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Abstract

In the cellular environment, the cytosol - the aqueous fluid in which organelles
are suspended - is of rich chemical diversity and fundamental importance in medi-
ating biochemical processes. The composition of this liquid is carefully regulated to
maintain order and function of macromolecular structures in addition to balancing
external osmotic pressure. Yet, much is still unknown about the role that individual
osmolytic components play in mediating cellular interactions. This thesis presents
an investigation of the molecular interactions and structures within model cytosol
solutions, aqueous solutions containing various osmolytic solutes found throughout
nature, in order to determine how these ions and molecules can modulate interactions

and contribute, or detract, from biochemical stability in the cellular environment.

The work begins by presenting measurements of surface forces across two simple
electrolytes - ultrapure water and a dilute potassium chloride electrolyte - providing
a benchmark to which to compare solutions of increasing complexity. These reference
measurements allow for the introduction of the framework through which these and
similar measurements can be interpreted by analysing the various contributions to
the overall interaction. These include the far-field electric double layer repulsion and
van der Waals surface interactions, in addition to short-range structural features. In
the subsequent chapter, the role played by zwitterionic osmolytes in modulating the
interactions in solutions is investigated, and we find a key role for these molecules
in maintaining repulsive interactions across a wide concentration range, as well as
tuning the interfacial structures in mixed zwitterion-salt aqueous solutions. This
is followed by an investigation of the bulk solution structures in zwitterion-salt so-
lutions using a combined neutron and X-ray total scattering approach, revealing
molecular-level details pertaining to zwitterion-ion interactions and clustering, in-
cluding the dependence on the ion identity. We continue with a study of surface

forces across a pairing of a protein stabilising and destabilising osmolyte, in order
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to investigate the colloidal contribution to the resulting stability. We find that the
protein stabiliser, trimethylamine N-oxide, acts to disrupt hydration forces, unlike
the destabiliser, urea, which does not. A solution containing a mixture of both os-
molytes is shown to exhibit a compromise between the two individual cases. Finally,
the thesis concludes with an investigation of surface forces across solutions contain-
ing glycine oligopeptides, a model for the protein backbone, where clear oligomer
size effects are observed for surface adsorption and self-assembly.

Combined, the results presented in this thesis illustrate the complex behaviours
exhibited by a range of osmolytic solutes in solution and their ability to modulate
interactions between charged surfaces and solution structures. This work contributes
to our understanding of the toolbox available in natural systems to maintain cellular
functionality by altering the composition of the cytosolic fluid in response to various

environmental stresses.
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1 | Introduction

1.1 | The Cellular Environment, Osmolytes and Biomolecular Stability

Life on Earth can be found in all manner of environments. From ambient conditions
to the extremities of the salinity of the Great Salt Lake, the pressures of the Mari-
ana Trench and the temperatures of hydrothermal vents, there are living organisms
to be found.? Through evolution, nature has developed a handle on biochemical
processes across time and space within the cellular environment, enabling the bar-
rier to survival to be overcome in these environments, and complex lifeforms have
subsequently developed.

The cytosol is the aqueous substance in which organelles are suspended within
the cell. This fluid is of rich chemical diversity and a fundamental component of the
cellular environment. Whilst the study of biochemical evolution has concentrated
on the role of large biological macromolecules such as proteins, DNA and RNA, as
well as other cellular ensembles, the role of this fluid is often ignored. However, the
specific makeup of the cytosol plays a vital role in facilitating various biochemical
processes and cellular interactions, essential for the survival of life. Amongst other
things, cytosolic composition is responsible for liquid-liquid phase separation within
the cell, a process which has, in recent years, been found to be responsible for
the compartmentalisation of biochemical species and increased efficiency of cellular
processes. 57

Across the living world, various selective pressures act to influence the makeup
of the cellular fluid, and the interplay between the interior and exterior of a cell
is vital for this. A strong selective pressure is that of environmental water stress,
and the balancing of osmotic pressure - or the chemical potential of water - between
the intra- and extracellular fluids. Such balance must be achieved by all organ-

isms, else there may be an unsustainable influx or efflux of water across the cell
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membrane, depending on the direction of the osmotic gradient, resulting in cell ly-
sis or dehydration, and subsequently cell death. All unicellular environments are
prone to experiencing fluctuating external osmotic pressures, and various strate-
gies exist across the biosphere for managing these osmotic shocks. The strategies
employed also vary in their sophistication depending on the complexity and evolu-
tionary history of the organisms. For example, many single-celled organisms rely on
the accumulation or loss of solutes in order to tune the internal osmotic pressure. In
some cases it is possible for certain organisms to sustainably manage a hydrostatic,
or turgor, pressure resulting from a difference between the internal and external os-
motic pressures through the enhanced mechanical stiffness of the barrier separating
the cell from the external environment. A notable case is that of the gram-positive
bacteria, which have been found to manage turgor pressures of up to 7 bar through
the presence of a cell wall in addition to the usual membrane.® In higher organisms,
more sophisticated mechanisms of osmoprotection and osmoregulation have devel-
oped, such as the presence of skin to sustain osmotic imbalance and the ability to
vary urine concentration. Nonetheless, tissues in such organisms exposed to locally
high osmotic pressure, such as the renal medullary cells in the kidney, must still
employ mechanisms to tune the cellular osmotic pressure. %19

In most cases, the mechanism of osmoregulation within the cytosol involves the
accumulation of osmolytes within the cellular environment, which can be defined
as a solute that binds or interacts favourably with water, thus lowering the cellular
water chemical potential.® Simplistically, osmolytes can be divided into ionic and
nonionic osmolytes: ionic osmolytes include small inorganic ions (Nat, K*, Mg®*,
Ca®t, Cl7, HCO, , SO4* ", PO4*") as well as larger macromolecules with non-zero
net charge, such the glutamate anion.!! Nonionic osmolytes include zwitterions -
net neutral molecules containing both a localised positive and negative charge - and
other molecules with zero net charge.

Different classes of organisms favour the accumulation of the two types of os-
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molytes to greater or lesser extents, employing strategies dependent on environmen-
tal, such as osmolyte bioavailability, and genetic factors. Halophilic microorganisms
provide an excellent case study through which to explore these variations, where the
osmoregulatory strategies have been tested to the extreme. These extremophiles
have all evolved to survive and thrive in high salinity environments, such as the
Great Salt Lake in Utah and the Dead Sea in West Asia where salt concentrations
can reach ~ 5 M,1%13 yet divergent strategies to cope with the osmotic pressures
have evolved in halophiles across the different domains of life.'* For instance, ex-
tremely halophilic organisms, particularly archaea such as Halobacterium cutirubrum
or Methanosarcina barkeri, maintain a high salt concentration within the cell itself.®
In contrast, most halophilic bacteria such as Actinopolyspora halophila and eukarya
such as the algae Dunaliella, tend to accumulate small organic molecules in order
to tune the osmotic balance without perturbing intracellular functionality. These
nonionic osmolytes frequently include the zwitterions trimethylglycine (TMG),!¢
proline (Pro)!” or trimethylamine N-oxide (TMAO),*® and can also include polyal-
cohols such as sorbitol in fungi and algae, or ectoine in bacteria.® The molecular
structures of these common osmolytes is shown in Figure 1.1.

(a) 0 (b) (©

9 T,

0 >N+\)J\O- N
(d) ®) (e) OH OH

Y o HO . OH

HN OH OH

Figure 1.1: Molecular structures of some common osmolytes: (a) L-proline, (b)
trimethylglycine, (c¢) trimethylamine N-oxide, (d) ectoine, (e) sorbitol.

The accumulation of ionic and nonionic solutes, also called ‘salt-in’and ‘osmolyte-

in’ mechanisms, respectively, present different biochemical challenges.'® The former

3
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requires adaptation of the genome to maintain resilient protein structures in high
ionic strength conditions, frequently comprising an increase in the proportion of
acidic amino acid residues expressed across the organism’s proteome - namely, as-
partic and glutamic acids - in preference to basic residues such as arginine or lysine. '°
This adaptation results in an increased negative charge on the protein surface, en-
hancing the magnitude of the electrostatic repulsion which contributes to protein
stability. The latter mechanism does not necessarily require such widespread ge-
nomic adaptations but can instead require a significant expenditure of energy in
order to perform biosynthesis or selective transport from the environment of the
desired solutes.

Though the separation of these mechanisms is common in the literature, this
divide is a simplification and real cytosolic fluids contain a complex mixture of both
nonionic and ionic solutes. Examples even exist in the literature of organisms that
possess the versatility to switch between the two mechanisms depending on the ionic
strength of the surrounding environment, such as the extreme halophile Halorho-
dospira halophila.?® These mechanisms to accumulate either, or a combination of,
ionic and nonionc osmolytes to tune the overall osmotic balance are depicted in
Figure 1.2.

The discussion so far has brought us to a central theme of this thesis: through
evolution, nature has designed a cellular environment that simultaneously optimises
for delicate interparticle forces and osmotic pressure, relying on a complex, multi-
component osmolytic environment. There is a long history of studying the influence
of ions on biochemical stability, most notably the Hofmeister series first proposed
in 1888, which orders different ions based on their ability to salt-out proteins from
aqueous solutions.?* This series has garnered much attention owing to its observed
relevance in a range of biochemical contexts, including protein folding and enzyme
activity, and much work has been performed with the aim of uncovering a molec-

ular level description for these empirical observations.?® 2" However, the roles of
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Figure 1.2: Schematic view of the osmoprotective strategies exhibited by halophilic
organisms. Osmotic pressure can be adjusted by accumulation of ionic solutes (e.g., inor-
ganic salts) and/or nonionic species (e.g., amino acids, and polyalcohols). Examples are
shown of classes and species which are known to adopt particular strategies. Halophilic
archaea such as Halobacterium cutirubrum and Methanosarcina barkeri*® tend to accumu-
late ionic solutes, although there are examples of bacteria which also adopt this method,
such as the extremely halophilic bacteria Salinibacter ruber?' and Halanaerobium prae-
valens, ™22 which exhibit intracellular salt concentrations similar to the growth medium.
Moderately halophilic bacteria, e.g., Actinopolyspora halophila,'®?? fungi, and algae, e.g.,
Dunaliella ™7 instead accumulate nonionic, and often zwitterionic, osmolytes such as
TMG and TMAO.

individual nonionic osmolytes and the synergies between different osmolytes have
only begun to be studied recently. In particular, many of the common osmolytes
introduced in this chapter possess molecular structures which combine a large dipole
moment (the molecules are often zwitterionic in ambient conditions) and a hydropho-
bic residue. Such molecules are often termed dipolar/hydrophobic osmolytes,?® and
these properties will be valuable in rationalising their role in the model cytosolic
fluids studied in this work.

As such, there are plenty of questions yet to be answered, particularly concerning

the influence of osmolytes on interactions and structures within complex osmolytic



CHAPTER 1. INTRODUCTION

fluids. This thesis aims to unravel some of these complexities; in order to do so,
one must first have an understanding of the forces and interactions that govern
behaviours in liquids more generally. An overview of this framework is discussed in

the next section.

1.2 | The Liquid State and Liquids at Interfaces

Interactions within liquids are complex, and for much of scientific history devel-
oping a full understanding of the liquid state of matter has presented a particular
challenge. Yet liquids play a vital role in the natural and technological worlds,
underpinning myriad technologies including in medicine and energy storage applica-
tions, and continued advancement hinges on having a firm grasp of the interactions
within liquids.

Intermolecular forces arise from one of the fundamental forces, electrostatics, but
due to molecular complexity and interactions on different length scales it is often
useful to separate molecular interactions into various contributions to an overall
interaction potential. A few such contributions will be discussed in the following

section.

1.2.1 | Intermolecular Forces

In a simple case of two uncharged atoms or small molecules 7 and j in a vacuum, at
most separations - excepting any steric repulsion due to overlapping electron clouds
at very small separations - the dominant interaction acting between the atoms is
the van der Waals (vdW) interaction. This arises due to favourable interactions
between permanent or induced dipoles and is attractive at all distances, and takes
the form for the pair potential w;;(r) given in Equation 1.1 if the dipoles are free to

rotate.

wi;(r) o< —— (1.1)
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The total interaction energy U can also be calculated between macroscopic ob-
jects by summing over all interaction contributions. For example, the vdW interac-
tion can be calculated for an atom or small molecule interacting with a macroscopic
surface, which results in a U o« —r~3 scaling law, i.e., longer range than the pure
pair potential. Further analysis can be used to determine the scaling of the vdW
interaction between two macroscopic surfaces or a sphere and a flat surface, which
can be shown to be U o —r~2 and U o« —r~!, respectively, and this approach will
be essential when we consider interactions between surfaces in future sections. A

schematic of these different geometries is shown in Figure 1.3.

2 1

Ux—r— Ux—r—

@ «—»

Ux —r—3

Figure 1.3: Van der Waals interaction energy U between macroscopic bodies of different
geometries separated by distance r. Left: an atom or small molecule interacting with a
flat surface. Centre: two interacting flat surfaces. Right: a sphere interacting with a flat
surface.

If, instead of uncharged atoms, we now consider the interaction between full ionic
charges, the contribution due to Coulombic interaction must also be considered. This
Coulombic contribution to the pair potential for two charges ¢; and ¢; interacting

across a dielectric medium takes the form shown in Equation 1.2:

_ %Y
4dme €or

w;; (1) (1.2)

where ¢ is the charge of each ion, €, is the relative permittivity of the medium, and
€o is the permittivity of free space.

This interaction is of great relevance to electrolytes, fluids that contain mobile
charge carriers such as ions, and the class of liquids that are studied in this work.
The Debye-Hiickel theory provides a framework for understanding electrostatic in-

teractions in dilute electrolytes, which are more complex than the simple pairwise

7
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interactions due to the many ions present, allowing the electric potential to de-
cay more rapidly away from a reference ion than would be predicted by a pairwise
Coulombic interaction. This more rapid decay of the potential is due to the ‘ionic
atmosphere’ arising from surrounding counterions more effectively screening the po-
tential. In a 1:1 electrolyte, the electric potential ;(r) arising from a point charge

g; is described by Equation 1.3:

p;(r) = 4__ oo (1.3)

4me €qr

1

where k" is the Debye length, the length scale over which the central charge is

screened. The Debye length can be expressed as Equation 1.4:

1 ErEOkIBT
=/ = 1.4
KD 2€2n0 ( )

where kg is the Boltzmann constant, 7' is the temperature, and ng is the number
density of ions in the solution. A comparison between the radial decay of the electric
potential according to Coulomb’s law and Debye-Hiickel theory is shown in Figure
1.4, illustrating the more rapid decay of the electric potential in the Debye-Hiickel
picture. Equation 1.3 is related to the pair potential between two charges ¢; and g;

by Equation 1.5.

wiz(r) = qi;(r) (1.5)

In its linearised form, the Debye-Hiickel theory outlined here is exact at infinite
dilution, but begins to fail at concentrations greater than 1 mM. In its non-linearised
form, the theory can account for properties of electrolyte solutions at higher con-
centrations, up to around 1 M.? At concentrations greater than this, experimental
measurements on electrolytes become increasingly divergent from this theoretical
framework, for example in the observation of a non-monotonic screening length. 3

Such divergent behaviour arises from greater electrolyte complexity, with ions oc-
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Figure 1.4: Electric potential ¢ as a function of radial distance r away from a positive
point charge. In a dielectric medium, the potential is purely Coloumbic and decays as 7!
(¥ coloumb, dotted red line). In a dilute electrolyte, according to Debye-Hiickel theory the
potential decays more rapidly (¢¥pm, dashed blue line).

cupying a significant volume fraction of the solution, and exploring the properties
of these fluids - both with experimental measurements and developing theoretical

frameworks - continues to be an active area of research.30-33

1.2.2 | Liquids at Interfaces

Liquids can be found in contact with or confined between interfaces in many nat-
ural processes.?* Examples range from geological (e.g., mineral weathering® and
soil stability®%), atmospheric (e.g., aerosols®” and ice nucleation®) and biological
processes (e.g., protein folding3® and cell membrane dynamics??). Solid-liquid in-
terfaces are also of paramount importance in technological applications, such as the

41

electrode-electrolyte interface in energy storage devices,* membranes in desalina-

tion technologies,*? or drug delivery agents.3
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The Electrical Double Layer

When exposed to a liquid, many interfaces - including physiological ones - gain a
net charge, arising from mechanisms including the ionisation of surface groups, such
as the proton dissociation from carboxylate functional groups, or the adsorption
of ions onto a surface, such as the binding of Ca®* to zwitterionic head groups of
lipid bilayers.?’ Such charge can influence the arrangement of species, particularly
when they also possess charge, in proximity to the surface. Helmholtz was the
first to theorise about the structure of the interface between a charged surface and
an electrolyte, proposing the presence of an electrical double layer (EDL).* The
Helmholtz model describes a situation in which the interfacial charge is balanced by
a plane of hydrated counterions, treating this interface as two capacitor plates with
a linearly changing potential moving away from the surface.

In the early twentieth century, Gouy and Chapman expanded on the Helmholtz
model by incorporating the thermal motion of ions in an electrolyte solution.*>4% The
Gouy-Chapman model challenges the idea that the counterions are tightly bound
at the surface, instead suggesting that they are present in a diffuse layer near the
surface. The model combines the Poisson equation for describing the variation
of a potential field around a charge distribution, and the Boltzmann distribution
which describes the statistical distribution of particles in thermal equilibrium. The
framework provided by the Poisson-Boltzmann (PB) equation developed by Gouy
and Chapman allows for the prediction of properties in this updated model of the
EDL, including the variation of electric potential away from the charged interface.

The general (nonlinear) form of the PB equation is shown in Equation 1.6:

€ —ZzZ;€ T
~V2(r) = — Z%Po,ie iew(n)/keT (1.6)

€p€
where the sum is over all ionic species 4, z; is the ion valency and pg; is the bulk ion

density.?
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In the 1920s, Otto Stern proposed a new model, addressing the limitations of
both the Helmholtz and Gouy-Chapman models.*” The Stern model invokes a hybrid
of the two previous models, proposing that the double layer comprises two regions:
the compact (Stern) layer, consisting of ions adsorbed to the surface; and a diffuse
layer of ions permeating into the bulk solution, as described by Gouy and Chapman.
The combined model allows for the finite size of ions and the adsorption of ions to
the interface.

A final valuable advancement of the EDL model was made by Graheme in the
mid-twentieth century. Graheme further refined the Stern layer, separating the in-
ner and outer Helmholtz planes (IHP and OHP) in order to differentiate between
specifically adsorbed ions and hydrated ions at the interface, respectively.*® Fur-
ther advancements have been made since, including the incorporation of a variable
relative permittivity as a function of distance from the interface,*® and quantum
mechanical concepts at metallic surfaces.?® A schematic of the EDL in the Graheme
model and a plot of the electrical potential as a function of distance from the surface

is shown in Figure 1.5.

DLVO Theory

It is useful to consider the interactions between two charged surfaces. These interac-
tions can often be described using the DLVO theory, named after the four scientists
- Derjaguin, Landau, Verwey and Overbeek®®? - to whom the theory can be cred-
ited. This theory considers the sum of the two major interactions that act between
the two equivalent, charged surfaces: the attractive van der Waals interaction that
we considered in the previous section, and the repulsive double layer force to which
we shall now turn.

As two surfaces approach each other, their diffuse layers of counterions overlap,
thus elevating the counterion concentration in this region. This results in an excess

osmotic pressure relative to the bulk fluid, which generates an entropic driving
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Figure 1.5: Top: schematic of the EDL formed between an electrolyte and a charged
surface. Bottom: variation in the electric potential 1)(x) as a function of distance from
the surface x. The Stern layer can be comprised of a mixture of hydrated or dehydrated
counterions adsorbed onto the negatively charged surface. In the diffuse layer, at distances
beyond the OHP (for clarity, the ITHP is not shown), the ions obey the Poisson-Boltzmann
equation and the potential decays exponentially into the bulk reservoir.

force, or disjoining pressure, to repel the surfaces apart. At the midpoint of the two
surfaces separated by a distance D, the disjoining pressure II(D) can be described
by Equation 1.7:

202%e~rpD

mp)=2°" (1.7)

€r€0
where o is the surface charge density.

By noting the dependence of the double layer repulsion on e *” and recalling
the D™" dependence of the van der Waals interaction, it is clear that the van der
Waals attraction should dominate as the surface separation D approaches zero,

resulting in the adhesion of the surfaces. Depending on the ion concentration and
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Figure 1.6: Interaction energy W as a function of surface separation D profiles of the
DLVO interaction between two surfaces arising from the combined double layer repulsion
(WgprL, dashed line) and van der Waals attraction (Wyqw, dotted line). The trend from
long (red) to short (blue) Debye lengths 551 arising from increasing ion concentration is
shown.

surface charge, however, the double layer repulsion or van der Waals attraction
may dominate at intermediate separations, resulting in condition-dependent energy

barriers to adhesion and secondary (flocculation) minima. These different types of

interaction potential are displayed in Figure 1.6.

Non-DLVO Interactions

The DLVO theory is a continuum model: it relies on a mean field approach to
describe the interactions across fluids. These theories rely on the bulk properties of
the confined medium, such as the density, refractive index and dielectric permittivity,
yet it has been observed that these values deviate from the bulk value when the
surface separation decreases to below a few molecular diameters.?® Therefore, at
small surface separations - at molecular length scales - such a model on its own
should not be expected to accurately predict the real, measured interaction.
Between two hard, smooth surfaces, additional non-DLVO interactions can be

seen to arise from considerations of molecular structure, owing to the packing con-
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Figure 1.7: Left: cartoons illustrating the ordering that takes place when hard spheres of
size o are confined between two surfaces. Right: schematic of the structural contribution
to the interaction energy W between two surfaces confining a liquid. Cartoons I and IT
refer to the equivalently labelled positions on the interaction energy plot.

straints of molecules in the finite gap between the two surfaces. In such a scenario,
molecules can form ordered layers of thickness dependent on the size and interac-
tions of the liquid constituents. This layering gives rise to a decaying oscillatory
density profile - akin to the radial density oscillations around a central molecule in
the bulk fluid - reflected in the additional contribution to the interaction energy
between two surfaces. These short-range interactions are often referred to as ‘struc-
tural’ or ‘solvation’ forces, or ‘hydration’ forces when discussing systems with water
as the solvent.

In Figure 1.7, the oscillatory interaction energy contribution is illustrated with
simple steric arguments using hard spheres, where the oscillation period corresponds
to the molecular diameter o of the confined molecules. However, measurements
across real liquids can give rise to more complex behaviours, depending on the
type being studied. In high concentration electrolytes, for example, the measured
oscillatory wavelength can be either dominated by density fluctuations (molecular
structure), as previously discussed, or can instead arise from charge-charge interac-

tions. 455

1.3 | Experimental Measurements of Surface Interactions

Various techniques have been developed in order to measure the interaction pro-

files between two surfaces confining a liquid; that is, the interaction as a function
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of surface separation. In this work we use the Surface Force Balance (SFB) or as
sometimes called, the Surface Force Apparatus (SFA), to measure surface interac-
tions. This apparatus allows for the measurement of forces between two macroscopic
surfaces confining a liquid, and has been used to reveal a range of phenomena in
soft and biological matter over the past half-century. 5

Developing on the work of Bailey and Courtney-Pratt,” the SFA was first used
to study vdW interactions between macroscopic muscovite mica surfaces at small
separations by Tabor and Winterton.?® Subsequent extensions by Israelachvili, Ta-
bor and Adams®*% extended the range of distances over which interactions could
be measured and allowed for the study of forces across thin films of liquids. In this
thesis, the version of the SFB described by Jacob Klein is used to perform mea-
surements of surface interactions.®® With one of the surfaces mounted on a spring
of known stiffness, the surface interaction force can be determined as the two sur-
faces are moved together by monitoring the deflection of the spring. The absolute
distance between the two surfaces - prepared with silver mirrors on their back sides
- is determined using interferometry.

Different adaptations of the SFB exist, allowing for specialist study of differ-

ent interfacial phenomena across various systems, including non-polar liquids, %3

30 jonic liquids,% polymers, ¢ liquid

dilute® and concentrated electrolyte solutions,
crystals®” and amphiphiles.% As we will discuss in Chapter 2, muscovite mica is the
most common surface employed in surface forces measurements, but the use of other
surfaces has been explored, including gold, %" graphene, ™" liquid mercury”® and
hydrophobic surfaces. ™ Further adaptations include the ability to measure dynamic
processes, such as lateral, shear forces across confined liquid films,” and structural
determination of a confined liquid with an X-ray scattering approach coupled with
the SFA.™

As the names of these techniques suggest, experimentally it is often most practi-

cal to measure the force acting between the surfaces. Depending on the experimental
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geometry, it is possible to relate this to an interaction energy which is the measure
through which we have been discussing the various contributions to the overall sur-
face interaction in this chapter. Determining the interaction energy therefore allows
for better comparison to models and theoretical predictions, and the relation that

allows for this interconversion will be outlined in Chapter 2.

1.4 | Experimental Measurements of Bulk Structure

The measurement techniques described in the previous section employed the pres-
ence of a surface in order to measure an interaction profile across the intervening
liquid. However, many features of the interaction profiles discussed in the preceding
sections are intrinsically related to the bulk properties and structure of a liquid.
For example, the structural contribution to the interaction energy, illustrated pre-
viously in Figure 1.7, arise from the short-range correlations of molecules around
one another. Furthermore, the decay length of the double layer repulsion is related
to the bulk ion concentration in the fluid which, in turn, is related to the average
distance between these ions. Accordingly, these techniques can be complimentary
to direct experimental measurements of the bulk structure of a liquid, which we will
introduce in this section.

The scattering of radiation by matter can be used to extract information about
atomic and molecular arrangement in that matter when the wavelength of the ra-
diation is of similar magnitude to the spacing between atoms. In this thesis, we
will specifically use neutron and X-ray scattering in order to perform structural de-
termination of electrolyte solutions. Other forms of electromagnetic radiation or
subatomic particles such as electrons can be used for structural determination in
different contexts and for different sample types.

Owing to fundamental experimental limitations, these techniques on their own
do not necessarily yield the fullest amount of detail in regard to the structural

arrangement of disordered matter. Instead, these techniques can be even more pow-
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erful when coupled with computer simulations; a synergy between experiment and
simulation can be even more informative than either of the two approaches on their
own. Since the mid-twentieth century when the first simulations were carried out for
a hard sphere liquid,”” the development of computing power and availability has en-
abled the increased sophistication of simulation techniques. Monte Carlo (MC) and
Molecular Dynamics (MD) are two of the most widely used techniques in modelling
matter at the atomic scale.” The former explores a range of system configurations
stochastically and considers the probability of the resulting configuration using the
Boltzmann distribution.™ The latter determines the time-evolved dynamics of the
system by solving the motion of particles classically with Newton’s equations. In
this work, we use the Dissolve package to perform structural determination from our
scattering data, which employs a combined MC-MD approach to drive a simulated

structure towards experimentally-determined datasets.

1.5 | Overview

This thesis will present the results of studies on model cytosol solutions, using surface
forces measurements in addition to bulk, structural determination methods. The
overall aim of this thesis is to investigate the role of different cytosolic components -
from ions to molecular osmolytes, both individually and in more complex mixtures
- in modulating interactions and structures of such fluids, and relating these results
to biological function and the evolutionary choice to accumulate such components.

After discussing the techniques employed in this thesis in the following chap-
ter, experimental results are first presented in Chapter 3. Here, through the lens
of surface forces measurements across simple, dilute electrolytes, we will further
extend the discussion surrounding properties of these fluids introduced in this chap-
ter. These measurements will provide a framework through which to understand
the important features that can be observed using the SFB technique, upon which

subsequent chapters build as the complexity of the fluids is increased.
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Chapter 4 investigates the role of zwitterions in modulating interactions between
charged surfaces using the surface force balance. The amino acid proline is used
as the primary osmolyte of interest, but the results are also compared to another
common zwitterionic osmolyte, trimethylglycine. This chapter also considers the
role of added salt in zwitterion-salt mixtures in altering interactions and surface
structure relative to the zwitterion-only measurements.

Zwitterion-ion mixtures are further studied in Chapter 5 using structural deter-
mination methods, employing a combined neutron and X-ray scattering approach.
Various features of the solution structure in two mixtures containing trimethyl-
glycine with either potassium or sodium chloride are investigated, with a particular
focus on the nature of TMG-ion interactions and the effect of ion identity on the
presence and structure of TMG clusters in the solutions.

In Chapter 6, a pairing of osmolytes commonly found in nature, protein-stabilising
TMAO and protein-destabilising urea, is investigated. Through the measurement
of surface forces across fluids containing the osmolytes, both individually and in a
mixture, we present a novel insight into the separate and combined contribution of
the osmolytes to colloidal stability. Their role in modulating interactions between
charged surfaces is investigated, particularly at small surface separations, revealing
a molecular insight into the evolutionary choice to accumulate this specific mixture.

A final series of measurements of surface interactions are presented in Chapter 7
across aqueous solutions containing glycine oligopeptides, a model peptide backbone.
The oligopeptide length and concentration dependence on the measured interactions
is investigated, revealing oligomer dependent effects on the measured interfacial
structures.

Finally, an overview of this thesis is presented in Chapter 8. The results contained
in this work reveal a range of interactions and structures that can be exhibited upon
tuning the composition of aqueous solutions which can be drawn upon to build

evolutionary strategies, allowing survival across a wide range of environments.
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2 | Experimental Methods

2.1 | Surface Forces Measurements

The surface force balance (SFB) has been used in this work to measure interactions
across liquids of interest, confined between charged surfaces. This section details
the technique and relevant experimental procedures.

The key feature of the SFB is a pair of muscovite mica surfaces which have been
back-silvered and glued onto cylindrical glass lenses, arranged in a crossed-cylinder
orientation. Through white light interferometry, the separation between the surfaces
D can be determined with sub-nanometre resolution. Moving the surfaces towards or
away from one another with the aid of a mechanical drive allows for the measurement
of normal forces acting across a fluid of interest, determined through the deflection
of a Hookean spring upon which the lower lens is mounted. A schematic illustrating

these key features is shown in Figure 2.1.

2.1.1 | Mica and Lens Preparation

Muscovite mica is an ideal candidate for use as the surface material in a surface
forces measurement. A naturally occurring mineral, it can be easily cleaved along
its cleavage plane in order to generate atomically smooth facets of centimetric areas
and micrometric thicknesses, which are also transparent to visible light, necessary
for performing white-light interferometry.

