sheet crystallites provide the necessary hard components to enhance the overall

properties of the materials. This feature has been explored extensively using molec-

ular 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 for-

mation, a stick-slip deformation allowed for the dissipation of energy and resulted

in significantly improved mechanical properties [109, 110, 111]. The size examined

in the molecular dynamics simulations of 2-7 nm also corresponds to the size of
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supramolecular structures that have been found in silk fibroin gels using small angle

x-ray scattering techniques [112].

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 [113]. WAXS analyses on the drawn films reveals that the crystalline seg-

ments are 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 amor-

phous component, the results suggest that alignment is quite strong, as the maximum

in a perfectly aligned system is 1.0. This degree of alignment also corresponds to the

alignment of the crystals in fibers from the Nephila clavipes spider, which has a max-

imum orientation of 0.98 [30].

4.5 Conclusions

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 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 of the protein chains. Interest-

ingly, 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 pro-

cessing and properties [114]. However, this outcome does suggest that the silkworm

(and spider) has evolved unique spinning capabilities that allow it to circumvent lim-
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itations inherent in synthetic processing systems. Further elucidation of these factors

should prove instructive to both protein polymers and synthetic polymer processing.

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 effec-

tive molecular weight. A moderate degree of fibroin degradation results 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 do

not approach those of native fibers. However, understanding of the interdependence

between silk fibroin degradation and mechanical properties provides useful informa-

tion for engineering silk biomaterials.
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Chapter 5

Gels Formed by an Electric Current

In this chapter, I discuss the rheological properties of silk electrogels: gels that are

formed by running a small DC current through a reconstituted silk solution. Time-

lapse images showing electrogel formation reveal that the gel grows from the positive

electrode towards the negative electrode [Figure 5.1]. Additionally, bubbles form at

the negative electrode. Electrogels are sensitive to shear history, so gels need to be

formed on the same substrate used for measurements and bubbles need to be removed.

Electrogels are made following the procedure in Section 3.3. I use linear rheology

to show that a viscoelastic silk solution becomes a gel after electrogelation, and I

utilize non-linear rheology to highlight interesting mechanical features in electrogels.

This work is published by Tabatabai et al. [98].

5.1 Introduction

Characterizing the linear and nonlinear rheology of reconstituted silk gels is an essen-

tial step toward understanding how these gels can be more efficiently processed into

programmable materials. Previous work has measured the electrogel rheology in the

linear regime, although the presence of bubbles likely affects the measured rheological

properties [41, 42]. Consequently, I have developed a technique to remove unwanted

bubbles from the the electrogel providing a more robust initial state for rheological

measurements. The electrogel’s use as a biomaterial creates scenarios where it will
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Time

Figure 5.1: Timelapse images of electrogel formation. The gel grows from the positive
electrode towards the negative electrode, while bubbles form at the negative electrode.
Sample dimensions are 2 cm × 0.5 cm × 1 cm (length×width×depth).

be far from mechanical equilibrium, a regime that was previously unexplored. In this

work, I present linear and nonlinear rheology of the electrogel to create a complete pic-

ture for the electrogel viscoelasticity. I observe that the electrogel has rheological prop-

erties that are remarkably different from other in vitro biopolymer systems including

an extraordinarily large yield strain and a strain hardening response. Additionally,

I show that deviations from expected polymer rheology can be described through a

simple picture that incorporates shear history through inter-protein binding.

5.2 Results

The difference in mechanical properties of the silk before and after the electrogelation

process are dramatic. I measure the storage G′ and loss G′′ moduli of both the solution

and electrogel using oscillatory rheology; the strain amplitude is varied from γ = 10−3

to 100 at a fixed frequency f = 0.5 Hz [Figure 7.1(a)]. The solution exhibits the
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Figure 5.2: Linear viscoelastic comparison between a silk solution and an electrogel].
G′ (closed symbols) and G′′ (open symbols) of a silk fibroin solution (4) and an
electrogel (#) through a linear viscoelastic (a) strain sweep at f = 0.5 Hz and (b)
frequency sweep at γ = 10−2.

signatures of a weak viscoelastic fluid – predominantly fluid-like behavior over the

entire range of γ – consistent with the flow curve in Figure A.1. However, the modulus

of the electrogel is more than three orders of magnitude greater than that of the

solution. Additionally, the electrogel has a corresponding loss tangent tan (δ) ∼ 0.1

indicative of an elastic solid. Over a broad range of frequencies at a fixed γ = 10−2,

the electrogel moduli exhibit a weak power law increase, reminiscent of a glassy or

gel-like response observed for a broad class of materials [Figure 7.1(b)] [57, 115].

At low frequencies, the moduli of the solution are roughly equivalent but exhibit a

slight frequency dependence. This linear rheology is qualitatively similar to previous

measurements [41, 42].

The mesh size for a gel composed of flexible polymers is estimated as ξ ∼

(kbT/G)1/3, where kb is Boltzmann’s constant and T is the absolute temperature.

Using the measured linear shear modulus, this relation predicts ξ ∼ 100 nm, much
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Figure 5.3: Stress relaxation in an electrogel. (a) The strain schedule for the stress
relaxation test for a representative electrogel – a single electrogel is held for 100
seconds at increasing strains of γ = 0.0055 (♦), 0.055 (O), 0.55 (M), 5.5 (�), 27.5 (#),
and 55 (�). (b) The stress response σ as a function of tint shows an increasing stress
with increasing strain until γ = 55 (�). Note the lack of complete stress relaxation
during each interval.

larger than the measured Kuhn length, suggesting that I may consider the linear

response of silk fibroin electrogels as consistent with that of flexible polymers [116].

I utilize a stress relaxation test to probe the large deformation behavior of the

electrogel. A stepwise increasing rotational strain is applied to the electrogel with a

schedule shown in Figure 5.3(a). This results in an increase in the measured stress

held by the electrogel until a rotational strain γ > 27.5 (#), providing a range for

the yield strain γy : 27.5 < γy < 55 [Figure 5.3(b)]. A yield strain for a biological or

synthetic polymer network in this range is highly unexpected [53, 117]. I also gather an

estimate for the yield stress σy > 100 Pa that is two orders of magnitude larger than

that of gelatin at a similar concentration [118]. The stress response of an electrogel

exhibits a relaxation during each interval but does not decay completely, consistent
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Figure 5.4: Strain recovery in electrogels. (a) A representative strain history for an
electrogel undergoing a strain recovery test. Each gel is subject to stepwise increasing
applied rotational strains up to a maximum γapp and allowed to relax back to an equi-
librium position after each strain γeq; the inset highlights the interval in the dashed
box. The new equilibrium strain position is recorded and a modulus measurement is
made before the next strain cycle. (b) Percent strain recovery ∆ ( , �, and N) and
G′ (#, 2, and M) as a function of γapp for three electrogels reveal a strain hardening
effect.

with Figure 7.1. The non-zero value of stress as tint →∞ is similar to the rheological

response of a solid, which may signify inter-protein crosslinking in the electrogel [57].

To elucidate the effect of large strain deformations on the electrogel I perform a

strain recovery test; I am able to simultaneously evaluate the linear elastic modulus

and quantify the electrogel’s ability to recover from large strains [Figure 5.4]. The

test consists of the application of a strain at a rate of 1.0 s−1 up to a fixed maximum

γapp; I do not observe a systematic dependence on strain rate (data not shown). Once

reached, γapp is removed, allowing the electrogel to relax to an equilibrium strain

position γeq where σ = 0. The percentage of strain recovered ∆ = 100 · (1 − γeq
γapp

) is

recorded for each γapp (closed symbols); the strain history of a representative electrogel

can be seen in Figure 5.4(a) with γapp and γeq defined in the inset for the interval
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in the dashed box. At γeq, G′ is measured at a strain amplitude of γ = 10−2 and

frequency f = 1.0 Hz and normalized by G0, the shear modulus at γapp = 0 (open

symbols). This is repeated on the same sample with increasing γapp for three different

electrogels.

The results of the electrogel strain recovery can be separated into two regimes

[Figure 5.4(b)]. For γapp < 5, the electrogel responds quasi-elastically with ∆ > 70%

and G′/G0 ≤ 1. The slight modulus decrease could be an indicator of the stretching

or kinking of structural components in the electrogel [119]. For γapp > 5, the continual

decrease in ∆ indicates a trend towards more plastic deformations, yet these deforma-

tions are accompanied by an increase in G′/G0. The correlated changes in G′ and ∆

suggest that the applied strain energy is transformed into structural transformations

within the electrogel leading to a higher elastic modulus.

This behavior is very unusual when compared to other biopolymer gels. An elastic

recovery of ∆ ≈ 70% at γapp ≈ 5 is remarkable; a strain of only γapp = 1.0 would

cause yielding in a polyacrylamide gel resulting in ∆ = 0% [53].

The significant plastic deformation at large γapp, coupled with increasing G′,

is reminiscent of strain hardening found in crystalline solids [120, 121]. This type

of strain hardening has also been observed in Nephila pilipes dragline spider silk

fibers [122]. In both cases, the plastic deformation decreases the crystallinity of the

material. However, the electrogel is found to be a relatively disordered material, and

it is unlikely that electrogel deformation further decreases the order in the system. I

speculate that the observed strain hardening is likely a result of an increase in order

in the electrogel network.

