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Abstract

In this study, Brillouin light scattering is used as a tool to explore the elastic and
viscoelastic properties of different macromolecular systems. Specifically, we explore
two common macromolecular systems: aqueous solutions and crystals. By performing
experiments on these different systems, we are able to explore the evolution of the
properties of interest in three distinct regimes. By performing experiments on aqueous
solutions, we are able to explore the dilute regime, wherein solute molecules may be
treated as non-interacting particles, and the semi-dilute regime, where intermolecular
interactions cannot be neglected. Finally, performing experiments on macromolecular

crystals allows us to observe the elastic properties of macromolecules in the solid state.

The effects of macromolecular crowding have been extensively studied by vari-
ous experimental techniques. Such works have demonstrated a significant amount of
binding of solvent to the hydration shells of such crowders, drastically reducing the
available free volume. In this work, Brillouin light scattering experiments were per-
formed on aqueous solutions of Ficoll 70 and Ficoll 400 with concentrations ranging
from 1 wt% to 35 wt% and Bovine Serum Albumin with concentrations of 1 wt%
to 27 wt%. By examining the evolution of longitudinal Brillouin peak parameters
with solute concentration, we calculated viscoelastic properties, including hypersound
velocity, adiabatic bulk modulus and compressibility, apparent viscosity, and hyper-
sound attenuation. Existing theory could only capture trends in this evolution up
to a threshold concentration due to the neglect of intermolecular interactions. As
such, the addition of a quadratic term was incorporated to account for intermolecular
interactions between solute molecules. In Ficoll solutions, evidence of a central mode,

which is due to relaxation of solvent in the polymer hydration shell, was observed.

In recent years, there has been a growing amount of interest in exploration of the

elastic properties of crystalline macromolecular structures. Such properties of virus
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crystals, however, are still hardly known. In the present work, crystals of satellite
tobacco mosaic virus were grown using hang drop vapour diffusion techniques. Crys-
tal clusters grown were subsequently used in Brillouin light scattering experiments.
Peaks in Brillouin spectra were determined to be due to longitudinal bulk modes,
and the parameters of these peaks were used to approximate hypersound velocity and

attenuation within the crystals.
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Chapter 1

Introduction

The study presented within this work contains two primary components which utilize
Brillouin light scattering spectroscopy as a tool to explore the properties of macro-
molecular systems. Brillouin light scattering is a non-invasive and non-destructive
laser spectroscopy technique used to study the propagation of acoustic phonons within
a material. In the present work, acoustic waves propagating in both solid and liquid

systems are referred to as phonons.

Firstly, this study reports on Brillouin light scattering studies of aqueous solutions
of polymers Ficoll 70, Ficoll 400, and Bovine Serum Albumin (BSA). Solution elastic
and viscoelastic properties were determined over the dilute and semi-dilute ranges
from the dependence of Brillouin peak frequency and width. The concentration de-
pendencies of these properties were not consistent with existing theory but instead
were found to be well-described by expressions derived from a new model relating hy-
persound frequency and solute concentration. Furthermore, Brillouin spectra of high
concentration Ficoll solutions demonstrated properties associated with solute hydra-

tion. Such properties were subsequently used to calculate a relaxation time associated



with hydration.

Secondly, Brillouin scattering experiments were performed on crystals formed from
satellite tobaco mosaic virus (STMV) particles. STMV crystals were grown using
hang-drop vapour diffusion techniques. Various techniques were used to optimise
crystal growth, until such a technique was able to consistently grow crystals which
were suitable in size. Such crystals were subsequently used in Brillouin light scattering
experiments. Such experiments were performed in an attempt to observe longitudinal
acoustic modes as well as individual phonon modes propagating within the sample.
Longitudinal bulk mode frequency was subsequently used to approximate phonon

velocity and attenuation within the crystals.

1.1 Macromolecules

Organic molecules are sets of atoms bound together by covalent bonds. For most
macromolecules, this definition is satisfactory. However in some macromolecules
atoms are held together by several other secondary forces. Therefore, it is practi-
cal to define a macromolecule as a group of atoms which move together and do not
dissociate. Such macromolecules typically exhibit a regular structure and behave like
a conventional covalently bonded molecule in most physiochemical aspects [1]. Some

common forms of macromolecules are polymers, nucleic acid, and colloids.

1.2 Macromolecules in Solution

In the past there have been many studies on macromolecular solutions through several

different means of experiment. Properties of macromolecular solutions have been



rigorously studied by means of diffusion experiments, rheology, and NMR. However
there have been very few studies of macromolecular solutions by means of Brillouin
scattering. As such, the following section will summarize some work which has been

performed on various macromolecular solutions.

In a study by Pochylski et al., Brillouin light scattering experiments were per-
formed on poly(ethylene glycol) 600 (PEG600) solutions at various concentrations
and temperatures ranging from 288 K to 363 K [2]. A single set of Brillouin peaks
was observed in these spectra, and change in Brillouin peak shift and width was
recorded as a function of temperature. This allowed for further calculations of elastic
properties, such as phonon velocity, sound attenuation, and adiabatic compressibil-
ity, shown for changing temperature. At high concentrations, a relaxation mode was
observed in spectra, which was attributed to hydration of PEG due to surrounding

solvent.

Furthermore, Pochylski et al performed Brillouin light scattering experiments on
PEG 400 at temperatures below crystallization temperature [3]. In this temperature
range, a second set of Brillouin peaks was observed, which corresponded to PEG400
crystallites forming in the solution. The frequency shift and width of both sets of
peaks were used to show the evolution of different zones of local compressibility with

changing temperature and concentration.

Svandize et al. performed Brillouin light scattering experiments on solutions of
lysozyme at temperatures ranging from 293 K to 355 K [4]. The evolution of phonon
velocities and dampening were observed over a range of temperatures. A critical tem-
perature of 343 K was observed in Brillouin spectra. At this temperature, phonon
dampening was at a maximum, whereas both phonon speed and Brillouin peak inten-

sity were minimized. This anomalous point was determined to be due to the beginning



of a sol-gel transition in high concentration lysozyme solutions.

In a follow-up study, Asenbaum et al. performed Brillouin light scattering exper-
iments on water-lysozyme solutions at the same temperature range [5]. A minimum
in Brillouin peak intensity was also observed at 343 K. An extreme minimum was
also observed in the intensity of the central Rayleigh peak. For temperatures less
than the critical temperature, the temperature dependence of the peak intensity is
much stronger than calculations predicted, whereas at temperatures above the criti-
cal temperature, the temperature dependence was much smaller. This indicated that
the solution of folded lysozyme molecules in solution had irreversibly become a gel of

thermally unfolded lysozyme.

Brillouin light scattering was performed on a number of different macromolecular
solutions, including glycine, triglycine, glycerol, sucrose, lysozyme, BSA, and gelatin,
at various concentrations by Adichtev et al. [6]. They found that for nearly all mate-
rials studied, Brillouin peak shift and width increased with increasing concentration
following a universal relationship. This relationship was derived from a Reuss average
of the bulk moduli of the constituents of a two component system, treating them as
non-interacting particles. It was also shown that the relationship between Brillouin
peak properties and solution viscosity do not follow a universal relationship,as peak

shift and peak linewidth did, and show more variance with macroscopic viscosity.

Roldan-Ruiz et al performed Brillouin light scattering, and complimentary NMR
spectroscopy, on binary mixtures of malcine, a macromolecule formed through the re-
action of malic acid and choline chloride, and water [7]. This study measured acoustic
velocity with changing concentration over a full range of % weight concentrations,
ranging from pure water to pure malcine. Two linear regimes, increasing with in-

creasing concentration, were observed in the relationship between acoustic velocity



and malcine concentration, with a transition at 70% malcine concentration by weight.
This transition was described to be the transition from malcine in water to water
in malcine. This transitionary region was further demonstrated by a divergence in
self-diffusion coefficients for concentrations below 70%, as measured by NMR spec-

troscopy.

Aside from observing the evolution of phonons in macromolecular solutions, Bril-
louin light scattering has also been used as a technique to observe hydration of macro-
molecules within solution. In such studies, a weak and wide mode was observed within
the central elastic peak of a spectrum. This phenomenon was first observed by Pin-
now et al., and was attributed to relaxation due to hydration of solute molecules by
the surrounding solvent [8]. More specifically, the width of the central peak is di-
rectly proportional to the relaxation time of hydration. This relaxation corresponds
to solvent molecules entering and exiting the hydration shell of solute molecules, and
the relaxation time corresponds to the duration of the occupancy within the hydra-
tion shell. This phenomenon has been explored in many different macromolecular

solutions, such as LiCl [9], DNA [10], hyaluronic acid [11], PEG 600 [2], and more.

The use of Brillouin scattering has also been used to observe hydration of glyco-
proteins in gastropod mucus in work by Hanlon et al [12, 13]. This work observed
the change in Brillouin peak parameters as a function of temperature, and observed
the appearance of a Brillouin peak due to ice crystals at temperatures below -2.5°C.
This depression in freezing temperature from 0°C was determined to be due to hy-
dration of glycoproteins. More specifically, the water bound to the hydration shells of
the glycoproteins was unable to reorient itself into a configuration which would allow
freezing. This depression in freezing point temperature was also observed to move

further from 0° with increasing glycoprotein concentration [13].



While the studies listed above have done considerable work exploring the vis-
coelastic properties of different aqueous macromolecular solutions, these works have
all worked in relatively low concentration ranges. As such, they treat these macro-
molecules as non-interacting particles. The aim of this work is, therefore, to explore
the viscoelastic properties of such solutions at higher concentrations, where there is
a significant degree of macromolecular crowding and the inter-molecular interactions
can no longer be ignored. It is expected that this increase in macromolecular crowding
will cause a further increase in phonon frequency and Brillouin peak linewidth, and

subsequently other viscoelastic properties calculated from these measured properties.

1.3 Ficoll

Ficoll is a neutral, highly branched copolymer comprised of sucrose and epichlorohy-
drin. Despite its branching nature, diffusion experiments have shown that Ficoll is
spherical, and not linear like other branching polymers, as shown in the schematic
in Figure 1.1 [14]. Due to its well known diffusion properties, it has commonly been
used as a test solute in filtration experiments [14, 15]. Within the last fifteen years
however, diffusion experiments involving ficoll have shown larger diffusion rates than
were predicted by theory and simulation for hard spheres [16]. This led to the under-
standing that ficoll is not a rigid sphere, but is instead globular, with more freedom

to have its shape altered by its environment [16].

There are two variations of Ficoll which were used in this work. The first is ficoll-
70, which has a mass of 70 kDa and Stokes radius (the effective hydrated raduis) of
5.10 nm [17]. The second type is Ficoll-400, which has a mass of 400 kDa and a Stokes

radius of 10.0 nm [18].
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Figure 1.1: Schematic of Ficoll molecules in solution.

To date, the acoustic dynamics of aqueous Ficoll solutions have not been explored
through means of inelastic light scattering. As such, this study used Brillouin light
scattering to explore phonon and viscoelastic properties (specifically as hypersound
velocity, bulk modulus, apparent viscosity, and hypersound attenuation) of Ficoll

solutions as concentration is changed.

1.4 Bovine Serum Albumin

Bovine serum albumin (BSA) is a globular protein primarily found within the blood
of cattle. BSA has a well known size and shape, similar to the schematic of Ficoll
in Figure 1.1, and has therefore been used extensively as a macromolecular crowding
agent [19-21], and has also been commonly used in diffusion experiments [22-26].
BSA molecules are ellipsoidal with a Stokes radius of 3.8 nm and molecular mass of
66.5 kDa [27]. While few, there have been some studies of phonon velocity in BSA

based systems by use of Brillouin scattering.



Bohidar et al. performed Brillouin light scattering experiments on BSA, as well
as insulin, as a function of environmental pressure [28]. A quadratic relationship be-
tween environmental pressure and phonon velocity was observed for BSA solutions at
room temperature. Furthermore, an exponential decrease in compressibility, and con-
sequentially, an exponential increase in rigidity modulus, was observed for increasing

pressure.

Molecular dynamics simulations were performed by Hanlon et al. to investigate the
viscoelastic properties of different aqueous macromolecular solutions [29]. These sim-
ulations studied an anti-freeze glycoprotein, a toxin protein, and BSA at temperatures
ranging from 280 K - 340 K. This study showed that with increasing temperature,
there was an increase in hypersound velocity and bulk modulus, and a decrease in
viscosity. Interestingly, temperature dependent studies showed a weak maximum in
velocity and hypersound modulus before approaching convergence between the differ-
ent solutions. Furthermore, in the anti-freeze data, there was an increase in hyper-
sound velocity and bulk modulus with increasing protein concentration, which closely

resembled experimental data.

In a study by Yan et al., Brillouin light scattering was used to probe dextran
(H(C¢H1005)OH), a complex and branched polysaccharide. Molecules within organic
cells were subsequently compared to systems of other macromolecular systems, in-
cluding BSA [30]. Brillouin results from this study showed a linear relationship
between phonon velocity and concentration. However data for BSA experienced a
deviation from linearity at 10% weight concentration. This change in linearity was
attributed to increased interactions between BSA molecules. Such interactions lead to
volume fluctuations within BSA molecules, which therefore reduce the compressibility

of molecules. This fluctuation of cell volume and structure was also determined to be



the cause of a change in the rate of change of phonon velocity with concentration.

While there have been some experimental works used to explore phonon velocity
of BSA solutions, there has been no work to date further exploring the evolution of
elastic behaviour of aqueous BSA solutions with changing concentration. Therefore,
this study aims to use Brillouin light scattering techniques to probe acoustic bulk
phonons in BSA solutions and perform an in depth look into elastic behaviour such

systems.

1.5 Definition of a Virus

The concept of a virus was first put forward by Bijerinck in 1898 as a means to
describe an infectious agent which is smaller than a bacterium [31]. The virus he was
describing was tobacco mosaic virus, which was first described as the mosaic disease

of tobacco by Adolph Mayer [32].

Whereas organic host cells contain two types of nucleic acid, DNA and RNA,
virus particles contain only one type of nucleic acid. This can be either DNA or
RNA. All genetic information for reproduction of a virus is encoded in its nucleic
acid. However it lacks the components for independent self replication. As such, a
virus can not reproduce on its own, and therefore must attach itself to a host cell in

order to replicate.

In a study by Talati and Jha, low frequency vibrational modes were calculated
using an elastic continuum approximation model for spherical virus particles im-
mersed in a medium [33]. The vibrational modes of virus nanoparticles were cal-
culated from a classical point of view, starting with Lamb’s equation of motion for

a three-dimensional elastic body. It was shown that the Lamé constants (material
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dependent parameters which describe the stress-strain relationship) relate to elastic

constants, as A\ = Cp and u = Clyy.

In a study by Hartschuch et al. Brillouin light scattering experiments were per-
formed on Wiseana iridovirus embedded within Poly(methyl methacrylate) using the
514.5 nm line of an Ar™ laser, analyzed with a tandem Fabry-Perot interferometer [34].
WIV samples were placed on a silicon substrate for analysis. Spectra were collected
with different incident wave-vectors. In these spectra, a weak peak was observed at
vr = 8.8 &+ 0.2 GHz, corresponding to a transverse acoustic mode. This leads to a
transverse acoustic phonon velocity of vy = 1450 + 50 m/s. Using v, = 2vr for a
crystal with Poissons ratio o = 0.33, the longitudinal acoustic phonon velocity was es-
timated to be v, = 2900 £ 200 m/s. Finally, Hartschuch calculated Young’s modulus

to be E = 6.7 GPa.

A study by Sirotkin et al. was performed which aimed to explore phonon dynamics
of different viruses, treating them as nano-particles [35]. Low frequency Brillouin
and Raman scattering was performed on several large viruses, with diameters of 140
- 190 nm, and compared to similar sized colloidal nano-spheres. Despite structural
similarities between the viruses used in this study and colloidal nano-spheres, Brillouin
and Raman scattering experiments did not show any evidence of nano-particle modes.
It was determined that this was possibly due to the complexity of the inner structures
of viruses. Sirotkin et al. also expressed that the heterogeneous elasticity and/or the
diffuse structures of the viruses could prevent the development of motional coherence

within the virus particles.

Brillouin spectra collected on macromolecule and virus crystals have exhibited
acoustic phonon frequencies almost an order of magnitude lower than those of con-

ventional crystals, attributed to their weaker bonding properties. This work aims
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Figure 1.2: Schematic of icosahedral structure of STMV, comprised of twenty equal
triangular faces, surrounding helper virus TMV molecule. Each triangular face con-
tains three capsid subunits. Icosahedron generated by Mathematica.

to explore these phonon properties within virus crystals, and the elastic properties

derived from them.