Freshly cleaved mica will readily adsorb contaminants from the surroundings in
order to lower its surface energy. Therefore, preparation of the mica surfaces must be
performed in a way that minimises the risk of contamination during both the initial
cleaving of the mica and the preparation of the surface for the experiment. All work
to cleave and prepare the mica surfaces is performed in a laminar flow hood (LFH),

which draws air through a high-efficiency particulate air (HEPA) filter and passes
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Figure 2.1: Summary of the SFB. Back-silvered mica surfaces are glued onto cylindrical
glass lenses of radius ~ 1 cm. Mounted in a crossed-cylinder orientation, the surfaces can
be moved towards or apart from one another using a mechanical or piezoelectric drive.
The lower lens is mounted onto a spring of known spring constant ky. White light passes
through the interferometric cavity created by the silver-mica-medium-mica-silver stack,
and the emergent light is passed into a spectrometer and then a camera. The resulting
fringes of equal chromatic order (FECO) are used to determine mica thickness, surface
separation D, and the radius of curvature of the lenses R.

the air in a laminar flow in the direction of the user, thus creating a environment in
which areas upstream are not contaminated by any particle generation downstream.
In addition, all glassware and tools used in these processes are cleaned in acid
before use. For glassware, this involves cleaning in piranha solution, a 1:3 mixture
of hydrogen peroxide and sulfuric acid, which acts as a strong oxidiser. All stainless
steel tools are cleaned in nitric acid. Once cleaned in acid, all tools are rinsed in
ultrapure water (Milli-Q® IQ 7003, 18.2 MQ cm, TOC < 3 ppb) and stored either
dry or in absolute ethanol.

Mica (optical-grade ruby muscovite mica, S & J Trading Inc.) is cleaved by hand
to yield step free facets of centimetric area and thickness of size 2 - 5 pm. During
cleaving, the thickness of the facets can be estimated from the colour and intensity

of interference patterns; abrupt colour changes correspond to steps in the crystal
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plane. Facets of appropriate thickness are then cut out using a hot platinum wire,
producing a burnt edge of the mica, ensuring that where possible the cleaved piece
is upstream of the platinum wire in order to minimise surface contamination by
platinum nanoparticles.! After being cut, the facet is adhered to a freshly cleaved,
thick mica sheet (the base sheet), upon which multiple facets can be collected un-
til the base sheet is full or until it has been exposed to air for 1 - 2 hours. A
semi-transparent silver layer of thickness ~ 45 nm is deposited onto the base sheet
via thermal evaporation of silver shot (Alfa Aesar, 99.999%) in a high vacuum (~
107% mbar) using an Auto 306 thermal evaporator (HHV Ltd.). The deposition is

1 whilst being monitored by a quartz crystal

performed at a rate of ~ 0.1 nm s~
microbalance (6 MHz gold quartz monitor crystals, INFICON) and controlled by
adjusting the heater current and the position of a mechanical shutter. The target
thickness is chosen as a compromise between reflection and transmission of light
at the mica-silver interface. After silver deposition, the base sheet is stored under
vacuum in a desiccator until required. An example silvered base sheet is shown in
Figure 2.2.

To prepare the back-silvered mica for use in an experiment, a scalpel is used to
cut the mica into pieces with size of magnitude ~ 1 cm?, which can then levered
up by inserting a clean needle between the base sheet and the burnt edge of the
mica. Clean tweezers are used to lift up the mica pieces, which are then glued using
an epoxy glue (EPONTM Resin 1004F, Miller-Stephenson Chemical Co., Inc.) to a
cylindrical glass lens, such that the freshly exposed mica faces upwards. Two lenses

are prepared from a single facet of mica in order that both lenses are made from

mica of the same thickness. An image of two prepared lenses is shown in Figure 2.3.

2.1.2 | Surface Force Balance Setup

The pair of prepared lenses are mounted within two removable sections of the SFB:

the lower lens in the boat and the upper lens in a lens holder which is attached
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Figure 2.2: A silvered mica base sheet, upon which mica facets are stored after being
cleaved and cut.

Figure 2.3: The lenses used in an SFB experiment, after the silvered mica has been cut
to size, removed from the base sheet and then glued onto the glass lens, silver side down.

to the top part. Within the SFB, the lenses are mounted such that their axes are
oriented perpendicular to one another. The inside of the SFB chamber, along with
the boat and top part used in this work, are shown in Figure 2.4.

Within the boat, the lower lens is secured into a lens mount which in turn
is mounted to a pair of normal leaf springs. These are Hookean springs of known
spring constant ky, as calculated from a calibration procedure prior to measurement
involving applying a series of weights of known mass and measuring the deflection of
the springs. Below the lens is a quartz window which allows transmission of white
light to the lens.

The upper lens is secured into a lens mount attached to a sectored piezoelectric
tube, suspended from the top part by a pair of vertical leaf springs. The piezo-
electric tube allows the lens to be translated both vertically and horizontally, for

measurement of normal and lateral forces, respectively. Deflection of the vertical leaf
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Figure 2.4: Top: the inside of the SFB chamber. Bottom: the boat (left) and top part
(right) in which the two lenses are mounted, and which are then loaded inside the SFB
chamber.

springs can be measured using an air gap capacitor, comprising a small steel plate
and a capacitance probe. Light emergent from the upper lens can be transmitted
to the spectrometer through a second quartz window in the top part.

After the lenses are mounted and the removable sections of the SFB are returned,
the chamber is sealed and the apparatus can be moved to the temperature-controlled
measurement room (294 K), within which the chamber is placed on an isolation table.
This table sits on the ground floor of the laboratory on a stack of rubber, marble,
rubber and concrete. This setup, in addition to a box that surrounds the instrument

during usage is designed to minimise the effect of external vibrations. The position
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of the SFB on the isolation table is set to allow reflected white light through the
bottom window of the apparatus with maximum intensity, and the apparatus is set
level by adjustment of the tripod legs.

There is a direct connection between the boat and an electric stepper motor
drive, referred to as the ‘coarse’ motor, which can be used to alter the separation
between the two lenses. This drive allows for motion on the order of a centimetre
with a precision on the order of a micrometre. This drive is used to position the
lens prior to making measurements, and owing to the large vibrations generated by
its use, is always disabled before a measurement is made.

The position of the boat in the chamber can be adjusted by a second, identical
electric stepper motor drive referred to as the ‘fine’ motor, separated from the boat
by a differential spring mechanism. This mechanism comprises a linear combination
of a stiff spring and a coiled spring, and allows for motion on the order of a mil-
limetre with precision on the order of a nanometre. As well as the finer control over
the separation between the lenses, the fine motor confers the additional benefit of
damping the mechanical noise from the motor, thus is suitable for use in performing
the surface forces measurements.

Finally, the position of the upper lens can be controlled by application of an
external voltage to the piezoelectric tube to which it is attached, referred to as the
‘piezo’. The piezo has five sectors: four on the outside face of the tube, and one on
the inside. Voltages can be applied independently to the individual sectors, allowing
for a controlled expansion or contraction of the piezo, and a linear vertical motion
can be induced by applying equal voltages to the four outer sectors, the inner sector
only or to all five sectors. If one wishes to investigate frictional forces in addition
to normal forces, lateral motion of the piezo can also be generated by applying an
equal but opposite voltage to opposite sectors on the outside face.

A schematic illustrating the features of the SFB discussed in this section is shown

in Figure 2.5.
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Figure 2.5: Schematic of the interior of the surface force balance. The lower lens mounted
within the boat on a set of two normal leaf springs. The position of the boat within the
SFB interior is controlled by the use of the coarse and fine motors, where the coarse motor
shaft is coupled directly to the boat and the fine motor shaft is coupled via a differential
spring mechanism comprising a series combination of a stiff and coiled spring. The upper
lens is mounted to a sectored piezoelectric drive, which can produce both normal and
lateral motions between the lenses. Lateral motion of the upper lens is enabled through
the deflection of a pair of lateral leaf springs, which separate the lens from the main body
of the SFB. Deflection of these springs can be measured using an air gap capacitor.

2.1.3 | Liquid Preparation

The liquid of interest is prepared on the same day of use and injected between the
two lenses with a clean Hamilton glass syringe. Solutions are made by weighing a
known mass of solute (used as received) and ultrapure water (Milli-Q® 1Q 7003,
18.2 MQ.cm, TOC < 3 ppb) into an acid cleaned glass flask. The solution is then

mixed using a magnetic stirrer bar.
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The liquid of interest can be injected between the lenses using a clean Hamilton®
glass syringe. In the first instance, ~ 0.3 mL of fluid is injected to form both a
bridging droplet between the two mica-coated lenses and to provide an reservoir of
liquid to be held in the surrounding cup. The temperature of the fluid is allowed to
equilibrate with the surroundings before commencing force measurements.

Throughout this work, concentrations of the investigated solutions are reported

with the units, molal (m), the moles of solute per kilogram of water.

2.1.4 | Optics and Image Analysis

Multiple beam interferometry is used to measure the separation between the lenses.
Collimated white light, generated by an Ar-Xe lamp, is directed through a win-
dow at the bottom of the SFB chamber. Multiple reflections take place within the
silver-mica-medium-mica-silver interferometric cavity, and only certain wavelengths
of light emerge; this emergent light is passed through a microscope and focussed
onto a grating spectrometer using a prism. The resulting interference pattern, as
monitored and recorded using a QImaging Retiga R6 charged-coupled device (CCD)
camera, takes the form of a series of Fringes of Equal Chromatic Order (FECO),
where the characteristic pattern of the fringes, shown in Figure 2.6, arises due to the
geometry of the cavity. The FECO are observed as doublets due to the birefringent
nature of mica. During an experiment, FECO are monitored using a LabVIEW
program and can be used to determine the surface separation D, the radius of
curvature of the lenses R, and the mica thickness. Here we reproduce the formal
mathematical treatment for FECO developed by Tolansky®? and adapted for use in
the surface force balance by Israelachvili.®?

Before any liquid is introduced between the surfaces, they are brought gently into
contact in air. Strong adhesion between the mica surfaces results in a large region
of surface contact, strongly deforming the glue layer, as seen in the flattening of the

fringes. A fringe of odd order is chosen and labelled as the p fringe, with fringes
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Figure 2.6: Example fringes of equal chromatic order (FECO) recorded during the
calibration process, where the surfaces have been brought into contact in (a) air and
(b) liquid. The fringe positions for the p and p-1 fringes, A, and A,_; are indicated by
red lines. The surface contact geometries are illustrated in both cases. (a) The recorded
FECO during air calibration, where the mica surfaces have been brought into contact in air.
Strong adhesive forces result in the flattening of the fringes, enabled by the deformation
of the glue layers. In air, there is a clear difference between the odd and even fringes:
the even fringes are those with greater curvature. The left-most odd fringe is termed the
p-fringe. (b) The recorded FECO during liquid contact.
at larger wavelengths being labelled as p — 1, p — 2, and so on. In contact, the
wavelengths of the p and p — 1 fringes, A,(D = 0) and A,_;(D = 0), are calculated
from the recorded pixel position relative to the mercury green (546.1 nm) and yellow
(579.1 nm) emission line, obtained by passing light from a mercury-vapour lamp into
the spectrometer.®* This allows the precise mica thickness to be calculated.
During a measurement, a CCD camera is used to record a series of images of 140
vertical by 2688 horizontal pixels at a rate of approximately 5 Hz. Image processing
is performed in MATLAB® by tracking the centre of mass of a specified fringe
at every vertical pixel position. This centre of mass profile can be fitted with a
parabola, the peak of which gives the pixel position of the fringe; a summary of
this image analysis process is shown in Figure 2.7. The wavelength of the fringe
can then be determined with knowledge of the applied optical magnification and
the refractive index of the medium. Finally, the absolute surface separation D can

be calculated from the wavelength of the p fringe \,(D) relative to the calibration

values, by applying Equation 2.1:
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respectively. Equation 2.1 is accurate at surface separations smaller than 400 nm. %
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Figure 2.7: Summary of image analysis. Top: the FECO recorded during a measurement.
The dotted black box shows the region in which the p fringe is tracked, and the solid black
line shows that across which the intensity of the fringes is monitored in the bottom left
panel. Bottom left: the black plot shows the intensity of the FECO along the black line
described in the top panel. The vertical red line shows the x pixel position calculated to
be the centre-of-mass of the doublet. Bottom right: the calculated centre-of-mass as a
function of y pixel position is plotted in red, which is fitted to a parabola shown in the
white line and the apex of which is \,(D).
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2.1.5 | Measuring Interaction Profiles

Before commencing a measurement of an interaction profile, the surface separation
is adjusted to an initial distance Dy of several hundreds of nanometres, typically
~ 300 nm, where it is assumed that no forces are acting between the surfaces.
Starting at a time ¢, the surfaces are then approached at a constant velocity v using
either the fine motor or piezo, causing the surface separation to decrease at a linear
rate D(t) = Dg—vt whilst no forces act between the surfaces. In most measurements
in this work, the velocities used have an order of magnitude ~ 1 nm s

At distances where the surfaces exert a force on one another, there is an addi-
tional contribution to the surface separation owing to the deflection of the leaf spring
upon which the lower lens is mounted 6(¢). This term is the difference between the

measured surface separation D(t) and that predicted from an extrapolated, pure

linear approach, as shown in Equation 2.2.

5(t) = D(t) — [Dy — ot]. (2.2)

The normal force acting between the surfaces Fy is therefore given by Equa-

tion 2.3:

Fx(t) = kno(t) = kn[D(t) — Dy + t]. (2.3)

where ky is the known spring constant of the leaf springs.

Derjaguin Approximation

Finally, as we discussed in Chapter 1, whilst it is most practical to measure the inter-
action forces between macroscopic surfaces, it is energies that are most useful when
considering interactions between molecules and small particles, and for theoretically
predicting the interaction between parallel plates. The Derjaguin approximation

allows for the conversion from the measured force Fy between two curved surfaces
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Figure 2.8: Geometry of two spheres of radius Ry and Rs interacting, separated by
distance D. The Derjaguin approximation applies when Ry, Ro > D.
to the interaction free energy per unit area between two parallel plates W1l 86

The geometry for the general case of two large spheres of radii Ry and R, at a
small distance D apart is depicted in Figure 2.8. Providing that R;, Ry > D, the
force between the spheres can be obtained by integrating the force over small con-
centric circular regions of area 27wx dx on either surface. These regions are assumed

to be locally flat and at a separation Z given by Equation 2.4.

In the z direction, the total force acting between the two spheres is given by
Equation 2.5:
Z=00
FN(D) = / 2 dx fn(Z2) (2.5)
Z=D
where fx(Z) is the normal force per unit area between two flat surfaces. The Chord

Theorem yields the relation shown in Equation 2.6.

$2 ~ 2R121 = 2R222 (26)

Substituting this relation into Equation 2.4 yields Equation 2.7, and considering

the derivative of this gives Equation 2.8.
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z? (1 1
=D+ —|—=—+— 2.7
3 (R1+R2) (2.7)
1 1
dZ = —=—+ =) xd 2.
(R1+R2)x x (2.8)

Finally, substituting Equation 2.8 into Equation 2.5 yields Equation 2.9.

(D) = /DOO o (%) f(2)dZ = 2r (%) wll(D) (2.9)

In the limiting case of a sphere of radius R in contact with a flat surface (R; >
Ry), the free energy of interaction becomes the result shown in Equation 2.10. It
can be shown that this result is equivalent for that of two cylinders of equal radii
crossed at right angles - the geometry used in our force measurements - and thus
this result will be used throughout this thesis.

(D)

wl(D) = o (2.10)

Radius of Curvature Calculation

As evident from Equation 2.10, we require a value for the radius of curvature of the
surface R in order to calculate W/l(D). Whilst the glass lenses used in these mea-
surements are manufactured with a radius of curvature R ~ 1 cm, local deviations
can occur due to variations in the thickness of glue at different points of contact
between the two lenses, and therefore the radius must be calculated by other means.
The FECO recorded during a measurement (Figure 2.6) provide a method for calcu-
lating this value, since the parabola that is fitted to the p fringe is an approximation
to a circle of radius R. This can be seen in the binomial expansion of the equation
of a circle at small displacements around x = 0, as shown in Equation 2.11. Such
an approximation is valid since the displacement away from the apex of the fringe

at which we perform this calculation (~ pm) are much smaller than the radius of
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curvature of the lens (~ cm).

2
y=+vVRI— 22~ + (R - ;UT%) (2.11)

The Final Interaction Profile

The measurement of interaction free energy from the approach of the surfaces un-
til contact yields a partial contribution to the overall profile. Additional features,
including adhesive forces, can be measured by retracting the surfaces away from
contact and analysing the response in a similar manner. If an oscillatory structural
force is present and the approach free energy versus distance profile exhibits a series
of repulsive steps during the approach, the retraction of the surfaces and measure-
ment of their associated minima can be repeated for each of the steps, thus building
a more complete picture of the total interaction profile from these partial measure-
ments. This method of measuring the deflection of the leaf springs and determining
the normal interactions from both the approach and retraction of the surfaces is
illustrated through an example measurement in Figure 2.9.

Within this experiment, it is impossible to fully measure the interaction free
energy profile of a liquid. This is owing to an important feature of the measurement
technique: the mechanical spring instability.% As the surfaces approach one another,
the interaction is balanced by the restoring force of the spring whilst the condition
that the gradient of the energy with distance OW!l/0D < kyx holds. If instead
the opposing condition OW!I/OD > ky is satisfied, there is a spring instability
and the surfaces will jump together or apart until the initial condition is satisfied,
yielding those regions inaccessible to measurement. A schematic illustrating this
phenomenon is shown in Figure 2.10.

Since this measurement technique involves the dynamic motion of surfaces con-
fining a fluid, it is worth briefly considering the magnitude of hydrodynamic forces

during measurements. Between an approaching sphere and a flat surface (equivalent
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Figure 2.9: Summary of the analysis required to calculate the free energy of interaction
Wl as a function of distance D. (a) Surface separation D as a function of the time
elapsed since the start of the run ¢. The motors are switched on at time ¢y, approaching
the surfaces. The direction of the motors is reversed at time ¢, retracting the surfaces. (b)
The approach is fitted with a baseline in the region of linear approach, where it is assumed
that no forces are acting. In this example, the baseline is fitted between 200 nm and 100
nm; the approach velocity is 6.23 nm s~!. (c) The retraction is fitted with a baseline in
the region of linear retraction, after the surfaces have jumped apart. In this example, the
baseline is fitted between 260 and 400 nm; the retraction velocity is 5.84 nm s~!. (d)
The completed interaction potential profile as a function of distance is calculated using

Equations 2.3 and 2.10.
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Figure 2.10: Schematic for the free energy of interaction between parallel plates W/l
versus surface separation D, illustrating the components of the full oscillatory interaction
that are measured due to the mechanical spring instability. On approach of the surfaces
(green), the surfaces ‘jump in’ when they reach an unstable region at the point where the
condition GWH/ 0D > ky is satisfied. On retraction of the surfaces, they remain in the
adhesive minimum until they ‘jump out’ to larger distances. Data recorded during these
jumps do not represent system equilibrium, and are shown here as dotted lines. Only one
minimum can be explored during a single, combined approach and retraction; multiple
approaches and retractions are required to explore as much of the interaction profile as
possible. The black dashed lines indicate the regions of the interaction profile that cannot
be measured with the surface force balance.

to the crossed-cylinder geometry), the contribution to the measured interaction due
to hydrodynamic forces Wlu, i.e. the energy dissipated during the motion due to

viscous interactions, can be estimated by Equation 2.12:87

3nRv
D

Wil = (2.12)

where 7 is the viscosity of the fluid, R is the radius of the sphere, v is the approach
velocity and D is the film thickness. Considering appropriate values for these pa-
rameters (n ~ 1 mPas, R~ 1072 m, v & 1 nm s™!, D ~ 10 nm), the contribution

2, i.e., is significantly smaller than

to the interaction free energy, W~ 1073 mJ m~
energies measured in this work and can therefore be safely ignored in the analysis

of interaction energy profiles.
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2.1.6 | Experimental Error Analysis

For each data point in an interaction profile, there is a random error associated
with the measured surface separation D. This error arises as a result of uncertainty
in the fringe tracking procedure discussed in Section 2.1.4. The magnitude of this
uncertainty depends on the mica thickness, with thicker mica resulting in a larger
uncertainty since more fringes occur in the wavelength region of interest, but is usu-
ally small, typically ~ 0.1 nm - 0.2 nm. This source of random error also contributes
to an error in the interaction energy W1l since it is calculated from the deflection of
the normal spring. This uncertainty has a magnitude ~ 0.01 mJ m~2. Additionally,
there is a contribution to a systematic error in the reported interaction energies
arising from uncertainty in the values of the spring constant kyx and the radius of
curvature R, both of which are used to calculate the interaction energy. The error
in each is ~ 5% and is constant throughout an individual measurement.

There is also variation between individual measurements runs in an SF'B exper-
iment, as illustrated in Figure 2.11. Error in the absolute surface separation arises
due to shifts in optical alignment. Where runs are performed on the same mea-
surement spot, as is the case in Figure 2.11, these shifts are relatively small and
variation in the absolute distance is typically ~ 0.2 - 0.4 nm. When comparing be-
tween measurement runs on different measurement spots, these shifts can be greater
and can result in a larger distance variation of around ~ 0.5 nm.

A source of variation between measurements in the interaction energies arises
from the procedure for fitting the zero-interaction baseline. These baselines are fitted
in the region where the interaction between the surfaces are negligible, but factors
such as external vibrations or thermal fluctuations, though they are minimised,
can result in an offset to the reported interaction energy. Between measurements,
variation in Wl is ~ 0.1 mJ m~2, though this value can be greater in the high W/l
regions at smaller surface separations.

Overall, unless specifically mentioned, no significant differences appear between
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Figure 2.11: Scatter between runs during a typical surface forces balance measurement
across an aqueous solution, performed on the same microscopic contact spot. (a) A series
of five approach and retractions runs performed during a single experiment. (b) A close-up
view of the set of five approaches.

individual runs in a particular experiment. These measurements exhibit limited
dependence on equilibration time (between adjacent runs), time after introducing
the liquid between the mica surfaces or the specific microscopic contact spot between
the two crossed cylinders. Between runs, there are small variations in the energies
at which jumps due to a spring instability occur, in addition to the magnitude of
long range interactions. On the other hand, the changes in distance over which
features occur (e.g. molecular layer thicknesses) and screening lengths are more
reproducible. In this work, no averaging of multiple measurement runs is performed
as this would lead to a ‘smearing’ of the subtle features captured in individual runs.
Instead, a single run that is representative of a series of repeat measurements is

usually presented.

2.2 | Total Scattering Measurements

As disordered materials, liquids do not display long-range order between atoms.
However, there can exist local correlations - or short-range order - between atoms

due to intra- or intermolecular interactions. In order to probe these local correlations
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Figure 2.12: Diffraction of a wave of wavelength A through (a) a single slit and (b) two
slits separated by distance d. In the case of the double slit, interference of the diffracted
waves results in a diffraction pattern of alternating bright and dark bands of intensity
separated by w when observed on a screen at distance z from the slits.
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and thus gain an insight into the bulk structure of a liquid, one can perform total
scattering measurements using either, or both, of neutrons and X-rays. This section
will begin with an overview of diffraction theory, followed by a discussion of the
coherent elastic neutron scattering technique employed at the ISIS Neutron and
Muon Source, a pulsed source at the Rutherford Appleton Laboratory of the Science
and Technology Facilities Council, where all of the measurements of bulk structure
in this work were performed. This section will also contain a discussion of the use

of X-ray total scattering as a complimentary technique to neutron scattering.

2.2.1 | Diffraction Theory

Diffraction is the phenomenon in which a wave spreads out as it passes an obstacle
or through an aperture. Both the wavelength of the travelling wave and the size of
the aperture influence the extent to which a wave will diffract. Effective diffraction
occurs when the wavelength is of a similar order of magnitude to the size of the
aperture: a schematic of this diffraction of a wave is shown in Figure 2.12.

In the case where a wave passes through two slits which are separated by a
comparable distance to the wavelength, the diffracted waves emergent from the two

slits interfere with one another. This results in a characteristic diffraction pattern if
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the intensity of the resulting wave is recorded away from the slits, with alternating
bands of high and low intensity emerging from constructive and destructive inter-
ference, respectively, of the waves. This effect due to the wave-like nature of light
was first evidenced by Thomas Young in 1801.%% The spacing between the bands of
high intensity w is related to the distance between the slits d and the wavelength of

the light A by Equation 2.13:

w=22 (2.13)

where z is distance away from the slits where the diffraction pattern is measured,
and with the condition z > d. This experiment illustrates the simplest example
of using the diffraction of waves to extract information about structural features,
and has been the catalyst for myriad discoveries in scattering measurements for
structural determination.

In order to determine the arrangement of atoms in matter, one must use a source
of radiation of wavelength similar to interatomic separations, which is typically of
Angstrom order in condensed matter (1 A = 107'° m). If using radiation from the
electromagnetic spectrum, X-rays would therefore typically be employed for such a
diffraction study. However, as we will discuss later, other sources of radiation can
be used for structural determination, including neutrons.

To understand how a scattering experiment performed on a liquid can be used
to determine structural correlations between atoms within such liquid, it is useful
to first consider diffraction from a general object. Only a simple discussion is re-
quired for the scope of this thesis; more detailed derivations to those given here
can be found in the literature.® In this description, we will not specify the type of
radiation being used, though we will employ the nomenclature used by the neutron
scattering community as this is the dominant technique used for bulk structural
characterisation in this thesis.

Figure 2.13 shows a general object, upon which a source of radiation of wave-
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‘Detector

Radiation
Source

Figure 2.13: Schematic illustrating the geometry of an elastic scattering experiment.
Radiation incident to the object of an initial wave vector k is scattered by an angle 26
to a wave vector k’. The scattering vector @ is the difference between the incident and
scattered wave vectors.

length A is incident. In addition to the wavelength of this radiation, it is also useful

to consider its wave vector k, a vector that is perpendicular to the wavefront and

has a magnitude given by Equation 2.14.

2
k| = — 2.14
k=5 (214)

An elastic scattering event - in which the energy of the radiation is conserved -
will result in this incident wave being re-emitted at all angles around the object. At
an angle 26, the radiation will be emitted with a wave vector k’ of equal magnitude
to the incident wave vector. A scattering vector @ can be defined as the difference

between the scattered and incident wave vectors, as described by Equation 2.15.

Q=Fk —k (2.15)

In three-dimensions, one can measure the flux of the scattered radiation at each
angle around the object. The differential cross section do/df) is a measure of this,
and is defined as the probability of detecting a scattering event at a given solid

angle. This term is defined mathematically in Equation 2.16:
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do R
dQ  N®IQ

(2.16)

where R is the rate of detecting a scattering event at a given solid angle 2, ® is the
incident radiation flux, and IV is the number of scattering centres in the object, by
which the differential cross section is normalised in some definitions. The differential
cross section has dimensions of area; the units of which are normally reported in
barns (1 barn = 10728 m?).

Further derivation can be performed to show that the differential cross section
can be separated into two contributions: self-scattering and cross-scattering. The
self-scattering term comprises scattering occurring from individual nuclei and is in-
dependent of the scattering vector @, dependent only on the composition of the
sample and thus contains no information regarding the atomic structure of the
object. In contrast, the cross-scattering term does contain information regarding
structural correlations; it is the weighted sum of all partial structure factors S;;
describing correlations between the i*" and j* atoms in the sample. This separation

of the two contributions to the differential cross section is shown in Equation 2.17.

do do do
<m> N (m)self * (m)cross B Z CZb? T Z 2(2 B 57‘j>czcjbzbjsw<@> <217>

i i i<y

where ¢; and b; are the atomic fraction and neutron bound coherent scattering length
of the i atom type, respectively; and §;; is the Kronecker delta.
The cross-scattering contribution is related to an important quantity in the study

of total scattering: the total structure factor, given in Equation 2.18.

F(Q) =) (2= dij)cicibib; [S5(Q) — 1] (2.18)

i 1<g
Each partial structure factor S;; for atoms ¢ and j is related the Fourier transform

of the pair distribution function g;; for the same pair of atoms, as shown in Equation
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2.19.

sin Qr

Qr

$(Q) = 1=4mp [ lay(r) ~ 1 T (2.19)

In Equations 2.17 - 2.19, we used the variable b as the neutron bound coherent
scattering length, a term that is nucleus-dependent, and governs the probability
that a neutron is scattered by any such nucleus. The value of b is determined by
the nature of the interaction between a neutron and a nucleus, and varies not only
between atoms of different elements, but also between different isotopes of the same
element. This characteristic of neutron scattering is particularly advantageous for
the study of aqueous samples, which we will return to later in this thesis. An
analogous term exists in the context of X-ray scattering describing the strength of
the interactions between a scattering atom and an X-ray. This is known as the
atomic form factor f, and is proportional to the atomic number Z of the scattering
atom.

In the next two sections, we will further consider the interactions between neu-
trons or X-rays and a scattering atom, along with other experimental details such

as their generation and detection after a scattering event.

2.2.2 | Neutron Total Scattering

First observed in 1932 by James Chadwick, a neutron is a subatomic particle which,
along with protons, can be found in the nucleus of all atoms excluding protium. %!
Neutrons have no electric charge and a mass slightly greater than that of a proton;
these and other properties of neutrons, compared with other subatomic particles,
are displayed in Table 2.1.

Uncharged and much heavier than an electron, a free neutron incident on an
atom is largely unaffected by the electron density that surrounds the atomic nucleus

and is therefore deeply penetrating. The dominant mechanism for the scattering of a

free neutron by an atom is instead through an interaction with the atomic nucleus,
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Table 2.1: Properties of three subatomic particles: the neutron, the proton and the
electron.

Neutron Proton Electron
Mass m / kg 1.675 x 10727 1.673 x 10727  9.109 x 1073!
Charge ¢ / e 0 +1 -1
Spin 3 2 :

mediated by the strong nuclear force. An exception to this statement exists in
the presence of an unpaired electron, in which case there is a significant scattering
contribution from the interaction of the magnetic moments of this electron and the
free neutron.

Though traditionally thought of as a particle, a neutron can also be considered to
exhibit wave-like properties and the framework for diffraction described previously
can therefore also be applied. This property is captured in the more general concept
of wave-particle duality, first evidenced by Louis de Broglie in his work showing that
an electron around a nucleus could be considered as a standing wave of a wavelength
A that is inversely proportional to the momentum p of the electron,?®% with the
Planck constant h as the proportionality constant. This famous relationship is

reproduced in Equation 2.20.