I observe a strain stiffening response of the electrogel as seen through a rotational

strain ramp at a strain rate γ̇ = 0.1 s−1 [Figure 5.5]. The stress response, shown in

Figure 5.5 (inset), reveals an initial elastic response followed by a nonlinear increase
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Figure 5.5: Strain stiffening of an electrogel. A rotational strain ramp at γ̇ = 0.1 s−1
reveals a stress response (inset) that is initially elastic until a change in curvature
highlighted by the dashed box. (main) The elastic modulus G is calculated from a
3-point numerical derivative after smoothing and thinning the data in the dashed box
and normalized by the small strain elastic modulus G0.

in stress in the region indicated by the dashed box. The slope of the boxed stress-

strain data, after binning, is calculated with a numerical derivative to determine the

elastic modulus G and is normalized by the small strain modulus G(γ = 0). Strain

stiffening occurs when G/G(γ = 0) > 1 near γ = 6; the elastic regime is consistent

with Figure 5.4.

Though the strain ramp reveals strain stiffening, a differential modulus measure-

ment, as described in Section 2.1.4, is performed to provide a more quantitative

understanding [Figure 5.6]. I superpose an oscillatory stress δσ (t) ∼ Re[δσeift] with

a rotational prestress σ0 at f = 1.0 Hz. I adhere to the restriction |δσ| ≤ σ0/10 and

measure the differential elastic modulus K ′ = Re[δσ (t) /δγ (t)] [55]. The normalized

differential modulus K ′/G0 remains constant at small σ0 and begins to increase when

σ0 approaches 10 Pa.
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Figure 5.6: Differential modulus measurement of an electrogel. (inset) The differential
modulus K ′ normalized by G0 as a function of rotational prestress σ0 measured for
four electrogels (#,�,M,O). (main) When normalized by σcrit = σ (K ′/G0 = 1.5), all
data sets collapse onto one curve. When σ0/σcrit < 1 the response is elastic. And when
σ0/σcrit > 1, the electrogel strain stiffens at a rate that is slower than the solid line:
K ′/G0 ∼ (σ0/σcrit)

κ where κ = 1.

A critical prestress σcrit is defined as σcrit = σ (K ′/G0 = 1.5) to mark the beginning

of strain stiffening behavior. Normalizing each electrogel data by σcrit collapses the

four tests onto one curve. The solid line representing the power-law relation

K ′/G0 ∼ (σ0/σcrit)
κ (5.1)

with κ = 1 is plotted to show that the local electrogel scaling behavior is κ < 1.

5.3 Discussion

Characterization of electrogel strain stiffening via the power law κ shows a signifi-

cant deviation from semiflexible biopolymer networks such as actin and fibrin, which

according to wormlike chain theory (see Section 1.5.2) result in κ = 3
2
. The deriva-

tion depends on the force-extension relation of a polymer. A polymer is fully extended

66



when the end-to-end displacement length of the polymer R reaches the contour length

`c, or x = R/`c = 1. Considering the generic force-extension relation f ∼ 1/(1− x)α

and ∂f/∂x ∼ K, the scaling of the differential modulus is K ∼ σ(α+1)/α where

κ = (α + 1)/α. The nonlinear force needed to extend most biopolymers to x = 1

diverges as f ∼ 1/(1−x)2, as defined by the Wormlike Chain WLC model [52]. There-

fore, α = 2 in the WLC model and yields a scaling of κ ∼ 3
2
[53, 58, 59]. Although

the nonlinear scaling of many biopolymers can be explained by this model, the strain

stiffening I observe in the electrogel scaling is at a significantly lower power κ < 1.

This model assumes a semiflexible polymer, so the variation in κ values supports my

initial approximation of the fibroin as a flexible polymer.

The force-extension relation for flexible Freely Jointed chains, f ∼ x(3− 2x)/(1−

x), diverges at a slower rate than the WLC [54]. This implies that electrogels should

stiffen at a lower pace than semiflexible biopolymers, consistent with my results.

However, using the value for κ found in Figure 5.6 of 0 < κ < 1 requires α < 0 and

results in a polynomial stress-strain relationship that does not diverge as predicted

for flexible polymers. The discrepancy of the nonlinear elasticity of silk electrogels

compared to both flexible and semiflexible polymers is likely a consequence of protein

specific interactions. These polymer models ignore the ability of inter-protein bonds

to break and reform during extension from shear, but I know that native silks undergo

strain induced protein reorganization and association on multiple length scales [48].

One such model assumes that the extension of α-helices can cause unraveling and

reorganizations into β-sheets [84]. Breaking of the helix increases `c, which would

provide a smaller value for κ [123]. This implies that the source of nonlinear elasticity

found in silk electrogels comes from a combination of entropic costs through extensions

combined with dynamic inter-protein interactions. A similar effect could be obtained

through the unwinding of random coil structures into β-sheets.
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In addition to increasing `c, the transition to β-sheets leads to a loss of recovered

strain, consistent with the decrease in ∆ in Figure 5.4. Moreover, the shear induced

β-sheet and crystallite formation would subsequently increase G′/G0 as ∆ decreases,

providing the strain hardening effect. I speculate that beyond the strains required

for β-sheet production, additional strain energy can provide a pathway for adjacent

β-sheets to coalesce into nano-crystallites. These nano-crystallites are considered to

be an essential component for enhancing the strength of the inherently amorphous

structure within silk fibers [109].

5.4 Conclusions

The previous results clearly show that the electrogelation process transforms a mildly

viscoelastic silk protein solution into a robust elastic network. One particularly inter-

esting aspect of the electrogelation process is the apparent in situ assembly of protein

into a gel that exhibits behavior similar to crosslinked networks without additional

chemical moieties. Moreover, the ability of the electrogel to convert into a stronger

material through the application of a large external shear stress provides a unique

opportunity for engineering adaptive soft materials.

The rheological response of silk electrogels cannot be simply explained using

existing polymer physics models. The significant range of the linear viscoelastic regime

and the dramatic yield strains far exceed nearly all biopolymers. These unique features

all stem from electrolytically induced inter-protein assembly where protein interac-

tions, i.e. material properties, are programmable through shear. I provide a starting

point for in situ measurements of conformational changes through the application of

shear, where I anticipate that gels of reconstituted silk may provide distinct insights

into systems of self-associating proteins.
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Chapter 6

Acid Induced Silk Structures

During electrogelation, as discussed in Chapter 5, a gel forms in the presence of H+

ions. To more controllably study the role of H+ ions on silk protein assembly, I look

at the effects of adding acid to silk solutions. A comparison between the stability of

silk in the presence of acid or salt provides a potential mechanism to explain how

reconstituted silk proteins interact. Protein aggregates are observed through dynamic

light scattering and confocal microscopy.

In many charged particle systems, pH changes induce aggregation through proto-

nation of the particles, minimizing electrostatic repulsion. However, I will show that

aggregation is not caused by protonation of amino acid side-chains. Sodium chloride

(NaCl) is added to the protein at the same concentrations does not induce aggrega-

tion. A comparison between HCl and NaCl effects reveals that HCl does not induce

aggregation through charge screening.

In this chapter, I focus on the structural changes and interactions of reconstituted

silk fibroin protein in the presence of NaCl or HCl to understand the mechanism

by which silk proteins assemble. This mechanism is investigated by determining the

structure of the protein through measurement of the fractal dimension. Sub-protein

lengthscales are not easily accessible by most measurement techniques but can be

resolved using SANS [124, 125]. An understanding of the protein structure at both
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Figure 6.1: Timelapse images of acid induced network structure. A droplet of 1 M
hydrochloric acid is placed outside of the frame, and aggregates form as the acid
diffuses into the frame. Scale bars are 20 µm.

the aggregate and sub-protein lengthscales provides insight on the fundamental inter-

actions of reconstituted silk and is an essential step in correlating microstructural

interactions with bulk mechanical properties.

6.1 Acid Induced Aggregation

Silk protein materials are the focus of many current biomedical applications because

they are strong and biocompatible [7, 8]. Additionally, silk materials can now be made

into non-fibrous forms by taking advantage of protein reconstitution techniques; pre-

spun cocoon fibers are chemically dissolved into solution in large quantities [43]. How-

ever, the protein network morphologies of new silk materials are different than that

of the pre-spun fiber. Consequently, the optimization of new silk materials requires

an understanding of the fundamental interactions between constituent particles.

One novel material is the electrogel described in Chapter 5. In order to under-

stand this gelation phenomenon better, I control the addition of hydrochloric acid

(HCl) at concentrations cH to reconstituted silk solutions. The addition of acid to

a reconstituted silk solution leads to aggregation and network formation as seen in
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Figure 6.2: Acid concentration dependent network structure. Areas closer to the source
of the acid experience different local acid concentrations and have different macro-
scopic network structures. Scale bars are 20 µm.

the timelapse confocal reflectance images in Figure 6.1 from solution (a) to steady-

state network (e). The mechanism by which aggregation happens and the structure

of these aggregates is investigated in this Chapter. Figure 6.2 shows that the steady-

state structure changes with proximity to the acid source; acid concentration affects

the protein network morphology.

6.2 Methods and Materials

6.2.1 Reconstituted Protein

Silk protein solutions are reconstituted from Bombyx mori silk cocoons following the

method by Rockwood et al. [43] detailed in Section 3.1. Silk is stable in an unbuffered

solution for weeks/months providing a stable high concentration (∼ 50 mg mL−1)

feedstock. Silk proteins are monomerized during the reconstitution process and have

a well characterized polydispersity as described in Chapter 4 [74]. The final silk protein

concentration is determined using ultraviolet-visibile light (UV-Vis) spectroscopy as
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mentioned in Section 2.2. For neutron scattering measurements, aqueous silk solutions

are subsequently dialyzed against deuterium oxide (D2O) to an H2O:D2O solvent

volume ratio of 5 : 95.