1.6 Satellite Tobacco Mosaic Virus

STMYV is an icosahedral ssRNA virus diameter of 17 nm. STMV has a triangulation
number of T' = 1, meaning that it is comprised of 60 identical capsid subunits, evenly
distributed between its 20 faces . As a satellite virus, STMV does not encode a
capsid protein and therefore lacks the ability to self replicate. Though it can not
self replicate, STMV may spread when in the presence of a helper virus. The helper
virus most commonly associated with STMYV is tobacco mosaic virus, TMV, which is

a cylindrical-like virus with a length roughly 18 times the diameter of STMV [36].
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1.7 Crystallization of Macromolecules

The first crystallization of macromolecules was performed by Hiinefeld in 1840, who
successfully crystallized hemoglobin from the blood of an earthworm [37]. Crystal-
lization of hemoglobin was the focus of many studies at this time. However the first

study to reproducibly grow hemoglobin crystals was performed by Fiinke in 1951 [37].

While conventional and macromolecular crystals are superficially similar, there are
important differences between them. Macromolecular crystals are often very fragile.
Since macromolecules often lack inversion symmetry, the morphologies of macromolec-

ular crystals are typically simple.

Macromolecular crystals typically grow in very narrow ranges. They can usually
only grow in temperatures ranging from 0°C - 30°C, and fairly neutral pH ranges.
Furthermore, macromolecular crystallization requires an incredibly high solvent con-
tent, no less than 30%. In most cases, the solvent content in solution is between
40% - 60% [38]. However some macromolecules have required solutions of 90% sol-
vent [39, 40]. Macromolecules in solution typically crystallize in small islands which
eventually branch together. As such, lattice constraints are tenuous and few. This
contributes to high levels of disorder in crystals. Unlike conventional crystals, macro-
molecular crystals often have a large degree of hydration within them. As such, they
cannot be exposed to air or too long without losing aspects of their diffraction pat-
terns [41]. The resulting crystals also exhibit a large amount of polymorphism. For
example, STMV crystals can be orthorhombic, monoclinic, or cubic. The cell sizes of
macromolecular crystals are large, ranging from 30 A to several hundred A. Since scat-
tering intensity is inversely proportional to cell size, macromolecular crystals typically

exhibit weak light scattering properties [37].
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Crystallization of proteins, RNA, and viruses employ many of the same mecha-
nisms as conventional crystals. Some of these growth mechanisms include spiral dis-
location, 2D nucleation, random nucleation, and 3D aggregation. Unlike conventional
crystallization, but macromolecular crystallization may employ different mechanisms

in the same face, or change from one mechanism to another [37].

Macromolecular crystals require extremely high levels of supersaturation, on the
order of a few hundreds to thousand percent, and more complex solutions, often
involving salts and buffer solutions. Due to the complex nature of solution required
for crystallization, there is a higher chance of impurities within the final crystal.
Crystals may be grown using seeding techniques, but it becomes less effective with

larger molecules [37].

While crystallization of viruses and proteins dates back as far as the 1940’s [42, 43],
crystallization of STMV has only been explored over the last 30 years [44]. Virus
crystals, a type of macromolecular crystal, are typically very small, rarely exceeding
1 mm, such is the case for STMV crystals. STMV crystals have been grown as large
as 200 pm under reproducible conditions [45], however STMV crystals were grown to

1.5 mm in a zero-gravity environment [46].

The growth of six macromolecular crystals, including STMV, was observed by
means of atomic force microscopy in real time by Malkin et al. [47]. Crystals were
nucleated in small droplets (3 ml), which produced no more than 3 - 5 seed crystals.
These crystals were then transferred to a cell containing 50 ml of the correspoonding
macromolecular solution. Concentrations of solution varied between different types
of macromolecules. Crystal growth was examined over periods of several hours. Dur-
ing this time, crystals grew from microcrystals of size 40 - 50 um to mature crystals

of size 0.5 mm. Finally, STMV crystallized differently from other macromolecules
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observed. No dislocations were observed in STMV crystals. The dominant growth
mechanism of STMV was continuous sedimentation and absorption of three dimen-
sional nuclei. Upon absorption, nuclei continued to grow by both two dimensional
nucleation, growth in the normal direction, and by step flow over the surface of the
larger crystal. These nuclei rapidly develop into multi-layer plateaus. The heights of

the plateaus varied, ranging from 12 - 510 nm (8 - 34 layers) [47].

Land et al. were able to show the process of a canavalin macrocluster forming step
bunches, generating a plateau on the top as it growed. It was shown that the crystal
step train merged with the macrocluster, continuing to grow without defects. This
is different from microcrystal incorporation, which would involve the growth of many
defects. It is unknown whether or not the macroclusters are ordered in the beginning,
but it is presumed that they reorient themselves to align with the crystal lattice. This
process is similar to results reported for thaumatin [48] and STMV [49]. Topmost
terraces formed by macroclusters in this study were significantly larger than those
generated by dislocation hillocks. 2D nucleation was observed in terraces formed by
macroclusters, however no 2D nucleation occurred on terraces formed from dislocation

hillocks outside extremely high supersaturation.

1.8 Elastic Properties of Macromolecular Crystals

While crystallization of viruses and other macromolecules has been well researched
over the last hundred years, the exploration of the elastic properties of such crystals
is still a relatively new field of research. As such there have been few studies on the
elastic properties of macromolecular crystals and, in particuar, virus crystals. For

this reason, the following section will summarize some work done on both virus and
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protein crystals.

In a study by Tachibana et al. acoustic properties of crystalline lysozyme were
explored using ultra-sonic pulse echo method [50]. Acoustic phonon velocity was
measured along the [110] direction, and found to be v = 1817 m/s + 5%. In this
work, it was shown that C;; + Cge = 3.99 GPa. Young’s modulus for crystalline
lysozyme was calculated to be F = 2.70 GPa, using 0 = 0.33 as Poisson’s ratio.
Furthermore, shear modulus and bulk modulus were calculated using p = E/2(1 + o)

= 102 GPa and K = E/3(1 — 20) = 2.65 GPa, respectively.

Chernov et. al performed a rigorous study of the growth of protein crystals, cov-
ering many topics, including surface energy, elasticity, cracking, solubility, nucleation,
growth modes, and crystal perfection [51]. Protein crystals and other macromolecu-
lar crystals are known to be very soft and fragile. The Young’s modulus for several
macromolecular crystals have been calculated from experimental results measuring
vibrational frequencies. Measurements of crystal plasticity and strength were made
by triple point bending of as-grown triclinic lysozyme rods. The deflection of lysozyme
was linear with applied force. This occurred until the deflection began to cause crack-
ing in the crystal. This suggests that these crystals are purely elastic up to their
strength limit. In bending experiments, four lysozyme rods with different faces in
contact with the bottom surface of a cuvette were measured. The Young’s modulus
found using an isotropic approximation were £ = 0.1 - 0.5 GPa. These values are
roughly 2-3 times lower than those for cross-linked lysozyme, and 10 - 100 times lower
than those for conventional crystals. Compressibility of crystals was calculated and
compared to compressibility of protein molecules (calculated measuring frequencies of
ultrasound in protein solutions). Interestingly, the crystals were much softer than the

molecules composing them. Assuming a Poisson’s ratio of 0.25 for lysozyme molecules,
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Young’s modulus was calculated. This yielded a value of £ ~ 1.5 - K, where K is the

bulk modulus.

In a study by Stephanidis et al., STMV crystals were grown through hang-drop
vapour diffusion, and subsequent Brillouin light scattering experiments were per-
formed [45]. Different STMV conditions were investigated, STMV solutions, fully
hydrated crystals, and severely dehydrated crystals. STMV solution was purified
from STMV that was twice recrystallized from NaCl. The final concentration of solu-
tion was 8.5 mg/ml. From this solution, STMV crystals were grown using hang-drop
vapour diffusion at room temperature with a buffer solution of 0.025 M sodium sul-
phate at pH 6.8. After growth, crystals were transferred into sealed glass capillaries
with minimum mother liquor to ensure full hydration and stability of crystals. Finally,
dry crystals were prepared by slowly evaporating mother liquor in unsealed capillaries
in air over several days. Dry crystals became slightly opaque. However STMV crystal
shape and crystalline organization remained unchanged. In this study, Brillouin light
scattering experiments were performed with a laser of wavelength A = 532 nm and
power of 10 mW. Different scattering geometries were used to explore the phonon
dynamics of STMV. For STMV solutions, all spectra showed only Brillouin features
characteristic of aqueous buffers were observed. This was likely due to the small con-
centration of STMV in the solution. The first peak observed in Brillouin spectra, at
v = 8.00 £+ 0.05 GHz was an effect of the aqueous buffer within the wet crystal, and
the broader peak at v = 11.2 4+ 0.2 GHz arose from STMV. Both of these peaks were
due to longitudinal acoustic modes propagating in their respective media. This value
led to a calculated longitudinal acoustic mode velocity in STMV of v = 1920 4+ 70
m/s. Once the crystal had dried, the longitudinal acoustic mode frequency shifted to

v = 200 + 0.5 GHz, corresponding to a phonon velocity of v = 3430 £+ 80 m/s.
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Chapter 2

Theory

The work presented in this study uses inelastic light scattering spectroscopy as a
means of probing acoustic phonons propagating in crystalline structures and aqueous
solutions. The following section will describe the underlying theory and mechanics of

inelastic light scattering of these systems.

2.1 Elastic Properties of Crystals

To describe elastic properties of a crystal, it is beneficial to treat the atoms as a series
of masses on springs. For this example, we consider an atom whose position is defined
by 7(R) = R + u(R), where R is the equilibrium position of the atom, and u(R) is
some displacement from equilibrium. Subsequently, the potential energy within the

crystal is described by

U =560 (R) ~r(R) = 5 S 6(R— R +u(R) —u(R).  (21)

RR/ RR
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The Hamiltonian of such a system is given by

H=Y" PZ(Z)Q +U (2.2)
R

where P(R) is the momentum of an atom and M is the mass of an atom [1].

To find a solution for the harmonic approximation, we first expand the potential

energy U using a Taylor series expansion [1]

U=5Spo(R)+ 5 pnu(R) - u(R)]- Vo(R - R)+
> rw{u(R) —u(R)} - VI29(Ry) + O(u?).

(2.3)

The linear term of Equation 2.3, Y~ .. V(R — R'), is related to the force on an atom
at position R at equilibrium. As such this term vanishes. The potential energy can

be written as U = U.q + Ungrm, Where U, is given by Equation 2.1 and Upgpr, is given

by
1
Unarm = 7 D_[un(R) = (R0, (R — B[y (R) = ()] (24)
RR’
where
82
B (r) = aréé:) . (2.5)
In matrix notation, Upgpm, is written as [1]
1
Ubarm = 5 > uu(R) Dy (R — R)u,(R). (2.6)

RR
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2.1.1 Normal Modes in a Lattice

To calculate the normal modes in a lattice, we begin with a monatomic one-dimensional
chain of atoms whose Bravais lattice vectors are given by R = na. The harmonic po-

tential energy is given by

Unarm = %K S [u(na) — u({n + 1}a)]? (2.7)

where K is a spring constant, and the equation of motion is given by

Mii(na) = —ggém — _K[2u(na) — u({n — 1}a) + u({n+1}a)].  (2.8)

If there is a finite number of atoms, we must obtain a method to describe motion at the
ends of the chain. As such, we impose periodic boundary conditions u([N+1]a) = u(a)
and u(0) = u(Na), where N is the length of the chain of atoms. This will yield a
solution of the form w(na,t) oc e'*"2=%) where k is a wave vector. The periodic

boundary condition requires e*N® = 1, thus
k=—— (2.9)

where 27/a is the length of the first Brillouin zone. With these conditions, we may

return to Equation 2.8, as
_Mw2ei(kna—wt) — —K(2 . e—ika . eika)ei(kna—wt). (210)

From 2.10 we obtain the frequency of the normal mode for small values of k [1]

w= (a\/g\lﬂ). (2.11)
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Next, consider a Bravais lattice with two different ions per unit cell with positions
na and na + d and masses M; and Ms, respectively. We take d < a/2, such that

a —d > d. As such, we obtain two equations of motion, one for each type of atom

Myiiy (na) = K|(Jus(na) — 2uq(na) + us({n — 1}a)] (2.12)

Myiis(na) = K[(Jui({n + 1}a) — 2us(na) + ui(na)] (2.13)

As with the previous example, we seek solutions of the form u;(na,t) = e e!Fma=«t

i(kna—wt)

and us(na,t) = ege By substituting these expressions into Equations 2.12

and 2.13 we obtain an expression for normal mode vibrational frequency, as

M, + My & /M3 + 2M; My cos(ka) + M2
2o K= L 2). 2.14
o=k ( 2 (2.14)
For small values of k, the solutions to Equation 2.14 become
K

k)=k 2.1

(k) = hay 5o (2.15)
and
2K (M + Ms)

k) = . 2.16
() \/ Tt (2.16)

These two solutions correspond to two different phonon branches. Equation 2.15

corresponds to acoustic modes, while Equation 2.16 corrseponds to optical modes.

A simple phonon dispersion curve is shown in Figure 2.1. In this curve, the higher
frequency branch corresponds to optical phonons, which are higher energy in nature,
and the lower frequency branch corresponds to acoustic phonons. In three-dimensional
crystals, it is important to consider the direction of propagation and the polarization

direction. In a simple three-dimensional structure, polarization vectors are mutually
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/\

Optical Branch

w(k)

Acoustic Branch

-m/a r m/a

Figure 2.1: Simple diagram of a phonon dispersion curve for a one-dimensional chain
with two different atoms in the unit cell.

perpendicular, aligning with the three principle directions. In anisotropic crystals,
the polarization vector does not need to be so simply related to the direction of

propagation, unless k is invariant under symmetry operations [1].

When expanding these concepts into three dimensions, we must adopt the matrix
notation provided in Equation 2.6. To discuss normal modes of a three-dimensional
atomic crystal, we may use the symmetries of the crystal to simplify the solutions to

Equation 2.6.

Beginning with a monatomic three-dimensional crystal, there are 3N equations of

motion, 3 equations for each N atom, of the form

Mii,(R) = —gi’jzg => Du(R - R)u,(R). (2.17)

Analogous to the one-dimensional model, we seek a solution to the equation of motion

of the form @(R,t) = éeilFF-wh) where €is the polarization vector. As with the one
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dimensional case, we impose periodic boundary conditions u(R + N;a;) = u(R). The
allowed wave vectors of k are given by

- ny - ng - ns -
k=—7b —b —b 2.18
N TN (2.18)

where b: are reciprocal lattice vectors, with indices 1,2, and 3 representing three

orthogonal directions. With € as an eigenvector, Equation 2.17 becomes

Mw?e= D(k)é (2.19)

— — - -

where D(E) is a dynamical matrix given by D(k) = 3. D(R)e~*E. D(k) is an even

function and real matrix, with eigenvectors €y, €5, and €3 which satisfy
D(F)ey(k) = Nyes(K) (2.20)

and egey4 = d,y. Thus we obtain three normal modes with wave vector k, polarization

vector €,(k), and frequency
A (k)
TR

(2.21)

Wg =

As with the one-dimensional case, when introducing a polyatomic basis to a three-
dimensional crystal optical modes are also produced. 3N normal modes exist in poly-
atomic crystals, where N is the number of different types of atoms. These normal
modes correspond to 3 acoustic modes and 3N-3 optical modes. As such, polarization
vectors are no longer related by mutual orthogonality relations. Instead, if displace-

ment of an ion is given by

,4(R,t) = Re[eg e F R0 (2.22)
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Table 2.1: Compression of tensor notation of elastic stiffness constants.
ij/kl | 11| 22 | 33 | 23,32 | 31,13 | 12,21
a/6 |1 12| 3 4 5 6

then polarization is chosen to satisfy the generalized 3p orthogonality relations
d - —.
Z Eiz(k) - €g,i(k)M; = 0ss'. (2.23)
i=1

By introducing the strain tensor

1/ 0 0

it can be shown that Upemr [2] may be expressed as

1
Uharm = 5/ dr [Zeijci]’klekl} (2.25)

where ¢;;;, are elastic constants. To simplify this expression, we define the six possible
combinations as shown in Table 2.1, thus generating a 6x6 matrix Cog = ¢;jp, With

a=1j and g = kl.