A= (2.20)

Since then, many experiments with neutrons have reproduced results predicted
by wave-like behaviour, including diffraction measurements through a slit.% It is
clear therefore, that if the velocity of a neutron is such that its wavelength is of
a magnitude similar to that of atomic separations, neutrons can be employed in
diffraction studies in order to reveal information regarding atomic arrangement in
matter.

There exist two principle ways by which a reliable source of neutrons can be

generated for a diffraction experiment: firstly, by a nuclear reactor or secondly, by
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a spallation process. In the former, neutron-induced nuclear fission takes place in
a reactor, using a heavy element as a fuel source such as uranium or plutonium
typically, or occasionally thorium or polonium. In this process, the nuclei captures
a neutron and decays into two lighter nuclei, releasing heat and free neutrons in
the process. The fission reaction will be self-sustaining if one emitted neutron from
this process goes on to initiate a second decay event. Therefore, in order to prevent
this nuclear reaction from running out of control and becoming supercritical, the
remaining neutrons must be removed from the reaction environment. This is usually
effected by making use of moderators, typically materials that are chosen to slow
down neutrons and are typically made of light or heavy water, or graphite. In this
source, reflectors are also used to direct the generated neutrons towards the target
of interest, thus optimising the neutron flux of the beam. Beryllium is the most
common material from which these reflectors are made.

In contrast, a spallation source produces neutrons through accelerating bunches
of protons in a particle accelerator. These are directed towards a heavy metal target
- normally made of tantalum or tungsten - producing excited nuclear states which
subsequently decay with the release of subatomic particles, including neutrons. As
with the nuclear reactor, moderator and reflector materials are employed to optimise
the flux of the beam at the desired target. Spallation sources possess the main benefit
over reactor sources that they can be easily switched off and there is no nuclear fuel
produced. A further benefit is there is no need for a monochromator at a pulsed
neutron source, potentially yielding a higher proportion of generated neutrons that
are used to measure useful data.

All of the neutron total scattering data presented in this work was collected
at the ISIS Neutron and Muon Source at the Rutherford Appleton Laboratory in
Harwell, UK. This facility generates neutrons using a spallation source, delivering a
proton beam towards two neutron-producing, tungsten targets.?> The production of

the proton beam is achieved by initially performing an electrical discharge inside a
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mixture of hydrogen gas and a small amount of caesium vapour in order to generate
hydride ions, H™. These hydride ions are extracted from the ion source and the beam
is focussed, bunched and accelerated using a radio-frequency quadrupole (RFQ).
The beam next passes into a linear particle accelerator - a LINAC - in which intense
radio frequency (RF) fields accelerate the beam across four accelerator tanks up to
an energy of 70 MeV. From here, the hydride ions pass through a very thin carbon
stripping foil which removes two electrons and converts the ions into a proton. This
proton beam then passes into a synchrotron of radius 26 m, accelerating the 70 MeV
beam to an energy of 800 MeV which is made up of ten sections, or ‘superperiods’,
through each of which the beam is bent through an angle of 36°. Each superperiod
comprises a dipole magnet and three quadrupole magnets, and the accelerating
voltage is provided by ten RF cavities. In total, it takes approximately 8000 turns
of the synchrotron for the beam to accelerate to 800 MeV, at which point the protons
are moving at 84% of the speed of light. In order to eject the two bunches of protons
orbiting the synchrotron, a high-speed magnet can be switched in order to deflect
the bunches onto the two extracted proton beam lines leading to the two target
stations, TS1 and TS2. In both target stations, the proton bunches are incident on
tantalum-clad tungsten targets, generating neutrons as discussed previously. Both
targets are surrounded by a beryllium reflectors and moderators: four in TS1 (two
water, one liquid methane and one liquid hydrogen), and two in TS2 (one liquid
hydrogen and one solid methane).

For the results presented in Chapter 5, all measurements were performed using
the Near and InterMediate Range Order Diffractometer (NIMROD), one of the
instruments that receive neutrons from TS2.% This instrument makes use of a broad
spectral range of neutrons, typically of wavelengths between 0.04 to greater than 12
A, allowing the collection of scattering data across a wide @ range, from 0.02 to
50.0 A™'. This corresponds to correlations at distances in a range between 0.15 to

over 300 A.
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During a measurement, the samples of interest are contained within the instru-
ment in a flat plate cell made from a titanium and zirconium alloy (TiZr), at a
molar ratio of 7.16:3.438. This ratio is chosen such that the weighted average of the
coherent scattering length b for the alloy is zero and thus the sample container is a
null scatterer, minimising any scattering signal arising from the sample container.®’

The wide scattering angle range possible with the NIMROD instrument is made
possible by the 1098 detector elements covering wide angles from 3.5 to 40° in
addition to a further 756 elements that cover scattering angles from 0.5 to 2.2°.
Each detector comprises a scintillating element, formed of alternating layers of glass
and a matrix of Ag-doped ZnS in which SLiF is dispersed. This detector technology

employs a popular reaction for the detection of slow neutrons, occurring when a Li

nucleus absorbs a neutron and subsequently decays, as shown in Equation 2.21.%

Li+n — °H + “He (2.21)

The energy generated from this reaction is absorbed by the ZnS(Ag) scintillator
and subsequently a photon is emitted; photomultipliers are used to detect these

scintillation events.

2.2.3 | X-ray Total Scattering

Being of wavelength similar to that of interatomic separation, X-rays are frequently
chosen in diffraction studies to determine the arrangement of atoms in materials.
X-rays are strongly interacting and are readily absorbed by atoms, thus acting as
an effective atomic scatterer; and in contrast to neutrons, X-rays are scattered by
the electron density that surround atoms.

In general, X-rays are produced from two types of sources: a laboratory source
or a synchrotron. In the former, a high energy electron beam is incident on a metal
target, producing emergent X-rays; in the latter, a circulating beam of electrons and

relativistic speeds generates electromagnetic radiation, predominantly in the X-ray
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region. For the measurements in this work, we employ a diffractometer (Malvern
Panalytical Empyrean), a laboratory source which produces X-rays that can study
samples mounted in silica capillary tubes within the diffractometer.

Numerous methods exist for the detection of X-rays; only a brief overview will
be given here. Most detectors comprise a material in which scintillation events are
initiated after excitation by X-ray photons, combined with a photomultiplier tube
which allows for the detection of these scintillation events. In order to be an effective
X-ray detector for diffraction studies of liquids and other disordered materials, it is

important that the detector response to X-ray flux is both linear and uniform.

2.2.4 | Data Correction

In order to use the measured scattering data to perform structural determination
of the system, one must only use data arising from coherent, elastic scattering.
However, the neutron and X-ray detectors used in experiments record radiation
indiscriminately, detecting all neutrons or X-ray photons including those that are
scattered by incoherent and inelastic scattering events. Furthermore, contributions
to the overall scattering pattern that have arisen from multiple scattering events,
as well as any scattering arising from the sample container or self scattering, must
also be discarded. In this work, we use the methods developed by Soper in order to
perform such a post-acquisition analysis, using the GudrunN and GudrunX packages
for neutron and X-ray scattering data, respectively. These packages uses complex
algorithms which will not be described in their full detail here; more details can be
found in the technical report by Soper.%

To correct the experimental total structure factor obtained from neutron scat-
tering, one must also collect scattering data from the background (recorded with
neither the sample or container present), the container (recorded without the sam-
ple present) and a vanadium standard, all of which should ideally be recorded using

the same beam conditions including the aperture and detector positions. The Gu-
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drunN algorithm seeks to correct the raw data by: identifying and eliminating data
from untrustworthy detectors; correcting for attenuation and multiple scattering;
correcting for the intrinsic deadtime of the detectors; and finally, normalising the
data to the calibration measurement performed on the vanadium standard. The
vanadium standard measurement is chosen owing to the fact that its atom has a
small coherent scattering length for neutrons; any scattering from Bragg reflections,
therefore, is weak compared to the isotropic, single atom scattering.!’® The large
mass of the vanadium atom relative to the neutron also means that inelasticity
effects will be small, and its attenuation properties are also well understood.
Similarly for X-ray total scattering, one must collect background measurements
both with and without the empty silica capillary, on top of the measurement per-
formed on the sample. The GudrunX package calculates a structure factor from
these three sets of raw data, as well as correcting for effective density, absorption,
multiple scattering, Compton scattering (a form of inelastic scattering whereby elec-

)101

trons recoil under the impact of an incident X-ray and bremsstrahlung scattering

(background radiation caused by incident electrons being decelerated in the anode

material). 192

2.2.5 | Data Modelling

Now that we have the corrected total structure factor for our experimental system,
we turn to the elucidation of its structure. For a system containing J distinct atom
types, there are N = J(J + 1)/2 distinct atomic site-site correlations to be deter-
mined in order to fully describe its structure. However, with only one measurement
of the structure factor for the system it is impossible to extract an unambiguous
set of these correlation functions between components. In order to overcome this
challenge, we can exploit differences between the coherent scattering lengths of iso-
topes of a given element. With the assumption that isotopic substitution does not

significantly affect the structure of our system, we can prepare samples of identical
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composition with multiple isotopic contrasts, thus altering the relative weights of
the contributions to the total structure factor from individual correlations (Equation
2.18).

Theoretically, if N total structure factors F'(Q)) could be measured for systems
of differing isotopic composition, these could be inverted using a three-dimensional
Fourier transform to produce a complete set of the distinct correlations. However, in
practice only some atoms in the system have suitable isotopes for substitution and
this direct method for structural determination is not accessible. One can instead
turn to an alternative powerful technique, empirical potential structure refinement
(EPSR): a reverse Monte Carlo simulation technique which can be used to analyse
experimental diffraction data.!?3

The EPSR technique initially considers a simple reference potential to describe a
system matching the experimental composition and density. The potential contains
parameters to account for each atom type present in the sample. In its simplest
form, an intermolecular reference potential between two atoms, ¢ and 7, is based
on a sum of Lennard-Jones and Coulombic contributions, as described in Equation

2.22.

12 6
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Additional terms can be included in a reference potential, particularly in order
to describe intramolecular interactions, which commonly include classical, harmonic
terms for bonds, angles and torsions.

The system is equilibrated using this reference potential, from which theoretical
scattering data can be generated and compared to the experimental data. Using
the calculated difference between the predicted and experimental data, the poten-
tial of the system is refined by applying an additional interatomic potential - an
empirical potential - which drives the simulation towards greater agreement with all

of the measured structure factors for all of the isotopic contrasts. These empirical
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potentials do not derive from any physical basis, and instead comprise a series of ap-
propriate functions which are iteratively refined until a suitable degree of agreement
is reached between the simulated structure factors and those obtained from exper-
iment. Once the refinement has taken place, the simulation can be interrogated to
reveal specific structural features, such as radial distance or angular distributions
between certain chemical moieties in the system.

As a tool, the EPSR package has been vital in the scattering analysis and struc-

tural characterisation across a plethora of disordered materials, including simple

104 106 07

liquids and mixtures,'* deep eutectic solvents,'% ionic liquids'®® and glasses.?
However, there do exist some limitations to the analysis and system capability of
this package, such as the ability to compute suitably large simulation boxes and an
increased complexity of molecular systems. In this work we choose to use the Dis-
solve package, a second generation total scattering analysis tool which was designed
in response to these needs.®® This package aims to be consistent with EPSR, utilising
a similar Monte Carlo methodology, but aims also to overcome some of the demands
from the disordered materials community including the aforementioned simulation
size and molecular complexity limitations to EPSR. As well as incorporating en-
hanced computational power and algorithmic efficiency - allowing boxes containing
up to 3 x 10° atoms to be simulated - Dissolve also features a molecular dynamics
(MD) simulation component on top of the Monte Carlo component present in EPSR,
therefore facilitating the study of larger, more complex chemical systems. In this
work we use Dissolve v1.6.0 to perform the analysis of our scattering data. Figure
2.14 shows a flowchart of the procedure used in Dissolve to generate a simulated
structure that resembles the experimental data using the concepts described in this
section.

Dissolve also provides several analysis routines which can be used to interrogate

various structural properties of the refined structure, including the calculation of ra-

dial distribution functions, coordination number distributions, angular distributions
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and spatial density functions. These are calculated over a trajectory of 10,000 simu-
lation snapshots which all have the same level of global fit to the experimental data.
By calculating these functions over all relevant atomic sites in each snapshot, and
over all of the snapshots in this trajectory, reliable statistics can be generated for the
aforementioned structural analyses. This same trajectory can also be exported from
Dissolve, allowing for custom analysis of the same structural data to be performed;
a custom cluster analysis routine was used in this work, which is discussed further

in Chapter 5.

Collect experimental diffraction data on Simulate box of atoms at experimental
multiple isotopic contrasts density and concentration in Dissolve
v v
Use GudrunN or GudrunX to generate Set reference potential and equilibrate box
experimental structure factors from raw data| | using Monte Carlo and Molecular Dynamics
v v

Introduce corrected experimental structure factors
into Dissolve

v

Calculate diffrerences between experimental and simulated
structure factors

Tweak empirical potential to drive simulated structure
factors towards experimentally determined ones

v

Perform analysis on a trajectory of the
converged structure

Figure 2.14: Flowchart illustrating the procedure required to analyse neutron and X-
ray total scattering data, starting from experimental diffraction data and ending with a
simulated structure which matches the experimental data, upon which further analysis
routines can be performed.

2.3 | Additional Measurements

As part of the analysis for the primary measurement techniques outlined in the pre-
vious sections, determining specific physical properties of the studied liquid systems

using some supporting measurements is necessary. This includes measurement of a
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sample’s refractive index for analysis of FECO (Section 2.1), and its density in order

to initialise a simulation in the total scattering studies (Section 2.2).

2.3.1 | Refractive Index Measurements

Refractive index measurements were performed using an Abbe 60 Refractometer
(Bellingham and Stanley). In order to perform the measurement, a drop of lig-
uid is placed on a lower, measurement prism and an upper, illuminating prism is
clamped onto the sample, forming a thin layer of the liquid between the two prisms.
Monochromatic light from a sodium lamp of wavelength 589.3 nm passes through
the illuminating prism and along the thin liquid film at grazing incidence, which then
passes through the smooth, ground surface of the measurement prism. Light passes
through the measurement prism with a critical angle determined by the ratio of the
refractive indices between the liquid and the prism medium. This emergent light
is passed through a series of lenses into an eyepiece. These lenses can be adjusted
using a micrometer in order to accurately find the edge of the cone; thus the critical
angle and refractive index can be determined. The micrometer measurements are
recorded along with the sample temperature, and the Abbe Utility Program is used
to calculate the final refractive index. Measurements are repeated ten times in order

to improve the final accuracy.

2.3.2 | Density Measurements

The densities of the liquid samples investigated using total scattering in Chapter 5
were measured using a density meter (Anton Paar DMA 4100 M). A small amount
of the sample (~ 1 mL) is inserted into a U-shaped tube which is excited into an
oscillation. The frequency of this oscillation is determined and analysed, from which

the density of the sample can be calculated to a precision of 0.0001 g cm™3.



3 | Surface Forces Measurements

Across Simple Electrolytes

3.1 | Background

In order to interrogate, both qualitatively and quantitatively, the surface forces
measurements across the various aqueous solutions presented in this thesis, it is
important to first consider the case of simple electrolyte solutions. This will allow us
to introduce a framework through which we can interpret the solutions of increasing
complexity in later chapters. To do so, in this chapter we will present surface forces
measurements across two well understood liquids: pure water and a dilute potassium
chloride electrolyte. In both cases, we will discuss in detail the various features of
the total measured interaction profile, including both DLVO, and where observed,

non-DLVO contributions.

3.2 | DLVO Theory - Further Details

Before discussing any experimental results, we will elaborate upon the DLVO frame-
work required to interpret such measurements, beyond the introduction provided in

Chapter 1.

Electric Double Layer Repulsion

The electric double layer contribution is a term of entropic origin which occurs
due to an excess osmotic pressure arising from the overlap of the diffuse layers of
cationic countercharge associated with the two negatively charged surfaces as they
approach one another. This repulsive interaction can be calculated from the charge
distribution away from the surface, as predicted by the Poisson-Boltzmann (PB)

equation (Equation 1.6).
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Solving the PB equation requires suitable surface boundary conditions, and these
extremes are often taken as either constant charge (CC) or constant potential (CP)
conditions. However, it often the case that neither CC or CP conditions alone can
provide an accurate fit to experimental data. Instead, it is necessary to consider
the adsorption of ions to the surfaces as they approach one another and the diffuse
layers begin to overlap. This effect results in varying surface charge and potential
as the distance between surfaces is changed, and is known as charge regulation.
Ultimately, charge regulation is determined by the interplay between the charging
of the inner and diffuse layers at each surface, i.e. if upon approach of the surfaces
an ion is adsorbed within the inner layer, the surface charge at the origin of the
diffuse layer is modified. Surface complexation models can be used to describe such
effects - employing surface adsorption equilibrium and mass action laws in order
to determine surface potentials - but they have the disadvantage of having a large
number of parameters that cannot be determined independently. In this work, we
employ the constant regulation approximation, which has been used to successfully

108,109 41 4

interrogate a range of measurements across aqueous electrolyte solutions,
allows for linear regulation between the CP and CC boundary conditions with a
single dimensionless regulation parameter, p, taking values between 0 and 1.110:111
The value of p can provide an indication of the molecular processes occurring during
approach of the surfaces.

Solving the PB equation in this framework yields a contribution to the free energy

of interaction from diffuse layer interactions WFUB, given by Equation 3.1:

e—,‘iDD

W}UB = 2606/<;Dw§ffl ( (3.1)

+ (1 —2p)e—+nD
where € is the permittivity of free space, € is the relative permittivity, 1.g is the
effective surface potential, k' is the Debye-Hiickel screening length (defined previ-
ously in Equation 1.4), and p is the dimensionless charge regulation parameter that

can take values between 0 and 1, where these limiting values recover the boundary
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condition solutions of constant potential (p = 0) and constant charge (p = 1).

To further illustrate the the mechanisms encompassed by the charge regulation
effects, Figure 3.1 illustrates schematically how the interfaces respond with decreas-
ing surface separation with CC or CP dominated behaviour. In CP dominated
conditions, the inner layer can compensate for the increase in charge density within
the diffuse layer arising from electric double layer overlap as the surfaces approach;
whereas in a CC dominated regime, the inner layer cannot perform such compen-

sating effects.

(LN A

Surface
Approach

CC dominated CP dominated
p—1 p—0

Figure 3.1: Schematic illustrating how the interfaces respond with decreasing surface
separation, in CC and CP dominated regimes. The solid black lines indicate the decay of
potential from each surface; the dashed black lines indicate the boundary between the inner
and diffuse layers. (a) In a CC dominated regime, the inner layer does not compensate for
the increase in charge within the diffuse layer resulting from electric double layer overlap
as the surfaces approach. (b) In a CP dominated regime, the inner layer does compensate
for the increase in charge accumulated within the double layer.

Van der Waals Interaction

The attractive van der Waals term can be calculated for two flat, macroscopic mica

surfaces across an electrolyte. For this geometry, the contribution to the free energy
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of interaction from van der Waals interactions WdeW is given by Equation 3.2 as

calculated by Hamaker: 2

o4
vdw 127 D?

(3.2)

where A is the mica-electrolyte-mica Hamaker constant. Here, and in the remain-
der of this work, we estimate the Hamaker constant A across a given electrolyte
solution between mica surfaces using the Lifshitz theory.?? This approach extends
the original Hamaker model of the summation of pairwise atomic interactions that
was described in Chapter 1, accounting for the influence of neighbouring molecules
on the interaction between each pair of molecules, necessary for condensed media.
This approach derives the interactions between the bodies from bulk properties,
including the relative permittivity and refractive indices. The Hamaker constant
calculated by the Lifshitz theory has two terms: the first is a zero-frequency contri-
bution, reflecting the interaction of static dipole fluctuations in the materials, and
is dependent on the (static) relative permittivities of the various media. The second
arises from considering the frequency-dependent dielectric response, and is refractive

index-dependent. The full expression is displayed in Equation 3.3:

2

m e h e 2 2)2
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where €, and ¢, are the relative permittivities of mica and electrolyte, respectively,
h is the Planck constant, v, is the plasma frequency of the free electron gas, and
nm and n,e are the refractive indices of mica and electrolyte, respectively.?%!13 Con-
stants for mica were taken from the literature: €, was taken as 2, v, was taken
as 3 x 10% s7! and n,, was taken as 1.6.2° In this chapter, the relative permit-
tivity of the electrolytes studied e, was taken as 78.4, the value for pure water at
298 K. In future chapters, where the solute concentration is more substantial,
the solution relative permittivities are estimated by assuming a linear response with

solute concentration, and the constants of proportionality - the dielectric increment
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or decrement - are obtained from literature. The refractive index of the electrolytes

were measured as described in Section 2.3.1.

Total DLVO Interaction

Overall, the full expression for the total interaction free energy between parallel
plates W, predicted by the DLVO theory of colloidal stability equal to the sum of
contributions from the Poisson-Boltzmann (Equation 3.1) and van der Waals terms

(Equation 3.2), is shown in Equation 3.4.

I A e P
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(3.4)

The effect of varying the charge regulation parameter p on the total interaction
free energy W/l is shown in Figure 3.2. The interaction energy was calculated using
Equation 3.4 for three contrasting values of p: first, at the constant charge boundary
condition (p = 1); second, at the constant potential boundary condition (p = 0);
and third, at the mid-point between the two boundary conditions (p = 0.5). The
comparison illustrates the stark differences between the interaction energies at small
surface separations: the constant charge curve displays a very high maximum repul-
sive barrier, in contrast to the situations where p < 1 which display progressively
smaller repulsive barriers when regulation of the surface charge is allowed to occur,
as the value of p diminishes. It is also important to note that, at large distances,
the three calculated lines tend towards the same result at large surface separations,
illustrating that the deviations due to charge regulation effects are only significant
at small separations.

All measured interaction free energy profiles in this thesis are fitted using the
DLVO model outlined in Equation 3.4. A and e are calculated for each solution
composition, as described above. A mnon-linear least squares fitting algorithm is
then used to fit values to ¥.g, kp, and p. In order to account for small errors in the

absolute distance D, the fitting procedure allows for small amounts of variation in
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the zero separation position to maximise the quality of the fit. For all fits presented
in this thesis, therefore, the fitted absolute zero surface separation Dy is tabulated

alongside the other determined parameters.

1.0

p= 0.5

p =0 (CP)

0 ) 10 15 20 25 30
D / nm

Figure 3.2: Total interaction free energy W!l as a function of surface separation D, as
predicted by the DLVO theory of colloidal stability in Equation 3.4. The calculated inter-
action free energy is shown for three contrasting values of the charge regulation parameter
p: p = 1 (red), which represents the constant charge boundary condition; p = 0 (blue),
which represents the constant potential boundary condition; p = 0.5 (magenta). The
remaining parameters used in this DLVO calculation were equivalent for all three lines,
and were predicted or taken from existing surface forces measurements for a 1 mM KCI
solution: Yeg = 54 mV, /4;51 =9.7nm, A =21 x 10720 J.1

Calculation of Surface Charge Density

As has become apparent from our discussion thus far, depending on the specific
situation, it can be useful to refer to either the surface charge or the surface potential.
However, only a value for the effective surface potential 1.g is required to fit each
measurement of interaction energy using the DLVO expression (Equation 3.4). It
can be useful, therefore, to outline the relation which can be used to convert between
the surface potential, determined directly from fitting, and an appropriate value for
the surface charge o. In this work, in order to perform such conversion, we use the

relations discussed in the review article by Smith et al.,'®® which are reproduced
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below.
For weakly charged surfaces (¢ < 25 mV), the effective surface charge density

oo can be calculated using the Debye-Hiickel relation shown in Equation 3.5.

Oeff = EOEKefﬂ/Jeff (35>

For more highly charged surfaces (¢» 2 25 mV), the Poisson-Boltzmann frame-
work introduced in Chapter 1 must be invoked. Equation 3.6 relates the effective
surface potential ¥, extracted from our measurements, and diffuse layer potential

1q1, the potential at the origin of the diffuse layer, across a symmetric 1:1 electrolyte.

~ AksT el
Yot = . tanh (4k:BT) (3.6)

A surface charge density o can be calculated from the diffuse layer potential 1)q

using the Graheme equation, shown in Equation 3.7 for a symmetric 1:1 electrolyte.

(3.7)
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3.3 | Experimental Details

3.3.1 | Materials and Solution Preparation

In this chapter, we present measurements of surface forces between mica surfaces
across both pure water and a 0.001 m KCI electrolyte. KCI (Thermo Scientific,
Puratronic™, 99.997%) was used as received and stored under dry conditions until
use. Surface forces measurements were performed using the SFB as described in

Chapter 2.

3.3.2 | Refractive Indices and Hamaker Constants

The refractive indices for the electrolytes investigated in this chapter were measured

using the method outlined in Chapter 2. The Hamaker constants for all electrolytes
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reported in this chapter are displayed in Table 3.1.

Table 3.1: Parameters used for Hamaker constant calculations. Refractive index ne,
relative permittivity €. and Hamaker constant A are shown.

Solution Ne €e A/107%0]
Pure water 1.3320 78.4 2.08
0.001 m KCI 1.3320 784 2.08

3.4 | Pure Water

The measured interaction free energy, as a function of the separation between mica
surfaces across pure water, is displayed in Figure 3.3. Upon approach, the surfaces
repel each other from large distances; the repulsion increases in strength down to
surface separations of around 5 nm, at which point the surfaces jump into close
surface separation owing to a large attractive force causing a spring instability. This
jump brings the surfaces to an observed surface separation of -0.7 nm, at which point
no change in surface separation is seen upon continued application of increasing
force; in other words, a repulsive hard wall is observed, indicative of surface contact.
Measured negative surface separations relative to the calibrated mica-mica contact
in air can be attributed to a layer of adsorbed water and carbon dioxide from the
atmosphere formed on mica surfaces during the mica cleaving process, which will
quickly dissolve upon immersion in water. 115117

In additional to the raw, measured data points, Figure 3.3 also displays the fit
to this measurement using the DLVO model. We obtain a good fit to the mea-
sured data using this model, and the fitted parameters are displayed in Table 3.2.
The good fit suggests that mica surfaces interact across pure water in accordance
with DLVO theory, and no structural, non-DLVO terms contributions are observed.
Similar surface forces measurements have been made across pure water samples by
Israelachvili, Pashley, Raviv, Klein and others, all of which reveal a long-range elec-
tric double layer repulsion and an attractive jump together of the surfaces at small

separations, 64118122
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Figure 3.3: Measured interaction free energy as a function of surface separation across
pure water. The measured interaction potential on approach of surfaces is shown in light
blue. The DLVO fit to the long-range repulsive regime using Equation 3.4 is shown by the
dashed dark blue curve, the parameters for which are displayed in Table 3.2.

Table 3.2: Parameters obtained from the DLVO fit to the measured interaction free
energy across pure water shown in Figure 3.3. The fitted effective surface potential e,
Debye screening length 551, charge regulation parameter p and offset to the zero surface
separation Dg are shown.

Ve / MV kp' / nm D Dy / nm
Pure Water 38+ 14 6b+21 088=+0.10 0.1+1.3

A deep minimum is revealed upon retraction of the surfaces. However, the
separation to which the surfaces jump upon retraction is larger than that which
can be accurately determined using the approach outlined in Chapter 2. Therefore,
the adhesive minimum can also not be accurately determined and no data obtained

upon retraction of the surfaces are shown here.

3.5 | Dilute Potassium Chloride Electrolytes

The interaction energy between negatively charged surfaces across a 0.001 m con-
centration solution of KCI in water is shown in Figure 3.4. As for the measurement
across pure water, there exists a repulsive force that is observed from long-range

distances (~ 100 nm); the DLVO fit to this is again shown, and the associated pa-
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rameters are displayed in Table 3.3. However, instead of observing the surfaces jump
together over the distance of several nanometres due to an attractive, van der Waals
interaction, at distances smaller than 3 nm alternating repulsive and attractive re-
gions are observed with jump-in distances of size ~ 0.3 nm. Such an observation
suggests the presence of a structural, non-DLVO contribution, which is seen rather
than the van der Waals jump, preventing the surfaces from falling into adhesive

contact.
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Figure 3.4: Measured interaction free energy as a function of surface separation across
0.001 m KCI. The measurement upon approach of the surfaces is shown in dark green and
that upon retraction is shown in light green. The DLVO fit is shown by the blue dashed
curve, parameters for which are displayed in Table 3.3. The inset shows a zoomed-in view
of the structural features.

Table 3.3: Parameters obtained from the DLVO fit to the measured interaction free
energy across the 0.001 m KCl electrolyte shown in Figure 3.4. The fitted effective surface
potential ¥eg, Debye screening length R]Sl, charge regulation parameter p and offset to
the zero surface separation Dy are shown. The predicted Debye screening length ﬂB}pred
for this ion concentration is also shown.

Vet / MV Kp' / nm P Dy / nm K’]Slpred / nm
0.001 m KCl 56 + 4 95+£09 0.72+0.06 0.2+0.3 9.7

A strong, short-range contribution to the measured interaction at small dis-

tances (less than ~ 2 nm) is consistent with previous observations by Pashley and
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181231125 who suggested the presence of so-called ‘hydration forces’ to

Israelachvili
explain the observed steep repulsion at small surface separations. The fact that
the DLVO theory does not capture the measured interactions at small surface sep-
arations can be rationalised by molecular size effects. The DLVO interactions are
based on mean field approximations, where solvents are continuous and ions are
point charges: this approximation breaks down at small surface separations where
the distance is close to the size of ions and molecules.