Silk is stable in an unbuffered solution for weeks/months. Gel electrophoresis shows

that silk proteins after reconstitution have a well characterized molecular weight dis-

tribution that ranges from 100 → 700 kDa [74]. Sub-native sized protein fragments

(< 390 kDa) exist due to degradation, where as sizes greater than the native molecular

weight (> 390 kDa) are attributed to unavoidable aggregation [74]. From the molec-

ular weight distribution, an estimate for the overlap concentration c∗ = 40 mg mL−1 is

determined by approximating the Kuhn length and assuming θ-solvent conditions [74].

Given that the native protein has 5263 amino acids and a molecular weight of 390 kDa,

the average mass per amino acid on the silk protein is 74 g; the overlap concentration

is equivalent to c∗ = 540 mM, and all experiments are done in the dilute regime

c < c∗.

Despite the protein polydispersity, the molar extinction coefficient at 280 nm

ε280 = 441030 cm−1M−1 is used given the amino acid sequence of the native protein [2].

Ultraviolet-visible light (UV-Vis) spectroscopy measures the absorbance of light at

280 nm from proteins of the entire molecular weight distribution, and the use of ε280 for

the native undegraded protein converts the absorbance into an effective undegraded

protein concentration.

6.2.2 Mixing Silk with HCl or NaCl

NaCl and HCl are chosen because they are common, ionize completely at the exper-

imental concentrations cN and cH respectively, and share a common anion. HCl and

NaCl solutions are prepared by dilution in either H2O or D2O. For neutron scattering,

HCl stock solutions are prepared by dilution of a 37% HCl in H2O assay into D2O. At
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cH < 5 mM, solutions of HCl in D2O have a scattering length density equivalent to

100% D2O; further dilutions of this stock HCl solution do not appreciably change the

scattering length density. Acid or salt solution is added to the D2O protein solution

at a 1:1 volume ratio resulting in an H2O:D2O solvent volume ratio of 2.5 : 97.5.

The exact stoichiometric interaction between HCl or NaCl and silk protein is

unknown so we define the molar equivalent (ME) as the ratio of the moles of added

compound to the effective number of moles of native silk in solution determined with

UV-Vis and ε280. Solutions are prepared in deionized water with background NaCl

present in trace amounts and at pH 9 ([HCl] = 10−9 M). Since cH , cN ≥ 0.1 mM and

are much larger than their respective background concentrations, ME is equivalent to

the absolute ion concentration per protein.

6.2.3 Measuring Ion Concentrations

The concentration of lithium (Li) and bromine (Br) ions remaining after reconstitu-

tion (Section 3.1) are measured with inductively coupled plasma mass spectrometry

(ICP-MS) for the isotopes Li-6, Li-7, Br-79, and Br-81; reported values are a sum of

these isotopes. The count rates from an ICP-MS measurement are converted into a

concentration by measurements of known LiBr concentrations; the conversion between

count rates and concentration is confirmed to be linear in the measured range and

least squares fitting gives the conversion factor with 95% confidence. Results are the

best estimates, and error bars correspond to the propagation of uncertainties in the

conversion factors.

Using centrifugation filters with a molecular weight cutoff of 10 kDa, elutions of silk

solutions containing HCl or NaCl are collected. The protein and ion concentrations

in the elutions are measured with UV-Vis spectroscopy and ICP-MS respectively.
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Changes in elution ion concentrations are representative of changes in mobile ion

concentrations in the bulk.

6.2.4 Small Angle Neutron Scattering

SANS experiments are performed on the 30 m SANS instruments at the National

Institute of Standards and Technology Center for Neutron Research [126, 127, 128,

129, 130]. Measurements of the scattering intensity I as a function of wavevector q for

the range 10−3 Å−1 < q < 0.5 Å−1 are accomplished by using both 6 Å wavelength

neutrons at detector positions of 1 m, 4 m, and 13 m and 8.09 Å lens focused neutrons

at a detector position of 15.3 m. Deuterated silk solutions are pipetted into rectangular

quartz cuvettes and mixed rapidly with an equal volume of HCl or NaCl solution. To

ensure I measure the steady-state structure, samples equilibrate for 12 hours before

the measurement at ambient conditions.

Data are reduced using the Igor macros, and the q-independent background scat-

tering intensity for each sample is averaged and subtracted from each curve before

plotting so that data represent scattering from the protein only [131]. Curve fitting is

performed using SasView and custom code where a nonlinear least squares regression

is fit iteratively for the best estimate of each fitting parameter as well as the error

associated with 95% confidence for each value [132].

6.2.5 Dynamic Light Scattering

The hydrodynamic radius RH of an aggregate is determined by dynamic light scat-

tering (DLS) on the same silk solutions from SANS over the range 5 × 10−4 Å−1 <

q < 25× 10−4 Å−1 and has a minimum at q = 25× 10−4 Å−1. Reported values of RH

are calculated at q = 25 × 10−4 Å−1, and a range of RH is determined through five

measurements of the same sample.

74



6.2.6 Transmittance

Transmittance values are calculated by measuring the absorbance A of the silk solu-

tion at 488 nm as measured by UV-Vis spectroscopy. The transmittance

T = 10−(Asample−Awater) (6.1)

is normalized by the transmittance of the control sample with zero added acid (ME =

0). Error bars represent the standard deviation of three measurements of the same

sample. All measurements have a path length of 1.0 cm.

6.3 Circular Dichroism of Protein in H2O and D2O

Incoherent neutron scattering of H2O prevents observation of silk protein structure.

To decrease incoherent scattering and allow for measurement of the protein structure,

protein samples are dialyzed into D2O. While the protein appears stable in D2O, it is

not obvious that changes in the solvent environment, albeit minor, do not affect the

protein. I use circular dichroism (CD) as a tool to measure the degree of ordering in the

protein; CD cannot prove that the protein is unchanged by solvent environment, but

it can show if changes occur. Additionally, CD requires extremely low concentrations

of protein, so concentration dependent structural effects can only be observed far from

the working concentration. Nonetheless, CD provides information about the protein

that cannot otherwise be measured.

Protein solutions, in either H2O or D2O are diluted to 500 nM and loaded into

a 0.1 cm pathlength quartz cell. The CD spectra for both solvents look similar, sig-

nifying that the protein order is unchanged by the change in solvent [Figure 6.3].

Additionally, the structure of the protein in both solvents is consistent with random

coil structure, as discussed in Section 2.3. The magnitude of the minimum values of

[Θ] are smaller than expected, but this is likely a sign of aggregation.
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Figure 6.3: CD spectra of silk in H2O and D2O. Silk at a concentration of 500 nM in
both H2O (black) and D2O (red) adopts a random coil configuration.

6.4 Aggregate Formation

The turbidity of silk solutions increases as cH increases from 0 → 7.4 mM due to

aggregate formation [Figure 6.4(a)]. Protein networks form for cH > 8 mM but phase

separate; quantitative analysis is not done in this regime. The protein concentration

cP = 37 µM gives 0 ≤ ME ≤ 200. Transmittance T decreases rapidly from T = 60%

to T = 0% in the range of 75 ≤ ME ≤ 90 and remains at zero with any additional

acid [Figure 6.4(c)]. In contrast, NaCl has no visible effect on the sample turbidity

at 0 ≤ ME ≤ 200 [Figure 6.4(b)]. The difference in total optical scattering shows

that HCl and NaCl affect reconstituted silk differently; inter-protein aggregation is a

consequence of HCl induced association.

The pH of each of the samples in Figure 6.4(a) is measured directly with a pH

probe and decrease smoothly from 9 → 2 with increasing ME [Figure 6.4(c)]. Since

∼ 1 % of the amino acids on the protein are ionizable, the approximation for the pH of

the solution pH = −log(cH) predicts a decrease in pH from 3→ 2. However, the mea-

sured pH differs significantly from the predicted value due to the strong association of
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Figure 6.4: Transmittance and pH in acid-silk systems. 37 µM silk protein solutions
with (a) cH = 0 → 7.4 mM (left to right) (0 ≤ ME ≤ 200) and (b) NaCl over
the same range 0 ≤ ME ≤ 200. (c) Data corresponding to samples from (a): the
normalized transmittance for each sample at 488 nm ( ), the measured pH (N),
and the expected pH value (−). Transmittance for the samples used in the neutron
scattering experiment (#).
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H+ with the protein. When ME = 200, the measured pH and the expected pH value

begin to converge; the protein is saturated with H+ and unable to continue to buffer

the solution. Consequently, any additional H+ (ME > 200) will remain in solution.

The pH value associated with the dramatic change in turbidity is not correlated with

any amino acid side chain pKa nor does the pH change stepwise as ionization occurs.

Additionally, the sample is completely turbid at pH values greater than the silk iso-

electric point (values in the literature range from 3.2→ 4.2). Therefore, HCl induced

aggregation is not due to a minimization of charge repulsion [39, 133, 134, 135].

Changes in cH result in changes in T . Likewise, changes in cH alter the intensities

of SANS spectra on both the aggregate and protein lengthscales [Figure 6.5]. An

increase in cH results in an increase in the scattering intensity I for wavevector q in

the low-q (q < 7×10−3Å−1) regime. The low-q increase signifies an increase in the total

aggregate volume that is consistent with turbidity measurements [Figure 6.4]. High-q

(q > 4 × 10−2Å−1) scattering is independent of cH , while a slope change between

high-q and medium-q (7 × 10−3Å−1 < q < 4 × 10−2Å−1) provides the characteristic

lengthscale for a single protein.