2.1.2 Elasticity Tensor

If stress applied to a crystal is below the elastic limit, the strain is recoverable. In

tensor notation, Hooke’s law is given by

€ij = SijklOkl (226)
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where ¢;; is longitudinal strain, s;j; is the elastic compliance constant, and oy, is the

tensile stress. Alternatively, Hooke’s law may be expressed as
Oij = Cijki€kl (2-27)

where c¢;;p; is the elastic stiffness constant, given by c¢;jn = si’j}cl. Since 8;jp and ciji
are fourth-rank tensors, they have 81 terms. However, introducing symmetry elements

may reduce the number of independent terms [3].

As an example, shear stress o5 cannot be applied without oo, which is equal. As

such

£11 = S$1112012 + S1121021 = (S1112 + S1121)€12- (2.28)

Thus s1112 and s1191 always occur together and cannot be separated. As such, we may
say sijki = Sijik- As a second example, consider uniaxial tension applied along the O,,
direction. As such, 15 = S1233033 and €97 = S9133033. By the definition of the strain
tensor, €12 = €21, and therefore s;;;,; = s;ir;. From these two examples, it is apparent
that sijm = Sjikt = Sjur = Sijik, and consequently ¢ = Cjii = Cjur = Ciji- This
use of symmetry reduces the number of stiffness constants from 81 to 36, as 75 and kl

each have 6 unique combinations.

As in the classical treatment of elasticity, we can compress the tensor notation of
Equations 2.26 and 2.27 according to Table 2.1. Therefore we may write the stress

and strain tensors in matrix notation, as

011 O12 013 01 0O¢ Op
021 O22 023 - O¢ O2 04 (2-29)

031 032 033 Os 04 O3



and
1
€11 €12 €13 €1 5%
1
€21 €22 €23 | 77 | 386 &2
1 1
€31 €32 €33 565 &4

The factors of 1/2 are introduced as

® Skl = Smn When m and n are 1, 2, or 3

® 25;ik1 = Smn When either m or n are 4, 5, or 6

® 451 = Smn When both m and n are 4, 5, or 6.

€5

N

€4

D[

€3

As such we may now express Equations 2.26 and 2.27 as

g, = Sijaj

and

g; = Cijej

where s;; and ¢;; are 6x6 matricies with 36 independent coefficients.
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(2.30)

(2.31)

(2.32)

The number of independent coefficients of s;; and c¢;; may be reduced by the

symmetry of a crystal. Some conditions may be deduced simply by the symmetry of

a crystal, for example, ci1, co9 and c33 are related to propagation of transverse waves

in a crystal. In a cubic crystal, the three principle directions are equivalent, and thus

€11 = C99 = c33. In other cases, one must take into account the interactions of stresses

and strains along different directions in the crystal.

Further restrictions may be applied on elastic constants [4].

Strain on a crystal
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must be positive, or the crystal would be unstable. Furthermore ¢;;¢,6;/2 must be
positive definite for all non-zero values of ¢; ;. These two conditions impose new
restrictions on elastic constants based on symmetry. For example, in a cubic crystal,
cag > 0, ¢11 > |c12|, and ¢ + 2¢12 > 0. For an icosahedral crystal, all nine elastic

constants are independant.

2.2 Inelastic Light Scattering

Inelastic light scattering techniques are experimental techniques used to probe phonons
propagating in materials. Such techniques use light in the visible spectrum. Since
phonon wave vectors (10° cm™!) are much smaller than the magnitude of the first
Brillouin zone (10% ¢cm™!), probing occurs in the vicinity of & = 0 [1]. Examples of
such scattering are Brillouin scattering, which probes acoustic phonons, and Raman

scattering, which probes optical phonons.

Inelastic light scattering is governed by conservation of energy and momentum [5],

as

hw, = hw; + RO (2.33)
hK, = hK; + hq (2.34)

where w and K are the photon angular frequency and wave vector, respectively, 2
and ¢ are the angular frequency and wave vector of the phonon, respectively, and the

subscripts ¢ and s denote the incident and scattered light.
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2.2.1 Brillouin Scattering in Solids

Brillouin spectroscopy is an inelastic light scattering technique which is used to probe
thermally excited acoustic phonons in a material. Brillouin scattering is governed by
conservation of energy and momentum, given in Equations 2.34 and 2.33. Angular

frequency, €2 of the phonon is given by
Q=2nf=uwq (2.35)

where v is the speed of the phonon. Since v is significantly smaller than ¢, the speed
of light, we can make the approximation that w, ~ w; and ks, ~ k;, where k is the

magnitude of K.

As an inelastic light scattering technique, Brillouin scattering probes acoustic
phonons in a material. Bulk acoustic phonons, represented by ¢p in Figure (2.2),
are caused by fluctuations in the dielectric constant due to fluctuations in the strain
field. Bulk modes are described with components parallel and perpendicular to the
surface of the sample. The magnitudes of the components of the phonon wave vectors
are given by

gl = nlk; sin 0, + k, sin @) (2.36)
g5 = n[k; cos 0, + k, cos 0’ (2.37)

where n is the refractive index of the material, and ¢, and ¢, are the incident and
scattered internal angles of photons, provided by Snell’s law. Combining Equations

(2.36) and (2.37), the magnitude of the bulk phonons wave vector is

a5 = [(¢L)? + (¢1)%)7 = n[k? + k2 + 2kik {sin 0, sin 0. + cos B cos 0. }]2.  (2.38)
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Figure 2.2: Diagram of vectors involved in Brillouin scattering process. k; and k, are
the incident and scattered light wave vectors, 6;, 05 €., 0. are the external and internal
incident and scattered light angles with respect to the normal of the sample, ¢ is the
bulk mode, and ¢y is the Rayleigh surface mode.
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Remembering that ks ~ k;, Equation [2.38] may be expressed as
g5 = n[2k2(1 + sin @] sin 0. + cos 0, cos 0.)]2. (2.39)

From here, it can be shown that

qp = 2nk; cos (98 ; Qi). (2.40)

In the case of 180° backscattering, as will be used in the proposed experiments, 6, = 6;,
and consequently 6. = @, and therefore gz = 2nk;. By applying Equation (2.35), and

2
the fact that k = ;, the frequency of the bulk mode can be expressed as

2nv
fn =200 (241

where J; is the wavelength of the incident photon. By rearranging Equation (2.41),

one can solve for the velocity of the bulk mode as

_ fBAi
on

vp (2.42)

There are two types of bulk modes which may occur in a material. These are
transverse bulk modes, which are polarized in one of the directions perpendicular to
the direction of propagation, and longitudinal bulk modes, which are polarized parallel

to the direction of propagation.

There is another type of phonon produced in Brillouin scattering which propagates
along the surface of the material. This is called the Rayleigh surface mode, and is
primarily seen in spectra taken from opaque materials. The Rayleigh surface mode

is caused by deformations on the sample surface, represented by ¢r in Figure (2.2).
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These surface modes decay very rapidly into the bulk of the material, so the only
component that is considered is parallel to the surface of the material. The magni-
tude of the surface mode wave vector can therefore be expressed as just the parallel

component, similar to Equation (2.36).
ar = ¢l = k;sin 6; + k, sin 6, (2.43)
Since 0, = 6; in 180° backscattering, and ks ~ k;, Equation (2.43) becomes
qr = 2k;sinb;. (2.44)

The frequency of the Rayleigh surface mode is therefore given by

QUR sin 91

fr= N (2.45)

Again, one may solve for the velocity of the surface mode as

frA:
- . 2.4
YR S in b (2.46)

A typical Brillouin spectrum consists of peaks due to transverse bulk modes, longi-
tudinal bulk modes, and sometimes Rayleigh surface modes. A simple schematic of a
Brillouin spectrum is shown in Figure (2.3). The central peak occurs at the frequency
of the incident laser, with an assigned frequency shift of 0 GHz, and Brillouin peaks
occur at frequencies on the order of tens of GHz shifted from the reference beam. To
the left of the reference peak are the peaks caused by Stokes scattering, wherein a
phonon is generated, and to the right of the central peak are the peaks corresponding

to anti-Stokes scattering events, wherein a phonon is annihilated. In accordance with
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Intensity

Frequency
> < > Shift
Stokes Anti-Stokes

A

Figure 2.3: Schematic of a typical Brillouin spectrum. C is the central elastic peak,
R is due to the Rayleigh surface mode, T is due to the transverse bulk mode, and L
is due to the longitudinal bulk mode.

Equation (2.45), the frequency shift of the surface mode, labeled as R in Figure (2.3),
depends on the angle of incidence. The frequency shift of the surface mode increases
with increasing angle of incidence. The frequency shifts of peaks corresponding to
the bulk modes, represented by T and L in Figure (2.3). The frequency shift of bulk
modes depends on the direction being probed within the crystal. In opaque materi-
als, a large change in the external angle of incidence corresponds to a small change
in internal angle, by Snell’s law. As such, probing direction experiences very little
variation, and the frequency of bulk modes may be treated as independent of angle

of incidence.
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2.3 Brillouin Scattering in Liquids

2.3.1 Phonon Propagation in Liquids

Similar to phonon propagation in crystals, phonon velocity in liquids can be expressed

B [
o \/; ~ Ve (247

where B is the bulk modulus, y, is the adiabatic compressibility, and p is the density

as

of the liquid. For liquids, the main contribution to phonon velocity is compressibility,

1/ 0p\ 1[0V
v=3(55) = (5). (245)

Adiabatic compressibility of a liquid, effectively, determines the ease by which the

given by

compressions of groups of molecules may occur, which subsequently determines the

ease of propagation of phonons [6].

There is, however, a critical point at which the compressibility of the fluid diverges.
At such a point, by equation 2.47, phonon velocity v, tends to zero, and subsequently

phonon frequency also tends to zero, as

Ws = Ugq. (2.49)

As phonons propagate throughout a liquid, the intensity of the wave dissipates
over distance. There are two major contributions to this dissipation; viscosity and
thermal conduction. As such, we may discuss a characteristic lifetime 7 as being
directly related to thermal conductivity, «, bulk viscosity, n,, and shear viscosity, ng

due to dissipation processes in the fluid. From a Brillouin spectrum, characteristic
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lifetime may be found from

2
I' =2av, = — (2.50)
T

where I' is the Brillouin peak linewidth and « is the hypersound absorption coefficient

6].

2.3.2 Inelastic Light Scattering in Liquids

In order to discuss light scattered inelastically from a liquid, we must first derive a
spectral density function S,,(¢,w), a function which describes the Brillouin spectra
as a function of frequency. There are two important contributions which must be
discussed in order to derive such an equation; the thermodynamic contribution and

the hydrodynamic contribution [6].

To begin discussion of the thermodynamic contribution to the spectral density
function, we must first consider conservation laws for the system, these being conser-
vation of mass, momentum, and energy [6]. To start with conservation of mass, we

must first consider the total number of particles in a volume V' as

N(t) = / d*r pn (7 1) (2.51)
v
and thus the rate of change of N(t) is

dN(t) 5 O0pn(T,1)
alvtt) _ 9PnlT,t) 2.52
dt /V 5 (2:52)

where p,(7,t) is the time dependent local number density of particles within the
liquid. Following conservation of mass, the rate of change of N(t) must be such that

the number of particles entering V' is the same as the number of particles leaving V.
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As such, we may introduce the flux of particles j, and say

9onlt) | . J(7,t) = 0. (2.53)
The only way in which the number of particles contained within volume V' may change
is by diffusion through the surface S which encompasses V. As such, we may define the
outward volume flow as ig(7,t) - ds , where @g(7,t) is the Brownian particle velocity,
and dS is the volume surface element. To find the total change in the number of
particles in this volume due to convection, we can integrate over S. Furthermore,
since there are no other contributions to the change in number of particles, this

integral over S can be equated to the right side of Equation 2.52, and subsequently
a n _’7{’- — — — >
/ gy 2P t) / o7 )il (F,1) - dS. (2.54)
v ot s

Next, we must discuss conservation of momentum within the volume V. Similar to
conservation of mass, we may define the momentum vector G (t) and the momentum

density vector §(7,t) such that

—

G(t) = /V d*r G(7,t). (2.55)

and conservation of momentum may be defined as

0g,(7 .
g gt‘ A ) (2.56)

where 7;;(7,t) is the momentum flux tensor. There are two major contributions to

changes of momentum within the volume V' [6]. The first is convection of particles



41

through the surrounding surface S. This may be expressed as

_ / §(F 1)in(F.1) - dS. (2.57)

The second factor which may affect momentum is an external force provided by fluid

surrounding the volume V', such that
dF =& -dS (2.58)

where & is the stress tensor. As such, we may express change in momentum as

%it) - /V d37’ % = /S [6<Fv t) - g(F7 t)ﬁB(Fa t)] . d§ (259)

Furthermore, §(7,t) may be expressed as mp, (7, t)ig(7,t), therefore

/V P 8§g ) _ /S [5(F, t) — mpn(F, t)iis(7, t)is(7,1)] - dS. (2.60)

Finally, in the discussion of thermodynamic processes, we must discuss conserva-
tion of energy [6]. As before, we can define energy F(t) and energy density e(7,t)

such that

B(t) = / &r e(F.1) (2.61)
v
and the equation for conservation of energy can be written as

de(r,t)
ot

+ V- L(Ft) =0 (2.62)

where J_;(F, t) is the energy flux. There are several factors attributed to changes in

energy within the volume V. The first factor is energy due to convection of particles
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through surface S, expressed as
_ / e(F,1)iip(7 1) - dS. (2.63)
Next, we consider the work done on the surface S by surrounding liquid as
(7, t) - dF = ig(F,t) - & - dS. (2.64)

Finally, we consider the heat diffusing into dS as —Q(F, t) - dS. As such, we define

the change in energy as

dE(t) 5 Oe(7,1)
7—/‘/617“ 5 (2.65)

and subsequently

/V & f%gz ) _ /S [dp(7,t) - 3(F,t) — e(7, t)idp(F, 1) — Q(F,1)] - dS.  (2.66)

The derivations above lay the foundation for our three major conservation laws,
matter, momentum, and energy. From here, we may now proceed with calculation of
a Brillouin spectrum with the use of hydrodynamics [6]. Firstly, the fluxes of number

of particles, momentum, and energy may be written as

J(F,t) = pu(F )i (7 t) (2.67)

Tij = mMpn (F, t)ﬁBZ(F, t)ﬂ:Bj (F, t) — O'Z‘j(F, t) (268)

Je(7,t) = e(T, t)up(r,t) + Q(7,t) — up(7,t) - &(T,1). (2.69)
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Equations 2.53, 2.56, and 2.62 can therefore be expressed as

% + V- [pu(7, )i (7, t)] = 0. (2.70)

ag?ga D 1, - [, i (7, )it (7, 1) — (7, 1)] = O (2.71)
de(T, 1) e o = S o e

5 + V- le(r t)up(r,t) + Q(r,t) — up(r,t) - &(r,t)] = 0. (2.72)

While the expression for particle flux in equation 2.67 is relatively straightforward,
the expressions given in equations 2.68 and 2.69 must be expanded upon [6]. Starting

with the momentum flux 7;;(7, ), the stress tensor o;;(7,t) may be expressed as
0ij(F,t) = —pdi; + 03;(7' 1) (2.73)

where pd;; is the pressure component of the stress tensor, and agj(F, t) is the viscous

shear term, given by the Newtonian stress tensor

2
O’Z/-j(F, t) = nS[Viqu(F, t) + VjUBZ(F, t) — §V . ﬁB(F, t)dl]] -+ nbV : ﬁB(F, t)&l (274)

where 7 is the shear viscosity and 7, is the bulk viscosity. From here, we may therefore

express the momentum flux tensor 7;; as

Tij = mpn(7, 1)iipi(F, 1) Up; (7, t) — poij + 1s[Viup; (T, 1)+ (2.75)

VjUBZ‘(F, t) - %V : ﬁB(F, t)&j] + nbV : ﬁB(F, t)(SU

To expand the energy flux term J;(F, t), we must consider two contributions; a
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kinetic contribution and the internal energy density [6]. As such