In a series of experiments investigating the phenomenon of hydration forces in
aqueous electrolyte solutions, Pashley and Israelachvili found that at low enough salt
concentrations, the interaction between mica surfaces in a surface forces measure-
ment did obey DLVO theory, and no structural contributions to the measured forces
at small separations were observed. Instead, hydration forces were only measured
at high enough electrolyte concentrations, above the ‘critical hydration concentra-
tion’ at which these additional forces could be seen. From their measurements they
suggested that these forces arise from the hydration of the surfaces due to the bind-
ing of cations to the surface, which retain some of their hydrating water molecules
upon binding. When the surfaces come close to contact, these water molecules are
expelled with the ‘squeeze out’ of individual 0.3 nm layers of molecules resulting
in the observed stepped interaction profile. In a series of measurements across salt
solutions with varying cations, this theory was also supported through the obser-
vation that the strength and range of hydration forces is positively correlated with
the hydration number of the binding cations, and also with the critical hydration
concentration.?® In KCI solutions, the critical concentration required to measure
hydration forces was found to be ~ 10=% M.!23

The presence and role of hydration forces has been investigated in systems in-
cluding more complex situations such as rough or chemically heterogeneous surfaces,
and soft biological or amphiphilic surfaces. Monotonic, short-range forces are found

to be present between such hydrophilic surfaces and play a significant role in de-
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termining the behaviour of a range of systems, including the stability of colloidal
dispersions, 1?6 the swelling of clays'?” and the interactions between biological mem-
branes. 128:129

Specifically oscillatory hydration forces have only be observed on a handful of
occasions experimentally using the surface forces apparatus, firstly by Pashley and
Israelachvili in the 1980s!24125 and recently in our laboratory.! Measurements using
atomic force microscopy have also revealed similar oscillatory forces. " Such oscil-
latory forces are not unique to water-dominated layering in aqueous systems; other
solvent-dominated layering has been observed in different liquid systems including
the polar solvent, propylene carbonate. 3! Water layering in particular remains chal-
lenging to measure due to the demanding distance sensitivity required, and as there
are only a limited number of literature measurements their presence is sometimes
been considered controversial. These features can only be observed in optimum
experimental conditions, where the surfaces being used to perform the measure-
ment must be sufficiently smooth and free of contamination, and the experimental
setup must have sufficient mechanical stability. The measurement of either mono-
tonic or oscillatory hydration forces may initially appear conflicting. However, these
differing observations may be reconciled by considering that the ‘smearing out’ of
oscillatory contributions if the surfaces are too rough or the mechanical stability
of the measurement technique is poor can result in a smooth, monotonic repulsion

being the overall measured contribution. 32

It is worth noting, however, the concept
of hydration forces is abundant in its usage in the literature to describe deviations
from DLVO theory at various lengthscales. For clarity, the use of the term will only
be used in this thesis to describe any observed water-dominated steps in measured
interaction profiles.

Whilst the form of our measured hydration forces can be rationalised through the

packing of water molecules between the surfaces, there remain unanswered questions

about their origin. As previously noted, structural forces are observed for other polar
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solvents including propylene carbonate in the absence of any additional solutes. It is
interesting, therefore, why the presence of hydration forces in aqueous electrolytes is
linked to a minimum ion concentration, above or below which the overall interaction

profile can take significantly different forms as highlighted in Figure 3.5.

Deep minimum

D

Figure 3.5: Schematic of the interaction free energy as a function of surface separation in
pure water (light blue) and a dilute KCI electrolyte (green). The pure water measurement
obeys predictions from DLVO theory, exhibiting a deep adhesive minimum at small surface
separations. In contrast, the dilute KCI electrolyte exhibits oscillatory structural forces,
with a characteristic wavelength approximately equal to the size of a water molecule,
preventing the effects of a van der Waals jump and the resulting deep adhesive minimum.

3.6 | Summary

In this chapter, we have introduced the framework required to interrogate measure-
ments of interaction free energies between surfaces through the lens of simple, dilute
electrolytes. We began with a discussion of the DLVO model which incorporates
charge regulation effects upon approach of the surfaces, which will be used to quan-
titatively interpret surface interactions across various electrolytes throughout this
work. This was followed with a presentation of direct surface force measurements
across pure water and a dilute 0.001 m KCI electrolyte, including fits to the DLVO

model.
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For the measurement across the KCI electrolyte, we also discussed the presence
of structural forces which are observed at small surface separations, not predicted by
the mean-field DLVO theory. Our observation of hydration forces in this electrolyte,
in accordance with literature measurements across similar electrolytes, emphasises
the fact that, even at low electrolyte concentrations, non-DLVO contributions can
be significant, especially at small surface separations.

Knowledge of surface interactions across aqueous electrolytes systems is essential
for understanding various processes in nature including those involving biological
surfaces. In this chapter we have introduced a framework through which these
interactions can be interrogated, and upon which we can build as the complexity
of such electrolytes increases. However, our discussion has shown that even in the
most simple electrolytes, the interactions can be complex and beyond mean-field

theories.



4 | The Role of Zwitterions in Model

Cytosol Solutions

4.1 | Background

In Chapter 1, we outlined some of the biochemical strategies employed by various
organisms in order to perform osmoregulation, most notably in those that have
evolved to survive and thrive in high salinity environments. We described one of
the significant challenges facing these organisms - the requirement to accumulate
molecules in order to tune the osmotic balance without deleteriously perturbing in-
tracellular functionality - and highlighted some common osmolytes that are used
across the biosphere, such as trimethylglycine or proline, which are present as zwit-
terions in ambient conditions. As neutral molecules, they might, traditionally, be
considered to simply contribute towards the ‘dielectric background’ of the surround-
ing fluid and not significantly modify inter-particle interactions. Therefore, whilst a
multicomponent osmolytic environment is required to tune both the osmotic balance
and interactions between intracellular particles, the roles of these osmolytic species
in mediating interactions have remained relatively unexplored, in contrast to sim-
ple salts whose role is much better understood. However, recent works studying
more complex osmolytic systems have begun to reveal a more significant influence
on such interactions by these neutral molecules, warranting further study of their
contribution to the overall osmolytic background. 337136

In this chapter, we report on model experiments investigating the combined
effect of zwitterionic solutes, with and without added ionic co-solutes, on the mea-
sured interaction energy across electrolytes. This allows for the exploration of the
role played by these common osmolytes in modifying interactions between charged

particles, and to reveal potential synergies or competing effects between different
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Figure 4.1: Molecular structure of zwitterions (a) L-proline and (b) trimethylglycine.

zwitterionic and ionic solutes present. In this series of measurements, we study the
influence of two osmolytic zwitterions, L-proline (Pro) and trimethylglycine (TMG),
with and without added KCIl. The molecular structures of these two osmolytes are

displayed in Figure 4.1.

4.1.1 | Proline

Proline, an amino acid used in the synthesis of proteins, plays a significant role as an
osmoprotectant in a variety of plant species.?>'37 In particular, organisms exposed
to environmental stresses such as high salinity, drought, extreme temperatures and
UV radiation have been found with elevated proline levels.!3®¥ 4! In one example
among vascular halophytes, free proline was found to be present in quantities of up
to 10 — 20% of the dried shoot weight Triglochin maritima.*?

As for other osmolytes, proline is known to protect these organisms living in
salt-stressed environments primarily by matching the osmotic pressure of the cel-
lular fluid with that of the external growth environment, thus providing a barrier
against dehydration.®?° It has also been shown to have additional protective prop-
erties, including by acting as a free radical scavenger and buffering cellular redox
potentials, '3¥ therefore providing protection against oxidative stress. 43

Inspired by its utilisation in biological organisms, proline has also shown to be
beneficial in agricultural contexts. When provided exogenously to plants in salt-
stressed environments, it has been found to enhance the growth rate of various
crops.** The amino acid therefore has potential for usage in agricultural applica-
tions, and could provide a route to combat the increasing salinisation of soils arising

from the anthropogenic accumulation of salts in farmland. 45148

67



CHAPTER 4. THE ROLE OF ZWITTERIONS IN MODEL CYTOSOL
SOLUTIONS

As previously discussed, the accumulation of proline in the biological fluids in re-
sponse to external osmotic stress should not be deleterious towards cellular activity.
Indeed, enzyme activity has been found to be relatively insensitive to wide changes in
proline concentration for a range of enzymes in salt-tolerant plants (halophytes). 42
In terms of any potential influence on intracellular interactions, in a recent study pro-
line was observed to directly modulate the strength of protein-protein interactions,
rendering the interactions more repulsive even at millimolar concentrations. 4159
Furthermore, proline has been shown to control the formation of liquid-liquid phase

separated droplets (biomolecular condensates) in vivo. 15!

4.1.2 | Trimethylglycine

Trimethylglycine - also known as glycine betaine - is an osmolyte that is widely
found across the biosphere; indeed it has been discovered to be accumulated in
all three kingdoms of life, in both halophilic and non-halophilic organisms. '6-18:152
Typical concentrations of TMG in halophilic organisms are on the order of several
hundred millimolar, though in the most strongly halophilic organisms concentrations
can reach several molar.2:1%3

In addition to providing resistance to osmotic stress or stabilising protein struc-
ture, TMG is also involved in various metabolic or synthetic processes. It contributes
to the synthesis of many biological molecules through various metabolic pathways,
including as a methyl group donor. For example, it is used in the remethylation of
homocysteine to methionine, an essential amino acid, necessary for the regulation of
homocysteine levels and mediating cardiovascular risk.!®* Ultimately, TMG is de-
graded to methylglycine or glycine, which can then be incorporated into proteins. !%°
Anything that threatens the bioavailability of this osmolyte can then therefore result

in a negative impact on cell health or function through disrupting such metabolic

pathways. 156
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4.2 | Experimental Details

4.2.1 | Materials and Solution Preparation

We investigated the surface forces and structures present in aqueous solutions con-
taining proline or trimethylglycine as the zwitterionic osmolytes of interest; either
as the sole solute, or with potassium chloride as a co-solute. L-Proline (Sigma-
Aldrich®, BioUltra, > 99.5%), trimethylglycine (Sigma-Aldrich®, BioUltra, >
99.0%) and KC1 (Thermo Scientific, Puratronic™, 99.997%) were used as received
and stored under dry conditions until use. Surface forces measurements were per-
formed across a range of concentrations of the two solutes using the SF'B as described
in Chapter 2. Raw data for the surface forces measurements performed in this chap-

ter are available from the Oxford University Research Archive.!®7158

4.2.2 | Refractive Indices and Hamaker Constants

The refractive indices for the electrolytes were measured using the method outlined
in Chapter 2. The Hamaker constants for all electrolytes reported in this chapter
are shown in Table 4.1 for the Pro-KCl electrolytes and Table 4.2 for the TMG-KCI
electrolytes. The displayed relative permittivity of the electrolytes were estimated

using Equation 4.1:

€e = € + OzwCzy + OkCICKCI (4.1)

where € is the relative permittivity of water (78.4), d; is the dielectric increment or
decrement of the zwitterion (Zw = Pro or TMG) or KCI and ¢; is the solute con-
centration. The dielectric increments or decrements were obtained from literature,
and we have taken dp,, to be 21.0 / m,*® g to be 18.2 / m,'% and k¢ to be

-8.85 / m.16!
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Table 4.1: Parameters used to calculate the Hamaker constant for the Pro-KCl solutions
investigated in this chapter. Concentrations of Pro cpy, and KCI ckcy, refractive index ne,
relative permittivity €. and Hamaker constant A are shown.

CPro / M kel / M Ne € A/10720]
0.07 - 1.3339 79.9 2.05
0.35 - 1.3394 85.5 1.98
0.90 - 1.3507 97.3 1.84

0.33 0.001 1.3382 85.3 2.00
0.46 0.010  1.3414 88.0 1.96
- 0.010  1.3321 78.3 2.08
- 2500  1.3551 56.3 1.76

Table 4.2: Parameters used to calculate the Hamaker constant for the TMG-KCI solu-
tions investigated in this chapter. Concentrations of TMG cpyag and KCl ek, refractive
index ne, relative permittivity €, and Hamaker constant A are shown.

crvme / M cker / m Ne €e A/107207J
0.06 - 1.3330  79.7 2.07
0.75 - 1.3448  92.1 1.91
0.50 0.001  1.3405 87.5 1.97
2.88 0.130  1.3814 129.7 1.47
0.50 0.800  1.3470 80.4 1.88
4.3 | Surface Forces Measurements Across Proline Solutions

4.3.1 | Proline-Only Solutions

The measured interaction free energy across an aqueous solution of proline at a low
concentration (0.07 m) with no added salt is shown in Figure 4.2. Upon approach
the surfaces repel one another from large separations, with the repulsion increasing
in strength as the separation decreases. This repulsion continues to increase down
to a surface separation of around 4 nm, at which point a strong attractive force
dominates and the surfaces jump together. The presence of a strong attraction
(energy minimum) is confirmed upon separation of the surfaces, where a negative
interaction energy of around -1 mJ m~2 is required to bring the surfaces out of
contact, at which point there is a sudden jump to large surface separations.

In addition to the experimental measurements, the inset to Figure 4.2 also shows
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Figure 4.2: Measured interaction free energy as a function of surface separation across
a solution containing 0.07 m proline. The measurement upon approach of the surfaces
is shown in dark green and that upon retraction is shown in light green. The DLVO fit
is shown in the inset by the blue dashed curve, parameters for which are displayed in
Table 4.3. The interaction across pure water is also shown in light blue in the inset for
comparison, along with its associated DLVO fit shown by the dark blue dotted line.

the fit of the long-range, monotonic repulsive regime to the charge regulation DLVO
model that was introduced in Chapter 3, along with a comparison to the measure-
ment across pure water presented in the previous chapter. The chosen functional
form for the interaction potential provides an accurate fit to the long-range repul-
sion, as well as providing an attractive force that can explain the jump at smaller
surface separations. The parameters resulting from this fit are displayed in Table 4.3
and reveal a measured Debye-Hiickel screening length k' = 4042 nm, which corre-
sponds to a 1:1 salt concentration of approximately 6 x 105 M. With no salt added
in the preparation of this electrolyte, this small amount of residual ionic strength
could arise from a number of possible sources, including trace ionic impurities in the
proline samples, dissolution of carbon dioxide in the electrolyte and auto-ionisation
of water. 8123

Despite there being little difference in the Debye screening length between the

proline and pure water cases, there is a significant enhancement to the effective sur-
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Table 4.3: Parameters obtained from the DLVO fit to the measured interaction free
energy across the 0.07 m Pro solution shown in Figure 4.2. The fitted effective surface
potential 1., Debye screening length nBl, charge regulation parameter p and offset to
the zero surface separation Dy are shown.

CPro/ M e / MV liBl / nm P Dy / nm
0.07 63 £ 5 40 + 2 0.90 £0.01 0.0=£0.0

face potential in the presence of proline: Yo = 62 + 5 mV (= 2.5 kgT'/e) for 0.07 m
proline and g = 38 £ 14 mV (= 1.5 kgT'/e) for pure water. Such enhancement
may occur due to adsorption of proline zwitterions at the mica interface, evidence
for which we shall see more clearly in subsequent measurements across higher pro-
line concentrations. There may be multiple driving forces for this adsorption, but
most simply, it can be rationalised by considering the favourable interaction be-
tween the negatively charged surface and the high molecular dipole moment of the
proline zwitterion. The interfacial zwitterions replace the ions that would otherwise
be present in the Stern layer, and the cations have a reduced affinity to the plane of
negative charge at the edge of the zwitterion layer than to the charged mica inter-
face. This results in a more negative effective potential relative to the pure water
measurement.

In order to illustrate the described differences between the pure water and
proline-containing measurements, a schematic illustrating the structure of the charged
interfaces is shown in Figure 4.3. The schematic shows the case with and without
zwitterions, along with representative plots of electric potential 1 as a function of
distance from the interface z.

The fitted charge regulation parameter is found to be p = 0.90 4+ 0.03, and
indicates that, for 0.07 m proline, the system remains close to the CC boundary
during approach of the surfaces. This is likely a result of the very small concentration
of free ions present in the solution (6 x 1075 M, as calculated previously) available to
adsorb during approach of the surfaces. In light of this, it is meaningful to report the
surface charge o.¢ which can be calculated from the effective surface potential using

the Graheme equation, which was discussed in Chapter 3. For this measurement,
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Figure 4.3: Schematic illustrating the structure of a charged interface in two cases: (a)
no zwitterions and (b) with zwitterions, and (c) an illustrative plot of potential ¢ as a
function of distance from the interface x in both cases. The actual surface potential at the
interface 1, the effective potential extrapolated from the electric double layer potential
e and the Outer Helmholtz Plane (OHP) potential )opp are shown. These values
differ because the decay of potential across the Stern layer is not captured in the Poisson-
Boltzmann equation.

we calculate the surface charge to be oz = 1.8 mC m™2; a result slightly lower than
biologically relevant net surface charges, such as the average net surface charge of
proteins in E. coli cells which takes the value o5 = 15 mC m™2.1%2 Both of these
values are larger than that measured across pure water oo = 0.4 mC m~2.

Next, we look to measurements at higher proline concentrations. A measurement
performed across a 0.90 m proline solution is shown in Figure 4.4, with the DLVO fit
displayed in the inset. The parameters associated with the DLVO fit are displayed
in Table 4.4. We observe a similar long-range repulsion as the surfaces approach,
again with an enhanced effective surface potential relative to the pure water case
(Yot = 49 + 5 mV) along with a mostly unchanged Debye screening length (kp' =
30 £ 5 nm) and charge regulation parameter (p = 0.92 + 0.03).

At elevated concentrations, however, we observe an additional feature at small

surface separations not present at the lower concentration. A spring instability is

again seen from around 4 nm, but not into as small a surface separation. Instead,
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Figure 4.4: Measured interaction free energy as a function of surface separation across
a solution containing 0.90 m proline. The measurement upon approach of the surfaces is
shown in dark green and that upon retraction is shown in light green. The DLVO fit is
shown in the inset by the blue dashed curve, parameters for which are shown in Table 4.4.
The interaction across pure water is also shown in light blue in the inset for comparison,
along with the associated DLVO fit shown by the dark blue dotted line.

Table 4.4: Parameters obtained from the DLVO fit to the measured interaction free
energy across the 0.90 m Pro solution shown in Figure 4.4. The fitted effective surface
potential 1, Debye screening length /{51, charge regulation parameter p and offset to
the zero surface separation Dy are shown.

CPro/ M e / MV kp' / nm P Dy / nm
0.90 49 £+ 2 30£5 092+£0.03 0.6=£0.3

a hard wall in the interaction profile is observed at an intermediate distance. Upon
onset of the initial spring instability during approach, the surfaces jump to 2.3 nm
surface separation where a steep repulsion is observed. At Wl &~ 1 mJm=2, the
surfaces jump together to ~ 1.5 nm, the closest measurable surface separation. This
jump is different to the previous one: instead of occurring due to a maximum in the
DLVO interaction, it is occurring between two hard walls in the interaction profile,
i.e. in a similar manner to the jumps observed between water layers in the KCl
electrolyte presented in the previous chapter.

Quantitatively similar measurements containing this additional feature were made

for a range of concentrations between 0.26 m and 0.90 m (see Figure A.1 for an
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additional measurement at a proline concentration of 0.35 m). Across these mea-
surements, the step size is reproducibly found to be 0.5+0.1 nm, consistent with the
size of a proline molecule along its axis as obtained from X-ray diffraction structural
determination.® We suggest therefore, that this structural, non-DLVO feature at
small surface separations arises from layers of proline adsorbing with their positively
charged ammonium group at the negatively charged mica surface, and the negatively
charged carboxylate group pointing away from the surface. Our interpretation of
proline forming layers at the interface is consistent with our earlier analysis behind
the enhanced effective surface potential, as well as other recent discoveries finding
layering of zwitterions at charged interfaces. '3

Interestingly, the longer-ranged force between the surfaces across proline so-
lutions appears remarkably insensitive to the proline concentration (above a low
threshold; in our experiments the lowest concentration studied is 0.07 m). Higher
proline concentration gives rise to more adsorbed layers and stronger short-range
forces, but the far-field is not affected. It appears that accumulation of proline could

be used to tune the osmotic pressure whilst retaining close regulation of interaction

forces.

4.3.2 | Proline-KCl Mixtures

Next, we present surface forces measurements across aqueous mixtures containing
both proline and KCI: a measurement of a solution containing 0.46 m proline and
0.01 m KCl is shown in Figure 4.5. The parameters associated with the DLVO fit to
the long-range repulsion are displayed in Table 4.5, where we see an effective surface
potential similar to the proline-only cases (Yo = 49 &5 mV). In contrast, there is
a noticeable difference in the Debye screening length (k5" = 3.0 & 0.2 nm) and the
charge regulation parameter (p = 0.61 & 0.08). The Debye length can be simply
attributed to the presence of KCl, matching that predicted for a 1:1 electrolyte so-

lution at the same KCI concentration (3.0 nm, according to Equation 1.4). Clearly,
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the reduced value of p in the presence of 0.01 m KCl indicates an increased tendency
to regulate surface charge during approach: the higher ion concentration means that
ions are more available in solution to adsorb and lower the effective charge. Con-
sistent with this observation, a measurement across 0.33 m proline in the presence
of 0.001 m KCI, displayed in Figure A.2, was found to have an intermediate value

between these two cases (p = 0.84 & 0.03).

1.0+

Figure 4.5: Measured interaction free energy as a function of surface separation across
a solution containing 0.46 m proline and 0.01 m KCIl. The measurement upon approach
of the surfaces is shown in dark green and that upon retraction is shown in light green.
The DLVO fit is shown in the inset by the blue dashed curve. In the inset, the interaction
across pure water is shown in light blue, along with its DLVO fit shown by the dark
blue dotted line. The inset also shows the interaction profile for 0.01 m KCI displayed in
magenta, measured by Dr James Hallett, and the associated DLVO fit shown by the dark
blue dash-dotted line. Parameters for the DLVO fits are displayed in Table 4.5.

Table 4.5: Parameters obtained from the DLVO fits to the measurements of interaction
free energy shown in Figure 4.5. The fitted effective surface potential 1., Debye screening
length /@51, charge regulation parameter p and offset to the zero surface separation Dy are
shown. The predicted Debye screening length K]S,lpred is also shown. TThe quality of the
fit for this measurement is lower than for the others, and as such, the derived parameters
may be less reliable.

CPro/ M cgcl/ M Yo / MV 551 / nm D Dy / nm “Blpred / nm
0.46 0.010 49 + 3 3.0+ 0.2 0.61+£008 06=x0.3 3.3
- 0.010 f 20+ 1 3.8 0.8 1.0 £ 0.0 23 +04 3.1
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Turning to the non-DLVO, structural contribution at small surface separations:
we see that, in the presence of salt, the short range ‘step’ characteristic of squeezing
out near-surface molecular layers is now reduced to 0.3 = 0.1 nm. Such features
are reminiscent of those present in measurements across dilute aqueous electrolyte
solutions investigated in Chapter 3. As discussed there, the hydration forces are
thought to be intrinsically linked to the presence of weakly hydrated ions at the
mica interface. Despite proline zwitterions being present at much higher concentra-
tion than the KCI ions, it appears that the structural features are now dominated
by the molecular packing of hydrated ions at the interface. Indeed, this observa-
tion of a shift in the structural features from proline-dominated to water-dominated
due to the presence of monovalent ions in the solution is consistent with the ap-
pearance of charge regulation behaviour across the solutions with salt. Constant
charge behaviour prevails in the electric double layer repulsive regime when proline
dominates the near-surface structure, but charge regulation is enhanced when the
water-dominated structural features are observed, owing to the presence of adsorbed
ions at the interface.

Finally, we return to examine the values of surface potential and surface charge
density apparent in each of our experiments, as displayed in Table 4.6. It is no-
ticeable that the values of the determined effective surface potentials ¢og vary only
slightly with electrolyte composition in the range 1kgT — 3kgT. In contrast, the
value of the surface charge in the presence of proline is much more variable and sen-
sitive to ion concentration: values range from ooz ~ 2 mC m~2 with no added KCl,
to ~ 4 and ~ 16 mC m~2 in the presence of 0.001 m and 0.01 m KCI, respectively.
This arises from the intrinsic inverse coupling between o.g and xp' for (relatively)
invariant 1.g; the latter being set by the ambient thermal energy. For a fixed avail-
able energy, a higher surface charge can be supported at higher salt concentration
due to the shorter-ranged screening leading to a lower average charge separation.

Conversely, at low salt concentration, only a low surface charge can be supported
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due to the larger average separation over the electrical double layer.

Table 4.6: Table of calculated constants for surface potentials and charge densities.
Concentrations of proline cp,, and KCI ckcy, fitted effective surface potential 1., effective
surface charge density o.g, double layer potential g and surface charge density o are
shown. The quality of the fit for this measurement is lower than for the others, and as
such, the derived parameters may be less reliable.

CPro/ M cxci/ M Kp' /nm Y / MV o / mCm™2 g /mV o/ mC m?

- - 65 38 0.4 40 0.5
0.07 - 40 63 1.1 74 1.8
0.35 - 34 55 1.2 61 1.7
0.90 - 30 49 1.4 54 1.8
0.33 0.001 11 49 3.3 53 4.3
0.46 0.010 3.0 49 12.5 53 16.2

- 0.001 9.5 56 4.1 63 5.8

- 0.010 T 3.8 29 5.3 30 5.7

4.3.3 | Influence of Solution Composition on Interfacial Structure

Across the range of measurements seen for solutions containing proline, KCI, or
both, we have seen that the observed interfacial structure is delicately influenced
by the solution composition. In the measurements so far, we have observed three
distinct regimes of interfacial structure. First, at low proline concentrations, there
was no distinct interfacial structure; a jump over several nanometres due to van der
Waals attraction was instead measured. Second, at elevated proline concentrations,
a repulsive wall due to adsorbed layers of zwitterions was measured at small surface
separations. Third, for the compositions of the mixed proline-KCl solutions shown
here, a structural contribution dominated by water layering was seen, akin to the
hydration forces measured in dilute electrolytes containing KCI only.
Measurements of surface forces across KCI electrolytes at high enough concen-
trations can display structural features different to any of these previous regimes,
as evidenced by the measurement across a significantly more concentrated KCI elec-
trolyte (2.5 m) shown in Figure 4.6. Here, the structural forces have a length-scale

of ~ 0.4 nm, which likely originates from salt-dominated layering in the interfacial
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region. Similar measurements were observed for KCI solutions at concentrations
greater than ~ 0.1 m. The switch from water (solvent)-dominated structural contri-

butions to salt-dominated structural contributions has been frequently observed in

32,164

other concentrated electrolyte solutions. This phenomenon is closely connected

to the Kirkwood line which defines the transition from a monotonic to an oscillatory

decay of charge correlations in bulk electrolyte solutions. 3!
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Figure 4.6: Measured interaction free energy as a function of surface separation across a
solution containing 2.5 m KCl. The measurement upon approach of the surfaces is shown
in dark green and that upon retraction is shown in light green. No DLVO fit is shown
due to the small magnitude of the far-field repulsion observed in this measurement. This
measurement was performed by Dr James Hallett.

Considering the structure away from the negatively charged surface, this oscilla-
tory decay manifests as a layer of cations followed by a layer of excess anions, then
excess cations, and so on. As the two surfaces are approached, therefore, electroneu-
trality is maintained by expelling a pair of cation and anion layers, and the size of
this structural feature corresponds to such a pair of ion layers. This wavelength can
be rationalised by considering the distance between two cation, or anion, planes in
the rock salt crystal structure, which is a/ V/3 for a lattice constant a. This distance
is 0.36 nm in the case of KCI;!%° similar to our observed wavelength, and devia-

tion can be attributed to the hydration-driven swelling of the layers relative to that
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expected for a pure molten salt.

Assimilating all of the structural regimes seen in our measurements, Figure 4.7
shows a phase diagram alongside schematic cartoons indicating the differing inter-
facial arrangement of water, ions and zwitterions for the four types of interfacial

structures observed:

[. DLVO-only;

II. Zwitterion layering;

III. Water layering;

IV. Ion layering.
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Figure 4.7: (a) Phase diagram summarising the range of proline and KCI concentrations
at which different types of interfacial structure are seen. The marker colours refer to
the type of interfacial structure observed. The salt concentration is reported as ionic
strength I; for solutions with no added salt, an approximate concentration was estimated
using the measured Debye length kp. Illustrative phase boundaries between the regimes
of interfacial structure are shown by the dashed lines. (b) Schematic cartoons indicating
possible interfacial arrangement of water, ions and zwitterions for the four observed types
of interfacial behaviour. The behaviour at each composition has been observed to involve
either: I) no structural force, or ‘DLVO-like’ behaviour (green data points); II) structural
force due to zwitterion layering (pink data points); III) structural force due to water
layering (blue data points); and IV) structural force due to salt layering (yellow data
points).
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4.4 | Surface Forces Measurements Across TMG Solutions

In order to investigate whether the results discussed so far are unique to proline, or
qualitatively similar results can be observed for other zwitterions, in the following
sections we present a series of results across solutions containing trimethylglycine
(TMG). As previously, these solutions are investigated with and without additional
KCl. All measurements presented in this section were performed in collaboration

with Dr James Hallett.

4.4.1 | TMG-Only Solutions

Figure 4.8 displays two surface forces measurements across solutions containing only
the zwitterion, TMG: one at a low concentration (0.07 m) and another at a higher
concentration (0.75 m). These two measurements are highly analogous to the mea-
surement across a low and high concentration proline electrolytes discussed earlier
in this chapter (Figures 4.2 and 4.4). Firstly considering the low concentration case:
the surfaces repel from large separations upon approach with the repulsion increas-
ing in strength down to around 3 nm. At this point, a strong attractive force is
observed resulting in a spring instability and a jump of the surfaces to small surface
separations. Upon retraction, a deep attractive minimum is revealed, as shown in
the inset to Figure 4.8 (a).

At the higher concentration, an additional step is observed at small separations
before the smallest surface separation is reached upon approach. The size of this step
is ~ 0.6 nm, corresponding closely with the end-to-end size of the TMG molecule, 16
and therefore this feature can again be attributed to the adsorption of TMG zwitte-
rions at the mica interface. This can be thought of in an analogous manner to that
of proline described earlier in this chapter, with the dipole moment - and the long
axis - of the molecule aligned perpendicular to the interface.

The parameters associated with the DLVO fits to the long range repulsion for

each of the two measurements are displayed in Table 4.7.
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Figure 4.8: Measured interaction free energy as a function of surface separation across
solutions containing: (a) 0.06 m and (b) 0.75 m TMG. Parameters for the DLVO fits
are displayed in Table 4.7. (a) 0.06 m TMG shows ‘DLVO-like’ behaviour (Type I); the
adhesive minimum observed upon retraction is shown in the inset. (b) 0.75 m TMG shows
zwitterion layering (Type II); the inset shows a zoomed-in view of the structural features.

Table 4.7: Parameters obtained from the DLVO fits to the measurements of interaction
free energy shown in Figure 4.8. The fitted effective surface potential ¥eg, Debye screening
length K,Bl, charge regulation parameter p and offset to the zero surface separation Dy are
shown.

crma/ M Yoy /mV kgt /nm p Dy /nm
0.06 44 21 0.79 0.0
0.75 39 23 0.91 0.0

4.4.2 | TMG-KCI Mixtures

Next, we show a series of measurements across three TMG-KCI] mixtures of varying
composition (Figure 4.9). The measurements displayed here were from solutions
containing (a) 0.5 m TMG + 0.001 m KCl, (b) 2.88 m TMG + 0.13 m KCl and (c)
0.5 m TMG + 0.8 m KCl, and were chosen from the array of investigated concen-
trations to best illustrate the range of interfacial structures in these mixtures. The
parameters associated with the DLVO fits for these measurements, where appropri-
ate, are displayed in Table 4.8.