In contrast, I(q) are independent of changes in cN ; unchanged low-q scattering

is consistent with the lack of turbidity in Figure 6.4(b). Instead of inducing aggre-

gation, charge screening effects from NaCl appear at q > 0.06 Å−1 as observed by a

slight increase in the slope of the NaCl curves in Figure 6.5. The presence of q depen-

dent scattering at low-q for these spectra is a consequence of unavoidable aggregate

byproducts from reconstitution. However, changes in aggregates are only induced by

HCl.

Because cH and cN span the same range and aggregates form only from increases

in cH , aggregation is only induced by HCl. Aggregation is not a consequence of ionic
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strength or charge screening; incorporation of HCl is needed before inter-protein asso-

ciations can exist.
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Figure 6.5: Small angle neutron scattering of silk in acid and salt. Scattering intensity
I(q) of deuterated silk samples at cP = 37 µM: 0.5 mM NaCl (4), 1.0 mM NaCl (N),
0.5 mM HCl (#), and 1.0 mM HCl ( ).

6.5 Reconstituted Protein Stability

In spun fibers, silk is folded into multiple β-sheets through hydrogen bonding: a dipole-

dipole interaction between polar amine N−H and carbonyl C−−O groups on the protein

backbone. However, reconstituted silk is predominantly an unstructured random coil

where N−H and C−−O are unassociated [74, 134]. Consistent with Figure 6.3, I find

that the random coil configuration is stable because of residual lithium ions from
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the reconstitution process that associated with C−−O analogous to a charge-dipole

interaction. A comparison of lithium concentrations before and after HCl or NaCl

addition indicates a mechanism for aggregate formation.

The number of Li+ per protein after the reconstitution protocol is 2200 ± 300

[Figure 6.6(a)]. The silk protein has 5263 amino acids, therefore there is one Li+ for

every 2.4±0.3 amino acids, which is equivalent to one Li+ for every 2.4±0.3 carbonyl

oxygens on the protein backbone. This ratio is consistent with molecular dynamics

simulations and density functional theory calculations for Li+ associations with elec-

tronegative oxygens on different polymer chemistries [136, 137, 138]. Therefore, Li+

are present at the right stoichiometric ratio to be associated to the carbonyl oxygens

on the protein backbone. Li+ has previously been found through experiments and

computation to have a high binding affinity with the carbonyl oxygen on the protein

mimetic molecule N-methyl-acetamide as well as with the amino acids [138, 139].

Associations of Li+ to the carbonyls are reasonable since chaotropic LiBr is chosen in

the reconstitution process to denature the protein, i.e., disassociate N−H and C−−O

groups. Silk’s stability/inability to self-assemble is likely caused by the continued

complexation of the carbonyl with Li+ [46]. Meanwhile, the Br− concentration is very

low; presumably all Br− are removed during dialysis.

To confirm that Li+ are associated to the protein, the concentration of of Li+ per

protein is measured during additional dialysis iterations. The silk solution Vsilk =

15 mL is placed back into a 10 kDa dialysis cassette and set in a reservoir Vres =

3000 mL of gently stirred deionized water. After 24 hours, an aliquot of the silk

solution is collected, and the reservoir water is replaced with new deionized water.

After 12 iterations, the number of Li+ per protein decreases approximately by a factor

of 10, whereas Br− concentrations remain at zero [Figure 6.6(a)].
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The concentration of Li+ inside the cassette (c1) is greater than the concentration

in the reservoir initially. After 24 hours, the new equilibrium concentration of Li+ in

the cassette c2 = c1 × Vsilk/Vres. Following twelve dialysis iterations, the recursive

relation gives c12 = c1 × (Vsilk/Vres)
11, or c12/c1 ∼ (1/200)11. The expected concen-

tration ratio c12/c1 is significantly different than the measured ratio c12/c1 ∼ 1/10.

Therefore, it must be the case that Li+ has an affinity to the silk protein.
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Figure 6.6: Association of lithium and bromine to fibroin. (a) Lithium (#) and
bromine ( ) ions per protein during twelve extra dialysis iterations beyond the
normal reconstitution protocol. Iteration number one represents the ion concentra-
tions present after the standard reconstitution protocol. (b) Lithium ions in the elu-
tion with the addition of either HCl (#) or NaCl (4). (c) A common segment of
the protein sequence (G-A-G-A) with lithium ions drawn to associate with carbonyl
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I vary 0 mM ≤ cH , cN ≤ 25 mM in silk solutions prepared with the standard

reconstitution protocol to determine if H+ and Na+ ions displace Li+ from the protein.

As cH or cN increases, the concentration of free Li+ increases [Figure 6.6(b)]. HCl is

better at displacing Li+ than NaCl at low concentrations, but there is no effective

difference at 25 mM. Because both HCl and NaCl remove Li+ from the protein, I

know that both compounds interact with the protein. H+ associated to the protein

is a likely mechanism for the discrepancy between the measured pH value and the

expected value shown in Figure 6.4.

Since Li+ is known to associate with carbonyls, as previously mentioned, it is

likely that both H+ and Na+ also associate with the carbonyls to conserve charge.

The displacement of Li+ with either H+ or Na+ is reasonable given that density

functional theory calculations provide roughly equivalent affinities of H+, Na+, and

Li+ for carbonyl oxygens [138, 140, 141]. It is not only the removal of Li+ that causes

aggregation but specifically the removal of Li+ by H+ that is needed to destabilize

the protein an induce aggregation.

6.6 Acid Induced Structures

These results establish a link between aggregate formation and acid. HCl induced

protein aggregates are now measured in order to quantify HCl dependent changes in

structure. Silk protein solutions at a final concentration of cP = 54 µM in D2O are

mixed with HCl in the range of 0 mM ≤ cH ≤ 3.125 mM, giving 0 ≤ ME ≤ 58. The

transmittance of these samples is a function of ME and ranges from 100% → 50%

[Figure 6.4].

Changes in the scattering intensity I(q) reveal ME dependent structural changes

[Figure 6.7]. At high-q (q > 4 × 10−2Å−1), I(q) is unchanged over the range of ME;
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the protein has a constant fractal dimension irrespective of the aggregate conditions.

Medium-q scattering (9×10−3Å−1< q < 4×10−2Å−1) exhibits an ME dependent slope

change that likely exists due to the superposition of scattering from the aggregate

and protein lengthscales. Although byproducts of reconstitution are seen in the q

dependence at low-q (q < 9 × 10−3Å−1) for ME = 0, increases in ME manifest

themselves as a vertical shift in I(q); more aggregates are formed with increasing ME

as seen in Figure 6.4. ME does not affect the low-q slope; the internal structure of an

aggregate remains constant.
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Figure 6.7: Systematic changes in small angle neutron scattering with acid. I(q)
changes monotonically as ME increases along the arrow from 0 → 58 except for
the two lowest values of ME: ME = 0 ( ) and ME = 1.9 ( ). I(q) for each value of
ME are fit with a double Guinier Porod model and are plotted as the solid lines.
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I(q) in Figure 6.7 are a result of scattering from both the individual proteins

and aggregates. To minimize assumptions during data fitting, each lengthscale is

interpreted using the Guinier Porod model in three dimensions,

I(q) =


G · exp(

−q2R2
G

3
), if q ≤ q1

D
qd
, if q ≥ q1

(6.2)

where G is the Guinier scaling parameter, D the Porod scaling factor, d the Porod

exponent, and characteristic length q1 [142]. Both of these equations and their deriva-

tives must be continuous at q = q1, therefore the following relations must hold:

q1 =
1

RG

(
3d

2

) 1
2

,

D = G exp

(
−d

2

)(
3d

2

) d
2 1

Rd
G

.

(6.3)

The Guinier regime of the protein and the Porod regime of the aggregate are not

well separated, so both the aggregate and the protein are fit simultaneously using the

same functional form, giving

I(q)total = I(q)protein + I(q)aggregate. (6.4)

This double Guinier Porod fit has six free variables: RG, G, and d for both the

protein and the aggregate. To minimize the number of free fitting variables, DLS

is used to identify the hydrodynamic radius RH of the aggregates, which is used as

the aggregate radius of gyration RG. Predetermining RG is necessary since RG is out

of the range of the SANS measurement, and the fitting is done only over the low-q

Porod regime. The aggregate radii decrease from 145 → 95 nm with increasing ME

[Figure 6.8(a)]. Since the increase in turbidity coincides with a decrease in aggregate

size, the number of aggregates must increase with ME. It is likely that the original

ME = 0 aggregates persist, and the number of smaller aggregates increases with ME.
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Additionally, dprotein is determined by fitting only over the protein lengthscale

(q > 1.5 × 10−2 Å−1) using Equation 6.2 and is independent of ME [Figure 6.8].

Taking the distributions of best estimates, I find dprotein = 2.12±0.02; over this range

of ME, the fractal dimension of the protein is equivalent to a polymer on the bad side

of θ-solvent conditions.

Each scattering curve in Figure 6.7 is fit using Equations 6.2-6.4 and the fitting

results are plotted as solid lines. Double Guinier Porod fitting provides the best esti-

mates and uncertainty for the Porod exponent of the aggregate daggregate and RG of the

protein. As ME increases, RG for the protein increases from 40→ 70 Å [Figure 6.8(b)].