1
e(7,t) = =mp, (7, t)u’ (7, t) + €' (7, t 2.76
7 B

where €/(7, t) is the aforementioned internal energy density. Furthermore, the diffusive

heat flux Q(7,t) can be expressed as
Q(7,t) = —kVT(7,1) (2.77)

where £ is the thermal conductivity and VT'(7,t) is the temperature gradient [6].
Therefore we may now express equation 2.69 as
J, = (%mpn(ﬁ tug (7, t) + €' (7, t)) up(r,t) — kVT(r,t) — up(r,t) - d(r,t). (2.78)
From here, we must make some assumptions about the system in question. First,
we assume that fluctuations in thermodynamic properties are small. Next, we assume
that all properties previously shown can be expressed as some equilibrium value plus
a fluctuation. For example, particle density may be expressed as p,(7,t) = po +
p1(7,t). Such notation will also be used for other variables in the following derivations.
Furthermore, we only take into account first order fluctuations. We can also define
the equilibrium velocity iy to be zero, since the system is at rest at equilibrium [6].
With these considerations in place, expressions for the rate of change particle density,
momentum density, and energy density may be shown to be

8/)1 (F, t)

o = PV il (2.79)

ouy(r,t . o 1 oL
o) (7)) Ot ) VIV D] (250)
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861 (Fa t)

o1 = /{V2T1 (F, t) — (60 + pO)V . ﬁl (77, t) (281)

Using Equation 2.79 to eliminate the V - 4 (7, t) term from equation 2.81, it may be

written as a function of entropy fluctuation, such that [6]

I GNP (2.82)
ot
where
1 €o + Po
- _ 2.
S1 T, (61 % pl) ( 83)

From here, we must introduce pressure and entropy terms, p; and s;, such that

p1 = mvg(prapeTy) (2.84)
mpocy (7 — 1

= — — T 2.85

S1 T ( o P1 1) ( )

where v7 is the isothermal speed of sound, « is the thermal expansion coefficient, ¢y
is the volumetric specific heat capacities, and v is the ratio of specific heat capacities
cp/cy. To further simplify formulae, we will introduce new terms, such that ¥ (7, t) =
V iy (7, t), Dy = (np + %ns)/mpo, and Dr = k/mpocp. From here, we may write new

expressions for the conservation equations.

r,
Opu(Tt) | ol (7 1) = 0 (2.86)
ot
\; — 2
O _ V22, (7 ) + an VPT3 (7 1) — Dy V2, (7, 1) = 0 (2:87)

8t £o
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(9T1 (’F; t) Y — 1 2 N
— —~D T = 2.
By e yDrVT (7, t) =0 (2.88)

In order to finally set up these equations to create the spectral density function
Spp(q,w), we must take the Fourier-Laplace transforms of the remaining variables,
such that pi(7,t) — p(q,w), T1(7,t) — Ti(q,w), and Wy(7,t) — Wy(f,w). These
solutions are then multiplied by the complex conjugates of each variable to give a
full set of correlation functions for density and temperature, as well as their Laplace

transforms and their complex conjugates.

Next, we define the structure factor to be

S(@ = {pl@p:(@)) (2:80)

To first order approximation, the density-density correlation function is

(7,0 *t>
<p 1@ 0)p(@: 1) <1 _ l) e-Drttl | L —ricostus @ | B —grisfsinn @)

= —e
QM@ommaow 7 7 7
(2.90)
where b(q) is given by
g3 — Dy)

b(q) = —— 291
@) = L5 (2.91)

and I is the classical attenuation coefficient, given by

1

Finally, an expression for the spectral density function can be obtained by taking
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the Laplace transform of equation 2.90. Thus

. 2
Sep(G,w) = %VP%BTXT{ (1 N %) {%}
1 I'q? I'q?
gl ([wwB(q)]QJr[FqZ’}2 + e (2.93)

+ M w+wp _ w—wp
7\ wtws(@P+[¢*]?  [wtws(g)]?+[T¢?]? )

+

This expression for S,,(q,w) defines the structure of the Brillouin spectrum. There
are three terms present in the above expression. The first term in the expression, in
the first line, represents the central elastic mode of a Brillouin spectrum, shown in
figure 2.3. The terms in the second line characterize the Lorentzian curves from the
Stokes and anti-Stokes longitudinal Brillouin peaks. Finally, the terms in the final line
represents S-shaped curves centered at +wpg. These peaks cause slight asymmetries in
the longitudinal Brillouin peaks, on the low frequency side, between the longitudinal

peak and the central peak [6].

2.3.3 Relaxation

The physics of a Brillouin spectrum of a molecular solution is largely the same as
that of a monatomic liquid, as previously discussed. However there are additional
relaxation processes occurring within the liquid. A relaxation mode appears in a
Brillouin spectrum as a weak and broad peak that is centered at zero frequency shift.
Therefore, a relaxation mode can be observed by an increase in the background level

of a Brillouin spectrum, primarily in the low frequency region.

There are primarily two types of relaxations occurring in molecular liquids which
may be observed by means of Brillouin scattering, the first of which are thermal

relaxations. These occur when there is energy transfer between the translational and
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intramolecular degrees of freedom. This relaxation can be explained via the frequency

dependent bulk viscosity, n,(w), as

m(w) = my(v2, — v3)(1 +iwrr) '7r (2.94)
where 7 is relaxation time. v, and vy are the infinite frequency and zero frequency
phonon velocities, where the longitudinal bulk mode velocity falls within this range.
These terms are present in equation 2.94 as dispersion terms due to the molecules’
inability to follow pressure fluctuations at high frequencies. When phonon frequency,
w, is on the order of 771 7,(w) becomes highly dependent on phonon frequency.
Relaxation modes due to thermal relaxations have a large width, extending beyond
the longitudinal peaks, and can be observed by an asymmetry in the Brillouin peaks

on the low frequency side [6].

The second type of common relaxation which may be observed in Brillouin scatter-
ing is a structural relaxation. These relaxations only occur in highly viscous solutions.
Their appearance in a spectrum is almost identical to that of a thermal relaxation.
Furthermore, the width of structural relaxation mode is proportional to 1/7z. So
when the relaxation time is too low, the peak becomes too broad to be observed.
When the relaxation time is too high, the peak becomes extremely sharp, and can
become hidden by the elastic peak of the Brillouin spectrum. As such, there is a lim-
ited range in which structural relaxations may be observed. Furthermore, the origin
of a relaxation mode cannot be inferred from Brillouin scattering alone, and therefore

requires the use of other techniques to be properly identified [6].
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2.4 Elasstic and Viscoelastic Properties Derived

from Brillouin Spectra

In the present work, elastic and viscoelastic properties will be calculated Brillouin
scattering results. Specifically, Brillouin peak frequency and linewidth will be used
to calculate these properties. Firstly, by means of Equation 2.42 from Section 2.2.1,
Brillouin peak frequency will be used to calculate hypersound velocity for both aque-
ous and crystal systems. Similarly, Equation 2.47 will be used for both aqueous and

crystal systems to calculate bulk modulus, as

B = pv*. (2.95)

For all materials studied within this work, hypersound attenuation will be calcu-
lated by
7TFB

o=t (2.96)

where ' is the bulk mode linewith, as calculated from the peak in the Brillouin
spectrum. For STMV crystals, the normalized attenuation parameter, A, is calculated
using

A= (2.97)

Finally, for aqueous macromolecular solutions studies in this work, Brillouin peak
frequency and linewidth will be used to calculate apparent viscosity, eta, as

4 pv’ T pNlg

=30t = e = Tearne

(2.98)
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Chapter 3

Experimental Methods

3.1 Growth of STMYV Crystals

The experimental process of STMV crystallization in this study begins with infection
of tobacco plants with STMV and its helper virus TMV. Tobacco plants were initially
sowed and germinated in the Memorial University Botanical Gardens, and transferred
to our lab at roughly two weeks old. In the lab, we were able to keep the plants alive
and healthy for several months using the setup shown in Figure 3.1. As such, the
only factor affecting the health of the plants were the viruses used in this study. Once
the plants had been received, we infected the plants by swabbing leaves with infected
plant material. Infected plant material was originally obtained from Dr. Ayala Rao
at University of California Riverside. After the first batch of plants were infected,
leftover infected plant material was also used to infect subsequent batches of plants.
Infection was allowed to propagate through the plant for roughly two weeks, as the

leaves of the tobacco plants became mottled, shown in Figure 3.2.

Harvesting of virus particles was done via centrifugation. Infected leaves were
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Figure 3.1: Tobacco plants growing under lamp.

ground using a mortar and pestle. This ground paste was added to a centrifugal cell,
and topped off with deionized water. An Amicon Ultra-4 10K centrifugal filter tube,
shown in Figure 3.3m was used for the centrifugation process. This tube has a filter
within it with a maximum filtration size of 10 kDa. STMV has an atomic mass of 6.3
kDa, and as such can pass through the filter. The atomic mass of TMV is 126 kDa,
and as such we can ensure the resulting solutions were be purely STMV in deionized

water.

Centrifugation was performed using an IEC Clinical bench-top centrifuge with a
six place fixed angle 45° rotor. Centrifugation was performed at a maximum speed
of 4450 RPM, with a centrifugal force of 2400 x g, for a minimum of four hours. In
subsequent experimental works, STMV solutions were further centrifuged one or two

extra times to ensure higher purity of solution.
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Figure 3.2: Mottling effect in tobacco leaves.

Figure 3.3: (A) Centrifuge cell used to separate STMV particles from TMV and leaf
molecules. (B) Filter used in cell to separate STMV.
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Figure 3.4: Schematic of hang drop vapour diffusion technique for crystal growth.

Crystallization of STMV solution was performed using a hang-drop vapour diffu-
sion technique, schematic of which is shown in Figure 3.4. This is a technique which is
commonly used in macromolecular crystallization, wherein a droplet containing virus
particles, buffer solutions, and a precipitant, often a salt, is suspended over a reservoir
solution of similar buffers and precipitants. Through transfer of vapour between the
droplet and the reservoir, the two are able to equilibriate. The concentration of virus
in the droplet begins low, but increases as the volume of the droplet decreases through
equilibriation with the reservoir. As the concentration of virus particles in the drop
increases, so to do the number of interactions between particles. This leads to crystal

growth within the droplet.

Crystallization of STMV in this work was performed using the methods described
by Valverde and Dodds [1]. Solutions of (NH4),SO,4 were prepared by dissolving
(NH4)2S04 powder in deionized water. While different concentrations were used in
preliminary crystal growth attempts, the most consistent results were obtained using
a 10% saturated solution of (NH4)2SOy4. 2-3 mL of (NH4)2SO, were used to fill the
base of the vapour diffusion chamber, to be used as the reservoir. Equal volumes
of (NH4)2SOy4 solution and STMV solution were mixed together to create the drop

solution. Small droplets of this solution, on the order of 10-50 ul, were carefully
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Figure 3.5: STMV crystal cluster viewed under a microscope. Tick marks in back-
ground represent one millimeter.

placed on the lid of the vapour diffusion chamber. The lid was then carefully flipped
and placed onto the vapour diffusion chamber, ensuring that the droplets were not

disturbed or moved in the process. Crystals were left for two weeks to grow.

Crystals grown by this method were polycrystalline clusters with cross sections up

to a few hundred micrometers, as shown in Figure 3.5.

STMV crystals grown by the above method were extremely brittle and fragile. Any
attempts to remove the crystals from the lid of the vapour diffusion cell resulted in
complete destruction of the crystal. As such, subsequent crystals were grown on silicon

substrates to enable transfer of STMV crystals to the Brillouin scattering apparatus.

Small pieces of silicon were cleaved from a larger <100> oriented piece of silicon,

and were adhered to the lid of the vapour diffusion cell. A small scratch was made in
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Figure 3.6: STMV crystal on silicon substrate. Crystallized (NH4),SO, is also seen
around the STMV crystal.

the silicon, to promote nucleation, and the process described above was again used to
grow STMV crystals. Crystals grown on silicon were roughly the same size, at a few

hundred micrometers across, as shown in Figure 5.1

3.2 Production of Ficoll Solutions

Solutions of Ficoll 70 and Ficoll 400 were prepared by dissolving Ficoll in D,O using
the methods described by Ranganathan et al. [2]. For both variations of Ficoll, all

solutions were prepared under identical conditions, using the same process.

Before preparation of solutions, 1 mL of DoO was weighed. This was used to give

accurate calculations of the mass of Ficoll required to yield specific concentrations of
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Figure 3.7: Vortex Genie from Scientific Industries. Used for initial mixing of solute
and solvent.

Ficoll solution. Concentrations of solution were measured as percent of mass.

Preparation of Ficoll solutions began with measuring the desired mass of Ficoll in
a small sealable vial. Once the desired mass was reached, 1 mL of D;O was added
to the vial. From here, a Scientific Industries Vortex Genie, shown in Figure 3.7, was
used to vibrate the vial and promote dissolving of Ficoll. From here, a Fisherbrand
Homogenizer 850, shown in Figure 3.8, with a rod diameter of 7mm and a speed of
11000 RPM was used to further mix the Ficoll with DoO. The machine was run for
three minutes, followed by a one minute break to allow the solution to settle. This
process was repeated five times to ensure homogeneity of the solution. Finally, the vial
was sealed with paraffin to ensure there would be no evaporation, and the solutions

would remain at their desired concentration.
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Figure 3.8: Fisherbrand Homogenizer 850. Used to homogenize macromolecular so-
lutions.
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3.3 Production of BSA Solutions

BSA solutions were prepared using nearly the same method as Ficoll solutions. Un-
like Ficoll, BSA powder was dissolved in a buffer solution to ensure a stable pH
environment BSA. A 0.1 mol/L solution of phosphate buffer with a pH level of 7.0
was prepared by diluting a 0.2 mol/L solution of phosphate buffer with deionized
water. 1 mL of buffer solution was then weighed. This mass was subsequently used
to calculate masses of BSA required to yield solutions with desired concentrations by

mass percent.

Mass of BSA powder was measured in small, sealable vials. 1 mL of buffer solution
was then added to the vial. A Scientific Industries Vortex Genie, shown in Figure
3.7 was used to vibrate the vial to promote dissolving of BSA. Next, a Fisherbrand
Homogenizer 850, shown in Figure 3.8, with a rod diameter of 7mm and a speed
of 11000 RPM was used to further dissolve the BSA in the buffer. The dissolving
process was three minutes long, and repeated five times with a minimum of one
minute between runs to allow the solution to settle. Once the homogenization process
was finished, vials were sealed with paraffin to ensure there would be no evaporation

of the solution, and the concentration would remain constant.

3.4 Brillouin Scattering

To collect Brillouin spectra of STMV, crystals were mounted into the Brillouin scatter-
ing apparatus shown in Figure 3.9. The light source of this setup is a monochromatic
Nd:YVO, solid state laser with wavelength of 532 nm that operates with an output
power of 2 W. To follow the schematic in Figure 3.9, light emitted from the laser im-

mediately passes through a variable neutral density filter V; to reduce beam power.
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The beam then passes through a half wave plate H, rotating the beam polarization
by 90°, such that the beam now has a horizontal polarization. From here, the beam
is split by a beam splitter B, where the reflected portion of the beam is sent to the
Fabry-Perot interferometer as a reference beam. This reflected beam is focused onto
mirror My by aperture A, and is directed through variable neutral density filter Vsj.
This allows us to control the reference beam power as it enters the pinhole of the

Fabry-Perot interferometer.

The portion of the beam which is transmitted through the beam splitter is reflected
90° by mirror M, then passes through filters F; and Fs, to further reduce beam power.
The beam then passes through variable neutral density filter V3. This filter allows us
to manually control the beam power that is incident on the sample S, on the order of
tens of milliwatts. Light is then reflected by the prism P, and focused onto the sample
by the camera lens C. This camera lens is chosen due to its anti-reflective coating and

built-in aperture.

Light scattered by the sample is then collected and collimated by the camera lens.

The collimated beam is then focused on the pinhole of the interferometer by lens L.

