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Abstract

All organisms are made to a large extent of soft matter - macromolecules such as proteins and
polysaccharides, or assemblies of small molecules such as lipids embedded in an aqueous
environment. Understanding the role of order in soft matter presents a challenge for
experimentalists because such systems are neither completely disordered nor perfectly
crystalline. This is especially the case for the aqueous environment itself whose order
fluctuates on femto- and pico-second time scales. In this thesis, we attempt to elucidate the
presence, extent, changes, and implications of orientational order in several soft matter
systems: from polyelectrolyte solutions to lipid membrane interfaces and supramolecular
structures. To perform this task, we employ nonlinear optical techniques: second-harmonic

and sum-frequency scattering.

In the first two chapters, we explore the structure of water in agueous polyelectrolyte solutions.
Polyelectrolytes of high molecular mass are shown to induce orientational order in water that
spans hundreds of nanometers. Using an adapted model of second-harmonic scattering from
charged particles, we can explain the observed ordering in terms of weakly screened long-
range electrostatic interactions that perturb the structure of water via charge-dipole
interactions. Upon exchanging ordinary (light) water for heavy water, we observe a significant
nuclear quantum effect in the induced order, indicating that bulk water-water correlations are

enhanced as well by polyelectrolytes.

In the following chapter, we exploit the same nuclear quantum effect in polyelectrolyte solutions
to show that the polyelectrolyte-induced orientational order correlates with an anomalous
increase in the reduced viscosity. We propose that the viscosity anomaly arises from enhanced
order in a solvent which hinders the viscous flow. This observation represents a rare direct link

between a microscopic property and a macroscopic observable.

In the last two chapters, we change focus from homogeneous solutions to dispersions of
liposomes which serve as models of biological membranes. In Chapter 5 we explore the
binding of the protein alpha-synuclein to anionic vesicles from the perspective of interfacial
water. We show that the adsorption of the protein to a vesicle decreases the order in the
interfacial water by 30% but does not affect the surface nor the zeta potential. We propose that
the changes in the structure of interfacial water can serve as a label-free probe of protein

binding.

In the last chapter, we investigate the supramolecular chemistry of inclusion complexes of
methyl-B-cyclodextrin with various lipids. By combining multiple nonlinear scattering
techniques, we show that the complexes self-assemble into micrometer-long directed fibers.

Based on measurements of different lipids, we propose that the self-assembly process is



driven by hydrogen bonding between the lipid headgroup and cyclodextrin. Lastly, we show
that the long-range order of the self-assembled structure is transmitted into the structure of the

hydrating water.

Keywords: water, polyelectrolytes, hydration, long-range order, lipid membranes, agueous
interfaces, protein adsorption, self-assembly, host-guest complexes, soft matter, nonlinear

optics, light scattering.



Résumeé

Tous les organismes sont constitués dans une large mesure de matiere molle - de
macromolécules telles que des protéines et des polysaccharides, ou d’assemblages de petites
molécules telles que des lipides intégrés dans un environnement aqueux. Comprendre le role
de l'ordre dans la matiére molle constitue un défi pour les chercheurs, car de tels systemes ne
sont ni completement désordonnés, ni parfaitement cristallins. C'est particulierement le cas
pour I'environnement aqueux lui-méme dont I'agencement moléculaire fluctue sur les échelles
de temps de l'ordre de la femto et de la picoseconde. Dans cette thése, nous tentons d'élucider
la présence, l'étendue, les changements et les implications des diverses orientations
moléculaires dans différents systémes de matiére molle : depuis les solutions de
polyélectrolytes aux interfaces de membrane lipidique, en passant par les structures
supramoléculaires. Pour réaliser cette tache, nous utilisons des techniques d’optique non

linéaire : la diffusion de seconde harmonique et de sommation de fréquence.