The value of RG for ME = 0 is consistent with the only other known neutron study

of reconstituted silk [47]. daggregate ∼ 4 for most of the values of ME, but varies

slightly at high values of ME when the fitting quality in Figure 6.7 starts to decline

[Figure 6.8(a)]; the aggregates amongst all values of ME are similarly structured and

dense.

The measured values of RH are close to the experimentally accessible lengthscale

of SANS. The beginning of a turnover at low-q is seen in Figure 6.5 for samples with

an extended q range, as expected from the DLS data, but the complete low-q plateau

is still out of the range of SANS. The low-q plateau is accessible with ultra-small

angle neutron scattering (USANS). However, combining SANS and DLS minimizes

stability/aging effects of the protein that could be observed during a long USANS

experiment.

6.7 Conclusions

Silk proteins in reconstituted solutions are stabilized by Li+ associated to a fraction of

carbonyl oxygens. The addition of either HCl or NaCl displaces bound Li+, but multi-

85



P
ro

te
in

 R
G

[ 
Å

 ]

ME

100

80

60

40

20
6050403020100

A
g

g
re

g
a

te
 R

H
[ 
n

m
 ]

ME

160

140

120

100

80
6050403020100

a

b

ME

5.0

4.5

4.0

3.5

3.0
6040200

d
p

ro
te

in

ME

2.4

2.2

2.0

1.8

1.6
6040200

d
a

g
g

Figure 6.8: Aggregate and protein RG and Porod exponents from fitting. (a) Aggre-
gate RH as determined from DLS as a function of ME. The measured samples for
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tion of uncertainty in the interpolation. (a-inset) daggregate determined by the double
Guinier Porod fit of I(q). (b) Protein RG as determined through the double Guinier
Porod fit. (b-inset) dprotein determined by the single Guinier Porod fit.

protein structures are capable of forming only in the presence of HCl. The removal

of Li+ from the C−−O dipole suggests that aggregation involves the reassociation of

C−−O and N−H as is seen in the silk fiber [29]. However, the replacement of Li+

with H+ leads us to suggest an alternative bond: H+ facilitates a bond between

two separate C−−O for an effective dipole-charge-dipole interaction. It is possible that

bonds between two carbonyls are only possible because of the size of the proton; larger
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ions can’t create a strong enough interaction. This complex is called a bifurcated

hydrogen bond and is observed in biological systems [143]. It will be important to

distinguish between hydrogen and bifurcated hydrogen bonding because the two types

of interactions have different binding strengths [143].

While bonds cannot be seen explicitly, changes in the structure of the protein are

indirect evidence of changing protein-protein interactions. I show that ME increases

the protein RG in an aggregate but not the protein structure defined by dprotein. At first

glance, these results appear to violate mass conservation, since the size of a particle

can not increase without changing its density. However, these results are possible if

either 1) the boundary between one protein and its aggregated partner is undefined

because of intercalation, or 2) the proteins are extending. Because daggregate ∼ 4,

the most likely scenario is that two proteins intercalate, allowing the formation of

a dense aggregate. Importantly, I have shown that reconstituted proteins do not

form ordered structures in an aggregate, and that aggregates exhibit a characteristic

size that depends on ME. These results provide an important link in understanding

reconstituted silk aggregation and a first step in correlating silk microstructure with

mechanical properties.
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Chapter 7

Percolation is Not the End of Gelation

In this Chapter, I transform reconstituted silk solutions into robust hydrogel networks

via covalent dityrosine crosslinking from an enzymatic reaction. Time resolved bulk

rheological properties of these gels are measured during polymerization while the fluo-

rescent nature of dityrosine bonds allows for the monitoring of bond formation. I find

that gelation begins with a modulus growth that is consistent with bond percolation

theory, and the molecular weight of the protein determines whether a secondary mode

of growth continues the polymerization.

7.1 Introduction

Understanding and creating biologically relevant environments in vitro is crucial to

making progress towards the design and implementation of cell scaffolds for tissue

engineering [8, 144]. Hydrogels make ideal scaffolds because they form hydrated 3D

networks, and they can be designed to be strong and biocompatible [145, 146]. The

optimal design of a hydrogel allows for the tuning of relevant network features like

the modulus, which is often measured through rheology, and is a consequence of the

chemistry of the constituent polymer building blocks of the network [147, 148].

Hydrogels can be formed from either natural biopolymers or synthetic alterna-

tives [55, 149, 150, 151, 152]. Often times, polymers are chosen or designed as either

block copolymers for preferential hydrogen bonding between inter-chain blocks or with
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covalent bonding sites at specific locations along the polymer. A polymer that has

the ability to form hydrogen bonds between blocks and specific covalent bonds can

assemble into a gel via both processes, creating a material with lengthscale dependent

structure [153].

Reconstituted silk fibroin solutions make ideal hydrogels that are tunable, bio-

compatible, and promote cell viability [154, 155, 156, 157]. The amino acid sequence

of silk fibroin is reminiscent of a block copolymer with long hydrophobic domains that

are known to form β-sheets in spun fibers [2]. Therefore, silk networks can assemble by

inducing associations between block domains [28, 98]. Additionally, covalent bonding

between two tyrosine molecules via an enzymatic mechanism forms a network through

specific and permanent crosslinking [154]. With both hydrogen and covalent bonding

mechanisms for network formation, silk hydrogels are useful for both tissue scaffolds

and fundamental studies of network structure formed with competing interactions.

7.2 Method

Bombyx mori silk cocoons are reconstituted following the protocol outlined by Rock-

wood et al. [43] in Section 3.1. I create two different molecular weight (MW) dis-

tributions of protein by adjusting the boil time as described in Chapter 4. The two

MW distributions are defined by their peak MWs of 340 kDa and 110 kDa which are

created by boiling steps of 10 minutes and 120 minutes respectively [74].

Silk solutions are mixed with horseradish peroxidase (HRP) enzymes and hydrogen

peroxide (H2O2). HRP uses H2O2 as fuel to form free radicals from tyrosines on the

silk protein [158, 159]. Two free radical tyrosines combine to form a covalent dityro-

sine bond, creating either an intra- or inter-protein crosslink. Dityrosine bonds have

unique fluorescence spectra that are separate from individual tyrosine fluorescence;
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Figure 7.1: Linear viscoelastic rheology of fully polymerized HRP gels. G′ (solid sym-
bols) and G′′ (open symbols) as a function of frequency (a) and strain amplitude (b)
of fully polymerized 340 kDa (circles) and 110 kDa (triangles) protein gels at c = 25.
Note: the absolute values of G′ and G′′ vary amongst different silk batches. The fre-
quency dependence of the moduli for a pure silk solution without HRP is shown in
Chapter 5.

the intensity of fluoresced light at 425 nm (F ) is collected and is proportional to

the number of dityrosine bonds [160]. I keep the concentration of HRP constant at

10 units mL−1, and H2O2 concentrations are kept at 0.005% unless otherwise men-

tioned. The mass concentration of silk c (in units of mg mL−1) is varied.

Solutions containing silk, HRP, and H2O2 are mixed and immediately loaded into

either a fluorescent plate reader or a rheometer where polymerization is monitored.

For rheological measurements, an oscillatory strain amplitude of 1% and frequency

of 1 Hz is used; these values correspond to the linear regime of the fully formed gel

[Figure 7.1]. The storage modulus (G′), loss modulus (G′′), and the normal force (NF)

are recorded every 30 seconds during polymerization. In fluorescence experiments, the

intensity of fluoresced light is recorded every thirty seconds.
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Because fibroin’s amino acid sequence is low complexity and very repetitive,

340 kDa and 110 kDa proteins have similar chemistries and equivalent densities of

tyrosines [2]. The chemical reconstitution process results in unstructured random-

coil protein, as shown in Chapter 6, despite the propensity for ordered β-sheets

that are observed in spun fibers [35]. In θ-solvent conditions, these proteins have

an expected radius of gyration RG = 7.0 nm for 340 kDa protein and RG = 4.5 nm

for 110 kDa protein [51]. Estimates for the overlap concentration c∗ are calculated

by c∗ = 3MW/4πR3
GNA, where NA is Avogadro’s constant, range from 40 mg mL−1

to 70 mg mL−1 for 340 kDa and 110 kDa proteins respectively. Small angle neu-

tron scattering measurements detailed in Chapter 6 of the 340 kDa protein provide

a smaller value of RG = 4.0 nm due to an averaging over the entire molecular weight

distribution. Additionally, neutron scattering measurements in Chapter 6 show that

the protein is in near θ-solvent conditions. Therefore, the use of RG = 7.0 nm and

RG = 4.5 nm for the 340 kDa and 110 kDa protein produce a conservative lower limit

on c∗; all measurements are performed in the dilute regime where c < c∗. Since c∗ is

not adequately determined, I do not define the the protein concentrations in terms of

c/c∗.

7.3 Results and Discussion

Characteristic polymerization curves for both the 340 kDa and 110 kDa protein gels in

Figure 7.2(a) show that G′(t) depends on MW. The characterization of G′(t) requires

the definition of three important timescales: the critical time tc, the percolation time

tp, and the final time tf . Inflection points of G′(t) are used to determine the timescales

tc, tp, and tf . t = tc is found by the local maximum of d2G′/dt2. When tc is small, this

91



G
' [

 P
a

 ]

c [ mg mL
-1

]

10
0

10
1

10
2

10
3

10
4

6050403020100

G
' 
[ 

Pa
 ]

t [ s ]

10
-1

10
0

10
1

10
2

10
3

10
4

10
2

10
3

10
4

a b

tc

tc

tp

tf

tp=tf

Figure 7.2: Representative polymerization curve with timescales defined and final
moduli of HRP gels. (a) Representative polymerization curve of G′(t) with timescales
tc, tp, and tf defined for 340 kDa (solid line) and 110 kDa (dashed line) gels. (b)
G′(tf ) (#) and G′(tp) ( ) for 340 kDa and G′(tf ) (4) for 110 kDa gels as a function
of c.

method of defining tc picks out the first point. t = tp is the time at which percolation

ends and is defined by the local minimum in d2G′/dt2. G′ completes growth at t = tf .