The first measurement (Figure 4.9 (a)) was performed across a solution contain-
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Figure 4.9: Measured interaction free energy as a function of surface separation made
across a solution containing: (a) 0.5 m TMG + 0.001 m KCI; (b) 2.88 m TMG + 0.13 m
KCI; and (c¢) 0.5 m TMG + 0.8 m KCIl. Parameters for the DLVO fits are displayed in
Table 4.8. (a) shows ‘DLVO-like’ behaviour (Type I), (b) shows zwitterion layering (Type
IT), and (c) shows ion layering (Type IV).

ing 0.5 m TMG and 0.001 m KCI. Here, the DLVO-like behaviour is observed, with

no measured interfacial structure. By comparing this measurement to a salt-only

case, such as that shown in Figure 3.4 in the previous chapter, we can observe that

the presence of TMG acts to suppress the structural features due to water layering

that would otherwise be seen.
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Table 4.8: Parameters obtained from the DLVO fits to the measurements of interaction
free energy shown in Figure 4.9. The fitted effective surface potential 1, Debye screening
length mBl, charge regulation parameter p and offset to the zero surface separation Dy are
shown. The predicted Debye screening length “B,Ipre q is also shown.

crve/ M cka/ M e /mV kp' /mm p o Do /nm | kp! ./ nm
0.50 0.001 65 8.2 0.73 0.0 10.3
2.88 0.130 30 5.7 0.87 0.5 1.1

Further interplay between the zwitterions and salt can also be seen in the fol-
lowing two measurements. At high TMG concentrations, in Figure 4.9 (b), it is the
TMG molecules that dominate the near-surface layering, with a structural feature
of size ~ 0.6 nm. In contrast, at higher salt concentrations in Figure 4.9 (c), salt
layering is instead observed, with ion-dominated structural features of size ~ 0.4 nm
extending to separations of ~ 4 nm.

Combined, this series of measurements across TMG-KCI mixtures further illus-
trate the interplay between zwitterions and ions in defining the total interaction
profile. The measurements illustrate that TMG, like proline, can adsorb strongly
at the mica surfaces, and in doing so, can frustrate the near-surface ordering of
water molecules as observed in dilute KCI electrolytes. Furthermore, in solutions
containing both TMG and KCIl, the interfacial structure is influenced by the relative
composition, and either zwitterions or ions can dominate the type of near-surface
layering that is observed. A phase diagram for the interfacial structural regimes in
TMG-KCI solutions, analogous to the one shown for proline-KCl solutions previ-

ously, is shown in Figure 4.10.

4.5 | Proline and TMG Comparison

The measurements presented in this chapter reveal a palette of colloidal stabilis-
ing strategies beyond mean-field DLVO interactions for both proline- and TMG-
containing electrolyte solutions. Qualitatively, both zwitterionic osmolytes act to
modify interactions in a similar manner. For instance, in the absence of salt both

are observed to adsorb at charged surfaces when present at a sufficient concentration
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Figure 4.10: Phase diagram summarising the range of TMG and KCI concentrations at
which different types of interfacial structure are seen. Data points are shown for all mea-
surements presented up until this point in the thesis, along with additional measurements
that are not presented in this work. The marker colours refer to the type of interfacial
structure observed, using the same colour scheme as used in Figure 4.7: Type I - DLVO
(green); Type II - zwitterion layering (pink); Type III - water layering; and Type IV - ion
layering (yellow). Illustrative phase boundaries between the regimes of interfacial struc-
ture are shown by the dashed lines. The salt concentration is reported as ionic strength I;
for solutions with no added salt, an approximate concentration was estimated using the
measured Debye length xp.

and can act to enhance repulsive interactions relative to pure water. In the presence
of salt, there exists an interplay between zwitterions and ions as observed in the
resulting interfacial behaviour. At sufficient KCI concentrations, ions can displace
zwitterions at the interfaces resulting in ion-induced water layering.

Despite the qualitative similarity, there do exist some quantitative differences
that are worth examining further. The most notable of these are the concentration
at which, in zwitterion-only solutions, the switch from DLVO-like (Type I) behaviour
to zwitterion layering (Type II) behaviour is observed. For proline, this switch occurs
at occurs at lower concentration than for TMG: the minimum concentration at which
proline layering is observed is 0.26 m, whereas for TMG the minimum concentration
was 0.75 m. If this concentration is deemed to be the point at which a complete

monolayer of zwitterions has adsorbed onto the interface and the onset of multilayer

formation, this suggests that proline has a greater affinity for surface adsorption
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resulting in a more effective surface coverage.

Another quantitative difference can be seen in the enhancement of the far-field
repulsion in the absence of salt, where proline appears to enhance the effective
surface potential . more strongly than TMG. The most direct comparison between
the two sets of measurements is that at 0.07 m Pro, where the observed effective
surface potential was 9.g = 63 mV, and 0.06 m TMG, where 1. = 44 mV. This
difference can be deemed to have the same origin as the previous observation; if
proline has a greater propensity for surface adsorption than TMG, then employing
the argument we made previously to rationalise the enhancement, proline would
be expected to more effectively disrupt the Stern layer, replacing the cations and
resulting in a more negative potential.

The structure of the zwitterions and their respective adsorption geometries likely
account for both of these observed differences. We previously suggested that proline
adsorbs with its pyrrolidine ring at the interface, pointing its carboxylate group away
from the surface. This produces a larger surface coverage per molecule than TMG,
which we suggest adsorbs with its trimethylammonium group at the surface. Each
molecule of proline is therefore more effective at disrupting the ions that makeup
the Stern layer, more significantly enhancing the negative surface potential rela-
tive to proline, and a lower concentration is required for complete surface coverage
and therefore also the observation of multilayers through the additional step in the

interaction profiles.

4.6 | Summary

In this chapter we have presented a series of measurements of interaction free en-
ergy across zwitterion-containing solutions, in order to investigate the role of these
molecules in modulating interactions between charged surfaces. We investigate aque-

ous solutions containing two osmolytic zwitterions, L-proline and trimethylglycine,

with and without added KCI.
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The series of results across the proline-containing solutions demonstrate a clear
link between proline and an enhanced electrostatic repulsion, revealing mechanistic
detail for a stabilisation strategy against aggregation of biological particles in the
cellular environment. Additionally, we find that the nature of the far-field compo-
nent of the repulsion is rather insensitive to the cytosolic proline concentration. In
other words, the repulsion appears to be regulated even as the proline concentra-
tion can be dialled up in response to osmotic stresses. By interpreting the results
in the framework of the DLVO introduced in the previous chapter, we find that
in low salt conditions the surfaces remain at constant charge due to the absence
of free ions, but in the presence of salt the surfaces regulate their charge during
approach. We illustrate that an interplay between the zwitterionic proline and free
ions at charged interfaces allows for tuning of the overall interaction, determining
the resulting near-surface structures as well as the longer-ranged interaction between
particles.

By comparing these results to analogous TMG-containing solutions, in addition
to TMG-KCI mixtures and a higher concentration KCI electrolyte, we find that in
solutions containing both zwitterions and salt, the interfacial structure is carefully
controlled by the relative solution composition. At high zwitterion concentrations,
it is zwitterion-dominated structural features that are observed; whereas at high
salt concentrations, ion-dominated structural features are instead observed. In more
dilute solutions, there remains an interplay between zwitterions and ions, but instead
it manifests in either water-dominated structural features being observed, or none
at all. We interpret this to arise from the zwitterion-induced frustration of the near-
surface ordering of water molecules that otherwise occurs in salt-only solutions. By
comparing the results across proline and TMG solutions, we note that the switch to
zwitterion layering occurred at lower concentrations for proline, and that proline was
more effective at enhancing the surface potential in the absence of additional salt.

Both of these observations can be rationalised by considering the greater surface

87



coverage per proline molecule than per TMG molecule.

Overall, this series of measurements reveals mechanisms behind the simultane-
ous tuning of intracellular interactions and osmoregulation. Interactions in these
zwitterion-ion mixtures are complex and the palette of various DLVO and non-
DLVO contributions can be tuned across the compositional phase space. These
results have broad implications both in nature, for our mechanistic understanding
of the role of zwitterions as osmolytes across the biosphere, and also in technology,
for the development of salt-resistant crops in response to the increasing threat posed

by salinisation of agricultural soils.



5 | Bulk Structure and Ion Effects

in Zwitterion Solutions

5.1 | Background

Structural determination using scattering techniques has been of fundamental im-
portance in the study of water and aqueous solutions. %7 In particular, neutron scat-
tering has played a vital role in uncovering the molecular structure of water. %169
As we described in Chapter 2, the primary scattering interaction of neutrons is
with the nuclei of the molecules in the sample of interest. This is in stark contrast
to the use of X-rays in scattering studies, which interact with the electron clouds
of water molecules, the distribution of which is easily polarized. Such studies in-
volve complex interactions and it is difficult to reliably extract information regarding
molecular arrangement. Scattering techniques have also been essential in monitoring
perturbations to the structure of water upon the introduction of simple, monovalent

170-172

ions into a solution, and there are now also numerous studies looking at the

effects of osmolytes on the structure of water, such as proline, '™ TMAO, ™ urea!™

and trehalose. 76

However, there are relatively few studies considering the combined effects of
molecular osmolytes and ionic species in a solution,'”” yet as we have discussed
previously, biological environments contain complex mixtures of solutes, ranging in
chemical complexity. Therefore, a model cytosol solution such as ours can begin to
bridge this knowledge gap and elucidate understanding surrounding the combined
role of, and potential synergies between, ionic and zwitterionic solutes. Furthermore,
recent work has proposed a role for these zwitterionic osmolytes in preventing the
8

salting out of proteins via the formation of ion-molecular associates.!”

In this chapter, we present total scattering measurements performed on aqueous
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mixtures of the osmolyte, TMG, and either potassium or sodium chloride, both of
which are commonly found in the cytosol. These measurements reveal the impact
of specific ions on various structural motifs within these solutions, such as TMG-ion
pairs and TMG-TMG clusters, allowing us to further our understanding of the role

of these zwitterionic osmolytes in maintaining biomolecule structure and function.

5.2 | Experimental and Simulation Details

We performed neutron and X-ray total scattering measurements on two aqueous
electrolyte solutions. Each solution contained equimolar concentrations of trimethyl-
glycine and either potassium or sodium chloride. The experimental and theoretical
background to these measurement techniques, including the necessary simulation
techniques required to interrogate the scattering data, were described previously
in Chapter 2. The neutron total scattering was performed using the NIMROD
instrument at the ISIS Neutron and Muon Source and the X-ray total scattering
was performed using a Malvern Panalytical Empyrean diffractometer. Raw neutron
scattering data are available in the ISIS Data Catalogue!™ and raw X-ray scatter-
ing data, in addition to Gudrun data reduction and Dissolve simulation files, are

available from the Oxford University Research Archive. !

5.2.1 | Materials and Solution Preparation

As previously discussed, isotopic substitution is commonly employed in total scat-
tering experiments to generate multiple total structure factors without significantly
altering the structure of the system. This allows for the enhancement in the accuracy
of the simulated structure. Specifically, in neutron scattering experiments of sys-
tems containing hydrogenous material, protium-deuterium substitution is commonly
used owing to the highly contrasting neutron scattering lengths of the protium and

181

deuterium isotopes of hydrogen (by = —3.74 fm and bp = 6.67 fm).'®' The aqueous

solutions of interest in this chapter contain two types of hydrogen atoms that can be
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Table 5.1: The seven isotopic substitutions used to study each of the two aqueous solu-
tions containing TMG and either KCI or NaCl. These seven solutions are required for an
ideal two-site substitution, where the TMG and water hydrogen atoms are substituted.

Isotopic Substitution T™G Water

1 H-TMG  HyO
2 H-TMG  D5O
3 HD-TMG HDO
4 HD-TMG D20
5 D-TMG  HDO
6 D-TMG  H,O
7 D-TMG D50

readily isotopically substituted: those of the trimethylglycine molecules and those
of the water molecules. TIn the ideal case for a two-site substitution, i.e. H/D
substitution of the water and TMG hydrogen atoms, there are seven isotopic sub-
stitutions which must be used, outlined in Table 5.1. This set of substitutions allow
the unique determination of the partial structure factors between the following three
sets of atoms: the water hydrogen atoms, TMG hydrogen atoms and the remaining
atomic sites in the system.152:183

The aqueous solutions were prepared by mixing a known mass of either or both of
H-TMG (Sigma-Aldrich®, BioUltra, > 99.0%) and D-TMG (ISIS Deuteration Fa-
cility); KCI (Thermo Scientific, Puratronic™ 99.997%) or NaCl (Thermo Scientific,
Puratronic™, 99.998%); and ultrapure HyO (18.2 M cm), D,O (Sigma-Aldrich®,
99.9 at% D), or HDO (a 1:1 molar mixture of HoO and D50). Measurements were
made at concentrations of 2 m TMG and 2 m salt. The molal concentration is only
strictly defined for the solution containing only H,O as the solvent; solutions con-
taining DoO were made at an equivalent molar ratio between all of the components
in the solution containing only HsO.

These solutes and concentrations were carefully chosen as a compromise between
ideal physiological conditions and experimental practicality: higher concentrations

are required to obtain a good scattering signal from the solutes and the requirement
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to simulate a representative model of the system. Nevertheless, while the concentra-
tions of the individual solutes are higher than those found in typical cytosol, they
are found more widely in the most strongly halophilic organisms, such as in the
examples provided in previous chapters.

For the neutron scattering measurements, the solution samples were transferred
to flat, null scattering alloy cans (TipesZro32) of 1 mm thickness, and sealed with
PTFE before being loaded onto a sample changer on the NIMROD instrument. For
the X-ray scattering measurements, the solution samples were transferred to silica

capillaries and sealed with beeswax.

5.2.2 | Solution Densities

Knowledge of the atomic density of the solutions is necessary in order to simulate
a model box of the solution. The mass density of the two solutions containing only
H50 as the solvent was measured using the method described in Chapter 2 and from
this value the atomic density of each solution was calculated. The density values

are displayed in Table 5.2.

Table 5.2: Measured mass and atomic densities of the two aqueous solutions containing
TMG and either KCI or NaCl.

Solution p/gem™3 p/atoms A
2 m H-TMG + 2 m KCI (H,0) 1.0978 0.09967
2 m H-TMG + 2 m NaCl (H,0) 10897 0.10129

5.2.3 | Simulation Details

The Dissolve package was used to simulate and refine the structure of a model box
of the two liquid solutions, at equivalent composition and densities to the experi-
mental solutions. Each box contained 9330 water molecules and 340 of each of the
solute species (trimethylglycine, potassium or sodium cation, and chloride anion),

in a cubic box of side length 70.3 A. This box size was deemed appropriate as a
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compromise between enhanced statistics on the one hand, and on the other, greater
computing power required for larger box sizes. When generating a simulation box
for this purpose, an additional consideration is the limit on the length scale over
which structural correlations can be calculated. The method used in this work places
a limit on the maximum length scale at half the box side length; our simulated box
is of a large enough size to investigate all of the structural correlations of interest.
As discussed previously, the Dissolve package requires a classical molecular dy-
namics forcefield to be applied to each of the species in the simulation. For the
water molecules in our simulation, we use the flexible single point-charge water
model (SPC/E).!8 For the TMG molecules, we extract a forcefield using the Lig-
ParGen tool, which provides bond, angle, dihedral and Lennard-Jones OPLS-AA
parameters, as well as partial atomic charges.'® 187 The forcefield for the K+, Na™
and Cl species was obtained using Equation 2.22 for the simplest intermolecular
potential - comprising the sum of a Lennard-Jones and a Coulomb term - that was
outlined in Chapter 2. The parameters for this potential were obtained from liter-
ature neutron diffraction studies on aqueous solutions of KCI and NaCl, which are

displayed in Table 5.3.17

Table 5.3: Lennard-Jones and Coulomb parameters for the K*, Na™ and Cl~ species in
the Dissolve simulations. ™!

Species € /kJmol™' o /A ¢ /e

K 0.5144 2.94 1
Na 0.5144 2.29 1
Cl 0.566 4.191 -1

The refined simulations were used to perform subsequent analysis routines, in-
cluding calculating radial and spatial distribution functions. Rather than performing
these calculations over a specific snapshot of the refined simulation, they were per-
formed over a trajectory of 10,000 frames. The resulting analysis therefore reflects

a wide range of snapshots that are all valid solutions to the EPSR fitting process.
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5.3 | Bulk Structure Measurements and Discussion

The experimentally measured neutron and X-ray structure factors and their as-
sociated simulated fits for the two solutions are displayed in Figure 5.1. Analo-
gous figures for the measured and simulated total radial distribution functions G(r)
are displayed in Appendix B (Figure B.1). The overall quality of fit between the
measured and simulated structure factors is reported in Dissolve as an R-factor,
a weighted sum of the squared residuals, where a lower value represents a better
quality fit. The final R-factors for the fits were 0.0007 and 0.0017 for the KCIl- and
NaCl-containing solutions, respectively, which represent good agreement for both
simulations. In a number of the neutron structure factors, there are some discrep-
ancies between the experimental and simulated datasets in the low-() region, as
illustrated in the difference functions displayed in Appendix B (Figure B.2). These
differences most likely due to errors in the corrections performed to the scattering
data in the Gudrun packages; a potential source of these errors may be found in
the inelasticity corrections which are particularly difficult to calculate accurately,
especially in samples such as these which contain large amounts of hydrogen.!8®
The good agreement between the simulated and experimental structure factors
signifies that the structure of the liquid in the simulation box is an accurate rep-
resentation of the liquid structure, allowing for the interrogation of further specific
structural features and correlations between constituent components of the liquid.
A snapshot of the refined configuration of the solution containing TMG and KCl is

shown in Figure 5.2.

5.3.1 | Bulk Water Structure

To begin with, we consider the structure of the water network in our solutions and
the perturbations to the structure of pure water due to the presence of additional
solutes in the studied solutions. Structure and interactions within the liquid can

be analysed using the radial distribution function - RDF, or g(r) - a function that
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Figure 5.1: Measured (solid lines) and simulated (dash-dotted lines) structure factors
F(Q) for aqueous solutions containing (a) TMG + KCI and (b) TMG + NaCl (right).
Top: Structure factors obtained from neutron diffraction in seven isotopic contrasts; each
dataset is vertically shifted by 0.5 for clarity. Bottom: Structure factor obtained from
X-ray diffraction.

describes the likelihood of finding an atom of type B at a distance r from a reference

atom A, normalised by the mean density of the system. The RDF's that describe the
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Figure 5.2: Snapshot from the refined configuration of the TMG and KCI solution. Atom
types: C - grey; H -white; O - red; N - blue; K - purple; Cl - green. Atomic radii are not
to scale.
intermolecular correlations between water molecules in both KCI and NaCl solutions
are shown in Figure 5.3 alongside literature data for pure water.!%? The differences
between the calculated RDFs for the KCl- and NaCl-containing solutions appear
negligible. The figures each display two RDFs that are significant for characterising
water-water correlations. The first is calculated from one oxygen atom to another
oxygen on a different water molecule, indicative of the correlations between the
centres-of-mass of water molecules; the second considers correlations between the
oxygen atoms of a reference water molecule and the hydrogen atoms of surrounding
molecules, and is informative about the hydrogen bonding structure between water
molecules.

The primary peak in the O-O,, RDF is insensitive to the addition of the solutes
- located at 2.8 A in both pure water and our measurements - and is consistent
with previous literature measurements of salt-containing solutions!™ and molecular
osmolytes including proline.'™ More notable is the disruption to the secondary
peak, located at 4.5 A in pure water but not discernable in the measurements of
our solutions. A variety of effects upon this second O,-O,, peak have been observed
upon addition of solutes to aqueous solutions. In some instances, most notably
upon the addition of monovalent salts, ™7 there is a marked inwards shift of this

peak; to which an equivalence is made to the compression of water structure upon
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(a) (b)

——TMG + KC1 — TMG + NaCl
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Figure 5.3: Intermolecular RDFs g(r) for correlations between atomic sites in HyO for:
(a) the TMG + KCI solution and (b) the TMG + NaCl solution. In each case, the Oy-Oy
(blue) and Oy-Hy, (red) correlations are shown. The correlations present in pure water
are shown as dotted lines, reproduced from Soper. 3 Only correlations between atoms in
different water molecules contribute to the displayed functions. For clarity, the functions
have been vertically shifted.

the application of a large external pressure.'®®®l A similar inward shift of this
second peak was also observed upon the addition of TMG on its own to an aqueous

92 in contrast to the observation made upon the addition of TMAQO which

solution, !
was able to resist these pressure or salt-induced perturbations to the structure of
water, shifting this peak outwards to larger distances."!9 It is difficult to discern
a second peak in our case, similar to the flattening of the peak observed for solutions
containing other large solutes such as proline or tert-butyl alcohol. ™19 Consistent
with these previous studies, we do not notice any significant changes to the O-
H,, RDF relative to pure water upon addition of the solutes. This RDF has a
primary peak at 1.9 A, corresponding to the length of the hydrogen bonds between
water molecules. Overall, this set of RDFs are indicative of a water hydrogen bond
network that remains intact but is distorted due to an insufficient number of water

molecules present to form a coordination shell beyond the first without other species

also present.
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Further characterisation of the bulk water structure can be performed by cal-
culating the water dipole angle distribution of molecules around a reference water
molecule. In the context of the bulk water structure, one can calculate the distribu-
tion of water dipole angles hydrating a central, reference water molecule. This angle
is defined as that between the vector connecting the oxygen atom of a reference water
molecule and the oxygen of a hydrating water molecule, and the vector correspond-
ing to the dipole moment of the water molecule. The distribution is presented in
Figure 5.4. It is clear that this distribution is bimodal: there is one peak centred on a
dipole angle of 48.5° and a second, broader peak centred on 147.5°. The peak at the
smaller angle corresponds to the central water molecule accepting a hydrogen atom
from a surrounding molecule, and that at the larger angle corresponds to the central
molecule donating a hydrogen to a surrounding water. This bimodal distribution is
therefore consistent with water molecules being both hydrogen bond-acceptors and

donators, and an analogous distribution for pure water would be expected.
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Figure 5.4: Distribution of the dipole angles for water molecules hydrating a reference
water molecule. This angle is defined as the angle between the vector connecting the
oxygen atom of a reference water molecule and the oxygen of a hydrating water molecule,
and the vector corresponding to the dipole moment of the water molecule. Distributions
are shown for the TMG + KCI (solid line) and TMG + NaCl (dashed line) solutions,
which are shifted for clarity.

The water self-coordination numbers also yield a valuable insight into the water
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network. These and all other coordination numbers in this chapter were calculated
using the Dissolve package, by spherically integrating the RDF g¢,5(r) for site

around site a between the limits r; and ry, as described by Equation 5.1:

r2
NS = p/ 4712 gop (r)dr (5.1)

T1
where N? is the coordination number of atom 3 around a central atom «, p is the
number density of atom type § and g, is the radial distribution function (RDF).
In all analysis performed in this chapter, the lower limit of integration r; was set
to zero and the upper limit ro was set to the radial cutoff, the distance at the first
minimum in the relevant radial distribution function, as required to perform the
calculation across the first coordination shell.

In the coordination number analysis performed in this work, the error in the
mean is small owing to the large number of simulation snapshots that contribute
to its calculation. This error is approximately 0.01 for all coordination numbers;
all values are reported to two decimal places to reflect this accuracy. Additionally,
for most coordination number distributions, it is also possible to determine their
standard deviations, a measure of the width of the distribution. These are reported
alongside the mean coordination number where appropriate; however, for coordina-
tion numbers smaller than one it is not meaningful to calculate a standard deviation
as they are not symmetrical distributions, and they are not reported in these cases.

The water self-coordination numbers, calculated using the O-0O, RDF and a
cutoff of 3.4 A, are displayed in Table 5.4. The water self-coordination numbers are
clearly reduced in the presence of solutes relative to pure water; the deviation can
likely be attributed to the fact that the TMG molecules are relatively large and the
concentration of both the TMG and salt solutes are quite high, thus lowering the
number of water molecules solvating another water molecule, consistent with our

conclusions from our studying of the water-water RDF's.
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Table 5.4: Comparison of the water self-coordination numbers in the KCl- and NaCl-
containing solutions, calculated from the Oy-Oy RDFs in Figure 5.3. fThe pure water
coordination number is reproduced from Soper. '8

Solution Coordination Number Cutoff r / A

Pure water! 4.67 3.4
TMG + KCI1 3.99 (1.19) 3.4
TMG + NaCl 4.10 (1.16) 3.4

5.3.2 | TMG Hydration Structure

We now turn to study the solute-solvent interactions in our solutions, analysing first
the hydration structure of our osmolyte, TMG. The unique hydration structure of
TMG resulting from its antagonistic dipolar and hydrophobic properties is thought
to contribute to its stabilising effect on biomolecules.'® We consider correlations
between TMG and surrounding water molecules, centred on two contrasting sites
on the osmolyte molecule: first, the anionic, carboxylate group, where correlations
are calculated from the carboxylate oxygen atoms (O); and second, the cationic,
quaternary ammonium group, where correlations are calculated from the methyl
carbon atoms (Cy,).

Considering first the carboxylate-water interactions, the O-O,, and O-H,, RDF's
are displayed in Figures 5.5 (a) and (b), respectively. As expected from a nega-
tively charged, hydrophilic carboxylate group, our RDFs illustrate a strong hydro-
gen bonding environment, with a well-defined, sharp peak in both the O-O,, and
O-H,, RDFs. The primary peak in the O-H,, RDF is located at 1.8 A, the hydrogen
bond distance between TMG and water. This hydrogen bond is shorter than that
observed between water molecules (shown in Figure 5.3), which suggests that the
interaction between TMG and water is potentially slightly stronger than the hydro-
gen bonds between water molecules themselves in this solution. This increase in
strength can be attributed to the negatively charged carboxylate oxygens, and has
been observed in previous neutron scattering structural studies of aqueous solutions

containing osmolytes including both TMAO or TMG. 174192196
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Figure 5.5: (a) O-Oy and (b) O-Hy, RDFs, shown for the TMG + KCI (solid line) and
TMG + NaCl (dashed line) solutions. (Note, the solid and dashed line are almost exactly
on top of each other for both panels.)

Next, we consider the trimethyl ammonium-water interactions. The calculated
Cm-Oy and Cy-Hy, RDFs are displayed in Figures 5.6 (a) and (b), respectively.
These RDFs display clear peaks, although the primary peaks - located at 3.6 A for
C,,-O, and 3.9 A for C,-H,, - are notably broader than those in the carboxylate-
water RDFs. Although the two RDFs are more qualitatively similar than those
presented for the carboxylate oxygen analogues, the slight difference in the primary
peak position implies a net favourable orientation of water molecules to point their
oxygen atoms towards the methyl group. This observation suggests that the water
molecules are somewhat oriented due to the presence of the positive charge on the
TMG nitrogen atom, and as such the interaction between the TMG quaternary
ammonium group and surrounding water molecules is not purely hydrophobic at
this moiety. Similar observations have been made previously in molecular dynamics

195,197

simulations of aqueous TMG solutions. This difference implies that the water
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molecules surrounding the carboxylate group are more strongly ordered than those
surrounding the methyl groups: something that is to be expected between more

hydrophilic or hydrophobic regions of an osmolyte molecule.
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Figure 5.6: (a) Cy,-Oy, and (b) Cp,-Hy RDFSs, shown for the TMG + KCI (solid line)
and TMG + NaCl (dashed line) solutions. (Note, the solid and dashed line are almost
exactly on top of each other for both panels.)

The TMG hydration coordination numbers calculated from both sets of TMG-

H>O RDFs in Figures 5.5 and 5.6 are displayed in Table 5.5.

Table 5.5: TMG-water coordination numbers in the KCI- and NaCl-containing solutions
calculated from the RDFs in Figures 5.5 and 5.6.

Environment ~ Coordination Number Cutoff r / A

0-0,, (KCl) 2.67 (0.84) 3.3
0-O,, (NaCl) 2.70 (0.86) 3.3
Cr-O, (KCI) 7.72 (1.55) 46
Cr-O, (NaCl) 7.75 (1.57) 46

102



CHAPTER 5. BULK STRUCTURE AND ION EFFECTS IN ZWITTERION
SOLUTIONS

This orientational geometry can be further interrogated by calculating the water
dipole angular distribution for the hydrating water molecules at the two sites, which
are displayed in Figure 5.7 and are analogous to the distribution in the previous
section when we were considering water-water interactions. In these distributions,
the angle is calculated between one vector connecting an atomic site on the TMG
molecules - either the carboxylate oxygen or the methyl carbon - and the oxygen
of a water molecule, and another vector directing along the water dipole moment.
Again, only water molecules located at smaller distances than the first minimum on

the TMG-water RDF contribute to the distribution.
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Figure 5.7: Distribution of the dipole angles for water molecules hydrating (a) the TMG
carboxylate group or (b) TMG methyl group. This angle is defined as the angle between
the vector connecting (a) a carboxylate oxygen or (b) methyl carbon and the hydrating
water molecule, and the vector corresponding to the dipole moment of the water molecule.
Distributions are shown for the TMG + KCI (solid line) and TMG + NaCl (dashed line)
solutions.

In Figure 5.7 (a), the distribution contains a single sharp maximum located at
47.5°, characteristic of the hydrogen bond-accepting properties we inferred from the
TMG-H,O RDFs (Figures 5.5 and 5.6) and that we might expect for a negatively
charged, hydrophilic moiety. This peak is indicative of a hydrating water molecule
geometry where it is pointing one of its hydrogen atoms towards the carboxylate

oxygen. It is worth comparing these results to the analogous distribution for the
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water-water interactions we displayed previously in the discussion of the bulk water
structure. That distribution (Figure 5.4) contained two peaks rather than the single
peak seen here. This difference can simply be ascribed to the water molecules acting
as both hydrogen bond-donators and acceptors where the TMG carboxylate group
can only accept hydrogen bonds. However, we also note a small peak at ~140° for
the NaCl system, which is not the case for KCl. We will return to this later, after
considering the TMG-ZCI interactions.