Scattered light is analyzed by a six-pass tandem Fabry-Perot interferometer, man-
ufactured by JRS Scientific Instruments, the schematic of which is shown in Figure
3.10. Light enters the interferometer through the pinhole, and is immediately redi-
rected by mirrors M; and M, to the first hole of aperture A;. This aperture has three
holes, each of which are used between the three trips a beam of light makes. Light
is then sent through the first Fabry-Perot etalon FP1. Only light with frequencies

satisfying
c
" onl cos

fm = (3.1)

pass through, where m is an integer, n is the refractive index of the mirror in the
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Figure 3.9: Brillouin spectroscopy setup to be used in experiments. V - variable neutral density filter, H - half
wave plate, B - beam splitter, M - mirror, A - aperture, F - filter, P - prism, C - camera lens, S - sample, L -
lens.
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Fabry-Perot etalon, [ is the spacing of the etalon, and € is the angle of incidence. For
studies on crystalline structures, angle of incidence is varied between spectra. For
studies on liquids, all spectra are taken at normal incidence (0 = 0). By varying [, we
are able to scan over different frequencies. Light which emerges from the Fabry-Perot
etalon then passes through the first hole in aperture A,. The beam is then reflected
by mirror M3 into the second Fabry-Perot etalon FP2. As with the first etalon, only
light which satisfies Equation 3.1 may pass through. As shown in Figure 3.10, both
etalons have one mirror on the translation stage, and differ by an angle of .. As such,

the mirror spacing of the second etalon is given by

The beam passes through the first hole in aperture As, and is then incident on prism
Py, which reflects the beam anti-parallel to its original path, through the second hole
in A3.

The beam redirected by the prism passes back through etalons FP2 and FP1,
through the second holes in apertures A, and A;. Lens L; then focuses the beam
onto mirror My, which reflects the beam back. Lens L; then focuses the beam onto

the third hole in A;, where it makes its final pass through the Fabry-Perot etalons.

After its final passing through As mirror My directs the beam through aperture
A4, and onto lens Ly. This lens then focuses the beam onto the output pinhole of
the Fabry-Perot interferometer, and onto the photomultiplier tube PM. The photo-
multiplier tube then generates an electronic signal, which is recorded in the spectra

generated on the computer.

The benefit of using several passes through the tandem Fabry-Perot interferometer

is that it drastically increases the contrast of the spectrum, yielding sharper peaks in
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PM

Figure 3.10: Optics of six pass tandem Fabry-Perot interferometer. M; - mirror, L; -
lens, A; - aperture, FP; - Fabry-Perot interferometer, d; - spacing of interferometer 1,
a - angle between FP; and FP,, P - prism, PM - photomultiplier tube.
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spectra corresponding to inelastic scattering events.

Brillouin spectra collected from aqueous solutions in this work were collected over
~50000 scans, whereas spectra collected from crystals were collected over ~300000

scans. This corresponds to ~4 hours and ~20 hours of collection time, respectively.
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Chapter 4

Concentration Dependence of
Elastic and Viscoelastic Properties
of Aqueous Solutions of Ficoll and
Bovine Serum Albumin by
Brillouin Light Scattering

Spectroscopy

Abstract: The cellular environment is crowded with macromolecules of different
shapes and sizes. The effect of this macromolecular crowding has been studied in a
variety of synthetic crowding environments: two popular examples are the compact

colloid-like Ficoll macromolecule, and the globular protein bovine serum albumin
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(BSA). Recent studies have indicated a significant component of bound or surface-
associated water in these crowders reduces the available free volume. In this work,
Brillouin light scattering experiments were performed on aqueous solutions of Ficoll 70
and Ficoll 400 with concentrations ranging from 1 wt% to 35 wt% and BSA with con-
centrations of 1 wt% to 27 wt%. From the dependence of spectral peak parameters on
polymer concentration, we determined fundamental solution properties: hypersound
velocity, adiabatic bulk modulus and compressibility, apparent viscosity, and hyper-
sound attenuation. Existing theory that ignores intermolecular interactions can only
capture the observed linear trends in the frequency shift up to a threshold concen-
tration, beyond which a quadratic term accounting for intermolecular interactions is
necessary. This likely indicates a transition from the dilute to semi-dilute regime.
In the Ficoll solutions (but not BSA) we see evidence for a central mode, which is

indicative of relaxation in the hydration shell of Ficoll.

4.1 Introduction

Physical systems consisting of liquid water and macromolecules are ubiquitous. The
fluid medium inside a biological cell is an aqueous solution that consists of macro-
molecules of different sizes and shapes which occupy a significant volume (typically
assumed to be 30 - 40% of the cell) [1]. It has been understood for more than two
decades that the crowded macromolecular environment can affect biochemical reac-
tions within the cell [2]. Any volume other than the water volume is inaccessible to
other molecules, and this excluded volume affects molecular structure, motions and
chemical kinetics. In addition, for compact molecules with internal bound water, the
accessible water volume will be less than the total water volume. Thus, the sim-

plest picture of macromolecular crowding is entropic: the macromolecules and the
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inaccessible water reduce the free volume and increase the excluded volume.

While there is an increasing realization of the role of other non-specific interac-
tions [3], experimental model systems have focused on aqueous solutions with a sim-
ple crowder such as a polysaccharide (e.g., the compact Ficoll macromolecule or the
chain-like dextran) or a globular protein (e.g., bovine serum albumin) [4-6]. Structure
and dynamics in these crowders has been reported extensively [7-11]. More realistic,
heterogeneous crowding media, such as bacterial cell lysate, have been employed as
well [12, 13]. In recent work, Ranganathan et al. [14] have provided quantitative
evidence, via pulsed field gradient nuclear magnetic resonance spectroscopy, for wa-
ter that is bound and thus inaccessible to other molecules, implying that the true

excluded volume is larger than what is usually inferred.

Brillouin light scattering spectroscopy has been recognized as a niche technique
for probing the mechanical and viscous properties in heterogeneous biomaterials [15].
Brillouin scattering experiments on aqueous macromolecular solutions and hydrogels
typically report the dependence of spectral peak parameters and derived elastic and
viscoelastic properties on solute concentration [16-18]. These parameters and prop-
erties are usually measured over a large concentration range and include Brillouin
peak frequency shift and linewidth, hypersound velocity and attenuation, apparent
viscosity, and various elastic and viscoelastic moduli. Attempts at using existing the-
oretical models to describe the concentration dependence of these quantities, however,
have met with limited success. For example, Brillouin studies of so-called “aqueous
biorelevant solutions” [16] reveal a common dependence of peak frequency shift on
solute concentration for those solutions containing macromolecules (lysozyme, bovine
serum albumin, and gelatin) up to 40 wt%, implying that this behaviour is largely

independent of the nature of the solute. Application of the Reuss effective medium
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model for a two-component system resulted in an equation for the shift as a func-
tion of concentration that agreed well with most experimental data. A theoretical
expression relating peak linewidth to concentration that incorporated this equation,
however, was unable to fully reproduce the observed trends. Moreover, the sparsity
and relatively large concentration interval (~ 10 wt%) between adjacent data points
means that possible discontinuities in the observed trends, such as might occur in
proximity to the polymer overlap concentration, were not accounted for in the model.
In related Brillouin scattering work on collagen hydrogels [19] the storage modulus of
collagen was extracted by fitting an expression for the concentration dependence of
the effective storage modulus from the Voigt model to a high-hydration subset of the
full experimental dataset for the concentration dependence of the gel storage modulus.
It was stated that the two-component Voigt model gave a better fit than the Reuss
model used in previous works [19]. No model was advanced to describe the data trend
over the entire measured concentration range. Moreover, Brillouin scattering studies
of cross-linked polyvinyl alcohol hydrogels [20] found only crude qualitative agreement
between the observed dependence of Brillouin peak frequency shift and linewidth on
gel network volume fraction and that calculated from a theory incorporating frictional

damping and coupling between elastic waves in polymer network and fluid [21].

In this paper we report on Brillouin light scattering studies of aqueous solutions of
polymers Ficoll 70, Ficoll 400, and Bovine Serum Albumin (BSA). Solution elastic and
viscoelastic properties were determined over the dilute and semi-dilute ranges from
the dependence of spectral peak parameters on solute (polymer) concentration. The
observed trends in these properties are not consistent with existing theory but instead
were found to be well-described by expressions derived from a new phenomenology re-
lating hypersound frequency and solute concentration. The sensitivity of the Brillouin

scattering technique to changes in structure and water-macromolecule dynamics also



69

allowed the polymer overlap concentration to be determined. The extent of the hydra-
tion, manifested in the unexpectedly low overlap concentration, provides independent
confirmation of recent results that suggest that the effective volume fraction occupied
by hydrated macromolecules in solution is much larger than expected for the bare
unhydrated variety. In characterizing the viscoelastic properties of commonly-used
experimental model systems over a wide solute concentration range and advancing a
phenomenology that incorporates interparticle interaction, this study provides impor-
tant new insight into the physics of macromolecular crowding and biomacromolecular

systems in general.

4.2 Experimental Details

4.2.1 Sample Preparation

Solutions of Ficoll-70 (m = 70 kDa) and Ficoll-400 (m = 400 kDa) were prepared
under identical conditions by dissolving Ficoll powder in 99.9% pure D,O at room
temperature in small glass vials. A Scientific Industries Vortex Genie was used to
promote initial mixing of D,O and Ficoll, and subsequent homogenization was per-
formed using a Fisherbrand Homogenizer 850 with a rod diameter of 7 mm and speed
of 11,000 RPM. The homogenization sequence, which was performed five times per
sample, consisted of three minutes of mixing followed by one minute of settling. The
resulting solutions were clear and colourless and had concentrations ranging from 1
wt% to 35 wt%, with a noticeable increase in viscosity for those at the upper end of

this range.

BSA (m = 66.43 kDa) solutions with concentrations of 1% w/w to 27% w/w were

prepared by dissolving BSA powder in 0.1 M phosphate buffer solution with pH of 7.0
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at room temperature and subjecting them to the same mixing and homogenization
procedure as used for the Ficoll solutions. Solutions with concentrations < 20 % w/w
were clear and colourless while those with concentrations higher than this value were

somewhat cloudy.

4.2.2 Brillouin Light Scattering Spectroscopy
Apparatus

Brillouin light scattering experiments were performed under ambient conditions using
a 180° backscattering geometry. The incident light source was a Nd:YVO, solid state
laser (Coherent Verdi V-2) with an emission wavelength of 532 nm and output power
of 1.66 W. Neutral density filters placed in the beam path were used to reduce the
power level at the sample to ~ 100 mW. Light was focused on samples with a 5 cm
lens of f-number 2.8 (NA = 0.18). Scattered light was collected and collimated by
the same lens and subsequently focused by a 40 cm focal length lens onto the 450
pm entrance pinhole of a six-pass tandem Fabry-Perot interferometer (JRS Scientific
Instruments) for spectral analysis. The interferometer had a free spectral range of 15
GHz and a finesse of ~ 100. A schematic of this experimental setup can be found in

Refs. [22, 23].

Quantities Derived from Spectra

Elastic and viscoelastic properties of the Ficoll solutions were deduced from Brillouin

spectra. Hypersound velocity was determined using the well-known Brillouin equation
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applied to the case of a backscattering geometry,

2
y 1A

- on’

(4.1)

where f is the measured Brillouin peak frequency shift, A is the incident light wave-
length, n = n(z) is the concentration-dependent solution refractive index, and z is
the concentration in weight percent. The latter was obtained for each Ficoll 70 and
Ficoll 400 solution using dn/0C = 0.148 mL/g (with C expressed as g/mL) relation-
ships provided by Fissel et al [24]. Similarly, refractive indices for BSA solutions were
calculated using the relationship On/0C = 0.190 mL/g (with C expressed as g/mL),
found by Tumolo et al. [25].

Knowledge of the hypersound velocity allowed the adiabatic bulk modulus to be
found from

B = pv?, (4.2)

where p is the mass density of the solution. The density of the solution showed
little variation over the full concentration range, and was approximated to a constant
1110 kg/m3 for the purposes of fitting. The adiabatic compressibility, x, was also

determined using the fact that k = 1/B.

The apparent viscosity, 7, and hypersound attenuation, «, in the solution were
deduced from Brillouin spectral data via
4 pv’Ty  pNTg

=3 = 4m2f2 16722

(4.3)

and
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respectively [26], where I'p is the Brillouin peak full width at half-maximum (FWHM),
ns and 7, are the shear and bulk viscosities, and the other quantities are as already

defined.

4.3 Results and Discussion

4.3.1 Spectra
General Features and Mode Assignment

Figure 4.1 shows a series of Brillouin spectra collected from the Ficoll 70 solutions
and BSA solutions. Spectra of the Ficoll 400 solutions are similar to Ficoll 70 spectra
in all respects (see Figure Al in the Appendix A). A single set of Brillouin peaks
was observed in all spectra, with a frequency shift ranging from ~ 6.8 GHz to ~ 8.4
GHz. Although not obvious from the spectra shown in Figure 4.1, there is also a
broad, weak peak at the center of the spectra obtained from Ficoll 70 and Ficoll 400
solutions with solute concentrations > 20%. The presence of this peak was inferred
from the fact that the baseline intensity in the region between the central elastic peak
and the Brillouin doublet in spectra of high concentration solutions was noticeably
higher than that in spectra of the low concentration solutions and also higher than
that on the high frequency shift side of the Brillouin doublet. An example of this
for Ficoll 70 solutions with 3% and 30% concentration is shown in Figure 4.2 A. In

contrast, no central peak was discernible in spectra of the BSA solutions.

The Brillouin doublet and the peak in the center of the spectra of high concen-
tration Ficoll solutions have different origins. The former is assigned to the usual

longitudinal acoustic mode propagating through the solution based on the similarity
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of its frequency shift to that of the corresponding mode in water [27]. The central
peak was attributed to a diffusive relaxation mode based on its zero frequency shift
and the fact that the width of the peak showed no significant change with changing
concentration [28]. These properties are consistent with other Brillouin and Rayleigh
scattering studies which have observed this relaxation mode in macromolecular solu-

tions. [17, 18, 29, 30]

Extraction of Peak Parameters

Longitudinal acoustic mode peak frequency shift and linewidth were obtained by
fitting Lorentzian functions to the Brillouin peaks, with the latter being processed
prior to plotting by subtraction of the 0.3 GHz instrumental contribution to the best-

fit linewidth.

To obtain an estimate of the central mode linewidth, I'¢, it was first necessary to
remove data from regions of the spectrum containing other peaks so as to minimize
its impact on any subsequent fit. This included the region containing the central
elastic peak and other data contained within the central Fabry-Perot interferometer
control window, +£2 GHz from the center of the spectrum, and that containing the
two longitudinal mode peaks, which was typically a ~ 6 GHz range around the longi-
tudinal peak. The remaining data was fitted to a Lorentzian function (see Fig. 4.2A),
revealing a central mode that is very weak and exceptionally wide, with a FWHM of
~ 14 GHz. As can be seen by the high degree of overlap between the experimental
data and the dotted curve in Fig. 4.2A, the addition of this Lorentzian to the best-fit
Lorentzians for the longitudinal mode peaks results in a function that well represents

the original Brillouin spectrum (without the central elastic peak).
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Figure 4.1: Normalized Brillouin spectra collected from solutions of (A) Ficoll 70 and
(B) BSA of various concentrations (wt%). L represents a longitudinal bulk mode.
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Figure 4.2: (A) Brillouin spectrum of an aqueous solution of Ficoll 70 with a solute
concentration of 30%. Solid lines - Best-fit Lorentzian functions for central peak
and Brillouin peaks. Dotted line - sum of central peak and Brillouin peak best-fit
Lorentzians. (B) Anti-Stokes Brillouin peaks for aqueous Ficoll solutions with solute
concentrations of 3% and 30%. 30% concentration peak is shifted horizontally from
7.96 GHz to 6.86 GHz so that the peaks overlap to highlight the slight asymmetry and
significantly higher baseline intensity of the peak for the 30% concentration solution
compared to that for the 3% solution on the low frequency shift side.
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4.3.2 Longitudinal Acoustic Mode: Elastic and Viscoelastic

Properties
Dependence of Brillouin Peak Parameters on Solute Concentration

Figure 4.4 shows longitudinal acoustic mode peak frequency shift and linewidth versus
concentration for the Ficoll 70, Ficoll 400, and BSA solutions. For all solutions, both
quantities increase monotonically with increasing concentration, with the linewidth
being much more sensitive than the shift to changes in concentration. While the
frequency shift for each solution increases by ~ 20% over the range probed, the peak
FWHM for the Ficoll and BSA solutions increases by a factor of ~ 4 and ~ 2,

respectively.

For a given concentration, the frequency shift for Ficoll 400 solution is slightly
larger than that for Ficoll 70 solution. At low concentrations, the peak linewidths
obtained from the Ficoll 70 and Ficoll 400 solutions are nearly equal, while for concen-
trations in excess of ~ 15 wt% the linewidths begin to diverge, with that for Ficoll 400
being greater than that for Ficoll 70 over this range. This subtle change in the rela-
tionship between concentration and frequency or linewidth may represent the overlap
concentration at which the system physics changes as it transitions from the dilute to

the semi-dilute regime.