Both 340 kDa and 110 kDa protein gels exhibit a delay period where the system

is still a fluid for t < tc; G′ increases after tc. In 340 kDa gels, G′(t > tc) is interpreted

through two separate modes of growth occurring for tc ≤ t < tp and tp ≤ t < tf .

However, 110 kDa gels polymerize through only one mode when t > tc. These features

are robust and occur for all measured concentrations c [Figures 7.3 & 7.4].

At t = tf , growth of G′ is complete, and G′(tf ) increases with c in the 340 kDa gels

whereas G′(tf ) depends non-monotonically on c in the 110 kDa gels [Figure 7.2(b)].

The range of c used is determined by the timescale for gelation; gels do not form when

c is too low, and gels form too quickly to be measured if c is too high. Therefore, it

is unclear if a similar drop in G′(tf ) would be observed in 340 kDa gels if c is further

increased.
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Figure 7.5: Dityrosine fluorescence during polymerization. Maximum fluorescence
F (tb) as a function of c for (a) 340 kDa and (b) 110 kDa gels. Error bars are the
standard deviation of four independent trials. Insets show the growth of fluorescence
F − F (t = 0) for both MW gels, and dashed lines are a slope of 1.0.

Despite the nontrivial evolution of G′(t), the fluorescence F (t) during gelation

grows linearly until the fluorescence intensity F plateaus when covalent bonds stop

forming at t = tb [Figure 7.5]. Linear bond growth is seen for both 340 kDa and

110 kDa gels, and the maximum fluorescence F (tb) increases with c and plateaus for

both MW distributions. Since F is proportional to the number of covalent bonds, and

F (tb) is slightly higher in 340 kDa gels than in 110 kDa gels at a given value of c,

340 kDa gels have more covalent bonds per protein.

7.3.1 Fluid Phase: t < tc

For t < tc, the relation between G′ and G′′ differs for the different molecular weights:

G′ > G′′ for 340 kDa and G′ ∼ G′′ for 110 kDa [Figures 7.3 & 7.4]. It is possible

that molecular weight changes shift the frequency response of the protein solution so

that measurements at 1 Hz probe different relaxation modes of the system resulting
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in a change in relation between G′ and G′′. However, it is more likely that the elastic

component is attributed to interfacial effects that have previously been observed in

protein suspensions [74, 98, 103]. Additionally, the sometimes increasing value of G′(t)

shown in Figure 7.2 is also seen in solutions containing only the silk protein (data not

shown), suggesting that modulus growth is due to changes at the interface. Therefore,

I define t < tc as the fluid phase.

Covalent bonds are being created at a constant rate for t > 0 suggesting that

aggregates are forming for t < tc [Figure 7.5]. Eventually, the aggregate size grows

until a system spanning aggregate forms at t = tc. The scaling of tc ∝ c−1 for both

MW is consistent with the Smoluchowski doubling time, suggesting that the details

of aggregate formation are similar in both cases [161].

Insights in covalent bonding for t < tc are found by further investigating the final

values of G′ seen in Figure 7.2(b). When the concentration of H2O2 is increased,
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the decrease in G′(tf ) with c in the 110 kDa gels is minimized/removed [Figure 7.7].

Therefore, the drop in G′(tf ) indicating the formation of a weaker network despite

the addition of more protein is a consequence of depleted fuel. Consequently, I suggest

that intra-protein crosslinks form first, only creating inter-protein bonds with surplus

H2O2. When increasing c, more of the H2O2 is reduced for intra-protein bonds, and the

connectivity of the network suffers. This is consistent with the picture that free radical

tyrosines must associate to form a dityrosine bond; in the dilute phase, tyrosines are

more likely to come into contact with another tyrosine on the same chain through

thermal fluctuations than by the diffusion of the entire protein. Despite the ability to

adjust the concentration of H2O2, I do not compare the kinetics of the different fuel

levels because the enzyme catalysis rate also depends on H2O2 [162].
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7.3.2 Percolation: tc ≤ t < tp

Once a network spanning aggregate is formed at t = tc, the system is a solid. Modulus

growth is interpreted through percolation theory where the bond fraction p is the

probability that a bond is formed between two molecules [163]. There exists a critical

number of bonds pc defined so that at p = pc a network spanning cluster is formed.

Therefore for p < pc the system is a liquid, and for p ≥ pc the system is a solid. For

p ≥ pc, G grows following the relation G ∼ (p− pc)α. I make the approximations that

(p − pc) ∼ (t − tc) ∼ ∆t since bond growth in Figure 7.5 is linear, and that G ∼

G′. Additionally, I monitor changes in modulus associated with the bulk properties

independent of interfacial effects, so I define ∆G = G′ − G′(tc). For tc ≤ t < tp,

∆G ∼ ∆tα1 for both MW gels [Figure 7.8]. The values of α1 fluctuate around α1 = 2

for 340 kDa gels and range between 2 < α1 < 3.5 for 110 kDa gels [Figure 7.9]. These

values of α1 are consistent with predictions of percolation from the Rouse model that

takes into account scaling relations of the suspension viscosity and stress relaxation

in the network [163, 164].

Rouse-like percolation drives modulus growth to G′(tp); for a particular value of

c, both 340 kDa and 110 kDa gels have equivalent moduli at G′(tp) [Figure 7.2(b)].

Taking the approximation for the mesh size ξ ≈ (kBT/G′)1/3, where kB is Boltzmann’s

constant and T is the temperature, G′ is converted into a characteristic lengthscale.

For c = 30, G′(tp) ≈ 400 Pa resulting in ξ ≈ 20 nm which is equivalent to roughly

the diameter of the protein 2×RG.

7.3.3 Secondary Growth: tp ≤ t < tf

The major difference between 340 kDa and 110 kDa gels is that 110 kDa gels complete

gelation upon the end of percolation (tp = tf ) whereas 340 kDa gels continue to
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Figure 7.8: Elastic modulus growth during gelation. Rescaled moduli growth ∆G as
a function of ∆t shifted by G′(tp) and tp for comparison amongst different values
of c. (a) 340 kDa gels at c = 5, 10, 15, 20, 25, 30, 32, 34,& 36. Inset is magnifica-
tion of dashed box with an arrow indicating increasing c. (b) 110 kDa gels at
c = 15, 20, 30, 40, 50,& 55.

Figure 7.9: Power-law exponents of modulus during gelation. The power-law expo-
nents α1 and α2 for 340 kDa (a) 110 kDa (b) gels as a function of c.
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Figure 7.10: Timescale comparisons during HRP gelation. (a) tf/tb (#) and tp/tb ( )
for 340 kDa gels. (b) tf/tb (4) for 110 kDa gels. Error bars are a propagation of the
uncertainty in tb and the dashed lines are guides to the eye.

polymerize via a second mode of growth following the relation ∆G ∼ ∆tα2 for tp ≤ t <

tf [Figure 7.8(a)]. The modulus plateaus at G′(tf ) after α2 growth. Taking c = 30 as is

done in the example from the previous section, G′(tf ) ≈ 4000 Pa which corresponds

to ξ ≈ 10 nm; α2 growth drives gelation to lengthscales smaller than the protein

(ξ < 2×RG).

Values of α2 do not correspond to expectations from percolation and the fluo-

rescence data in Figure 7.5 do not exhibit the same multi-step growth. Instead, α2

depends on protein concentration, suggesting that the α2 growth mechanism is the

same for all values of c [Figure 7.9(a)]. The normal force signature during gelation,

which has a local minimum near tp, suggests that α1 and α2 are distinct modes of

growth [Figures 7.3 & 7.4]. Contrastingly for t > tp, the normal force exhibits a more

sporadic behavior.

A comparison of timescales amongst growth of G′ and F reveal that α2 growth

does not correspond to dityrosine bond formation [Figure 7.10]. In 110 kDa gels, the
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Figure 7.11: Dityrosine fluorescence during gelation on a linear scale. Fluorescence
growth during gelation of c = 5 for 340 kDa (solid line), c = 10 for 340 kDa (short
dashed line) and c = 15 for 110 kDa (long dashed line) gels

ratio of timescales tf/tb ∼ 1 signifies that the end of modulus growth/percolation is

correlated with the completion of covalent bond formation unlike 340 kDa gels where

covalent bonds have not stopped forming by the end of percolation (tp/tb < 1). In

the cases of the lowest values of c for 340 kDa gels, the modulus continues to grow

well after the end of covalent bond formation (tf/tb > 1); in the most extreme case

tf/tb > 6. Since I expect that the α2 mechanism is the same for all values of c, α2

cannot be due to covalent bonding.

The growth mode α2 is likely a coarsening mechanism. In the cases with the longest

α2 growth, F slightly decreases after the maximum suggesting that environmental

changes are occurring that affect the fluoresced spectrum [Figure 7.11] [165, 166].