Dans les deux premiers chapitres, nous explorons la structure de I'eau dans des solutions
aqueuses de polyélectrolytes. Il a été démontré que les polyélectrolytes de masse moléculaire
élevée ordonnent I'orientation des molécules dans I'eau sur une centaine de nanométres. A
l'aide d'un modéle adapté de diffusion de la deuxieme harmonique a partir de particules
chargées, nous pouvons expliquer la structuration observée en termes d'interactions
électrostatiques a longue portée faiblement écrantées qui perturbent la structure de I'eau via
des interactions charge-dipdle. Lors de I'échange d'eau ordinaire (Iégére) avec I'eau lourde,
nous observons un effet quantique nucléaire important sur I'ordonnancement induit, indiquant
que les corrélations entre molécules d’eau sont également accrues par la présence des

polyélectrolytes.

Dans le chapitre suivant, nous exploitons le méme effet nucléaire quantique dans des solutions
de polyélectrolytes pour montrer que I'agencement moléculaire induit par un polyélectrolyte
est corrélé & une augmentation anormale de la viscosité réduite. Nous postulons que
I'anomalie de viscosité découle d'un ordonnancement amélioré dans le solvant, qui entrave le
flux visqueux. Cette observation représente un lien direct rare entre une propriété

microscopique et une quantité observable macroscopique.

Dans les deux derniers chapitres, nous passons des solutions homogénes aux dispersions de
liposomes qui servent de modéles aux membranes biologiques. Au chapitre 5, nous explorons
la liaison de la protéine alpha-synucléine aux vésicules anioniques du point de vue de l'eau
interfaciale. Nous montrons que l'adsorption de la protéine dans une vésicule diminue l'ordre

de 30% dans l'eau interfaciale mais n'affecte pas la surface ni le potentiel z&éta. Nous



proposons que les changements dans la structure de l'eau interfaciale puissent servir de

senseur sans marqueur pour les processus de liaison protéiques.

Dans le dernier chapitre, nous étudions la chimie supramoléculaire des complexes d'inclusion
de méthyl-B-cyclodextrine avec divers lipides. En combinant plusieurs techniques de diffusion
non linéaire, nous montrons que les complexes s'auto-assemblent en fibres directionnelles de
plusieurs micromeétres de long. En nous fondant sur la réponse de différents lipides, nous
proposons que le processus d'auto-assemblage soit activé par liaison hydrogéne entre le
groupe de téte du lipide et la molécule de cyclodextrine. Enfin, nous montrons que
I'ordonnancement a longue distance de la structure auto-assemblée est transmis a la structure

de 'eau qui 'hydrate.

Mots-clés: eau, polyélectrolytes, hydratation, ordonnancement a longue distance,
membranes lipidiques, interfaces aqueuses, adsorption de protéines, auto-assemblage,

complexes héte-invité, matiére molle, optique non linéaire, diffusion de la lumiére.

vi
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Chapter 1: Introduction

Water is the common thread running throughout this thesis. Its importance to the survival of all
known life forms is known to everyone. What is less obvious is how and why this is so. The
seemingly simple structure of the water molecule, two hydrogen atoms each covalently bound
to a central oxygen atom, results in a liquid with surprisingly complex behavior. In this thesis,
we attempt to provide new insights into the complex behavior of aqueous systems, such as
how far can correlations between water molecules reach, what is the structure of water at

biological interfaces, and how molecules in water self-assemble.

1.1. Water

Water is an exceptionally good solvent for polar and ionic compounds. Despite its small size,
it has a high viscosity, surface tension, melting and boiling points. The density of water reaches
a maximum at 4 °C making ice float. These and many other unusual properties of water stem
from the ability of H,O molecules to form an ordered three-dimensional network via hydrogen
bonds (H-bonds) [1, 2] (Figure 1.1). Each H>O molecule can form up to 4 H-bonds with the
surrounding water, 2 bonds via the two lone electron pairs on the oxygen atom and 1 bond for
each hydrogen atom. Because these bonds are directional, H-bonded water is tetrahedrally
coordinated [3]. On average, an H,O molecule at standard conditions has ~3.6 H-bonds [4].
The H-bond network is labile, with an estimated H-bond enthalpy of only 6.3 kJ/mol [5]
compared to the enthalpy of the O-H covalent bond of ~500 kJ/mol [6]. The H-bond network is
also highly dynamic: fluctuations (librations) of the H-bonds occur on a sub-picosecond time

scale and water reorientation occurs within 2-3 picoseconds [7-10].