The solute concentration dependence of Brillouin peak frequency shift of some so-
called biorelevant aqueous solutions have been well-fit for concentrations up to = ~ 40

wt% by the relation [16]

_ Juw _fw
Vi—z /o2 V1+az

fr(z) (4.5)
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where o := v2 /v? — 1. Also, the concentration dependence of linewidth has been well
fit up to x ~ 20 wt% by
DB(s) = Afale)? + B, (4.6)

respectively, where A and B are constants and f,,, v,, and vs are the Brillouin peak
frequency shift for water, and the hypersound velocities of water and the solute,
respectively. The basis of Equation 4.5 is the two-component Reuss model for which

the effective elastic modulus M of the solution is given by

1:%{1 w 1 7

Al Byt v v
where s = mg/(ms+ m,,) is the solute mass fraction and M, and M,, are the elastic

moduli of the solute and water, respectively. If the density of the solution p equals

that of the solute p,, then Equation 4.7 simplifies to

1 s 1 — s
MMM,

(4.8)

Equation 4.5 can be obtained from Equations 4.1 and 4.8 with the approximation of

fixed density and refractive index.

Fitting Equation 4.5 to the { f, z} data for the Ficoll and BSA solutions with v2 /v?
as an adjustable parameter, however, yielded best-fit relations f(x) that show tolerable
agreement with experiment, particularly in the Ficoll data, shown in Figure 4.3. While
this fit looks tolerable at the macro level, when focusing on the low concentration data
of Ficoll, shown in the inset of Figure 4.3, the fit is of poorer quality. This is significant
because this region is where the fit is expected to be the strongest, as this is where the
volume fraction and mass fraction are close to equal. Equation 4.5 in the original work

[16] described the relationship between Brillouin peak frequency and the volume (not



78

9.0 ——m——7——+—1 e LSS S S = . 1 " T
. m-D20
' ® - Ficoll 70
8.5'- O - Ficoll 400
:'E . ¢ - BSA
o |
& 8.0r -
= )
) ) 4
- ) |
(&) P J
& 75 ]
= ¥ i
o Sra
o 5
L | ngwi
7.0 Zo o
; : : ; [ {:D Co:c[;mrlahon (%13!)0 i hD:
0 o 10 15 20 25 30 35

Concentration (%wt)

Figure 4.3: Brillouin peak frequency shift as a function of concentration for aqueous

solutions of Ficoll 70, Ficoll 400, and BSA. Solid lines represent fits of f(x) to Equation
4.5.
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mass) fraction. Substitution of these “best-fit” expressions for f(x) into Equation 4.6
give similar quality fits to the {I'p, x} data shown in Figure 4.4. In addition, a fit of
Equation 4.5 to only the low concentration data yields an excellent fit for x < 10%
but the resulting function does not describe the higher concentration data. This sub-
optimal agreement between theory and experiment is likely due to it not properly
accounting for molecular crowding arising from hydration of Ficoll or BSA as the
solution concentration increases, the onset of which occurs at the transition from the
dilute to semi-dilute regime. The larger difference between experimental data and
the fit of Equation 4.5 for Ficoll 70 and Ficoll 400, compared to that of BSA, is also
indicative of a higher degree of hydration of these polymers, which will be further
discussed later. It is important to note that there is a natural crowding effect that
occurs with increased concentration, however this effect is amplified by the swelling
of polymers due to hydration. This crowding leads to increased polymer-polymer
interaction in the solution. As such, the hypersound frequency can no longer be
described by Equation 4.5; there are also contributions from volumetric and entropic
changes due to polymer-polymer interactions, specifically the onset of contact and the

possible formation of loosely packed regions of solute molecules.

The failure of the above model to accurately reproduce the concentration depen-
dence of f and I'g for the Ficoll and BSA solutions, coupled with the lack of other
appropriate theoretical models, lead us to propose a new phenomenology to describe
the current experimental data. This phenomenology assumes that the concentration

dependence of f and I'g both increase smoothly with concentration according to

f(z) = fr(z) + Aj2?, (4.9)
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where fr is given by Equation 4.5, and

Ip(z) = Af(z)? + Br + Ayr?, (4.10)

where the A; are fit parameters and f(z) is given by Equation 4.9. Furthermore,
the second order term in Equation 4.10, A;z? is a phenomenological extension to
van’t Hoff’s law, as explained below [31, 32]. From this, solute molecules in a dilute
solution may be treated as an ideal gas. As such, the linewidth is proportional to

solution density, as expressed in the equation

[p(x) oc 1+ cip+cop® +e3p + . (4.11)

At low concentrations, corresponding to lower density, the higher order terms are
insignificant. At higher concentrations, however, these higher order terms begin to
dominate [32]. The second order term of the virial equation is attributed to interac-
tions between solute molecules, the contribution of which becomes more important at

higher solute concentrations.

Figure 4.4 shows best-fits of Equations 4.9 and 4.10 to the {f,z} and {I'p, z} data
for the Ficoll and BSA solutions. The fits reproduce the trends of the experimental

data very well. For reference, the best-fit equations are given in Table 4.2.

Although not obvious, there is also what could be a localized characteristic con-
centration which is visible in both the frequency shift and linewidth, which is localized
around ~ 15 wt% concentration for both Ficoll solutions (denoted by the arrow in the
inset in Figure 4.4 for change in behaviour of Ficoll 70 peak width). The characteristic

concentration around ~15% solute concentration is also observed in the BSA data.
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Figure 4.4: Brillouin peak frequency shift (A) and linewidth (B) as a function of
concentration for aqueous solutions of Ficoll 70, Ficoll 400, and BSA. Solid lines
represent best fits of f(z) = fr(z)+ A2? and I'y(z) = Af(x)?+ Bx + Asz?. Dashed
lines represent frequency relationship provided by Equation 4.5 for Ficoll 70 and BSA.
Inset in (B) is linewidth of Ficoll 70.
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Although the origin of this phenomenon is unclear from the plotted data, these charac-
teristic concentrations are concurrent with the overlap concentration, and, therefore,
may be indicative of the overlap concentration, and the transition from the dilute to

semi-dilute regime. This transition point is highlighted in Table 4.3.2.

Hypersound Velocity

Figure 4.5 (A) shows the evolution of hypersound velocity with concentration for the
Ficoll 70, Ficoll 400, and BSA solutions. There is a consistent increase in velocity
with increasing solute concentration for all solutions, as expected from the increase in
Brillouin peak frequency shift with increasing concentration. As with the frequency
data, the hypersound velocity in Ficoll 400 solutions is systematically higher than
in Ficoll 70 solutions. Furthermore, while the velocity of BSA solutions being larger
than that of Ficoll solutions can be attributed to the different solvent, the change in
velocity with respect to concentration was much lower for BSA than for both Ficoll
solutions. Figure 4.5 (A) shows curves for velocity as a function of concentration
which were derived by substituting the best-fit equation for frequency as a function

of concentration into Equation 4.1.

In the dilute regime, the hypersound velocity of macromolecular solutions can
be expressed in a manner similar to Equation 4.5, as hypersound velocity is linearly
proportional to phonon frequency [16]. However, as the concentration increases be-
yond 10%, we begin to see a significant increase in packing of solute molecules in
solution due to crowding effects. This is demonstrated by the deviation of Brillouin
peak frequency and linewidth from previous theory. It also is important to note that
previous studies have shown that solute hydration leads to volume fraction of solute

being much larger than expected than expected for bare (no bound water) solute
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Table 4.1: Hypersound velocities for Ficoll 70, Ficoll 400, and Bovine Serum Albumin
(BSA) solute, calculated using the equation v,2/vs> — 1 = «, where « is the fit
parameter in the denominator of fr(z) from equation 4.5.

Solute  Velocity (m/s)

Ficoll 70 2320
Ficoll 400 2850
BSA 2580

molecules at similar weight concentrations.[14]. This concept is further supported by
Brillouin scattering results in this work, as the onset of polymer-polymer interactions
was seen at concentrations as low as 10% by weight. This increase in macromolecular
packing leads to an increase in interactions between solute molecules [33]. This is the

transition between the dilute and the semi-dilute limits.

By using the fr(x) expression of Equation 4.9, the hypersound velocity for Ficoll
70, Ficoll 400, and BSA was calculated. Values for these velocities are shown in Table
4.1. Velocities calculated for solutes used in this work ranged between ~ 2300 m/s and
~ 2900 m/s, which is comparable to results from previous studies on macromolecular

solutions [16].

Bulk Modulus & Adiabatic Compressibility

Figure 4.5 (B) shows that the bulk modulus for the Ficoll 70, Ficoll 400, and BSA
solutions increase with increasing solute concentration. This trend was expected not
only from the relationship between bulk modulus and hypersound velocity given by
Equation 4.2, but also from an intuitive perspective as with an increase in concen-
tration a greater proportion of the available volume is occupied by the solute. This
leads to the solution being less compressible and therefore to a higher bulk modu-

lus. For low concentrations B increases approximately linearly with = as predicted
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Figure 4.5: Hypersound velocity (A), solution bulk modulus (B), apparent viscos-

ity (C), and hypersound attenuation (D) as a function of concentration in aqueous

solutions of Ficoll 70, Ficoll 400, and BSA. Solid lines are curves are based on the
frequency fits from Figure 4.4 and Equations 4.1, 4.2, 4.3, and 4.4, respectively
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by Equation 4.7 in the limit of small . While there is no obvious change in trend,
at © ~ 15 wt% the slope of B(x) is noticeably larger and continues to increase with
increasing concentration. Following the reasoning in Sec. 4.3.2(1), this is caused by
the solution transitioning from dilute to semi-dilute. The increased interaction be-
tween solute molecules (e.g., entanglement) results in a decrease in compressibility
and, consequently, an increase in bulk modulus. This deviation of the solution com-
pressibility from a volumetric average of the compressibilities of the constituents (i.e.,
the Reuss model) can be attributed to entropic and volume contributions due to these

interactions as discussed in Sec. 4.3.2(1) [33].

Apparent Viscosity

The apparent viscosity of the Ficoll and BSA solutions for a range of concentrations in
the dilute and semi-dilute regimes are shown in Figure 4.5 (C). The n(z) curves in this
figure were obtained from Equation 4.3 using I'g(z) and f(z) described above. As can
be seen, the apparent viscosity values for the two Ficoll solutions are roughly equal
at low concentrations but begin to diverge from eachother at z ~ 15 wt%, behaviour
similar to that observed for relative viscosity in rheology studies of aqueous Ficoll
70 and Ficoll 400 solutions [14]. It is important to note that the values measured in
this work are different from viscosity measurements from rheology measurements [14].
This is due to the relationship expressed in Equation 4.3, where we can see that the
apparent viscosity is ~3 times larger than the shear viscosity, as the bulk viscosity of
water is ~ 2 times larger than the shear viscosity. This change in behaviour is ap-
proximately at a concentration corresponding to the dilute-to-semi-dilute transition.
Within this region, the contribution to viscosity from Ficoll becomes more dominant

than that of D5O. It is important to note that previous rheology studies have shown
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that the intrinsic viscosities of Ficoll 70 and Ficoll 400 differ by ~ 12% [14]. Further-
more, the range of apparent viscoties presented in this work are significantly different
from the ranges of shear viscosities shown in previous rheology studies. While the
very low concentration viscosities are comparable, the shear viscosities presented in
previous rheology work are larger than the apparent viscosities derived from Brillouin
scattering by a factor of ~ 100 [14]. At low concentrations, apparent viscosity of BSA
solutions is slightly larger than that of either solution of Ficoll. The curve of Equation
4.3 for BSA, however, is considerably less steep than that of either solution of Ficoll,

demonstrating a lower intrinsic viscosity for BSA.

Hypersound Attenuation

Figure 4.5 (D) shows hypersound attenuation for all solutions at various solute con-
centrations determined from Equation 4.4. The curves that appear in this figure
were obtained in a manner analogous to those for apparent viscosity. The attenua-
tion increases monotonically with increasing concentration for all solutions. As was
the case for apparent viscosity, hypersound attenuation in the Ficoll 70 solution is
approximately equal to that in the Ficoll 400 solution at low concentrations. As con-
centration increases, the solutions transition from the dilute to the semi-dilute and
the attenuation values for the two solutions diverge. This is an indication that hy-
persound attenuation is much more strongly correlated with D,O than with Ficoll
in the dilute limit. In the semi-dilute limit, the dependence on Ficoll concentration
becomes more important. Furthermore, similar to viscosity, at low concentrations,
where attenuation is more closely related to the solvent, attenuation of BSA solutions
is greater than that of either Ficoll solution. Once again, however, the concentration

dependence of BSA solutions with concentration is less sharp than that of Ficoll.



Table 4.2: Empirical equations describing the concentration dependence of the elastic and viscoelastic properties of aqueous
solutions of Ficoll 70, Ficoll 400, and Bovine Serum Albumin (BSA).

Quantity Base Equation Solution Solution-Specific Equation
Ficoll 70-DsO  f(z) = (6.80/+/T — 0.00653z) + 0.0004122>
H dF
yperso?éHZ;equency f(z) = falz) + Aa? Ficoll 400-DsO  f(z) = (6.82/v/T — 0.00771z) + 0.00031422
BSA () = (7.45//T — 0.006652) + 0.00025322

Brillonin Linewidil Ficoll 70-D,0O  L'p(z) = 0.0123z + 0.00056622 + 0.0108f(z)?
1 O“EEHIZI;GWI T's(z) = Af(2)? + Bx + As2?  Ficoll 400-D,O  I'p(z) = 0.00899z + 0.00075322 + 0.0108 f (z:)2
BSA Tp(z) = 0.008962 + 0.00044622 + 0.0124f(z)?

L8
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Table 4.3: Estimated overlap concentration for aqueous solutions of Ficoll 70, Ficoll
400, and Bovine Serum Albumin (BSA) obtained in present work and previous studies.
PW-C: Present Work - Overlap concentration estimated from visible change in be-
haviour observed in plot of Frequency shift vs. Solute Concentration and/or FWHM
vs. Solute Concentration. PW-Q: Present Work - Overlap concentration estimated

from the divergence of previous model resulting from removing quadratic term from

Eq. 4.9.
Overlap Concentration (wt. %)
Solution
PW-C PW-Q  Ref [14] Ref [34] Ref [35]
Ficol 70 ~15£3 ~ 105 10-15 - 22.9

Ficoll 400 ~17+3 ~20£5 10-15 5.33 13.5
BSA ~13+£3 ~10£5 - - -

4.3.3 Central Mode

Figure 4.2 shows the central peak present in spectra of high concentration Ficoll solu-
tions. Such peaks were not observed in BSA spectra. This peak was observed in the
spectra of solutions with x > 20%, from which it was noted that its intensity increases
with increasing concentration for both Ficoll 70 and Ficoll 400 solutions. The width of
this central peak, however, shows no systematic change with change in concentration.
This central peak was attributed to a relaxation mode due to DO molecules within
the hydration shells of Ficoll, a phenomenon which has been observed in Brillouin
and Rayleigh scattering experiments on other high concentration macromolecular so-
lutions [17, 18, 29, 36]. This phenomenon occurs when D;O molecules briefly bind to

the hydration shell of the Ficoll molecules before returning to the bulk solvent.
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Central modes of Brillouin spectra of liquids, referred to as Mountain modes, have
been studied for over fifty years, and were originally describes as arising from coupling
of the internal molecular degrees of freedom with the thermal fluctuations of the
solvent [37]. These properties could be enhanced by the hydration of macromolecules
within the solvent. Ficoll, therefore, may be a strong candidate for systematic study

of Mountain modes.