Experimental evidence supported by molecular dynamics simulations have previously

shown that tyrosine bonds can act as templates for secondary structure formation of

the neighboring amino acids [160]. The fact that α2 growth is only seen in 340 kDa
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gels, and that proteins in 340 kDa gels have a more covalent bonds per unit length,

suggests that the secondary growth might be initiated by an increase in local stiffness,

consistent with the simulations where a slight tension on the peptide chains is needed

to induce secondary structure.

7.4 Conclusions

Hydrogels form when HRP is used to covalent crosslink tyrosines in reconstituted silk.

While covalent bonds are primarily intra-protein at short times, inter-protein bonds

form a spanning network with a modulus that grows in a manner consistent with

Rouse-like percolation. Depending on the MW of the protein, polymerization either

ends after percolation or continues following a slower, protein concentration dependent

coarsening mechanism. I attribute this secondary growth mode as the formation of

secondary structure of amino acids in close proximity to a covalent bond, however

further evidence of changes in secondary structure are needed before this can be

validated.
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Chapter 8

Summary and Conclusions

In Chapter 4, I showed through gel electrophoresis that the reconstitution process

cleaves the silk fibroin protein resulting in a polydisperse molecular weight distribution

that strongly depends on extraction time. The polydispersity and average molecular

weight of the distribution is controllable and quantifiable, and a comparison between

gel electrophoresis and Monte Carlo like calculations reveals that random cleavage at

serines along the amino acid sequence is likely the origin of degradation.

The viscosities of reconstituted silk solutions depend on the molecular weight

distribution, with solutions containing longer protein having higher viscosities. When

dried into films, the protein is random coil and amorphous. The drawing of films over

steam induces crystalline order and creates β-sheets, and some degree of degradation

optimizes the strength of these steam drawn silk films.

Chapter 5 highlighted electrogel formation and quantified the mechanical proper-

ties of electrogels through rheological measurements. Running a small DC electric cur-

rent through a reconstituted silk solution transforms a solution into a viscoelastic gel.

Electrogels have large yield strains. Before yielding, electrogels strain stiffen through

a mechanism that is not consistent with the wormlike chain model that quantifies

semiflexible polymer extension. Instead of stiffening reversibly, large strains lead to

plastic deformations and result in a work hardening effect.

In Chapter 6, I discussed the silk protein’s response to adding hydrochloric acid

(HCl) or sodium chloride (NaCl). Aggregates form in the presence of HCl at pH
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values that do not correspond to ionization of amino acids or the protein pKa. At the

same concentrations, NaCl does not induce aggregation, suggesting that acid driven

aggregation is not a consequence of charge screening. Lithium ions remaining from the

reconstitution process are found to decorate the protein, and density functional theory

calculations and molecular dynamics simulations suggest that they are associated to

the carbonyl oxygens. Mass spectroscopy measurements show that lithium ions are

removed with the addition of NaCl and HCl, suggesting that a bifurcated hydrogen

bond is responsible for protein assembly.

Small angle neutron scattering is used to measure the structure of the protein.

The fractal dimension of the protein is unchanged during aggregation, but the radius

of gyration increases with acid concentration. Dynamic light scattering shows that

aggregates are ergodic and that their sizes decrease with increasing acid concentration

Chapter 7, discussed the enzymatic crosslinking of silk into a gel by tracking bond

formation and modulus growth. Two different molecular weight (MW) distributions

(110 kDa and 340 kDa) are used in this Chapter. Fluorescence spectroscopy reveals

linear bond growth with time for both MW distributions. Modulus growth for 110 kDa

proteins is consistent with bond percolation, while modulus growth of 340 kDa pro-

teins begins with percolation and continues to grow with an additional mode. A

comparison of timescales during gelation suggests that the secondary growth mode

of 340 kDa gels may be caused by the buildup of secondary structure; this hypoth-

esis cannot be confirmed until further experiments measuring the time evolution of

secondary structure (i.e. circular dichroism) are complete.
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Appendix A

Interfacial Effects with Protein Solutions

A.1 Boussinesq Number

Interfacial effects are ubiquitous with protein solutions; proteins are amphiphilic

molecules and adsorbing to an interface minimizes energy. When the intention of

a rheological experiment is to measure bulk properties, interfacial protein can signifi-

cantly alter the measured behavior. Therefore, it is important to be conscious of bulk

rheological signs of interfacial effects that can be misinterpreted as bulk behavior.

A quantification of interfacial effects is the Boussinesq number Bo = ηs/η`s: a ratio

of the interfacial viscosity ηs, bulk viscosity η, and characteristic length `s. Interfacial

effects dominate bulk behavior for Bo � 1 [103, 167, 168]. Knowing Bo a priori is

unlikely, but the following sections contain examples of measurements showing the

consequences of changing Bo through experimental adjustments.

A.2 Cone-Plate Geometry

For cone-plate geometries with radius R, Bo = 2ηs/ηR [103]. I measure the bulk shear

stress σ as a function of shear rate γ̇ for a 50 mg mL−1 reconstituted silk solution using

a 25 mm cone-plate tool [Figure A.1]. Over the range 10−2 s−1 ≤ γ̇ ≤ 102 s−1,

the steady-state stress increases from 10−1 → 100 Pa. The flow curve is fit to a

Herschel-Bulkley relation
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Figure A.1: Flow curve for a silk protein solution: 25 mm cone-plate. The stress ( )
as a function of shear rate for a 50 mg mL−1 reconstituted silk fibroin solution. The
shear stress is fit to a Herschel-Bulkley relation (dashed line) with a small stress
plateau and an exponent of 1.

σ (γ̇) = σy +Kγ̇β, (A.1)

with a yield stress σy = 0.2 Pa and β = 1, indicating the solution has the hallmarks

of a Bingham plastic: Newtonian flow for σ > σy. The yield stress may originate

either from protein interactions in the bulk or through adsorption of the protein at

the air-water interface, but a single measurement type does not distinguish between

the two possibilities [168].

A.3 Double-Gap Couette Geometry

Double-gap Couette geometries of cylinder length L have Bo = ηs/ηL [103]. Because

L � R, Bo decreases by using the double-gap, predicting that interfacial effects are

minimized.
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Figure A.2: Flow curve for a silk protein solution: double gap. The stress (#) as a
function of shear rate for a 30 mg mL−1 reconstituted silk fibroin solution.

A measurement of 50 mg mL−1 reconstituted silk solution with the douple-gap

Couette geometry shows a suppression of σy [Figure A.2]. Because the double-gap

measurement finds the Newtonian regime at σ < σy found in Section A.2, σy is

considered an interfacial effect. If the system has a true yield stress, the yield stress

is not in the measured range.

A.4 Capillary Rheology

To show that the macroscopic measured quantities can be solely due to interfacial

effects, I compare results from both bulk and capillary rheology of the condensed

phase of ddx4 protein [169]. ddx4 protein is used because it exhibits liquid-liquid phase

separation that will be discussed further in Appendix B, creating a high concentration

protein phase that can easily be measured with bulk rheology. I measure η(γ̇) for the

ddx4 protein with both a 25 mm cone-plate and a capillary rheometer from Steve

Hudson at NIST [Figure A.3] [61, 170].

106



102

103

104

Vi
sc

os
ity

 [ 
m

Pa
 s

 ]

10-2 10-1 100 101 102

Shear Rate [ s-1 ]

Figure A.3: A comparison between capillary and bulk rheology. The viscosity of
condensed phase ddx4 protein when the shear rate is increased (dashed line) and
decreased (solid line) in a 25 mm cone-plate geometry. The viscosity found through
capillary rheology (#).

A major indicator that the yield stress is an interfacial property is the difference

in η(γ̇) when γ̇ is increasing compared to when γ̇ is decreasing. For a given γ̇, η is

smaller when γ̇ is decreasing. The interfacial structure is likely disrupted at high shear

rates, and measurements for decreasing γ̇ minimize the time allowed for interfacial

structure to reform. The shear thinning observed with bulk rheology is not observed

with the capillary rheometer. The vertical shift between measurement types at high

γ̇ is likely due to an under filling of the cone-plate.

A.5 Surface Treatment to Minimize Interfacial Effects

In addition to changing `s, changing the ratio of ηs/η is another way to moderate

interfacial effects. While η is generally fixed by experimental conditions, ηs can be

modified by introducing a component into the system that competes with the protein

for the interface. I incorporate 2 wt% of the surfactant Abil EM 90 into mineral
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oil and apply this to the air-solution interface where the surfactant migrate to the

resultant solution-oil interface. Although the solution-oil interface has finite ηs, the

ratio ηs/η is likely decreased by the surfactant.
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Appendix B

Phase Separation of Protein and Colloids

B.1 Phase Separation

The equilibrium state of microscopic particles (proteins, colloids, etc.) in solution

depends on many parameters. Experimentally, the most accessible parameters are

particle concentration, or volume fraction φ, and temperature T. The relevant energy

scale in the system is defined by thermal fluctuations on the order of kBT, where kB

is Boltzmann’s constant.

In the limit where the strength of attraction U → 0, systems are purely repulsive

(e.g. hard spheres or electrostatic repulsion) and exhibit fluid, solid, and fluid-solid

coexistence phases [Figure B.1]. In the case of hard spheres, the minimization of the

free energy F = U −TS occurs when the entropy S is at a maximum. However, when

U > 0, attractive interactions diversify the phase space by allowing for a gas phase

and the coexistence of other phases [171, 172].