Turning to the water dipole angle distribution around the methyl group in Figure
5.7 (b), the distribution again contains a single peak, but it is instead located at an
angle of 109.5° and is much broader. As we inferred from the TMG-H,O RDF's, de-
spite the more hydrophobic nature of the methyl groups there is still some ordering
of the hydrating water molecules around this region of the TMG molecules owing
to the positive charge on the nitrogen atom. This angular distribution is consistent
with this picture as it suggests that the water molecules orient their hydrogen atoms
away from these methyl groups, instead orienting their oxygen electron density to-
wards to the positively charged region of the zwitterion. The increased width of the
distribution relative to the carboxylate analogue can be easily explained through
the fact that this functional group would not be expected to hydrogen bond with
the surrounding water molecules, and as such there is much more disorder present
in this angular distribution.

The RDF's presented in this section are largely similar in nature when compared
to the literature results with no salt present. It is clear, therefore, that the presence of
salt in the solution does not have significant implications for the hydration of TMG,
and the osmolyte is able to retain its hydration shell even at high concentration, in

agreement with predictions from simulation.!™
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5.3.3 | Ion Hydration Structure

The next structural aspect of our solution that we will consider will be the hydration
structure of the monovalent ions in our solutions, namely potassium or sodium
cations and chloride anions. We will begin this aspect of the structural interrogation
by considering the RDF's calculated between the cation Z (either K or Na) and the
water oxygen and hydrogen, displayed in Figure 5.8 (a); and equivalently for the

chloride anion in both solutions, displayed in Figure 5.8 (b).
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Figure 5.8: (a) Cation-water and (b) anion-water RDFs, shown for: ZT = K™ (solid line)
and ZT = Na™' (dashed line). The RDFs calculated between the ions and O, are shown in
red and Hy, in blue; these functions have been shifted for clarity. The anion-water RDFs
in (b) are almost completely overlapping for ZT = K™ and Na™.

The ion-water RDFs are consistent with the results obtained from structural
studies upon aqueous solutions containing only monovalent ions from Mancinelli et
al.'™ The position of the primary peak in the K-O,, RDF can be found at 2.7 A, and

at 2.3 A in the Na-O,, RDF. Similarly, the position of the primary peak in the Cl-H,,
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RDF can be found at 2.2 A. In their work, Mancinelli et al. observe that the primary
peak position of these RDF's is insensitive to the ion concentration, even if the peak
intensity and water coordination number is indeed sensitive to concentration. Our
results are consistent with this, and demonstrate that these peak positions are also
insensitive to additional osmolyte co-solutes present in the solution. From Figure
5.8 (b), it is clear that the hydration structure of the chloride anion is unaffected by
the identity of the cation.

All cation- and anion-water coordination numbers are displayed in Tables 5.6
and 5.7, which satisfactorily reproduce the weakly concentration sensitive results

reported by Mancinelli et al.'™

Table 5.6: Cation-water coordination numbers in both the KCl- and NaCl-containing
solutions calculated from the RDFs in Figure 5.8 (a). Water oxygen-cation (Oy-Z) coor-
dination numbers are also displayed for later comparison with TMG oxygen-cation inter-
actions.

Environment Coordination Number Cutoff r / A

Ou-K 0.20 3.5
Oy-Na 0.18 3.2
K-O,, 5.58 (1.26) 3.5
Na-O,, 4.86 (1.21) 3.2
K-H,, 16.04 (2.34) 4.1
Na-H,, 12.34 (2.31) 3.7

Table 5.7: Anion-water coordination numbers in both the KCI- and NaCl-containing
solutions calculated from the RDFs in Figure 5.8 (b).

Environment ~ Coordination Number Cutoff r / A

Cl-0,, (KCI) 6.59 (1.16) 3.8
Cl-H,, (KC1) 6.08 (1.19) 2.9
Cl-O,, (NaCl) 6.87 (1.04) 3.8
Cl-H,, (NaCl) 6.25 (1.11) 2.9

Further analysis of the ion hydration structures can be performed by calculat-

ing the water dipole angle distribution of molecules hydrating a central ion. This
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distribution was calculated for all ion species - KT, Na™ and Cl™ - by considering
all of the hydrating water molecules in the first coordination shell of each ion. The
results for the potassium and sodium cations are displayed in Figure 5.9 (a), and
those for the chloride anions in Figure 5.9 (b). Comparing the distribution for the
two cations, we find a tighter distribution in the case of Na relative to that of K,

implying a more disordered hydration structure around the K cation than for Na.
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Figure 5.9: Distribution of the dipole angles for water molecules hydrating a central
potassium or sodium cation (a) or chloride anion (b) within the first hydration shell of the
ions. Data for the KCI- and NaCl- containing datasets are shown with solid and dashed
lines, respectively. This angle is defined as the angle between the vector connecting the
ion and the hydrating water molecule, and the vector corresponding to the dipole moment
of the water molecule.

Combined, these results imply a difference in the hydration structures of the
K and Na cations. Similarly to literature results, we find a tighter, more ordered
distribution of water molecules surrounding the Na cation relative to that of the K
cation which has a more disordered hydration structure, owing to the differences in
ionic radii and charge density of the two ions. The sodium ion is smaller than the
potassium, allowing water to approach more closely and giving rise to a more tighter
coordination and thus a narrower angle distribution.

With regard to the hydration of the chloride anions, both the chloride-water

RDFs (Figure 5.8) and the water dipole angle distribution in the first hydration
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shell (Figure 5.9), it is evident that the structure of the hydration shell is largely
independent of the cation, whether it be potassium or sodium. In both cases, the
water dipole angle distribution has a maximum at 47.5°, as would be expected for
a water molecule which is pointing its hydrogen atoms towards the hydrated ion
and equivalent to that at the maximum of the dipole angle distribution for water

molecules hydrating a TMG carboxylate oxygen atom in Figure 9.

5.3.4 | TMG-Ion Binding

Next, we will concentrate on the nature of association of the cationic species in our
solution and the TMG osmolyte molecules. RDFs illustrating correlations between
the TMG oxygen atoms (O) and the potassium or sodium cations (Z*) are displayed
in Figure 5.10. The sharp primary peak for both cations, located at 2.6 A for the
O-K RDF and 2.3 A for the O-Na RDF illustrate a strong coordination between
the TMG oxygen and the solution cations. These RDFs are largely reminiscent of
the Z-O,, RDFs we presented earlier in this chapter (Figure 5.8), showing an initial
peak that is taller and at smaller distances in the O-Na RDF relative to the O-K
RDEF: a difference that can again be attributed to differences in the ionic radii of
the two cations. The relevant coordination numbers obtained from these TMG-ion
RDFs are reported in Table 5.8 and reveal similar numbers for both cations. The
taller peak in the O-Na RDF is therefore indicative of a tighter distribution for the
coordination of Nataround the TMG carboxylate group relative to the analogous
K" coordination.

Table 5.8: Comparison of the TMG oxygen-cation (O-Z) coordination numbers in both
the KCI- and NaCl-containing solutions calculated from the RDFs in Figure 5.10.

Environment Coordination Number Cutoff r / A

0O-K 0.31 3.5
O-Na 0.34 3.2
K-O 0.54 3.5
Na-O 0.75 3.2
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10

Figure 5.10: TMG oxygen-cation (O-Z) RDFs. The O-K (solid line) and O-Na (dashed
line) distributions are shown.

Whilst the TMG O-Z RDFs illustrate a well defined coordination of cations
to the oxygen atoms, the coordination numbers of ~ 0.3 for both cations appear
to illustrate that this coordination is not strongly favoured. However, carboxylate
oxygens are outnumbered by water oxygens by 14 to 1, which themselves have a
coordination number of ~ 0.2 for both cations - displayed previously in Table 5.6
- thus demonstrating a preference for TMG-cation coordination compared to pure
hydration.

We note greater distinction between the two cationic species by considering the
Z-O coordination number. K™ has a CN of 0.54 with the TMG oxygen compared
to 0.75 for Nat. Given the similarity between the O-Z coordination numbers for
the two cationic species, this suggests either that the sodium ions are more likely to
coordinate to both TMG oxygens at the same time (i.e. bidentate coordination) than
potassium, or that they are more likely to be shared between two TMG molecules.

In order to differentiate between monodentate and bidentate coordination, in
Figure 5.11 we display the distribution for the angle formed between a vector di-
recting from the cation to the centre of mass of the two carboxylate oxygen atoms,
and another vector directing from this centre to the carboxylate carbon atom. This
distribution was calculated for all cations found within distances from carboxylate

oxygen atoms up to the first minimum in the O-Z RDFs (Figure 5.10). Both K™ and
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Figure 5.11: Distribution of the binding angles for potassium (solid line) or sodium
(dashed line) cations coordinating to a TMG carboxylate group. This angle is defined
as the angle between the vector connecting the cation and the centre of mass of the
two carboxylate oxygens, and the vector connecting the same centre of mass and the
carboxylate carbon atom (i.e. parallel to the dipole moment of the carboxylate group).

Na' ions are most likely to be located at binding angles of 180° (that is, equidis-
tant to the two oxygen atoms), consistent with a bidentate binding geometry at the
carboxylate group. We also note that the sodium ion distribution displays a tighter
distribution about the modal angle relative to that of potassium. We interpret this
to be indicative of sodium ions being bound more tightly to the carboxylate group
and more often found in bidentate configurations than potassium ions, consistent
with predictions from simulations,!™® while the weak shoulder around 130° that is
more pronounced for potassium is representative of some monodentate coordination.

We also attribute this highly localised sodium to the differences we previously
observed in the distribution of dipole angles for water molecules hydrating the TMG
carboxylate group (Figure 5.7 (a)). As a reminder, the noted differences were in
regard to the small peak at ~ 140° present for the NaCl system, but not for KCI.
The tightly-bound sodium can, in effect, fulfil the role of a pseudo-cationic group for
the TMG molecule which can in turn coordinate with the water oxygen atom. It is
likely that potassium fulfils a similar function, but due to being much less localised,

this is not visible in the dipolar angle distribution.
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5.3.5 | Ion Total Coordination Environments

For completion, it is worth considering the total coordination environments of the
cations, i.e. from both TMG and water oxygen atoms. Running coordination num-
bers, 7.e. as a function of radial distance, were calculated from the relevant pair
distribution functions for various ion-oxygen interactions, and are displayed in Fig-
ure 5.12. These were calculated for the TMG oxygen-cation (O-Z) interaction and
the reciprocal Z-O interaction, shown in Figures 5.12 (a) and (b), respectively. They
were also calculated for the cation-water oxygen (Z-Oy,) interactions (Figure 5.12
(c)) and the total cation-oxygen coordination, Z-(O+4Oy) (Figure 5.12 (d)), calcu-
lated from the sum of Figures 5.12 (b) and (c). In all of the figures, vertical lines
illustrate the radial cutoff distances used to determine absolute coordination num-
bers in the first coordination shell. These were set to 7 = 3.5 A for Z = K, and r =
3.2 A for Z = Na, the distance at the first minimum in the relevant pair distribution
functions. Due to the flatness of the running CNs around the radial cutoff values,
the reported CN is largely independent of whether the specific O-K or O-Na cutoff
distance is used. For example, if the O-K cutoff was used for the O-Na calculation,
and vice versa, the difference in the resulting O-Z CNs is small (~ 0.02).

Figure 5.12 (b) illustrates the enhanced coordination of TMG oxygens around
sodium ions relative to potassium ions, along with the increased compactness of the
coordination shell. The total coordination of oxygen atoms around the ions shown
in Figure 5.12 (d), from both TMG and water molecules, also reflects this differ-
ence. Whilst it may be expected that potassium ions should have a larger oxygen
coordination number than sodium, it has been shown that these values decrease
and converge at increasing ion concentration.!™!%® Additionally, the presence of
TMG further increases the similarity of these coordination numbers, as the biden-
tate carboxyl oxygens can sit closer together than two separate water oxygens (~
2.1 A compared to ~ 2.8 A), an effect more pronounced for sodium, as described

previously.
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Figure 5.12: Running coordination numbers (CN) as function of radial distance r for
ion-oxygen interactions, shown for potassium (solid line) and sodium (dashed line) ions.
The functions are shown the following interactions: (a) O-Z, (b) Z-O, (c¢) Z-Oy, and (d)
Z-(04+0Oy). In each case, vertical dotted lines are shown at the radial cutoff values to
illustrate the determined coordination number; r = 3.5 A for Z = K, and r = 3.2 A for Z
= Na.

5.3.6 | TMG-TMG Correlations and Ion-Mediated Clusters

We next consider correlations between TMG species themselves. The calculated
TMG-TMG RDFs are displayed in Figure 5.13. A comparison between the O-
O RDFs in the presence of KCIl and NaCl is shown in Figure 5.13 (a), and the
remaining functions for a variety of correlations calculated from the two solutions
are shown in Figure 5.13 (b).

The O-O RDF in the NaCl reveals two distinct peaks at distances of 3.4 A and
4.4 A, in contrast to the single shoulder at a distance of 4.3 A when KCl is present.
This latter case is more similar to results from a previous study by Gioacchino et
al. determining the structure of a TMG-containing aqueous solution with no salt
present.'¥? In this work, a single peak at 4.1 A was reported in the O-O RDF,
attributed to water-mediated association of TMG molecules via their carboxylate

groups. In the presence of NaCl, we attribute the O-O correlation peak at smaller
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(a) (b)

Figure 5.13: TMG-TMG RDFs calculated for a selection of intramolecular interaction
sites. (a) Comparison of the O-O correlations in the presence of KCI (blue) and NaCl
(red), vertically shifted for clarity. (b) N-N (blue), H-H (grey), N-O (purple) and O-H
(brown) RDF's, calculated for the TMG + KCI (solid line) and TMG + NaCl (dashed line)
solutions. H sites are considered on the trimethyl group only. For the N-N correlations,
an additional dotted line for the case with no salt present is shown for comparison, from
Gioacchino et al.1%?

distances to the formation of ion-mediated correlations between TMG molecules;
the tight-binding between the ions and the TMG carboxylate group reduces the
distance between carboxylate oxygen atoms on different molecules, relative to the
case with no salt. We infer from the presence of the double peak in the presence of
NaCl that the Na-mediated association of TMG is more ordered and tightly bound
than the K-analogue. This is supported by Figure 5.11, the previously discussed
binding angle distributions of cations coordinating to the TMG carboxylate group,
which indicated similar sodium localisation.

In the context of understanding TMG-TMG associations, it is also worth consid-
ering the N-N RDF shown in Figure 5.13 (b), which displays two distinct peaks at

6.5 A and 8.8 A. These results are qualitatively similar to the double peak reported
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Figure 5.14: Schematic of TMG cluster geometries: (a) head-to-tail and (b) head-to-
head.
for the case with no salt,'”? where the peak at a smaller distance is attributed to
direct TMG-TMG chain configurations driven by electrostatic interactions due to
opposite charges on the N and O sites, owing to its zwitterionic character (i.e. head-
to-tail clustering). The peak at the larger distance was attributed to the presence of
water-mediated association of TMG molecules, as we discussed previously; which,
in our case, now includes ion-mediated associations (i.e. head-to-head clustering).
Schematic geometries of these head-to-head and head-to-tail correlations are shown
in Figure 5.14. It is interesting to note in the N-N RDFs that the second of these
peaks is significantly smaller in height than the first with no salt present, whereas we
observe a peak much more similar in height from our results in the presence of KCI
or NaCl. We can obtain a measure of this by comparing the coordination number of
each peak. For the case with no salt'%? the coordination number of the second peak
is 2x larger than for the first, while for KCl it is 2.6x larger and for NaCl 2.9x
larger (although we emphasise that in all cases similar N-N distances can be ob-
tained through other means as well, e.g. from molecules located side-to-side rather
than end-to-end, so are not indicative of of the absolute ratio of head-to-head versus
head-to-tail correlations). From these results we infer a significantly increased likeli-
hood of TMG-TMG association via an ion-mediated carboxylate interaction rather
than a head-to-tail chain interaction driven by the TMG zwitterionic character.
Next, we further investigate these inferences via a cluster analysis, quantifying
the size of TMG clusters where the TMG oxygen to oxygen distance cutoff is set
at 4.9 A, obtained from the second minimum in the O-O (NaCl) RDF in Figure
5.13 (a). Here, we employ a method used previously to study clustering and perco-

lation in a number of experimental systems, including ionic liquids,'®® calculating
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the probability P(n) of finding a molecules of a specific type within a cluster of size
n. In Figure 5.15 we show this cluster analysis for TMG-ion clusters in KCI- and
NaCl-containing solutions, where the reported probability is scaled by the calculated
percolation threshold P*(n) = P/P,, in order to ensure that the identified clusters

are statistically significant, and not due to random fluctuations. The threshold is

1

given by P, = an™!? where the exponent arises from the universal Fisher exponent,

calculated for a three-dimensional system of non-interaction spheres and which is

200,201

independent of any lattice geometry and « is a normalisation factor.
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Figure 5.15: Normalised distribution function for finding clusters of TMG molecules
of size n, calculated by considering O-O correlations with a radial cutoff at 4.9 A. The
reported probability P*(n) is the calculated probability of finding a cluster of size n in the
box, scaled by the percolation threshold P, (n).

The analysis reveals a TMG population dominated by monomers (individual
TMG molecules), followed by dimers (water or ion-bridged TMG pairs, such as the
example shown in Figure 5.16) and finally trimers. Unlike the differences we observe
in the O-O RDFs, there is no significant difference in the extent of association across
the two salt solutions. Other clusters of size n > 4 were found in both salt solu-
tions, typically with greater frequency in NaCl, suggesting more extensive large scale

structure than for KCI. However such structures were only statistically significant
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for n = 4 - that is, larger assemblies were also detected but with probabilities lower
than the percolation threshold and thus no more likely than might be expected from

random fluctuations.

Figure 5.16: An ion-mediated TMG dimer found in the simulated structure. For em-
phasis, bonds are shown between the O and K atoms. Atom types: C - grey; H - white;
O - red; N - blue; K - purple.

Therefore, even though the structure of such associates is seen to vary with ion
identity, 7.e. more ordered TMG-ion and TMG-TMG correlations in the presence of
sodium, the size of the associates does not change dramatically. This is supported by
Figure 5.13 (b), which shows similar second peak heights in the N-N RDF indicat-
ing similar coordination numbers. However, we emphasise that neither the cluster
analysis nor the RDF strictly captures the shape or stability of any aggregates. It
may be that one ion species creates more long-lived, more compact or more or-
dered aggregates. It also does not distinguish between head-to-head configurations
brought about by ion-bridging and those brought about by water-bridging, which
are still likely to occur.

To establish the organisation of any TMG clusters, we instead turn to the spatial
density function (SDF), which can be used to illustrate the most likely locations for
finding a species of interest around a central reference site. These functions are
usually displayed as surfaces where the probability of finding a surrounding species
is beyond a certain threshold; other conditions can also be applied, such as specific

molecular orientations.
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SDFs calculated for specific TMG-TMG orientations are shown in Figure 5.17,
and support the idea that the zwitterion-ion clusters are more compact in the pres-
ence of sodium than for potassium. The most likely location for a TMG molecule
next to another TMG molecule is highly localised at the carboxylate group for
sodium chloride, but is much less localised for potassium chloride, forming off-axis
diffuse lobes either side of the carboxylate group in addition to a weaker on-axis
lobe (Figures 5.17 (a) and (d)). By only considering TMG molecules oriented par-
allel or anti-parallel to each other, we can draw a further distinction between the
two cationic species. For sodium, the SDF maxima is also the antiparallel SDF
(i.e. head-to-head) maxima, and there is also a ring around the quaternary am-
monium, suggesting side to side head-to-tail localisation (Figures 5.17 (c) and (e)).
For potassium, the anti-parallel SDF is similar in character to the sodium, but the
head-to-tail ring is broader (Figures 5.17 (c¢) and (f)). One might expect the cationic
species to play no role in the head-to-tail interaction, but in fact for the potassium
ion this ring is at larger distances (Figure 5.17 (c)). This could be due to presence
of off-axis head-to-head TMG at the carboxylate group for potassium versus on-axis
head-to-head TMG for sodium, resulting in a different overall coordination struc-
ture. On the other hand, we see little difference between the parallel SDF between
the two cationic species (Figures 5.17 (b), (e) and (f)). In both cases the most
likely locations are off-axis, whether at the carboxylate or quaternary ammonium
group, less well defined than the anti-parallel SDFs and at very similar distances.
This supports the idea that the cationic species plays little role in head-to-tail chain
formation, which does not need to be propagated via an intermediate species. This
analysis also emphasises the clear role of cationic species in forming head-to-head
clusters: if these correlations were primarily mediated by water molecules, we would
expect little difference in the SDFs between the two salt species.

Our experimental results thus confirm the presence of TMG-ion associates in

solution, giving credence to the idea that TMG molecules can retain inorganic ions
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in close proximity, potentially imparting protection from the salting out of proteins

or biomolecules.

(a) 5
-

Figure 5.17: TMG carboxylate — TMG carboxylate SDFs, showing most likely locations
for: (a) all orientations for both NaCl (light blue) and KCl (dark blue); (b) parallel orien-
tation for NaCl (pink) and KCI (white); (c) antiparallel orientation for NaCl (yellow) and
KClI (red); (d) same as (a) but different orientation; (e) NaCl, for all orientations (blue),
antiparallel (red) and parallel (white); (f) KCl for all orientations (blue), antiparallel (red)
and parallel (white). Isosurfaces are drawn of the 10% most likely configurations of car-
boxylate centres-of-mass.

5.4 | Summary

In this chapter, we have used a total scattering approach to determine the struc-
ture of mixed osmolyte-ion solutions, revealing molecular-level details including
osmolyte-ion interactions and clustering. Specifically, we study solutions containing
the common osmoprotectant, trimethylglycine (TMG), in the presence of either KCl1
or NaCl as a co-solute. We employ H/D isotopic substitution to generate multiple
neutron scattering contrasts in addition to a further X-ray contrast, and perform
structural determination with an Empirical Potential Structure Refinement (EPSR)
approach using the Dissolve package.

Using the empirically refined structure, we analyse various properties concern-
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ing the solution structure, including the bulk water structure, solute hydration and
solute-solute interactions, for both the zwitterionic and ionic solutes. In particular,
we reveal some interesting details concerning the nature of TMG-cation interactions,
observing that the carboxylate group exhibits clear binding to the cations in the so-
lution, promoting strong head-to-head TMG-TMG correlations via bridging ions.

t,192 where head-to-tail dipolar chain corre-

This contrasts to the case with no sal
lations dominate, with weaker head-to-head correlations also present, mediated by
hydrogen-bonded water. Sodium ions appear more highly localised than potassium
ions, both in terms of distance to the carboxylate oxygen atoms and the distribution
of angles with which they bind, owing to the difference in ion size and preference
for bidentate coordination. This difference also enables more structurally ordered
TMG-TMG associates in the presence of sodium ions, observed from the clear struc-
turing in the TMG O-O radial distribution function, in the TMG carboxylate-water
dipolar angle and most significantly in the TMG-TMG SDFs.

The observation of osmolyte-ion binding has implications for the role of TMG as
an osmoprotectant in the cellular environment, providing mechanistic detail for the
protection of proteins and other biomolecules from an excess of salt in the cytosolic
fluid, and the bioavailability of these metabolically valuable molecules. Larger, more
stable aggregates might help suppress the harmful effect of osmotic stress, at the
expense of withholding them from metabolic processes. Taken together, we observe
that the TMG-TMG coordination and the hydration of the TMG carboxylate group
are not only influenced by the addition of salt, but show strong cation species de-
pendence. The results from this chapter demonstrate the complex relationships that
dictate self assembly and solvation structure in cytosol solutions, and highlights the
role of zwitterionic osmolytes in ion-containing solutions alongside their other os-
moprotective mechanisms, such as their ability to maintain water structure at high
pressure, and their capacity to interact with, and modulate interactions between,

biological surfaces.



6 | Interactions Across Protein Sta-
bilising and Destabilising Osmolyte

Solutions

6.1 | Background

In addition to tuning the cellular osmotic pressure, some osmolytes that are accu-
mulated in the cytosolic fluid of certain organisms possess the advantageous abil-
ity to stabilise the folded state of biomolecules such as proteins, including pro-
line, trimethylglycine (TMG)?%2 and trimethylamine N-oxide (TMAOQ).?% TMAO,
a common protein-stabilising osmolyte whose molecular structure is displayed in
Figure 6.1 (a), is considered by many to be a unique osmolyte, as unlike others, it
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is frequently found in nature alongside a protein destabiliser.*”* Perhaps the most

notable destabilising agent is urea, a small molecule whose molecular structure is

displayed in Figure 6.1 (b), which is known to play a significant role in physiologi-

05 07

cal processes, 2% serving as a nitrogen source?’® and controlling osmotic pressure. >
Hydrostatic pressure can also induce destabilisation, yet deep sea organisms have
evolved to survive in such extreme environments including the Mariana Trench,
where the maximum known depth is around 11 km at which hydrostatic pressures
reach 1.1 kbar.?%® Much attention has been paid to the ability of TMAO to act as

a ‘piezolyte’, i.e. a molecule that can resist such pressure-induced changes.!'%

(a) (b)
o) O
|
N-'i-' 1y )J\
»

HoN" NH,

Figure 6.1: Molecular structures of (a) TMAO and (b) urea.

-~
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TMAO and urea are often found together in the cytosol of marine organisms.
For example, in the tissue of southern stingrays (Dasyatis americana), TMAO was
found at a concentration of 0.255 m and urea at a concentration of 0.604 m.!” Across
many organisms, the osmolytes urea and TMAO are often found in a molar ratio
of around 2:1, but this can vary substantially depending on the organism and its
surrounding environment. Most notably, in cartilaginous fish this ratio is greatly
sensitive to the depth below sea level at which they live, decreasing to 0.67:1 in the
deepest species found at a depth of around 2000 meters. 2"

The TMAO-urea model system has been particularly well studied in an attempt
to uncover molecular mechanisms through which these osmolytes can impart protec-
tion upon, or destabilise, cellular macromolecules such as proteins. Such properties
can be seen in how the protein thermal unfolding transition temperature - the tem-
perature at which a protein thermally denatures - varies in aqueous TMAQO or urea
solutions of increasing concentration.?’32% In TMAO solutions, the temperature
at which a typical protein unfolds, or is thermally denatured, rises as the TMAO
concentration is increased; in other words, the protein is stabilised. In contrast,
increasing urea concentrations results in a lower unfolding temperature, 7.e. the
protein is destabilised. Finally, in TMAO-urea mixtures, the unfolding temperature
is found to be less sensitive to osmolyte concentration than either of the individual
cases. The thermal unfolding of a protein is illustrated in Figure 6.2, along with a
plot showing how the unfolding transition temperature Ty, of the enzyme ribonucle-
ase (RNase) T1 varies as a function of osmolyte concentration in TMAQO, urea and

mixed TMAO-urea solutions, adapted from Lin and Timasheff.203

174,175,196 212,213

Through various structural, spectroscopic and computational 214216
studies, a number of mechanisms have been proposed to explain these observations,
invoking both enthalpic and entropic arguments.?'” These include both direct mech-
anisms, where osmolytes can stabilise or destabilise a protein via a direct interaction

either with its backbone or side chains,?'® or indirect mechanisms where the stabilis-
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Figure 6.2: (a) Schematic of a protein thermal unfolding transition which occurs at the
transition temperature Ty,. The image of the protein structure is a cartoon representation
of the S. pombe Pop2p deadenylation subunit created by Debstar and is licensed under
a CC BY-SA 3.0 Licence.?!! (b) Plot showing how the thermal unfolding transition Ty,
of RNase T1 varies as a function of osmolyte concentration in TMAO (e), urea (o) and
mixed TMAO-urea (v7) solutions. This plot is adapted with permission from Lin and
Timasheff.2°3 Copyright (©) 1994 American Chemical Society.

ing effect is instead mediated by the solvent, i.e. the molecular osmolytes modulate
the properties of the solvent surrounding the biomolecules.?'® Despite this, a con-
sensus remains to be reached on some of the mechanistic picture.

Some studies provide evidence supporting an independent-action model, which
suggests that the opposing effects of TMAO and urea are additive, and act via inde-
pendent mechanisms.?2%22! In the case of TMAO, various mechanisms of stabilising
action have been suggested. A common suggestion is that TMAO can act to sta-
bilise folded protein structures through preferential exclusion from a protein surface.
Combined with its hard sphere-like properties such that two molecules do not readily
overlap or associate in solution,??? this exclusion into the surrounding solution re-
duces the space available to the protein. These excluded volume or crowding effects
act to destabilise the unfolded state of a protein which takes up more volume rela-
tive to the more compact, folded state, therefore providing an entropic driving force
for the folding of the protein.?' Additionally, suggested enthalpic stabilising effects
have included its ability to strengthen water structure which can alter the nature of

the protein hydration.!®® On the other hand, urea is thought to denature via pref-
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erential binding to protein backbones with little observed effect on the surrounding
water structure. 223 Various studies challenge this independent-action model, and
suggest that there is instead an interaction between TMAO and urea which could
contribute to the mechanism behind TMAO counteraction of urea. 7212224225 How-
ever, even where works suggest there is a measurable interaction, there is not yet
an agreed picture for the nature of this TMAO-urea interaction. Some propose
an interaction mediated by a hydrogen bond between the TMAO oxygen and urea
hydrogen atoms,??® whereas others suggest a hydrophobic association between the
TMAO methyl groups and urea hydrogen atoms. 22

As we have found in previous chapters, measurements using the surface force bal-
ance allow for the resolution of interactions at the molecular level between charged
surfaces across aqueous solutions. Therefore, this technique has the potential to
contribute new insight into the role of these two opposing osmolytes at charged
surfaces, and their effect on the colloidal interactions between biomolecules in the
cellular environment. The interactions between proteins in real biological environ-
ments are significantly more complex than the solely colloidal interactions that can
be measured using our model system, and results from our apparatus cannot inform
any specific mechanistic details surrounding osmolyte-driven protein folding, or un-
folding, processes. However, the measurements performed between hydrophilic mica
surfaces do have implications for understanding the surrounding electrolyte environ-
ment in which such biomolecules are found and the resulting colloidal contribution
to stability or instability. These can provide an insight to the role of the osmolytes in
modulating solution properties, in addition to any significant behaviour at charged
surfaces. In particular, results from our model system have fundamental significance
for net-negatively charged protein surfaces, with exposed hydrophilic residues. 162
In this chapter, we present direct measurements of the interaction energy between

charged mica surfaces across solutions containing TMAO and urea in dilute, aqueous

KCI electrolytes. We begin by considering solutions containing TMAO and urea
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individually, followed by an investigation of a mixture containing both osmolytes.