—

(1.01A

1.74 A

Figure 1.1: Water and hydrogen bonding. (A) An H20 molecule tetrahedrally coordinated with 4
surrounding water molecules via directional hydrogen bonds (dashed lines). (B) Schema of two

hydrogen-bonded H20 molecules. The dimensions are taken from Ref. [11].



In aqueous solutions, the H-bond network rearranges to accommodate the dissolved
species. Depending on the chemical nature, shape, size and electrical charge of the solute,
the rearrangement of the H-bond network may be favorable or unfavorable which impacts the
solubility [12]. The structure of the H-bond network of water plays a role in many fundamental
biological processes, such as membrane formation, protein folding, molecular recognition,

adsorption and lubrication [13-16].

1.2. Water isotopes and nuclear quantum effects in water

The oxygen atom and the two hydrogen atoms that constitute the water molecule can exist in
more than one stable isotope, the most common being O and 'H. The other stable isotopes
are 180 and ?H (Deuterium, D) [17]. In this thesis, we use H;**0 (H.0, light water) and ?H,**O
(D20, heavy water). The seemingly simple isotope exchange of hydrogen to deuterium leads
to considerable changes in certain physicochemical properties. Table 1.1 shows a comparison
of several properties of H,O and D;O. These differences are due to small changes in the
nature of the hydrogen bond whose origins lie in the quantum mechanical behavior of protons.
As such, those isotope effects of water that cannot be accounted for by a classical theory are
referred to as nuclear quantum effects [2, 18, 19]. The nuclear quantum effects are more
pronounced in H,O than in D20 due to the nucleus of *H being ~50% lighter than 2H. From
Table 1.1 we can see that properties such as the refractive index, the dielectric constant and
the dipole moment are almost identical (<1 % difference), while the dielectric relaxation time,
vibrational energies, and dynamic viscosity differ by >20 %. More fundamentally, the O-H
covalent bond is ~3% shorter in than the O-D bond, whereas the O-H---O hydrogen bond is
~4% longer than the O-D---O bond [11]. The net result of the nuclear quantum effects is that
the H-bonds are stronger, the H-bond network is more tetrahedral and more coordinated in
D.0 than in H.O [11, 18].

Table 1.1: Comparison of several properties of light and heavy water. Values are given at standard

conditions unless stated otherwise. Partially adapted from Ref. [18].

Property H.O DO A (%)
Mass (amu) 18.0153 20.0276  +11.2
Density (g/cm?) [20] 0.9970474 1.104362 +10.8
Temperature of the triple point (K) [21] 373.15 376.97 +1.0
Temperature of max. density (K) [22] 277.13 284.34 +2.6
Dynamic viscosity (cP) [20, 23] 0.8903 1.0963 +23.1
Dipole moment (D) [24] 1.8546 1.8558 | +0.1



Refractive index (550 nm) [25, 26] 1.333977  1.329242 -0.4

Dielectric constant [27] 78.7854 78.2618 -0.7
Autoionization constant [28] 13.993 14.957 +6.9
Dielectric relaxation time (ps, 293.15 K) [29] 9.55 12.3 +28.8
Vibrational frequencies (gas phase) (cm™) [30, 31] 3657.1 2671.6 -26.9