A system that is initially a fluid or gas at U < kBT, depending on φ, will separate

into two distinct phases upon a sufficient increase in U , or a decrease in T, in order

to minimize its free energy [173]. This phenomenon is called phase separation and

occurs in a wide variety of biological systems where changes in the environment induce

separation. Phase separation can be a driving force for vital cellular components like

membrane-less organelles, or it can induce debilitating conditions like cataracts or

Alzheimer’s disease [174, 175, 176].
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Figure B.1: Phase diagrams for particles with different interactions. Repulsive (a),
long range attractive (b), and short range attractive (c) particles exhibit different
macroscopic behaviors. Reprinted from Anderson and Lekkerkerker [171].

An example of liquid-liquid phase separation in a protein solution is found with

the intrinsically disordered ddx4 protein. In general, ddx4 is stable in solution at

high temperature but phase separates at low temperatures [169]. Formation of ddx4

droplets as the temperature decreases from 50 ◦C→ 25 ◦C confirms that the system

separates into two phases [Figure B.2]. Measurements of the protein concentration in

these two phases shows that droplets are dense in ddx4, and the continuous phase

has a low but finite concentration of protein consistent with the coexistence of two

phases in Figure B.1. Furthermore, coalescence of ddx4 droplets in subsequent frames

of Figure B.2 indicates that the condensed phase is liquid-like.

Studying phase separation is useful towards understanding the interactions

between constituent particles [177]. While macroscopic evidence of phase separation

can be observed, the most useful measurement is of the structure factor. Unfortu-

nately, measurement of the structure factor for proteins requires protein scale spatial

resolution which is available through small angle neutron scattering (SANS) but not

with many other techniques. A comparison of SANS results with molecular dynamics

simulations provides the coarse-grained interaction between protein [178, 179].
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Decreasing Temperature

Figure B.2: Protein phase separation with temperature. ddx4 protein separates out of
solution into liquid protein droplets as the temperature decreases from 50 ◦C→ 25 ◦C.

Because colloids exhibit many of the same features of phase separation, they are

often used as a model system where observations are made through microscopy;

colloids can be a simplified analogy to proteins [180, 181, 182, 183]. Short range

colloidal attraction is often tuned through the depletion interaction; the size and

concentration of the depletant sets the length and strength of the interaction respec-

tively [184, 185, 186, 187, 188]. Since uncertainties in φ can affect the phase behavior,

φ must be calculated correctly [189].

B.2 Colloidal Gels

The phase behavior of a colloidal system depends on φ and U . At large φ and small

U , a system exhibits glassy dynamics [190]. Alternatively, spinodal decomposition

forms fractal aggregates for small φ and large U [191]. Interestingly, a competition
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between glassy dynamics and spinodal decomposition results in a metastable gel at

intermediate values of φ and U [184, 187, 188, 192, 193, 194].

The mechanical properties of colloidal gels depend on the number of contacts per

particle, and the confocal rheometer provides an opportunity to track particles and

infer bonds while measuring the bulk properties of the gel [188, 195]. More specifically,

my goal was to create a colloidal depletion gel and see if microscopic breaking of bonds

or rearrangements of particles manifested themselves in the bulk stress behavior.

Colombo and Del Gado utilized computational simulations of colloidal gels under

shear and observe that strain influences the breaking and formation of bonds, and

these events are correlated with the bulk stress behavior [92]. Unfortunately, this

project never fully materialized, but I include this work as a foundation to build on.

B.3 Colloid Details

I use poly-methylmethacrylate (PMMA) particles with a radius of 1.5 µm supplied

by Brian Leahy of Itai Cohen’s group. These particles are fluorescently dyed with

rhodamine and are excited with the λ = 561 nm laser. Each particle is sterically

stabilized by an exterior coating of poly-12-hydroxyl steric acid hairs. PMMA has a

refractive index nPMMA = 1.49 and a density ρPMMA ∼ 1.185 g cm−3. Particles are

stored in decahydronaphthalene, also known as Decalin.

B.4 PMMA Colloids as a Model System

One reason for the choice of PMMA as the colloid is that a binary solvent can be

chosen so that ρsolvent = ρPMMA and nsolvent = nPMMA simultaneously; the effects of

gravity are removed by creating a particle that is neutrally buoyant in its solvent

while simultaneously optimizing fluorescent imaging. The chosen solvents are Decalin
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with ρDec = 0.896 g cm−3 and cyclohexyl bromide (CXB) with ρCXB = 1.324 g cm−3

at 25 ◦C.

To achieve neutral buoyancy, the volume of CXB VCXB must be related to the

volume of Decalin VDec by

ρPMMA = ρDec

(
VDec

VDec + VCXB

)
+ ρCXB

(
VCXB

VDec + VCXB

)
. (B.1)

Since these organic solvents can damage the adjustable volume pipettes, I monitor

the mass of each solvent instead of the volume. The mass ratio of CXB to Decalin

ψ = mCXB/mDec is found by rearranging the terms in Equation B.1 and simplifies to

ψ =

(
ρPMMA

ρDec

− 1

)
/

(
1− ρPMMA

ρCXB

)
, (B.2)

where ψ = 3.072.

The total amount of CXB and Decalin depends on both ψ and the desired volume

fraction φ = VPMMA/ (VPMMA + VSolvent) where VPMMA and VSolvent are the total volume

of PMMA particles and solvent respectively When adding Decalin, it is important

to note that ψ is the ratio of the final solvent ratio and must include the Decalin

already present in the PMMA-Decalin suspension. The mass fraction of PMMA,

can be determined by solvent evaporation. For the stock that I use, the mass ratio

mPMMA/mStock = 3.11, is equivalent to φ = 0.26.

The amount of CXB and Decalin required to achieve φ, given ψ, is found by

φ =
VPMMA

VPMMA + mDec

ρDec
+ mCXB

ρCXB

. (B.3)

This can be rearranged to find the ratio of total mass of Decalin needed

mPMMA

mDec

=
φ

1− φ
ρPMMA

(
1

ρDec

+
ψ

ρCXB

)
. (B.4)

Therefore, given a starting mass of PMMA-Decalin suspension, and the mass ratio of

PMMA in the stock suspension, the total amount of Decalin is determined. Likewise,

the amount of CXB needed is found knowing ψ.
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After CXB and Decalin are added, the sample is sealed tightly with Teflon tape

and centrifuged at 1000×g at the experimental temperature to test the buoyancy

matching. If the particles sediment, ρSolvent is too low and more CXB needs to be

added. Contrastingly, particle creaming signifies that ρSolvent is too high and more

Decalin needs to be added. I start the centrifugation tests at 30 minutes and gradu-

ally adjusted the solvent until the particles were buoyancy matched well enough to

avoid creaming and sedimentation for 12 hours of centrifugation. Proper buoyancy

matching is crucial to creating a sample that is stable over timescales longer than the

experiment.

B.5 Charge Screening in an Organic Solvent

Long range electrostatic repulsion of PMMA particles is minimized by incorporation

of 4 mM tetrabutyl ammonium chloride (TBAC). TBAC is extremely hygroscopic,

so an accurate mass is difficult to determine. However, 4 mM is the maximum sol-

ubility of TBAC in CXB-Decalin and is achieved by placing a small piece of TBAC

into the PMMA suspension. Unsolubilized TBAC will sediment out. With electro-

static interactions screened, PMMA particles are considered, with caution, to be hard

spheres [196].

B.6 Inter-Particle Attraction through Depletion

To create inter-particle attraction, linear polystyrene with molecular weight MW=113.3 kDa

and polydispersity ratio of 1.03 is used as a depletant. I measure RG = 8.1± 0.3 nm,

although this is outside of the expected range [187]. The length of the attraction

ξ = RG(polymer)/RG(colloid) = 0.01.
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Figure B.3: Colloidal suspensions with and without depletant. At colloid volume frac-
tions φ = 0.1 and depletant concentration (a) c = 0 and (b) c = 170 mg mL−1
(c/c∗ ≈ 1.1), different macroscopic behavior is observed. Scale bars are 30 µm.

Using RG = 8 nm, the overlap concentration c∗ = 3 MW/ (4πR3
GNA) =

160 mg mL−1, where NA is Avogadro’s constant. As the concentration of polymer in

the system c increases, the depth of the attraction between two particles increases.

When performing rheology on colloidal gels, it is important to keep c/c∗ < 1 to avoid

elastic stress contributions from the solvent.

B.7 Suggestions for Continuation

PMMA particles at φ = 0.1 transition from dispersed at c/c∗ = 0 to a metastable

gel at c/c∗ ≈ 1.1 [Figure B.3]. However, improper buoyancy matching prevented

accurate rheological measurements of the gels; without stress-bearing pathways from
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one surface of the rheometer to the other, stresses are only transmitted through the

solvent. Over time, I observe the sedimentation of particles.

Failure in buoyancy matching can come from two sources: sample preparation

and measurement. Buoyancy matching during sample preparation can be optimized

by preparing larger volumes of samples; the evaporation of small volumes of solvents

will only change the overall solvent composition slightly if the sample volumes are

large. Even when buoyancy matching during sample preparation was done well, evap-

oration of a small volume sample as it is loaded onto the rheometer significantly

impacted the solvent composition. Ideally this experiment should be done in a Cou-

ette geometry, where evaporation of this large volume only slightly changes the overall

solvent concentrations. Gravitational effects will not affect the connectivity of the net-

work along the gradient axis. In addition to increasing sample volume, particle size

should be decreased. Smaller particles sediment slower, and decreasing the particle

size increases ξ. Finally, a better quantification of both the particle and polymer size

is necessary to best define φ and ξ.
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