6.2 | Experimental Details

6.2.1 | Materials and Solution Preparation

Trimethylamine N-oxide dihydrate (TMAO, Sigma-Aldrich®, > 99.0%), urea (Thermo
Scientific, > 99.3%) and potassium chloride (KCl, Thermo Scientific, > 99.995%)
were used as received. Surface forces measurements were performed across solutions
containing: 0.6 m TMAO, 0.6 m urea, and one containing both 0.6 m TMAO and
0.6 m urea, all with a background KCI concentration of 0.003 m KCI. An additional
measurement was also performed across a higher concentration urea solution (0.9

6.2.2 | Refractive Indices and Hamaker Constants

The refractive indices for the electrolytes were measured using the method outlined
in Chapter 2. The Hamaker constants for all electrolytes reported in this chapter
are shown in Table 6.1, and the displayed relative permittivity of the electrolytes

were estimated using Equation 6.1:

0
€e = € + 5TMAOCTMAO + 5ureacurea + 5KCICKC1 (61)

where € is the relative permittivity of water (78.4), d; is the dielectric increment of
solute ¢ and ¢; is the solute concentration. The dielectric increments were obtained
from literature, and we have taken dryao to be 2.16 / m,?2® §e to be 2.7 / m, 27

and 5KC] to be -8.85 / II1.159

6.3 | Surface Forces Measurements Across TMAO or Urea Solutions

In the following section, we will present various results from surface forces measure-

ments across TMAO-urea solutions, firstly considering solutions containing TMAO
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Table 6.1: Parameters used for Hamaker constant calculations. Concentrations of TMAQO
CTMAO, Urea Cyrea, KCI ckql, refractive index ne, relative permittivity ¢, and Hamaker
constant A are shown.

crMA0 /M Cyrea /M Ckol /M M € AJ107%J
- - 0.003 1.3323 78.4 2.08
0.6 - 0.003 1.3381 79.7 2.00
- 0.6 0.003 1.3374 80.0 2.01
- 0.9 0.003 1.3398 80.9 1.97
0.6 0.6 0.003 1.3429 &81.2 1.93

and urea individually. This allows for the interrogation of the influence of each on
the measured interactions, necessary to form a benchmark to which to compare a

mixture of both osmolytes in a future section.

6.3.1 | TMAO Solutions

The measured interaction potential across an electrolyte containing TMAO (0.6 m)
in a background KCI (0.003 m) electrolyte is shown in Figure 6.3. A repulsion is
observed between the surfaces upon approach from large separations. This repul-
sion increases in magnitude down to distances as close as ~ 3 nm, at which point
attractive forces dominate, causing a spring instability and resulting in the surfaces
jumping together. A deep adhesive minimum is revealed upon retraction of the sur-
faces, where a large force is required for the surface separation, at which point they
jump to large separations. The parameters for the DLVO fit to this measurement
are displayed in Table 6.2. Also displayed for comparison in Figure 6.3 is a measure-
ment across the osmolyte-free, background KCl electrolyte (0.003 m). In a similar
manner to the dilute KCI electrolyte discussed in Chapter 3, data from approach
of the surfaces reveal an electric double layer repulsion at larger surface separations
and a contribution from hydration forces at smaller separations. This measurement
is shown in full, i.e. with data obtained from retraction of the surfaces, in Appendix
C (Figure C.1).

For multiple measurements across the TMAO solution, there are significant fluc-
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4 6 8 10

Figure 6.3: Measured interaction free energy as a function of surface separation across
a solution containing 0.6 m TMAOQO in a 0.003 m KCI background electrolyte. The mea-
surement upon approach of the surfaces is shown in dark green and that upon retraction
is shown in light green. The DLVO fit for this measurement is shown by the blue dashed
curve, parameters for which are displayed in Table 6.2. Also displayed for comparison in
purple is the measured interaction across the osmolyte-free background KCI electrolyte
(0.003 m).

Table 6.2: Parameters used for DLVO fits to the measured interaction free energy across
the TMAO solution shown in Figure 6.3. The fitted effective surface potential 1., Debye
screening length /1]31, charge regulation parameter p, and offset to the zero surface sepa-
ration Dy are shown.

CTMAO/ m Curea/ m CKCI/ m weff / mV HJ]Sl / nm P DO / nm
0.6 - 0.003 80£44 69+1.8 0.63+0.18 0.0=£0.0

tuations in both the magnitude of the repulsive barrier and the depth of the primary
minimum, indicated by the large error in 1.z. A series of runs illustrating these ob-
servations are shown in Appendix C (Figure C.2). As a result the magnitude of
the electric double layer repulsion between the two interactions shown in Figure 6.3
should not be directly compared. These complex variations over a series of runs are
indicative of fluctuations in surface properties that cannot be easily understood. In
contrast, the change in surface separation upon the jump to small separations is

highly consistent between runs (~ 3 nm).

126



CHAPTER 6. INTERACTIONS ACROSS PROTEIN STABILISING AND
DESTABILISING OSMOLYTE SOLUTIONS

6.3.2 | Urea Solutions

Next, we present the analogous measurement containing urea, shown in Figure 6.4,

and the parameters for the DLVO fit are displayed in Table 6.3.
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Figure 6.4: Measured interaction free energy as a function of surface separation across a
solution containing 0.6 m urea in a 0.003 m KCl background electrolyte. The measurement
upon approach of the surfaces is shown in dark green and that upon retraction is shown
in light green. The DLVO fit is shown by the blue dashed curve, parameters for which
are displayed in Table 6.3. The retraction at larger surface separations was recorded on
a different run to the rest of the displayed measurement; due to small differences in the
magnitude of the interaction between runs, the data points for this retraction have been
shifted vertically by -0.16 mJ m~2 to ensure alignment in this feature.

Table 6.3: Parameters obtained from the DLVO fit to the measured interaction free
energy across the 0.6 m urea solution shown in Figure 6.4. The fitted effective surface
potential e, Debye screening length /4351, charge regulation parameter p and offset to
the zero surface separation Dg are shown.

CTMAO/ m Curea/ m CKCI/ m weff / mV 551 / nm p DO / nm
- 0.6 0.003 60 + 8 13.5 +£2.1 0.86 +0.03 0.2+ 0.1

This measurement shows a monotonic repulsion upon approach down to surface
separations of around 2 nm. However, in contrast to the single jump of distance
of several nanometres observed for the TMAO measurement, we observe a series of
three repulsive walls separated by jumps of ~ 0.3 nm. These features are charac-

teristic of a structural, non-DLVO contribution to the overall measured potential.
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Repulsive minima (i.e. when Wis positive) were revealed upon retraction from
the two hard walls at smallest surface separations, with subsequent jumps to larger
separations into the monotonic, repulsive regime. Consistent with these repulsive
minima is the fact that the close surface separations are not reached during this
measurement, contrasting with the previous TMAO solution. Implicit with this is
the presence of a strongly adhered film between the two surfaces which cannot be
expelled across the range of Wl measurable in this experiment.

An analogous measurement obtained for a higher concentration of urea (0.9 m)
is shown in Figure 6.5, and the parameters associated with the DLVO fit for this

measurement are displayed in Table 6.4.
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Figure 6.5: Measured interaction free energy as a function of surface separation across a
solution containing 0.9 m urea in a 0.003 m KCI background electrolyte. The measurement
upon approach of the surfaces is shown in dark green and that upon retraction is shown
in light green. The DLVO fit is shown by the blue dashed curve, parameters for which are

displayed in Table 6.4.

Table 6.4: Parameters obtained from the DLVO fit to the measured interaction free
energy across the 0.9 m urea solution shown in Figure 6.5. The fitted effective surface
potential g, Debye screening length /{51, charge regulation parameter p and offset to
the zero surface separation Dy are shown.

CTMAO/ M Cuyrea/ M Ckel/ M Yeg / MV mf)l / nm D Dy / nm
- 0.9 0.003 51 £ 7 88+09 083 =+0.03 0.7+04
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The measurement across this elevated concentration is qualitatively similar to
that obtained for across the lower concentration. This is most notable for the non-
DLVO, structural contribution, where a similar series of jumps of width ~ 0.3 nm can
again be seen. Slight differences are also observable between the two measurements
including the smallest surface separation which can be reached during a measure-
ment: ~ 1 nm for the 0.6 m urea solution and ~ 2 nm for the 0.6 m solution. This
observation suggests that there is a thicker film that is not expelled from between

the surfaces in the case of the higher concentration solution.

6.3.3 | Discussion

Turning initially to the TMAO solution, significant differences can be seen between
the osmolyte-containing and osmolyte-free measurements both displayed in Figures
6.3. In the TMAO-containing solution, we observe a long-range electrostatic repul-
sion followed by a jump over several nanometres. This is in stark contrast to the
measurement across the osmolyte-free, background KCI electrolyte which displays
structural, hydration forces rather than the jump to small separations. The absence
of these structural contributions in the TMAO-containing solution must arise from
TMAO-induced perturbations to the hydration layers that are otherwise observed.
It is also interesting to note that a similar disruption of the hydration structure was
observed in Chapter 4 for TMG in a dilute KCI electrolyte (Figure 4.9 (a)).

Like other prominent protein-stabilising osmolytes, TMAQO has a molecular struc-
ture which combines a large dipole moment and a hydrophobic group surrounding
the positive end of the zwitterionic molecule, and as discussed previously these an-
tagonistic properties provide a mechanism for their stabilising effects.?® The dipoles
allow the molecules to interact strongly with the surrounding water and are sig-
nificantly hydrated, with TMAO existing effectively as a di- or trihydrate in so-
lution. 174:193:213.228 The hydrophobic groups, on the other hand, prevent significant

interaction between dipoles, and no hydrophobic association is observed between
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TMAO molecules due to the like-charge repulsion. This frustration between the
strongly hydrated dipole and the bulky hydrophobic group potentially and resulting
distortion of the water network potentially lies behind the absence of structural fea-
tures in this measurement, disrupting the near-surface water ordering that would be
observed in the absence of the osmolyte. The absence of any structural features at
small separations also suggests that there is no significant accumulation of TMAO
at the interface.

It is also interesting to note that the DLVO fit to the interaction across the
TMAO solution displayed in Figure 6.3 does not accurately capture the jump to
small surface separations, particularly when compared to similar Type I DLVO-
like measurements discussed in previous chapters. The maximum of the DVLO
fit occurs at smaller distances than the separation at which the jump commences
upon approach: such discrepancy implies the presence of an additional attractive
contribution to the overall interaction that is not captured by the DLVO model.
Since it is not possible to determine the exact form of the attractive interaction
using this technique, we are limited to hypothesising potential sources of attraction.
For instance, if TMAO is indeed expelled from the surface, one source of attractive
may arise from a depletion-like interaction particularly if, as we have previously
suggested, the TMAO strongly coordinates several water molecules at its oxygen
atom, effectively enhancing the size of the TMAO molecule.

The urea solution is more qualitatively similar to that obtained across the back-
ground KCI electrolyte, with measurable hydration forces at small surface separa-
tions as we previously discussed. The presence of urea must therefore be compatible
with the water network for which hydration forces are measurable in the SFB, con-
trary to the frustrating effects of a TMAO molecule. It appears that these obser-
vations are consistent with previously determined influence of urea on the structure
of aqueous solutions, as determined by a variety of methods. For example, Soper

et al. investigated the structure of urea-water solutions using neutron diffraction,
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where it was found that urea molecules were able to readily substitute themselves
into the hydrogen bonding network of water without a significant impact on the

175 This is also consistent with the conclusions of

nature of the bulk water structure.
an NMR spectroscopy study used to determine the dynamics of water molecules and
thus the role of urea and TMAO solutes in modulating the strength of the water
hydrogen bonding network. This study found that the water diffusion coefficient
was much less sensitive to the addition of urea than for TMAO, which decreases
more substantially upon addition. This was taken to suggest that urea plays little
role in altering the strength of the hydrogen bond network, in contrast to TMAO
which results in significant strengthening.??

Whilst it is possible to draw a similarity between the measurements across the
urea solution and the background electrolyte in terms of the presence of hydration
forces, it is difficult to discern any significant information concerning the arrange-
ment of urea molecules at the interface. It is possible that urea forms part of the
film of fluid that cannot be expelled from between the surfaces across the range
of accessible forces, implying a propensity of urea to the charged interface. Stud-
ies have suggested that urea can orient itself with its dipole moment perpendicular
to a charged surface, with the specific orientation dependent on the charge of the
surface.?? Therefore, it is feasible that urea could be adsorbed at the negatively
charged mica surface, most likely with the carbonyl oxygen pointing away from the
surface, i.e. with its dipole moment aligning with the electric field generated by
the interface. Adsorption of urea at the interface may also be consistent with the
difference in the thickness of the film that cannot be expelled from between the sur-
faces at the different urea concentrations. The thicker film in the case of the more
concentrated solution could be due to a more rigidly defined layer of urea molecules,
or even multilayers, at the interfaces. However, no direct evidence can be seen for
the adsorption or orientation of urea from these measurements, and it would be

interesting to elucidate the nature of the surface structure in future investigations,
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such as molecular simulations.

It is also worth briefly returning to the measured ~ 0.3 nm structural features
observed in the urea measurements which, up until now, we have attributed to
water layering. Another possibility arises from a consideration of the molecular
dimensions of urea, known to be approximately 0.5 nm across its two long axes
and 0.3 nm perpendicular to the plane of the molecule, as shown in Figure 6.6.%°
Therefore, it is possible that these features could arise from urea molecules aligning
with their plane parallel to the interface, as this would be compatible with the size

of the observed features, though again no direct evidence can be seen for this.
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Figure 6.6: The molecular dimensions of urea, which are ~ 0.5 nm along its two long

axes in the plane of the molecule, and a short axis of size ~ 0.3 nm perpendicular to the
231

plane.

Overall, it is likely that our observations for the presence of hydration forces in
urea solutions and absence in TMAO solutions are best interpreted through the lens
of previous findings pertaining to the effects of these osmolytes on the structure of
water. The absence of the ~ 0.3 nm structural features at small surfaces separations
in the presence of TMAQ can be attributed to its antagonistic dipolar/hydrophobic
properties, which results in the frustration of the hydrogen bonding network and the
disruption of the near-surface hydration structure that is observed in the background
electrolyte without any TMAQO. The presence of the structural features dominated
by water layering in the urea solution is indicative of the ability for urea to sub-

stitute itself readily into water’s hydrogen bonding network, thus allowing for a
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water-urea mixture to solvate the mica surface in a similar fashion to an aqueous
KCl solution resulting in a qualitatively similar structural features at small sepa-
rations. Schematic cartoons for the surface molecular arrangement and structural

lengthscales observed in the surface forces measurements are displayed in Figure 6.7.

(a) (b)

I
o
@9950 . w8 ® :3: g%’i
UK :.;éo@ 11 ® 9
- Y%t See S - _ o®%i®i®6® L 5 _
AT Aeminlieie
go @8 N e & :&:8@@ @ °

Figure 6.7: Cartoons illustrating the interfacial structures inferred from the surface
forces measurements across (a) TMAO and (b) urea electrolyte solutions.

6.4 | Surface Forces Measurements Across TMAO-Urea Mixtures

In this next section, we present a measurement across a mixture containing equimolal
amounts of both TMAO and urea (0.6 m) in a dilute KCI electrolyte (0.003 m);
the measured interaction potential is shown in Figure 6.8. In a similar manner to
those across the individual TMAO and urea electrolytes, the measured interaction
potential displays a monotonic repulsion down to around 1 nm. At this point a
jump of size ~ 0.3 nm to a repulsive wall is observed, followed by a second jump
of size ~ 0.6 nm to a repulsive wall, the closest point of surface approach. The
initial, smaller jump is of similar size to those seen for the urea system (Figure 6.4);
however, the second, larger jump was not previously seen. Retraction of the surfaces
reveals a slightly adhesive minimum, consistent with close surface contact, but not
as deep as the minimum measured for the TMAO case.

The measurement across the TMAO-urea mixture (Figure 6.8) clearly displays
a compromise between the two single osmolyte scenarios. Upon approach of the
surfaces, the initial measured step of size ~ 0.3 nm is consistent with hydration

layers measured in the urea (Figure 6.4) and KCl-only (Figure 6.3) scenarios. The
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Figure 6.8: Measured interaction free energy as a function of surface separation across
a solution containing equimolal 0.6 m TMAOQO and urea in a 0.003 m KCI background
electrolyte. The measurement upon approach of the surfaces is shown in dark green and
that upon retraction is shown in light green. The DLVO fit is shown by the blue dashed
curve, parameters for which are displayed in Table 6.5. The displayed surface separations
less than zero are due to errors introduced in small alterations to the setup between the
calibration and measurements, such as to the optical path.

Table 6.5: Parameters obtained from the DLVO fit to the measured interaction free
energy across the TMAQO-urea mixture shown in Figure 6.8. The fitted effective surface
potential 1., Debye screening length K}Bl, charge regulation parameter p and offset to
the zero surface separation Dg are shown.

CTMAO/ M CUrea/ M Ckc1/ M eg / MV kp' / nm P Dy / nm
0.6 0.6 0.003 41 + 1 49+ 0.2 0.75+£0.03 -0.740.2

subsequent step of ~ 0.6 nm, rather than further steps of size ~ 0.3 nm, is unique to
this mixture. A potential origin of this structural feature can be found by consider-
ing that this distance loosely corresponds with the size of a urea molecule along the
direction parallel to its dipole moment (one of the long axes in Figure 6.6).21° This
structural feature may therefore arise due to an adsorbed layer of urea molecules,
with their dipole moments aligned perpendicular to the interface as we previously
hypothesised in relation to measurements across the urea solutions. A schematic car-
toon for the surface molecular arrangement with the relevant structural lengthscales

observed in the surface forces measurements is displayed in Figure 6.9.
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Figure 6.9: Cartoon illustrating the interfacial structure inferred from the surface forces
measurements across a mixed TMAQO-urea electrolyte solutions.

In addition to our previous suggestion that TMAO can frustrate the near-surface
hydration structure, which may also account for some of the observable differences
between the urea solution (Figure 6.4) and the TMAO-urea mixture (Figure 6.8), it
is also worth considering the potential role of interactions or synergies between the
two osmolytes. As described previously, there is an increasing body of evidence sug-
gesting that there is indeed a non-negligible, favourable interaction between TMAO
and urea, though as discussed, there is little consensus on the strength and nature of
such an interaction. There is also some evidence to suggest that, due to this prefer-
ential interaction, TMAO can deplete urea from the surface of a protein, potentially
providing mechanistic rationale for the protein-stabilising ability of TMAQ.?4:232
This preferential interaction between the two osmolytes, and resulting depletion of
urea from a hydrophilic biomolecule surface in the presence of TMAQO, could be used
to explain some of the described observations from our measurements. If TMAO
can act to deplete the urea present in the hydration layer, the near-surface layer
may be disrupted relative to the urea case, thus reducing the magnitude of W/l re-
quired to completely squeeze out such layers and access small surface separations.
As suggested in the previous section, it would be of interest to use complimentary
techniques such as simulations to further elucidate molecular arrangements in these
surface structures.

In the context of two proteins or other biomolecules interacting, the interaction
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landscape observed across this mixture situation may actually be more beneficial
than those previously described for the individual osmolytes. Where a protein is
interacting with another, nearby protein, it must be able to reach a small enough
separation in order to interact through short-range, protein-specific interactions.
Moreover, it is beneficial not to be trapped in a deep energy minimum such that
the two biomolecules are not irreversibly bound and can detach under reasonable
timescales.1%? The energy profile that is most conducive to such an interaction is
that of the osmolyte mixture discussed in this section, where there is only a small
energy barrier to close contact, without a deep minimum inhibiting particle sepa-
ration. Such a conclusion is reminiscent of the counteracting-osmolyte hypothesis
introduced by Yancey et al., which suggests that utilising a mixture of stabilising
and destabilising osmolytes in the cytosolic fluid can indeed be more beneficial to
organism growth than the sole accumulation of stabilising osmolytes. This is since,
on their own without any perturbant present, they can over-stabilise biomolecules by
reducing protein flexibility and favouring non-functional aggregates.?04233:234 Such
damaging effects observed due to the accumulation of TMAO include amyloid for-

235

mation, linked to the onset of various diseases such as Alzheimer’s,“*> and more

recently, the aggregation of the intrinsically disordered a-casein protein.236:237

6.5 | Summary

In this chapter, we have presented direct surface force measurements across elec-
trolytes containing the stabilising and destabilising osmolytes, TMAO and urea.
This model cytosol fluid confined between negatively charged, mica surfaces pro-
vides an opportunity to investigate how these osmolytes, both individually and in
synergy, modulate the interactions between hydrophilic surfaces, reminiscent of the
exposed surface of biomolecules in solution. These results contribute to understand-
ing the colloidal contribution to stability, or instability, of charged biomolecules in

the cellular environment.
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We observe that at comparable concentrations, TMAQO, unlike urea, disrupts
the hydration forces that are otherwise measured in the osmolyte-free background
electrolyte, linking these observations to the differing molecular properties of the
two osmolytes. Subsequently, we show measurements across a mixture of both
osmolytes and observe a compromise between the two individual cases with the
partial disruption of the near-surface structure, reducing the energy barrier for close-
surface contact relative to the urea case. However, the close contact is reached
without the large jump together of the surfaces during approach and deep energy
minimum observed upon retraction in the TMAO case, and we form an analogy
between these observations and the counteracting-osmolyte hypothesis of Yancey et
al. which suggests that a mixture of stabilising and destabilising osmolytes can be
beneficial for biological function, potentially revealing molecular, mechanistic detail

for such a hypothesis.



7 | Glycine Oligopeptides at Charged

Surfaces

7.1 | Background

So far we have considered the role of small molecules on the properties of cytosol
solutions and the implications of these results for biochemical processes. However,
as we discussed in Chapter 1, the makeup of the cellular environment is much more
complex than just small molecules and ions, and contains chemical and biochemical
species ranging widely in size. In this chapter, we will consider the role of some
oligopeptides, short-chain polymers comprising amino acid repeat units.
Oligopeptides can arise in a wide range of biochemical contexts. Proteolysis, for
example, is a process that involves the breakdown of proteins, resulting in the gen-
eration of short chain oligopeptides.?3® This process is essential for regulating phys-
iological processes such as preventing the accumulation of unwanted or misfolded
proteins, or digesting protein absorbed from food intake into amino acids to use as
biochemical building blocks. Without a catalyst, proteolysis occurs with a half-life
of hundreds of years due to the durability of the peptide bond, but this process
can be sped up rapidly by enzymes called proteases.?3” These are complexes which
break down proteins tagged with ubiquitin, a molecule which is used by biochemical
regulatory processes to signal proteins that are to be degraded. This ubiquitin-
protease system (UPS) is well studied and a vital part of the biochemical machinery
used to regulate the cytosolic composition, and can break down proteins into short
peptides, from around 3 to 25 amino acids in length.?*® These small oligopeptides
can be broken down further by cytosolic peptidases, while others remain to serve
regulatory or signalling functions. 24!

Short peptides can also accumulate due to ribosomal stalling, which can oc-
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cur during protein synthesis where errors or premature termination of the protein
synthesis process occur. This can result in the release of short peptides or longer,
truncated proteins into the cytoplasm.?4? Alternatively, some oligopeptides are ac-
tively transported into the cell or organelle membranes; for example, mitochondrial
peptides involved in stress response.?43

In this chapter, we will be specifically be considering the role of short, oligo-
glycine units; peptides comprised of repeat glycine units. On their own, oligoglycine
molecules are not likely to be accumulated to significant concentrations in the cy-
tosol, as they do not serve any widespread biological function. As such, if present
in a biochemical environment, any oligoglycine strands will likely be short lived and
rapidly degraded by the peptidases. Nevertheless, the study of glycine peptides re-
mains of wider interest since these short units can serve a purpose as constituent
sequences of certain larger peptides. In particular, glycine-rich regions can be em-
ployed in protein sequences to gain certain functional benefit, most notably the
flexibility imparted due to the small size of glycine and its lack of steric hindrance.
As such, glycine-rich regions can be useful in parts of the protein peptide backbone
that require ease of conformational change or structural adaptability, such as hinges
or loops, facilitating interactions with other molecules, and these small peptide units
are a good model for investigating the role of these units present in larger structures.

Glycine-rich sequences can also be found in intrinsically disordered proteins
(IDPs) or regions of proteins (IDRs).?*? These proteins or protein regions are ubiqui-
tous across the biosphere, making up an estimated 30% of the eukaryotic proteome,
and have been found to be employed in various, dynamic biochemical processes, in-
cluding regulation of signalling.?* The peptide backbone of the glycine-rich regions
have been hypothesised to be useful as a free energy reservoir in which energy may
be stored as conformation entropy through structural transitions.24>246 Additionally,
many proteins utilise a combination of ordered and disordered regions to fine tune

the binding affinity to certain targets. The discovery of this class of protein chal-

139



CHAPTER 7. GLYCINE OLIGOPEPTIDES AT CHARGED SURFACES

lenged the sequence-structure-function paradigm of molecular biology, where a fixed
three-dimensional structure was deemed necessary for a protein to achieve biologi-
cal function.?*” An alternative framework - the protein trinity hypothesis - has since
been proposed, which suggests that proteins can exist in a dynamic equilibrium be-
tween three states: solid-like ordered; liquid-like collapsed-disordered; and gas-like
extended-disordered.?*® The hypothesis suggests that proteins can exist function-
ally in any of these three states, and that function can even arise from transitions
between the different states.

As we have alluded to, disordered protein structures arising from high glycine
content can be functional; for example, in amyloid fibres such as the Curli protein
which are produced by certain strains of bacteria. These proteins can help the
organisms form biofilms, providing a protective barrier for the organism against
harsh environments. However, protein aggregates can also be pathological; the
presence of certain amyloid fibres is linked to the onset of various human diseases,
including Alzheimer’s and Parkinson’s.?4°

Oligoglycines have also found interest in nanotechnology applications, including
molecular electronics and biomimetic materials.?°®?! This class of peptides have
been shown to form nanotubes and self-assembled nanostructures at surfaces, in-
cluding mica. 227254

Fundamental to all of these applications, both natural and technological, are
the underlying interactions between the various constituent units which govern the
structure and function. Studying these interactions is necessary to better under-
stand, at the molecular level, the processes that govern the structure and function

of these biochemical constituents, and such knowledge can inform the development

of novel nanotechnologies.
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7.1.1 | Interactions Between Glycine Oligomers

Various physical properties of oligoglycine peptides have been previously investi-
gated, owing to their use as a protein backbone model, and relevance in under-
standing the structure and function of glycine-rich, intrinsically disordered proteins,
as we have outlined. Experimentally, these glycine units become increasingly diffi-
cult to study at longer chain lengths owing to their rapidly diminishing solubility:

5 and

triglycine is only soluble to concentrations of several hundred millimolar;?
pentaglycine has a solubility limit as low as 1 mM.?5¢ Solubility is an interesting
viewpoint through which to begin our discussion of the solution thermodynamics,
as it is intrinsically related to the balance between solute-solute, solute-solvent and
solvent-solvent interactions and their associated free energies.?®” A brief overview of
previous findings relating to the solution thermodynamics will be discussed in the
following sections, which will underpin our study of oligoglycine-containing aqueous
solutions throughout this chapter.

Despite what the solubility trend might suggest, simulations of oligoglycines Gly,,
at infinite dilution - or, in other words, individual molecules - have found that the
solvation free energy AGg, becomes increasingly negative as a function of n, driven
by favourable enthalpic interactions between water molecules and the peptide back-
bone.??® Since the solvation of an oligoglycine becomes more favourable with the
lengthening of the peptide, the solubility trend must instead be accounted for by
an even more substantial increase in the strength of attractive interactions between
peptides - either intermolecular interactions in the case of short oligomers, or addi-
tional intramolecular interactions in the case of longer ones?* - which outcompete
the enhanced solvation interactions. In other words, the dissolved state of the oligo-
glycine does not possess the minimum Gibbs free energy at that concentration. This
conclusion is perhaps contrary to what may be assumed by invoking more general
ideas from protein folding, that it is the hydrophobic interaction that drives folding

and aggregation processes. 26
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The next question, therefore, is to determine which specific interactions con-
tribute most strongly to the enhanced, overall interaction between the backbones.
Hydrogen-bonding interactions clearly play an important role in the wider context
of protein physics; however, it is an additional peptide-peptide interaction that has
been found to play an even more significant role in contributing to these backbone in-
teractions. Dipolar interactions between carbonyl motifs on amide functional groups
present in the peptide backbone have been shown to significantly contribute to the

261,262 Syich stabilisation arises from n — 7* interactions:

stabilisation of structures.
the delocalisation of a lone pair of electrons from the oxygen atom of one carbonyl
(n) to the antibonding orbital of the adjacent carbonyl group (7*).26% Whilst the
CO dipolar interactions have been shown to be similar in energy to hydrogen bonds,
they are found in more appreciable quantities of short glycine peptides into clusters
of short glycine peptides, or the collapse of longer oligomers. The two types of inter-

actions that can act between oligoglycine strands - hydrogen bonding and carbonyl

dipolar interactions - are illustrated in Figure 7.1.

(a) (b)

Figure 7.1: Schematic illustrating the two possible types of interactions between oligo-
glycine strands: (a) hydrogen bonds and (b) carbonyl dipole-dipole interactions. In each
case, the interaction is shown by a dashed line.

7.1.2 | Surface Interactions Across Glycine Oligopeptide Solutions

These molecules were of interest in the context of this work in their use as a model
peptide. These peptides are zwitterionic at ambient pH and of tunable length,
with no side groups to impart additional complexity in intermolecular, and surface,

interactions. As we have shown in this thesis so far, surface forces measurements
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allow for the interrogation of interactions between surfaces and molecules with sub-
nanometre precision.

In this chapter, we present surface forces measurements across aqueous solutions
containing oligoglycine strands, between one and three units, at varying concentra-
tions. Through the lens of these measurements, we are able to interrogate the influ-
ence of these molecules on interactions between charged surfaces. This, in turn, will
yield valuable information about the behaviour of these molecules at such interfaces,
and in particular, the balance between solute-solute and solute-surface interactions.
IDPs and IDRs have been shown to exhibit binding with other proteins, nucleic
acids and lipid membranes, and such interactions are vital for various aspects of

264

their biochemical function.*** The model experiments presented in this chapter will

aim to shed light on the underlying interactions that govern such processes.