4.3.4 System Properties and Dynamics

Table 4.2 contains a summary of the dependence of hypersound frequency and Bril-
louin peak linewidth on concentration given by Equations 4.4 and 4.10. All elastic
and viscoelastic properties explored in the present study increase monotonically with
increasing solute concentration. These increases can be attributed to an increase in
packing of solute molecules within the solution. For aqueous solutions of Ficoll or
BSA, there are two components which impact the volume fraction. The first is the
natural addition of solute molecules to solution as concentration increases. The sec-
ond component to consider is the hydration of solute molecules. This process is seen
to primarily occur in higher concentration solutions, but makes a large contribution
to the volume fractions of Ficoll 70 and Ficoll 400. A change in volume fraction due
to hydration also occurs in BSA, but to a lesser degree than in Ficoll. As such, there
is a much more dramatic increase in volume fraction of these macromolecules com-
pared to solutions where there is no hydration of solute molecules. Because of this,
Ficoll solutions used in this study range from dilute solutions to nearly maximum
packing of randomly distributed spheres, and BSA solutions also experience a very
high degree of packing at the highest concentrations. From the Brillouin scattering

results, it is apparent that BSA experiences less packing compared to Ficoll. Table 4.2
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shows fit equations for frequency versus solute concentration. The second order term
for BSA, corresponding to polymer-polymer interactions, is ~20% lower than that of
either type of Ficoll. This increase in volume occupied by globular molecules results
in a reduction in solution compressibility and a corresponding increase in bulk mod-
ulus. Furthermore, the increase in solute volume fraction makes the aqueous solution
more viscous and the packing of spheres increases the attenuation of sound within the

solution.

To further discuss the effects of hydration, above 15% concentration a relaxation
mode was observed in Brillouin spectra for both Ficoll 70 and Ficoll 400 solutions.
This relaxation was caused by hydration of Ficoll, specifically due to an exchange
of DO between the bulk solvent and the hydration shell of Ficoll. This addition of
relaxation due to hydration further validates the larger solute volume fraction due to
hydration, compared to bare solute at similar mass concentrations, by demonstrating
a fundamental change in the mechanics of the solution as concentration surpasses the

overlap concentration.

4.4 Conclusion

In the present study Brillouin light scattering experiments were performed on solu-
tions of Ficoll 70 and Ficoll 400 dissolved in D,O with concentrations ranging from
1% to 35 wt%, and BSA dissolved in phosphate buffer with concentrations ranging
from 0% to 27%. Brillouin spectra for all such solutions exhibited a single Bril-
louin peak which was attributed to a longitudinal bulk mode. The frequency shifts
and linewidths of these Brillouin peaks were used to calculate hypersound velocity,

attenuation, and bulk modulus, all of which exhibited an increase with increasing
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concentration. For the solutions studied in this work, the relationship between hyper-
sound frequency and solute concentration cannot accurately be described by models
which have been previously presented for non-interacting macromolecular solutions.
A new phenomenology was derived to describe the change in hypersound frequency

in macromolecular solutions which incorporates solute-solute interactions.

Finally, a central peak was observed in high concentration spectra for both Ficoll 70
and 400 but was not observed in BSA spectra. This peak was attributed to relaxation

associated with hydration of Ficoll by D5O.

This work provides physical insight into the interaction of macromolecules and
water in crowded macromolecular environments, which are of immense importance
in biological systems. Further, it provides quantitative spectroscopic signatures for
bound or surface-associated water. Concentration dependence, with complementary
work on temperature dependence, of aqueous biomacromolecular solutions is impor-
tant because of the wide range of solution concentrations found in naturally occurring
biological systems. This work also further establishes Brillouin spectroscopy as a valu-

able probe of the elasticity and viscoelasticity of aqueous biomacromolecular systems.
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Chapter 5

Growth and Inelastic Laser Light
Scattering Studies of Satellite

Tobacco Mosaic Virus Crystals

Abstract: In recent years, there has a been growing interest in the elastic proper-
ties of macromolecular structures. The elastic properties of viruses, however, are still
hardly known. Solutions of satellite tobacco mosaic virus were prepared through cen-
trifugation of infected tobacco leaves and ultrapure water. Satellite tobacco mosaic
virus solutions were subsequently used to grow polycrystalline structures of satellite
tobacco mosaic virus on various substrates via hang drop vapour diffusion methods.
Room temperature Brillouin light scattering experiments were performed on poly-
crystalline satellite tobacco mosaic virus. Brillouin spectra of polycrystalline satellite
tobacco mosaic virus contained peaks which were determined to be due to longitu-
dinal acoustic modes. Such peaks were used to approximate the sound velocity and

attenuation within the crystals.
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5.1 Introduction

Satellite tobacco mosaic virus (STMV) is an icosahedral ssRNA virus comprised of
60 identical capsid subunits with a triangulation number of T = 1. As a satellite
virus, STMV does not encode a capsid protein and therefore lacks the ability to self
replicate. Though it cannot self replicate, STMV may spread when in the presence
of a helper virus. The helper virus most commonly associated with STMV is tobacco

mosaic virus, TMV.

Macromolecular crystals, such as STMV crystals, typically grow in very narrow
ranges. They can usually only grow in temperatures ranging from 0°C - 30°C, and
fairly neutral pH ranges. Furthermore, macromolecular crystallization requires an
incredibly high solvent content, no less than 30%. In most cases, the solvent content
in solution is between 40% - 60% [1], Macromolecules in solution typically crystallize in
small islands which eventually branch together. As such, bond strength within crystals
is typically weak, leading to brittle crystals. This also contributes to high levels of
disorder in these crystals. Unlike conventional crystals, macromolecular crystals often
have a large degree of hydration. The resulting crystals also exhibit a large amount
of polymorphism. For example, STMV crystals can be orthorhombic, monoclinic, or
cubic. The cell size of macromolecular crystals are large, ranging from edge lengths

of 30 A to several hundred A.

Crystallization of proteins, RNA, and viruses employ many of the same mech-
anisms as conventional crystals. Some of these growth mechanisms include spiral
dislocation, 2D nucleation, random nucleation, and 3D aggregation. Unlike conven-
tional crystallization, however, macromolecular crystallization may employ different

mechanisms in the same face, or change from one mechanism to another [2].
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While crystallization of viruses and proteins dates back as far as the 1940’s [3,
4], crystallization of STMV has only been explored over the last 30 years [5]. The
growth of STMV crystals has been observed by means of atomic force microscopy
in real time over durations of several hours by Malkin et al. [6]. During this time,
crystals grew from microcrystals of size 40 - 50 um to mature crystals of size 0.5
mm. Importantly, STMV crystallized differently from other macromolecules observed.
No dislocations were observed in STMV crystals. The dominant growth mechanism
of STMV was continuous sedimentation and absorption of three dimensional nuclei.
Upon absorption, nuclei continue to grow by both two dimensional nucleation, growth
in the normal direction, and by step flow over the surface of the larger crystal. These
nuclei rapidly develop into multi layer plateaus. The heights of the plateaus varied,

ranging from 12 - 510 nm (8 - 34 layers) [6].

While crystallization of viruses and other macromolecules has been well researched
over the last hundred years, the exploration of the elastic properties of such crystals
is still a relatively new field of research. As such there have been few studies on the
elastic properties of macromolecular crystals and, in particular, virus crystals[7—11].
Furthermore, there has been very little work done exploring the elastic properties of
STMYV crystal structures. In a study by Stephanidis et al., Brillouin light scatter-
ing experiments were performed on STMV solutions, hydrated STMV crystals, and
fully dehydrated STMV crystals [12]. For STMV solutions, all spectra showed only
Brillouin features characteristic of aqueous buffers. This was likely due to the small
concentration of STMV in the solution. STMV crystals were grown using hang-drop
vapour diffusion techniques. Resulting crystals in this study had cubic symmetry.
After growth, crystals were transferred into sealed glass capillaries with minimum
mother liquor to ensure full hydration and stability of crystals. Finally, dry crys-

tals were prepared by slowly evaporating mother liquor in unsealed capillaries in air
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over several days. Dry crystals became slightly opaque, but STMV crystal shape and
crystalline organization remained unchanged. A low frequency Brillouin peak was ob-
served in the spectra for hydrated STMV crystals which was not apparent in spectra
for dehydrated crystals. This peak was attributed to the aqueous buffer within the
wet crystal. A broader and higher frequency peak was also observed in both types
of crystals, which was attributed to be due to a longitudinal acoustic mode. There
was a significant shift in phonon peak frequency between hydrated and dehydrated

crystals, leading to a much higher phonon velocity in dehydrated samples.

The contents of this study are twofold. First, STMV crystals were grown using
hang-drop vapour diffusion techniques. Various techniques were used to optimise crys-
tal growth, until such a technique was able to consistently grow crystals which were
suitible in size. Secondly, Brillouin light scattering experiments were performed on
STMV crystals. Such experiments were performed in an attempt to observe longi-
tudinal acoustic modes as well as individual phonon modes propagating within the
sample. Longitudinal bulk mode frequency was subsequently used to approximate

phonon velocity within the crystals.

5.2 Satellite Tobacco Mosaic Virus Crystals - Growth

5.2.1 Harvesting of Satellite Tobacco Mosaic Virus

Nicotiana rustica (tobacco) seeds were sown and germinated in the Memorial Uni-
versity Botanical Gardens. At roughly two weeks of growth, plants were transferred
to our laboratory where they were infected with STMV and TMV by swabbing the
leaves with infected plant material (obtained from Dr. Ayala Rao, University of Cali-

fornia, Riverside). After the first batch of plants were infected, leftover infected plant
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material was also used to infect subsequent batches of plants. Infection was allowed to
propagate through the plants for roughly two weeks and was manifested in a mottling

of the leaves.

Harvesting of virus particles was done via centrifugation. Infected leaves were
ground to a paste using a mortar and pestle. This paste was then added to the
centrifugal cell and topped off with ultrapure water. The cell chosen was an Amicon
Ultra-4 10K centrifugal filter tube. This tube has a filter within it with a maximum
filtration size of 10 kDa. STMV has an atomic mass of 6.3 kDa, and passed through
the filter while TMV, a rod-like virus with a lenghth of 300 nm, width of 18 nm, and
mass of 126 kDa did not. This ensured that the resulting solutions contained only

STMYV in ultrapure water.

Centrifugation was performed using an IEC Clinical bench-top centrifuge with a
six place fixed angle 45° rotor. Samples were centrifuged at a maximum speed of
4450 RPM for a minimum of four hours. This resulted in a relative centrifugal force
of 2400 x g. In early centrifugation attempts, residual plant matter was discovered
within the virus solution, having settled after a few weeks. As such, STMV solutions
were further centrifuged one or two extra times to ensure higher purity of solution in
later trials, including all those used for crystallization in this work. No residual plant

matter was observed in final solutions.

5.2.2 Crystallization Process

Crystallization of STMV was performed using a hang-drop vapour diffusion technique.
This technique is commonly used in macromolecular crystallization [2, 13, 14]. In this
process, a droplet containing virus particles, buffer solutions, and a precipitant, often a

salt, is suspended over a reservoir solution of similar buffers and precipitants. Through
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vapour transfer from the droplet to the reservoir, the two are able to equilibriate.
The concentration of virus in the droplet begins low, but as vapour diffuses from the
droplet, its volume decreases. This change in volume, without exchange in number
of virus particles in the droplet, subsequently increases the virus concentration in the
droplet. As the concentration of virus particles in the drop increases, so to do the
number of interactions between particles. This leads to crystal growth within the

droplet [14].

Specific steps in crystallization of STMV followed the methods described by Valverde
and Dodds [5]. Solutions of (NHy4)2SO4 were prepared by dissolving (NH4)2SO4 pow-
der in ultrapure water. While different concentrations were used in preliminary crystal
growth attempts, the most consistent results were obtained using a 10% saturated so-
lution of (NH4)2S0,4. 2-3 mL of (NHy)2SO4 was used to fill the base of the vapour
diffusion chamber, to be used as the reservoir. Equal volumes of (NH,4),SO,4 solution
and STMYV solution were mixed together to create the drop solution. This process

was used to grow STMV crystals with orthorhombic symmetry [14].

Table 5.1 shows the different substrates on which crystal growth was attempted.
Crystals were initially grown on the underside of the lid of the Thermo-Fisher Scientific
BioLite 12 well vapour diffusion cells. Small droplets of virus-reservoir solution, ~
10—50 pulL, were carefully placed on the substrate. The lid was then carefully inverted
and placed onto the vapour diffusion chamber, ensuring that the droplets were not
disturbed in the process. Crystals were left for two weeks to grow. Crystals grown on
the vapour diffusion cell lid grew into polycrystalline clusters with side lengths of a
few hundred micrometers. Crystals clusters were white and semi-transparent. These
crystals were extremely brittle, and could not be removed from the cell lid, which was

too large for the Brillouin scattering apparatus, without complete destruction of the
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crystals.

In order to transport crystals from growth cells to the Brillouin scattering ap-
paratus, STMV crystals had to be grown on a separate surface, which was adhered
to the lid. Of the surfaces used to grow crystalline STMV, the most successful was
crystalline silicon. As such, all samples discussed in this work were grown on silicon.
Small pieces of silicon were cleaved from a larger (100) oriented piece of silicon, and
were adhered to the lid of the vapour diffusion cell. A small scratch was made in
the silicon, to promote nucleation, and crystals were grown using the above method.
Figure 5.1 shows a STMV crystal grown by the above method. Four such crystals

were used in Brillouin scattering experiments.

As shown in Table 5.1, attempts to grow STMV crystals were made on miscoscope
slides, to enable transport from growth cells to the Brillouin scattering apparatus. Mi-
croscope slides used were hydrophilic, and subsequently droplets could not be formed
on the surface. Pools of virus solution were left to crystallize over the same time

period, however no such crystals were formed.

Previous work on nucleation of protein crystals has used porous surfaces, with pore
diameters on the order of 10 nm, as a nucleation surface in vapour diffusion processes
[15]. As such, STMV crystals were grown on porous silicon substrates via hang drop
vapour diffusion. There was no substantial difference is size or morphology of crystals

grown by this method compared to crystals grown on crystalline silicon.



Table 5.1: Surfaces used to attempt to grow STMV crystals.

Substrate Success Comments
Cell Lid v Crystals were brittle and could not be removed without destroying.
Microscope Slide y Slides were hydrophilic and droplets did not form. Pools of
P virus-containing solution left to crystallize, but no crystals formed.
Crystalline Silicon v Small scratch made on silicon surface to promote nucleation.

Crystal clusters successfully grown to sizes of a few hundred pm.

Porous Silicon

Substrate pore diameter ~ 10 nm. Crystal clusters successfully grown,
but not substantially different from those grown on crystalline silicon.

V0T
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Figure 5.1: Satellite tobacco mosaic virus crystal on a silicon substrate. Crystallized
(NHy4)2S0y is also seen around the virus crystal. Image taken using Supereyes digital
microscope.
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5.3 Satellite Tobacco Mosaic Virus Crystals - Bril-

louin Scattering

Brillouin light scattering experiments were performed at room temperature in a 180°
backscattering geometry using the set-up shown in Ref. [16]. A Nd:YVO, laser with
a wavelength of 532 nm and power of 1.66 W was used to probe phonons in crystals.
To ensure STMV crystals were not damaged by laser light, power was reduced to 10
mW at the sample via a variable neutral density filter. Incident horizontally polarized
light was focused on the sample with a 5 cm lens with an f number of £/2.8, which
was subsequently used to collect and collimate scattered light. This scattered light
was focused by a 40 cm lens onto the 450 um entrance pinhole of a six-pass tandem
Fabry-Perot interferometer. The interferometer had a free spectral range of 50 GHz
and finesse of ~100. After frequency analysis, the scattered light was focused onto
a 700 pm entrance pinhole where it is collected by a photomultiplier. Due to the
small size of the STMV crystals, a Supereyes 13MP/5MP 500X Handheld Digital
Microscope was used to position the incident beam (diameter ~50 pm) onto the

center of the crystal prior to spectrum collection.

5.3.1 Brillouin Spectra of STMV Crystals

Figure 5.2 shows representative Brillouin spectra collected from a STMV crystal sam-
ple at various angles of incidence. Two sets of Brillouin peaks were observed in most
spectra. The lower frequency-shift peak at ~ 14 — 18 GHz was determined to be due
to a bulk acoustic mode propagating within the STMV crystal due to its similarity
in frequency shift to that previously reported for cubic STMV crystals [12]. Due to

the anisotropy of the samples, it is impossible to know the direction being probed
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within the sample, though polarized Brillouin spectroscopy could be used to deter-
mine whether this bulk mode is longitudinal or transverse. The second peak, with
a frequency shift of ~25 GHz is of unknown origin, but is suspected to be due to

residual (NHy)2SO4 on the silicon surface.

Figure 5.3 shows Brillouin peak frequency plotted against the angle of incidence,
measured relative to the normal direction of the sample, for four STMV crystals.
Though there was no systematic variation of longitudinal peak frequency, significant
variance was observed in peak frequency between spectra, with the largest amount of
variance with a sample being ~6 GHz, and the smallest being ~2 GHz. The wide
range of uncertainties in shift is due largely to variation in peak intensity, with the

larger uncertainties associated with peaks that were very weak in intensity.