7.2 | Experimental Details

7.2.1 | Materials and Solution Preparation

Surface forces measurements were performed on aqueous solutions of oligoglycines
Gly,,, where the peptide length n was varied between 1 and 3: glycine, diglycine
and triglycine. Glycine (Sigma-Aldrich®, BioUltra, > 99.0%), diglycine (Sigma-
Aldrich®, BioUltra, > 99.5%) and triglycine (Bachem, > 99%) were used as received
and stored under dry conditions until use. Three approximate concentrations were
investigated for each oligomer (~ 0.1 m, 0.3 m and 0.5 m); except for triglycine,
where only the lower two concentrations were accessible due to the solubility limit.

The molecular structures of the three oligoglycine peptides investigated in this

chapter are displayed in Figure 7.2.

7.2.2 | Refractive Indices and Hamaker Constants

The refractive indices for the electrolytes were measured using the method outlined

in Chapter 2. The Hamaker constants for all electrolytes reported in this chapter
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Figure 7.2: Molecular structures of the oligoglycine peptides investigated in this chapter:
(a) glycine, (b) diglycine, (c) triglycine.
are shown in Table 7.1, and the displayed relative permittivity of the electrolytes

were estimated using Equation 7.1:

€e — 6? + 5(;1ynCG1yn (71)

where € is the relative permittivity of water (78.4), daiy, is the dielectric increment
of the oligoglycine and c is the oligoglycine concentration. The dielectric increments
were obtained from literature, and we have taken dgyy, to be 22.6 / m, dqy, to be

70.6 / m and dqy, to be 113.3 / m.?%

Table 7.1: Parameters used for Hamaker constant calculations. Concentrations of oli-
goglycine cqyy , refractive index ne, relative permittivity €. and Hamaker constant A are
shown.

Gly, cay, /m Ne € A/10720]
Gly, 0.10 1.3337 80.7 2.06
Gly, 0.30 1.3363 85.2 2.02
Gly, 0.44 1.3382 88.3 2.00
Glys 0.10 1.3350 &85.5 2.04
Glys 0.30 1.3394 99.6 1.98
Gly, 0.50 1.3440 113.7 1.93
Glys 0.10 1.3357 89.7 2.03
Glys 0.30 1.3422 1124 1.95
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7.3 | Surface Forces Measurements and Discussion

7.3.1 | Glycine Solutions

Initially, we begin with the measurement of the interaction free energy across so-
lutions containing the single glycine unit. Results from measurements across three
glycine concentrations are discussed in this chapter: 0.10 m, 0.30 m and 0.44 m. All
three concentrations resulted in qualitatively similar, DLVO-like behaviour, and only
the resulting measurement from the highest of these (0.44 m) is displayed here in
Figure 7.3, along with its associated DLVO fit. Measurements across higher glycine

concentrations were also performed, up to ~ 1 m, and displayed similar DLVO-like

behaviour.
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Figure 7.3: Measured interaction free energy as a function of surface separation across
a solution containing 0.44 m glycine. The measurement upon approach of the surfaces
is shown in dark green and that upon retraction is shown in light green. The DLVO
fit is shown by the blue dashed curve, parameters for which are displayed in Table 7.2.
This displayed measurement is qualitatively similar to the other glycine concentrations for

which measurements were performed (up to ~ 1 m).

Upon approach of the surfaces, they exhibit repulsion down to separations of ~
5 nm, at which point an attractive force results in spring instability and a jump to
close surface separation. From this close surface separation, an attractive minimum

was revealed upon retraction of the surfaces. As shown by the fit in Figure 7.3
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all measured features are captured by the DLVO interaction, and no additional
structural term is required. The resulting parameters from this DLVO fit, along

with those for the two lower concentration, are displayed in Table 7.2.

Table 7.2: Parameters obtained from the DLVO fit to the measured interaction free
energy across the glycine solutions, including the one shown in Figure 7.3. The fitted
effective surface potential g, Debye screening length /@51, charge regulation parameter
p and offset to the zero surface separation Dy are shown.

Gly, cay, /m te /mV kp' /nm p Dy / nm
Gly, 0.10 62+3 404+13 092+£0.03 —-14+04
Gly, 0.30 68 £ 2 3716 090£0.00 —-0.5£0.1
Gly, 0.44 48 +2 19+£3 086+0.03 1.7+£0.3

7.3.2 | Diglycine Solutions

Next, we perform measurements across diglycine-containing solutions. These mea-
surements are performed across solutions of similar concentration to those used
to investigate glycine: 0.1 m, 0.3 m and 0.5 m. Interestingly, and in contrast to
(mono)glycine, for this series of measurements there were notable differences in the
structural features at small surface separations between the three concentrations.
Owing to these differences, the measurements from all three concentrations are dis-
played in Figure 7.4; the parameters associated with the DLVO fits for each are
shown in Table 7.3.

Table 7.3: Parameters obtained from the DLVO fit to the measured interaction free
energy across the diglycine solutions shown in Figure 7.4. The fitted effective surface
potential 1, Debye screening length nBl, charge regulation parameter p and offset to
the zero surface separation Dy are shown.

Gly, cay, /m e /mV kp' /nm P Dy / nm
Glys 0.10 65 & 2 184 090+£0.03 1.3+0.5
Glys 0.29 64+1 10+1 0.86 £0.01 1.7+0.3
Glys 0.50 o7+ 2 98+09 089+£0.02 1.7+0.2

At the lowest concentration (0.1 m, Figure 7.4 (a)), the interaction free energy

profile is again ‘DLVO-like’ and no significant structural contributions are observed.
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Figure 7.4: Measured interaction free energy as a function of surface separation across
a diglycine-containing electrolytes: (a) 0.1 m, (b) 0.3 m and (c) 0.5 m. The measurement
upon approach of the surfaces is shown in dark green and that upon retraction is shown
in light green. The DLVO fit is shown by the blue dashed curve, parameters for which are
displayed in Table 7.3.

Additional measurement runs (not presented here) were performed to confirm that
no further structural features appeared at larger, positive interaction energies.

At the intermediate concentration (0.3 m, Figure 7.4 (b)), the double layer in-
teraction is similarly seen along with an eventual van der Waals jump at smaller
separations. However, at this slightly elevated concentration, an additional repul-
sive wall appears upon approach of the surfaces, before it gives way to an attractive
force and the smallest surface separation is obtained. This step in the interaction
profile measured upon approach of the surfaces is approximately 0.4 nm wide, and
the inset displayed in the top right of the figure shows an expanded view of this
feature. Owing to experimental constraints, it was not possible to measure a re-
traction from this layer due to the small force required to ‘squeeze out’ this layer.
In a similar manner to the lowest concentration solution, additional measurement
runs were performed to larger, positive interaction energies in order to ensure that
additional features were not appearing at such energies (not presented here).

Finally, at the highest concentration (0.5 m, Figure 7.4 (c)), further structural
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features appear in the full interaction profile. For clarity, an expanded view of Figure
7.4 (c) is shown in Figure 7.5. Approaching from large surface separations, a small
step of size ~ 0.3 nm is seen directly after the double layer repulsion, rather than a
van der Waals jump. Only a small force is required to squeeze through the layers,
and therefore a fine resolution in W/l is required to observe such features. Shallow
minima are revealed upon retraction from both, as can be seen more clearly in the
expanded view shown in the inset Figure 7.5. After the small step, two larger steps
are revealed at larger values of W, of approximate size ~ 0.5-0.6 nm. A minimum
at Wl ~ 0 is revealed upon retraction from the first layer. A deeper minimum
is revealed upon retraction from the smallest surface separation, at a similar value

(~ —2 mJ m~?) to the minima measured at the two lower concentrations.

6 8 10
D / nm

Figure 7.5: Expanded view of the measured interaction free energy across the 0.5 m
diglycine electrolyte shown in Figure 7.4 (c). The structural features of interest are high-
lighted, including the 0.3 nm features which are shown in the inset.

7.3.3 | Triglycine Solutions

Finally, a measurement across a 0.1 m triglycine-containing solution is shown in
Figure 7.6. This measurement was qualitatively similar to that recorded across a

0.3 m solution; therefore only the 0.1 m measurement is displayed. The parameters
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for the DLVO fits for the two triglycine concentrations are shown in Table 7.4. No

measurements across solutions at higher concentrations were possible due to the

solubility limit of this oligopeptide.
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Figure 7.6: Measured interaction free energy as a function of surface separation across a
triglycine-containing electrolyte (0.1 m). The measurement of interaction potential mea-
sured upon approach of the surfaces is shown in dark green, and that measured upon
retraction is shown in light green. The DLVO fit is shown by the blue dashed curve. This
displayed measurement is qualitatively similar to the other triglycine concentrations for

which measurements were performed (0.3 m).

Table 7.4: Parameters obtained from the DLVO fit to the measured interaction free
energy across the triglycine solutions, including the one shown in Figure 7.6. The fitted
effective surface potential 1.¢, Debye screening length /-@51, charge regulation parameter
p and offset to the zero surface separation Dy are shown.

Gly, caly, /m te /mV kp' /nm D Dy / nm
Glys 0.10 65+ 4 162 089+£0.02 22+0.3
Glys 0.29 60 £ 2 11+3 088%+0.02 1.5%£0.1

The measurements across triglycine-containing solutions initially appear to be
similar to those performed across solutions containing the single glycine monomer
discussed in Section 7.3.1, as there are no obvious structural features in addition
to the DLVO interactions. However, there are a few differences that should be ex-
plored further. Firstly, the attractive jump occurs over a smaller change in surface

separation: AD = 1.6 nm, compared to AD = 3.3 nm in Figure 7.3. Further-
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more, the separation at the closest approach of the surfaces is larger than that for
the triglycine-containing solution, and additionally, the minimum in the interaction
profile upon retraction of the surfaces is not as deep ( ~ -0.5 mJ m~2 compared to
~ -2 mJ m~2). This suggests a difference to the DLVO-like behaviour observed for

glycine, which will be explored further in the following section.

7.3.4 | Oligoglycine Surface Structure

Considering the variation in the structural contribution to the interaction free energy
at close surface separations, we see that: for n = 1, the measurement is DLVO-like;
for n = 2, there is a concentration-dependent structural contribution at small surface
separation; and for n = 3, the measurement appears to be DLVO-like, but there are
some differences in the form of the interaction at small surface separations relative to
n = 1 which are worth exploring further. The surface separation at the closest point
of approach in the n = 3 measurement is at larger distances than for n = 1. This
observation, in addition to the smaller jump distance and the reduced magnitude
of the retraction minimum previously identified, suggests that for the measurement
across triglycine solutions there exists a larger, more rigid film of fluid that cannot
be expelled over the range of accessible forces in this measurement.

Assimilating these observations across the glycine series, it appears there is a
trend towards structure features of increased rigidity at the interface. This trend
can appear to be rationalised by invoking some of the ideas we introduced in Sec-
tion 7.1.1, relating to the intermolecular interactions between oligoglycine units.
However, before interrogating this trend any further, deeper analysis of molecular
arrangement in these structures at the interfaces is required.

Since it is only for diglycine solutions that individual layers can be measured, it is
this set of measurements we shall use initially in order to interpret the arrangement
of molecules between the surfaces. At the intermediate concentration (0.3 m), the

structural feature of ~ 0.4 nm emerges at small surface separations. This lengthscale
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is consistent with the width of the diglycine unit (~ 0.4 to 0.5 nm), rather than its
end-to-end distance (~ 0.8 nm),?% implying that this structural feature is due to a
layer of diglycine units being expelled from between the surfaces, aligned such that
their long axis is parallel to the flat surface.

This structural feature at small surface separations is also present at the higher
concentration (0.5 m), but the jump occurs at higher repulsive energy, after a larger
repulsive barrier. Such a change correlated with increasing concentration suggests
that this difference is due to the extent of self-assembly of these molecules at the
interface, and the layered structure is more favourably assembled at the higher
concentrations, with greater accumulation of the molecules at the interface. Con-
sistent with this is the additional step in the interaction profile that occurs at lower
energies, at slightly larger surface separations. This step is of size ~ 0.6 nm, a
slightly larger value than that at smaller separations, but still not as large as the
diglycine end-to-end distance. This suggests that the expulsion is still of predomi-
nately horizontally-aligned diglycine molecules, but the slight elongation of the step
can be attributed to some disorder in the expelled film, or perhaps some hydrating
water molecules.

At the higher concentration, there are an additional two layers that appear at
even larger surface separations relative to the lower concentrations, and thus ob-
scuring any observable impact of a van der Waals interaction relative to the lower
concentrations. These structural features, shown most clearly in the inset to Figure
7.4, have a size of ~ 0.3 nm. Akin to when these features have appeared in previous
chapters, there presence are likely due to ordered water layers being expelled from
between the surfaces. Such a conclusion seems feasible, as along a horizontally-
aligned peptide backbone there are a number of sites to which water molecules can
bind, and be templated across the horizontal surface. These subtle hydration layers
could play a role in keeping the peptide layers separated and preventing the collapse

of such units.
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Finally, considering the measurement across a triglycine solution, we can explain
the film of fluid at small surface separations which cannot be expelled by extrapolat-
ing from our discussion surrounding the mono- and diglycine results. As the number
of glycine units increases along the series, there appears to be a greater driving force
to assemble into ordered structures between the interfaces. For glycine, there are no
observable multilayers; for diglycine, there are assembled layers that can be individ-
ually expelled. In the case of triglycine, it appears that there is a film comprising
multiple layers of triglycine units, which are strongly adhered together, and tightly
bound to the mica surface. This results in a measurement where no individual layers
of molecules can be expelled, and close surface contact is not reached.

Summarising our findings and interpretations from this section, Figure 7.7 shows
schematic cartoons illustrating the interfacial structures inferred from our surface
forces measurements for the three glycine units. The observations from this series of
measurements has provided a new insight into the behaviour of oligoglycine units in
solution. As discussed in Section 7.1, previous works studying similar systems have
concentrated on the balance between monomeric, solvated units, and aggregated,
non-solvated units. In our work, we have perturbed this balance with the presence
of a surface, with surface adsorption providing an additional layer of complexity to
the overall equilibrium.

In light of the concentration-dependent behaviour observed most clearly for the
measurements across diglycine solutions, an analogy can be drawn between the bal-
ance outlined for these oligoglycine systems and the behaviour of surfactant solutions
which again displays concentration-dependent behaviour. In these systems, there ex-
ists an equilibrium between solution monomers, solution self-assembled structures
(or aggregates) and surface-adsorbed species. In equilibrium, the chemical potential
of each of the three surfactant phases must be equal resulting in different concen-
trations of each of the phase, where the ratio between the amounts of these phases

varies as a function of the total concentration.
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Figure 7.7: Cartoons illustrating the interfacial structures inferred from the surface
forces measurements presented in this chapter.

In the case of the oligoglycines in solution, without a surface present, all units
will be present in monomeric form at the lowest concentrations; as the concentration
is increased, at a certain value aggregated structures will begin to form where this
critical value increases with the length of the oligomer. In the presence of a surface
where adsorption can take place, depending on the precise relative energetics of the
different phases, there also exists a concentration where surface adsorption occurs,
and self-assembled structures form at the interface. This critical concentration is
again dependent on the length of the oligomer: in the case of n = 1, all concentra-
tions studied in this work were lower than that at which surface features would be
seen. For n = 2, the critical concentration is observed within those studied in this
work, whereas for n = 3 the concentration is even lower, and surface adsorption is
greatly favoured.

Where surface adsorption occurs, it is notable that it takes place with the oli-
goglycine units aligning parallel to the surface. This observation suggests that the

favourable interactions are dominated by those along the peptide backbone, rather

153



CHAPTER 7. GLYCINE OLIGOPEPTIDES AT CHARGED SURFACES

than by the end groups of the oligoglycine units. Whilst this is inferred most clearly
from the diglycine measurements, these interactions can be thought to dominate
those between triglycine units, especially since the peptide backbone is longer. The
backbone-dominated rather than end group-dominated interactions is also evidence
that the conclusions drawn in this chapter in relation to oligoglycine interactions
are relevant for longer units, and have implications for inter- or intra-peptide inter-

actions in larger biomolecular structures.

7.4 | Summary

In this chapter, we have performed surface forces measurements across aqueous solu-
tions containing glycine oligopeptides, a model peptide backbone and a common con-
stituent of intrinsically disordered proteins or protein regions. We investigated three
chain lengths of these glycine-containing units - glycine, diglycine, and triglycine -
each at varying concentrations, up to 0.5 m, or 0.3 m for triglycine owing to limited
solubility. This model system has been previously studied in order to investigate
the interactions between these units computationally, but limited experimental re-
sults exist in the literature. Furthermore, surface forces measurements allows for
the interrogation resulting from the perturbation to the balance of interactions due
to the presence of a surface.

The measurements allowed for investigation of the peptide length and concentra-
tion dependence on the near-surface structures observed at small surface separations.
We observed a clear oligomer size effect, and the concentration at which surface ad-
sorption occurred was found to increase as a function of the chain length. This
resulted in no observable surface structure when n = 1, structure appearing at an
intermediate concentration when n = 2 and a thicker bound film of adsorbent at
the interface when n = 3 which could not be expelled across the range of applied
forces. The molecular arrangements of the assembled structures was resolved most

clearly in the measurements across diglycine solutions, where diglycine units were
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observed to adsorb with their long axis - along the peptide backbone - parallel with
the surface. The highest concentration measurements across diglycine also revealed
the presence of hydration layers, which could play a role in mediating the interaction
between peptide layers, preventing the collapse of such units.

These results yield valuable information relating to the behaviour of peptide
strands at surfaces, with relevance for the various natural processes and technolog-
ical applications detailed at the beginning of the chapter which are underpinned by
peptide-surface interactions, including those between IDPs or IDRs and other pro-
tein or membrane surfaces. Future work could build on these findings by increasing
the complexity of the peptides or by modifying the surfaces to better mimic biologi-

cal situations, such as the functionalising the mica surfaces with lipid membranes.



8 | Conclusions and Outlook

The cytosolic fluid is of fundamental importance to a variety of biochemical pro-
cesses, and the makeup of this liquid is carefully tuned to balance osmotic stresses
and maintain the structure and function of macromolecules in the cellular environ-
ment. However, the role of many of the individual osmolytes is in mediating cellular
structures, and the interactions through which this is achieved, is still not fully un-
derstood. This thesis has investigated surface forces across, and structures within, a
number of aqueous solutions containing a wide range of osmolytic constituents found
in such fluids across the natural world. The surface force balance (SFB) has been
used to gain an insight into the role played by these chemical species in modulating
interactions between charged surfaces, with broad implications for understanding
the colloidal contribution to stability between cellular particles. The sub-nanometre
distance resolution of the SFB has also provided an insight to the surface interactions
beyond mean-field predictions, revealing the behaviour of osmolytes at the charged
surfaces and the influence on the molecular packing between the interfaces. Neutron
and X-ray total scattering techniques were also used to study the bulk structure in
such a model cytosol solution. In this final chapter, we provide a summary of the
conclusions made in this thesis and present an outlook from this work.

Chapter 3 presented reference measurements of the interaction free energy across
two simple electrolytes: pure water and a dilute KCI solution. These measurements
were used to introduce the framework with which the mean field contributions to the
interaction - the DLVO theory, comprising the electric double layer repulsion and
the van der Waals attraction - can be interrogated. The significance of non-DVLO,
structural contributions to the overall interaction at small surface separations was
also emphasised, discussed in the context of the oscillatory hydration forces observed
in the measurement across the KCI electrolyte.

Further surface forces measurements were presented in Chapter 4 in order to
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interrogate the role played by two zwitterionic osmolytes, proline and trimethyl-
glycine, in modulating interactions between charged surfaces. We showed that both
osmolytes can act to enhance and maintain the electric double layer repulsion rela-
tive to pure water across a range of concentrations. Additionally, we illustrated that
there exists an interplay between zwitterions and ions in mixtures of the two, most
notably manifested in differing near-surface structural features. Across a range of
concentrations in zwitterion-ion mixtures, for both proline and TMG, we demon-
strated that structural features could be water-, zwitterion- or ion-dominated, or al-
ternatively a DLVO-like profile could be observed, without any measurable surface
structure. Finally, we interrogated the differences in the proline and TMG mea-
surements, noting that proline more effectively enhanced the electric double layer
repulsion and that the switch to zwitterion-layering occurred at a lower concentra-
tion for proline, linking both to a greater surface coverage per proline molecule.

The bulk structure of two aqueous electrolytes using neutron and X-ray total
scattering was investigated in Chapter 5. The solutions contained TMG and ei-
ther of the monovalent salts, KCI or NaCl, and various properties of the solution
structure were interrogated, including the bulk water structure, solute hydration
structures and, notably, the nature of TMG-cation interactions. We observed that
the carboxylate group exhibited clear binding to the cations in solution, promoting
head-to-head TMG-TMG interactions and TMG clustering. Study of the differences
between the local structures in the potassium and sodium ion-containing solutions
revealed that sodium ions were more localised at the carboxylate oxygen atoms,
enabling more structurally ordered TMG associates.

A pair of protein stabilising and destabilising osmolytes, TMAO and urea, was
investigated in Chapter 6 in order to determine their individual and combined effects
on particle interactions. The results illustrated that TMAQ, unlike urea, acted to
disrupt the hydration forces that are otherwise present in the osmolyte-free back-

ground electrolyte, and such differences was linked to the differing molecular prop-
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erties of the two osmolytes. A compromise between the two individual cases was
seen in the mixture, with partial disruption of the near-surface structure, and an
analogy is drawn between these results and the counteracting-osmolyte hypothesis.

Finally, a series of surfaces forces measurements across glycine oligopeptides were
presented in Chapter 7, revealing the concentration and peptide length dependence
on the observed interfacial structures. An analogous trend to that of oligoglycine sol-
ubility - which decreases with increasing chain length - was seen for the critical con-
centration at which surface adsorption and therefore the formation of self-assembled
interfacial structures took place. The measurements on diglycine solutions revealed
that the adsorbed molecules aligned with their peptide axis parallel to surfaces, and
the measurement at the highest concentration revealed the presence of hydration
layers which could act to prevent the aggregation of peptide layers.

Overall, the observations presented in this thesis reveal a wide suite of phenom-
ena that can be exhibited by subtly tuning the composition of aqueous solutions.
The discussions throughout this thesis have also revealed that a combination of
frameworks and perspectives are required to fully appreciate the complexity of these
systems. Sometimes, phenomena are best thought about and rationalised using ideas
from physics: for example, we have shown various occasions where continuum the-
ories can be used and mean-field effects dominate, such as the electric double layer
repulsive and van der Waals attractive forces between charged surfaces. Other times,
however, the specific chemistry and chemical interactions must be considered, such
as for understanding the interactions that can dominate at small surface separa-
tions in our surface forces measurements. Biology, however, does not discriminate
between scientific disciplines and all of the effects discussed in this thesis contribute
to a toolbox which can be utilised to delicately tune interactions and build evo-
lutionary strategies by living organisms, allowing survival across a wide range of

ambient and extreme environments.
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A | The Role of Zwitterions in Model
Cytosol Solutions - Supporting

Data

In addition to the surface forces measurements performed on aqueous electrolytes
containing proline that we presented in Chapter 4, either as the sole solute or with
additional KCI, further measurements at different concentrations are presented here.
The parameters associated with the calculation of the Hamaker constant for each of
these measurements were displayed in Table 4.1, along with those displayed within

the chapter.

0.35 m Pro

A measurement across a 0.35 m proline solution is displayed in Figure A.1. This
measurement is qualitatively similar to measurement across the 0.90 m proline elec-
trolyte displayed in Chapter 4 (Figure 4.4): we again observe a step in the interaction
profile of size 0.5 nm at small surface separation, corresponding with the size of the
proline molecule. The DLVO fit to the long-range interaction is also quantitatively
similar to proline-only measurements, with similar values for the effective surface
potential (o = 55 £ 2 mV), Debye screening length (k5" = 34 &7 nm) and charge

regulation (p = 0.92 £+ 0.02) parameters.

Table A.1: Parameters used for DLVO fits to the measured interaction free energy for
the measurement in Figure A.1. The fitted effective surface potential Yeg, Debye screening
length /{51, charge regulation parameter p, and offset to the zero surface separation Dy
are shown.

Cpro/ M e / MV kp' / nm P Dy / nm
0.35 095 £+ 2 34+£7 092+£0.02 0.0%£0.0
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Figure A.1: Measured interaction free energy as a function of surface separation across
a solution containing 0.35 m proline. The measurement upon approach of the surfaces is
shown in dark green and that upon retraction is shown in light green. The DLVO fit is
shown in the inset by the blue dashed curve, parameters for which are shown in Table A.1.
The interaction across pure water is also shown in light blue in the inset for comparison,
along with the associated DLVO fit shown by the dark blue dotted line.

0.33 m Pro + 0.001 m KCl

A measurement across a solution containing 0.33 m proline and 0.001 m KCI is
displayed in Figure A.2. This measurement appears qualitatively similar to the
high concentration proline measurements with a long-range repulsion, van der Waals
attractive jump and structural feature in the approach interaction profile. However,
the structural jump is of size 0.3 nm, and thus likely dominated by the packing
of water molecules at the interface, akin to the structural feature observed in the
measurement at the 0.01 m KCI concentration (Figure 4.5). The effective surface
potential of the long-range attraction is similarly enhanced relative to the pure water
case (Ve = 49+ 2 mV); the Debye screening length is consistent with that for a 1:1
electrolyte containing 0.001 m KCI (k' = 11 £ 1 nm); and the charge regulation
parameter is an intermediate value between the proline-only measurements and the

0.01 m KCI measurement, as discussed in the chapter (p = 0.84 £0.03) .
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Figure A.2: Measured interaction free energy as a function of surface separation across a
solution containing 0.33 m proline and 0.001 m KCIl. The measurement upon approach of
the surfaces is shown in dark green and that upon retraction is shown in light green. The
DLVO fit is shown in the inset by the blue dashed curve. In the inset, the interaction across
pure water is shown in light blue, along with its DLVO fit shown by the dark blue dotted
line. The inset also shows the interaction profile for 0.001 m KCI displayed in magenta
and the associated DLVO fit shown by the dark blue dash-dotted line. Parameters for the
DLVO fits are displayed in Table A.2.

Table A.2: Parameters used for DLVO fits to the measured interaction free energy for
the measurement in Figure A.2. The fitted effective surface potential 1.g, Debye screening
length /4;51, charge regulation parameter p, and offset to the zero surface separation Dy
are shown. The predicted Debye screening length ”B,Ipre q is also shown.

CPro/ m CKCI/ m ¢eff / mV KJ]Sl / nm p DO / nm "{]Slpred / nm

0.33 0.001 49 £+ 2 11+1 084 +£003 14+£0.1 10
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B | Bulk Structure and Ion Effects
in Zwitterion Solutions -

Supporting Data

To complement the structure factors displayed in Chapter 5, the experimentally
measured (solid line) and simulated (dotted line) total radial distribution functions
G(r) factors for all of the seven neutron isotopic contrasts, in addition to that
determined by X-ray diffraction, are shown in Figure B.1. Additionally, Figure B.2
shows the structure factor difference function Fey,(Q) — Fum(Q), illustrating the
discrepancy between the simulated and experimentally-determined structure factor

for each of the neutron and X-ray contrasts, for both of the investigated solutions.
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SOLUTIONS - SUPPORTING DATA
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Figure B.1: Measured (solid lines) and simulated (dash-dotted lines) total radial dis-
tribution functions G(r) for aqueous solutions containing (a) TMG + KCI (left) and (b)
TMG + NaCl (right). Top: Total radial distribution functions obtained from neutron
diffraction in seven isotopic contrasts; each dataset is vertically shifted for clarity. Bot-
tom: Total radial distribution function G(r) obtained from X-ray diffraction.
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Figure B.2: Difference function illustrating the discrepancy between the simulated and
experimentally-determined structure factors, Fexp(Q) — Fisim(Q) for each of the neutron
(top) and X-ray (bottom) contrasts. Data for both the TMG + KCI (left) and TMG +
NaCl (right) solutions are shown. The neutron datasets are shifted for clarity.
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C | Interactions Across Protein Sta-
bilising and Destabilising Osmolyte

Solutions - Supporting Data

Background KCI electrolyte

To support the surface forces measurements across TMAO-urea solutions presented
in Chapter 6, a reference measurement across a solution containing 0.003 m KCI
only - the background electrolyte used for all studied solutions in this chapter - is
displayed in Figure C.1. The parameters associated for the DLVO fit are reported
in Table C.1. The interaction potential is qualitatively similar to the measurement
containing urea-only, displaying, on approach of the surfaces, a monotonic repulsion
of a decay length dictated by the salt concentration within Debye-Hiickel theory,
and a series of repulsive walls separated by jumps of ~ 0.3 nm.

The resolution quality of this measurement is not as high as for that across the
dilute KCI electrolyte discussed in Chapter 3. Therefore, the structural features of
size ~ 0.3 nm cannot be very clearly resolved from the measured data obtained upon
approach of the surfaces, shown in dark green in the figure. The structural features
can instead be more clearly observed in the two retraction minima displayed in light

green.

Table C.1: Parameters used for DLVO fits to the measured interaction free energy shown
in Figure C.1. The fitted effective surface potential 1., Debye screening length /@'51,
charge regulation parameter p, and offset to the zero surface separation Dy are shown.

CTMAO/ M Cuypea/ M Cgcl/ M Yo / MV /4;51 / nm P Dy / nm
- - 0.003 57 £ 8 6.1 +11 067=x014 13409
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APPENDIX C. INTERACTIONS ACROSS PROTEIN STABILISING AND
DESTABILISING OSMOLYTE SOLUTIONS - SUPPORTING DATA
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Figure C.1: Measured interaction free energy as a function of surface separation across
a 0.003 m KCI background electrolyte. The measurement upon approach of the surfaces
is shown in dark green, and that upon retraction is shown in light green. The DLVO fit is

shown by the blue dashed curve, parameters for which are displayed in Table C.1.
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Variations in measurements across the TMAOQO solution

As explained in Chapter 6, for a series of measurements across the TMAO-containing
solution, there are significant fluctuations in both the magnitude of the repulsive
barrier and the depth of the primary minimum. In contrast, the change in surface
separation upon the jump to small separations is highly consistent between runs. A

series of measurement runs illustrating these features is displayed in Figure C.2.

3
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® Run 2|
Run 3
s
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D / nm

Figure C.2: Series of measurements of the interaction free energy as a function of surface
separation across a solution containing 0.6 m TMAO and 0.003 m KCI. Repeat measure-
ments are shown in different colours. Data obtained from approaching the surfaces is
shown as filled circles, and from retracting the surfaces as crosses.
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