Table 5.2 shows average frequency shift of the longitudinal peaks for all samples
in this study. Three of the samples have similar peak shifts, while the fourth has a
slightly higher shift. All frequencies recorded within this work are within the range
reported in Ref. [12]. It is important to note, however, that crystals grown in this
work were grown under different conditions, and subsequently have a different crystal

structure.

Table 5.2 shows average longitudinal phonon velocity of STMV crystals obtained

using the well-known Brillouin equation

_ /A

V=5 (5.1)

The refractive index n was estimated to be 1.52, as reported for cubic STMV crystals
[12]. The same trend noticed with longitudinal frequency was also observed in lon-
gitudinal bulk mode velocity, which is expected since v is directly proportional to f.

Bulk mode velocities for the crystals studied in the present work, which are largely
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Figure 5.2: Brillouin spectra collected from satellite tobacco mosaic virus crystal at
various angles of incidence. The peak labelled “STMV peak” was determined to be
due to a longitudinal bulk acoustic mode propagating in the crystal.
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Figure 5.3: Longitudinal Brillouin peak frequency shift for satellite tobacco mosaic
virus crystals versus angle of incidence.



Table 5.2: Longitudinal phonon frequency, velocity, peak width, and attenuation for satellite tobacco mosaic virus crystals
from the present work and a previous study.

Source Crystal Average Phonon  Average Velocity FWHM  Attenuation Normalized
Symmetry  Frequency (GHz) (km/s) (GHz)  (x10°m™!) Attenuation
16 + 2 2.8 £0.2 - - -
. 16 + 2 2.8 +£0.2 - - -
Present Work Orthorhombic 59 1 3 271+ 005 32403 36+04 0.64=+007
17.6 = 0.6 3.02 £+ 0.08 1.4 4+ 0.2 1.5+ 0.2 0.25 £+ 0.04
Hydrated STMV Crystal [12] Cubic 11.2+ 0.5 1.92 + 0.08 - - 0.76
Dehydrated STMV Crystal [12] Cubic 20 £ 0.5 3.43 £+ 0.08 - - 0.3
WIV [10] Film ; 2.9 £ 0.2 ; . ;
Bulk PMMA [17] ; ; 2.80 . . .
Lysozyme [7] Tetragonal - ~ 1.82 - - -

OTT
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dehydrated, are comparable to those reported for cubic STMV crystals [12], falling

within the range presented for hydrated and dehydrated crystals.

Phonon velocities recorded for STMV are within a comparable range to those of
crystals comprised of PMMA and WIV, which are, structurally, similar in shape to
STMV [10, 17]. Furthermore, crystals made of long chain macromolecules such as
lysozyme, or larger viruses such as TMV have lower phonon velocities than STMV

crystals [7, 9, 18].

Longitudinal peak linewidths, shown in Table 5.2, were measured in Brillouin
spectra. Between the four samples studied within this work, Brillouin peak intensity
was extremely inconsistent. Many of the peaks observed were not well defined, leading
to larger uncertainties shown in Figure 5.3. This limited the number of Brillouin peaks
from which a reliable linewidth could be extracted. Table 5.2 shows average linewidth
for the longitudinal bulk mode peak for each STMV sample. For STMV samples
1 and 2, all Brillouin peaks observed were extremely weak and poorly defined, and
measurement of linewidth was not possible. For samples 3 and 4, there were some
spectra which contained strong, sharp peaks. These spectra were used to calculate the
average linewidth shown in Table 5.2. It is of note that the longitudinal bulk mode
peak observed in one spectrum from sample 3 showed anomalously large linewidth,
which contributed to the large difference between the average linewidths shown in

Table 5.2.

Average linewidth data, in conjunction with average phonon velocity, was used to

calculate hypersound attenuation using the equation

7TFB
== 5.2
« v ) ( )

where I'g is the Brillouin peak width. Table 5.2 shows hypersound attenuation for
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two STMV crystal samples studied in this work. As with linewidth, the values cal-
culated for attenuation show a large difference between the two samples. Due to the
growth conditions of these crystals, there are a few possible contributing factors to
this difference in attenuation. Since these crystals grew in clusters, there are interfaces
between crystals. As such, the difference in interfaces between the two crystals could
be a contributing factor in this difference in attenuation, as interfaces between two
materials increase the hypersound attenuation. Secondly, a difference in hydration

state could also contribute to the difference in attenuation of the two crystals [12].

Table 5.2 shows normalized sound attenuation parameter, calculated for STMV

crystals using
7

Similar to previously discussed elastic parameters, these values fall within the range

A (5.3)

between those presented for hydrated and dehydrated STMV crystals [12]. This fur-

ther demonstrates the difference in hydration state between these two crystals.

5.3.2 Search for Individual Virus Eigenmodes

Previous studies have shown that low frequency eigenmodes, corresponding to higher
quantum numbers, of individual spherical particles may be observed by inelastic light
scattering spectroscopy for cases in which the particle size is comparable to the wave-
length of the probing laser light [10, 17, 19-21]. This theory has been expanded to
virus particles, including those in crystals, and predicts the frequency of individual
virus vibrational modes to be

Vr

floc = 5, (54)
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where Vr is the transverse bulk mode velocity and D is the virus diameter [10].
This relationship has been used to determine particle size when the frequency of
vibration and velocity is known [22, 23], but was used in the present work to estimate
the frequency at which such modes might be observed in the Brillouin spectrum of
STMV virus crystals because the diameter of STMV is known and the velocity can
be estimated from Vy = X x V, [24]. For STMV, previous estimations for the ratio of
longitudinal and transverse velocities have been X = 0.25 — 0.5. While the diameter
of STMV is considerably smaller than the wavelength of the probing visible light, this
method was used to estimate the frequency range over which individual virus modes
might be observed in the spectrum. This range was found to be ~ 100 — 200 GHz. As
such, Brillouin spectra were collected with a free spectral range of up to 250 GHz in an
attempt to observe vibrational modes from individual virus molecules. Unfortunately,
no additional modes were observed in such spectra. This is not an unexpected result,
as the wavelength of light used in this work (532 nm) is much longer than the diameter
of STMV (~17 nm), thus further validating the theory that such modes are inactive

in particles where D < A [12].

5.4 Conclusion

In this study, STMV crystals were grown from solution via hang drop vapour diffusion
techniques. Crystal growth was performed on several substances, however crystalline
silicon was found to be the most suitable due to the size of crystals grown on the
surface. Crystals grown on such surfaces grew into polycrystalline clusters on the

order of a few hundred microns in length.

Brillouin scattering experiments were performed on STMV crystals. Two peaks
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were observed in spectra, with one being identified as being due to a longitudinal
bulk mode within the STMV crystal. Peak frequency shift and width were used
to calculate elastic properties of crystallizes STMV, with phonon velocities falling
within the range of results reported in previous works. Brillouin peak frequency and
linewitdh were also used to calculate hypersound attenuation and normalized sound
attenuation. The results for normalized attenuation were found to be within the range
previously reported for hydrated and dehydrated STMV crystals. These viscoelastic
properties varied between crystals, which was determined to be a result of a difference

in hydration state between the crystals.
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Chapter 6

Conclusion

Macromolecular systems have gained a significant amount of attention in the last few
decades throughout different aspects of physics and biophysics. However, there have
been very few experimental studies exploring the elastic properties of such systems.
As such, this study’s aim was to use Brillouin light scattering as a tool to explore the
two most common forms of macromolecular systems: aqueous solutions and crystals.
The first work presented in this study explored the viscoelastic properties of three dif-
ferent macromolecular solutions (Ficoll 70, Ficoll 400, and BSA) by means of Brillouin
scattering over a range of concentrations. The second work presented explored the
growth conditions of macromolecular crystals (STMV), and subsequently used Bril-
louin scattering to explore their elastic properties. Together, this ultimately allows
us to observe these properties in three separate regimes of macromolecular systems:

dilute solution, semi-dilute solution, and solid crystal.
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6.1 Concentration Dependence of Elastic and Vis-
coelastic Properties of Aqueous Solutions of
Ficoll and Bovine Serum Albumin by Brillouin

Light Scattering Spectroscopy

6.1.1 Conclusion

Brillouin light scattering experiments were performed on solutions of Ficoll 70 and Fi-
coll 400 dissolved in DO, with concentrations ranging from 1% to 35% mass percent,
and solutions of BSA dissolved in phosphate buffer, with concentrations ranging from
1% to 27% mass percent. Brillouin spectra from all solutions studied exhibited a sin-
gle Brillouin peak, attributed the propagation of a longitudinal bulk mode. Frequency
shifts and Brillouin peak linewidths of these longitudinal peaks were used to calculate
viscoelastic properties, including hypersound velocity, bulk modulus, apparent viscos-
ity, and hypersound attenuation. All of these properties experienced an increase in
value with increasing solute concentration. However, the relationships between these
properties and concentration could not be accurately described by models which have
been previously been presented for systems of non-interacting particles. As such, a
new model was presented to describe changes in hypersound frequency with changing

concentration which incorporates solute-solute interactions.

In high concentration spectra collected for Ficoll 70 and Ficoll 400, a central peak
was observed in Brillouin spectra. This peak was attributed to relaxation associated
with hydration of solute molecules by DO and the occupation of D;O within the

hydration shell.
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6.1.2 Future Work

Previous Brillouin light scattering studies have demonstrated a universality in the re-
lationships between solute concentration and Brillouin peak frequency and linewidth
for low concentration macromolecular solutions. The next logical step is, therefore,
to repeat the experiments performed in this work on several different macromolecu-
lar solutions at high concentrations, specifically the semi-dilute region, when solute-
solute interactions cannot be ignored. Some common, and well researched, macro-
molecules which would be good candidates to study include lysozyme, sucrose, and
dextran. Spectra of these macromolecular solutions can then be used to examine the
semi-dilute regime and compared to the model presented in this work. Furthermore,
through examination of any central peaks observed in spectra, we may be able to
further comment on the effects of hydration on crowding in macromolecular solutions.
In particular, it would be interesting to investigate hydration of materials such as
lysozyme, PEG, or other organic polymers wherein hydration has also been explored

using other experimental techniques.

6.2 Growth and Inelastic Laser Light Scattering
Studies of Satellite Tobacco Mosaic Virus Crys-

tals

6.2.1 Conclusion

STMV crystals were grown on several different surfaces by use of hang drop vapour

diffusion techniques. Of the surfaces used, crystalline silicon was determined to be
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the best due to the size of the crystals grown on it, as well as the ease of transport
to the Brillouin scattering apparatus. Crystals grown using this technique grew into
polycrystalline clusters, which were on the order of a few hundred micrometers in

length.

Brillouin scattering experiments were performed on STMV crystals. Two peaks
were observed in spectra, with one being determined to be due to a longitudinal bulk
mode propagating within the STMV crystal, and the other one due to the residual
(NHy4)2S0O4 remaining on the silicon surface. Brillouin peak frequency and linewidth
of the longitudinal mode peak were used to calculate elastic properties of the STMV
crystals. Phonon velocities calculated for these crystals ranged from 2.71 km/s to
3.02 km/s, falling within the ranges previously presented for hydrated and dehydrated
STMV crystals. Similarly, hypersound attenuation for STMV crystals ranged from
1.5 x 10° m~! to 3.6 x 10° m™!, and normalized attenuation ranged from 0.25 to
0.64, the latter of which also falls in the range given for hydrated and dehydrated
crystals. The differences in elastic properties calculated for these has been attributed
to differences in hydration state, as phonon velocities in these crystals increases, and

attenuation decreases, as they become more dehydrated.

6.2.2 Future Work

When it comes to future studies on STMV crystals, there are several different angles
from which we can approach. First and foremost, using different growth methods or
surfaces, attempts can be made to grow large single crystals. One specific change
which could be made to help grow larger single crystals is the use of a more precise
centrifuge to separate virus particles from the leaves and helper viruses. Furthermore,

the use of seed crystals may also be implemented to further increase the size of single
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crystals. Subsequently, Brillouin light scattering experiments can be carried out on
single crystals, the data of which can be used to calculate elastic constants of the crys-
tals. Furthermore, using different buffer solutions during the crystal growth process
can lead to different crystal structures, such as the cubic STMV crystals which have
been grown by Stephanidis et al. [1]. As such, crystals with different geometries can
be grown in similar fashion, with subsequent Brillouin light scattering experiments to

be performed on said crystals.
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Appendix A

Supplementary Material for:
Concentration Dependence of
Elastic and Viscoelastic Properties
of Aqueous Solutions of Ficoll and
Bovine Serum Albumin by
Brillouin Light Scattering

Spectroscopy



Table A.1: Brillouin peak frequency shift (f) and linewidth (I") for Ficoll 70, Ficoll 400, and Bovine Serum Albumin
solutions at all concentrations studied.

Ficoll 70 Ficoll 400 Bovine Serum Albumin
Concentration fr7o I'rro fra00 I Fa00 fpsa I'psa
(% wt.) [+ 0.05 GHz] [+0.09 GHz] [£0.05 GHz] [+ 0.09 GHz] [+ 0.05 GHz] [+ 0.09 GHz]
0 6.83 0.47 6.83 0.47 7.46 0.69
1 6.82 0.51 6.83 0.51 7.46 0.70
3 6.86 0.55 6.91 0.56 7.51 0.74
5 6.91 0.59 6.98 0.58 7.57 0.78
7 6.97 0.64 7.03 0.64 7.65 0.81
10 7.05 0.71 7.16 0.73 7.7 0.84
13 7.14 0.83 7.25 0.81 7.83 0.95
15 7.22 0.86 7.29 0.86 7.91 1.03
17 7.34 0.95 7.40 1.00 7.96 1.10
20 7.44 1.10 7.51 1.08 8.10 1.16
25 7.71 1.29 7.82 1.37 8.29 1.33
27 - - - - 8.43 1.46
30 7.96 1.50 8.09 1.66 - -
35 8.21 1.89 8.36 2.00 - -

g}
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Figure A.1: Normalized Brillouin spectra collected from solutions of Ficoll 400 of
various concentrations (wt%). L represents a longitudinal bulk mode.
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Figure A.2: Brillouin peak frequency (A) and linewidth (B) of Ficoll 70 as a function
of solution concentration.
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Figure A.3: Brillouin peak frequency (A) and linewidth (B) of Ficoll 400 as a function
of solution concentration.
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Figure A.4: Brillouin peak frequency (A) and linewidth (B) of BSA as a function of
solution concentration.
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Figure A.5: Brillouin spectrum of Ficoll 400 with a concentration of 30%. Solid lines
- central peak and Brillouin peak fits. Dashed line - sum of central peak and Brillouin

peak fits.
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Figure A.6: Brillouin spectrum of BSA with a concentration of 27%. Solid lines -
Brillouin peak fits. Dashed line - sum of Brillouin peak fits. No central peak was

observed in such spectra.
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Figure B.1: Brillouin Spectra collected on STMV sample # 1.
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Figure B.2: Brillouin Spectra collected on STMV sample # 2.
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Figure B.3: Brillouin Spectra collected on STMV sample # 3.
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Figure B.4: Brillouin Spectra collected on STMV sample # 4.

135



Table B.1: Brillouin peak frequency shift (f) and linewidth (I') for STMV samples.

STMV #1 STMV #2 STMV #3 STMV #4
Incident Angle (°) f, I f, Iy fs I's f, 'y
[GHz] [GHz] [GHZ] [GHZ] [GHZ] [GHZ] [GHz] (GHZ]

25 - - - - 186 £ 0.2 22+04 187 +0.3 -

30 - - - - 188 =20.1 2.1 +£0.2 - -

35 - - - - 161 £ 0.3 3.6 £04 1753 £ 0.2 -

40 - - - - 13.6 &= 0.5 - 16.8 + 0.5 -

45 17 £ 2 - - - 14.8 + 0.3 - 16 £+ 2 -

50 16 £+ 2 - 15 £+ 2 - 13+1 - 17 £ 1 -

55 - - 16.7 £ 0.7 - 16.2 + 0.2 - 17+ 1 -

60 - - 16 £1 - 125+£02 57+£04 183 +01 14402

65 16 £ 1 - 14 £ 2 - 161 £ 0.1 29+£02 1874+01 13402

70 - - 16.5 £ 0.4 - 174+ 03 24+£04 1874+01 1.640.2
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