1594.7 1178.4 -26.1
3755.9 2787.7 -25.8

Gas phase dimer dissoc. ener. (kJ/mol, 10 K) [32, 33] 13.22 14.88 +12.6
O-H bond length (A) [11] 1.01 0.98 -3.0
H-bond length (A) [11] 1.74 1.81 +4.0
Avg. number of H-bonds [11] 3.62 3.76 +3.9

1.3. Aqueous electrolyte and polyelectrolyte solutions
When we refer to water in our everyday lives, we most often implicitty mean an aqueous
electrolyte solution. The role of ions in water has been studied for more than a century. The
fact that the interaction of ions with water is not trivial was demonstrated by the famous work
of Franz Hofmeister who showed that various ions differ in their ability to solubilize or
precipitate proteins [34-36]. This is due to differences in the way ions disturb the structure of
water. As for all solutes, the H-bond network of water has to accommodate the space occupied
by the dissolved ions. In addition, the electrostatic field emitted by ions interacts with the water
dipole, forcing it to align with the electric field [37]. The region around the ion where the
structure of water is disturbed is referred to as the hydration shell. Understanding the nature
of the water in the hydration shell and the shell’s size is key for elucidating the role of ions in
phenomena such as protein folding, self-assembly, adsorption, lubrication, and viscous flow.
However, advancement in this field has been hampered by a lack of experimental techniques
capable of accessing this information. For example, the spatial extent of an ion’s influence on
the structure of water remains a controversial topic as it depends on the technique used to
measure it [38]. The most pronounced changes in water structure are observed in the first,
second or third hydration shell (up to 1 nm) [12, 39]. However, recent studies have indicated
that the orientational order of water may be disturbed up to 20 nm away from the ion [40, 41].
Unlike the Hofmeister effect, the recently observed extended hydration is not ion-specific but
shows a strong isotope effect upon H.O — D>O exchange. This indicates that water-water

interactions are also important along with charge-water interaction.

In biological and other aqueous systems, the electrical charge is not only found on

simple ions but also on large macromolecules (polyelectrolytes). Polyelectrolytes are
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macromolecules containing species that ionize in a polar solvent (water). This includes
proteins, polysaccharides, DNA, RNA, and various synthetic polymers, such as poly(styrene
sulfonate) and poly(acrylic acid). Polyelectrolytes are used in foods and cosmetics (thickeners,
emulsifiers) [42], water treatment [43, 44], medical implants [45], and building materials
(superplasticizers) [46]. Proteins and charged polysaccharides constitute a significant part of
the mucus, the synovial fluid, epithelium, muscle and connective tissues [47, 48]. The swelling
behavior of polyelectrolytes and their ability to bind large amounts of water are key to
maintaining various biological functions [49]. The behavior of polyelectrolytes is different from
and considerably more complex than that of neutral polymers. The properties of
polyelectrolytes are influenced by additional electrostatic interactions between the ionized
species on the polyelectrolyte chain [50-52]. These interactions are, in turn, modulated by
mobile ions dissolved in the solution that screen electrostatic fields. Due to these electrostatic
interactions, polyelectrolyte solutions display some unusual properties, such as anomalous
viscosity, that cannot be explained by models that work for neutral polymers [52-54]. The
existing models of polyelectrolyte behavior are often based on a mean-field approximation of
water which is known to be inaccurate for electrolyte solutions [12, 34-36, 39]. As such, the
influence of polyelectrolytes on the structure of water should be investigated as well. The

guestions that we will address in this thesis are:

Do polyelectrolytes possess extended hydration shells?
How does the hydration of polyelectrolytes differ from simple electrolytes?
3. Does the extended hydration of polyelectrolytes have a measurable impact on the

macroscopic properties of the solutions?

Chapters 4 and 5 are dedicated to answering these questions.

1.4. Lipid membranes, proteins, and hydration
Plasma membranes separate various functions necessary for the survival of an organism into
specialized compartments [55]. The plasma membrane is made of two opposing leaflets of
polar lipids (a lipid bilayer) decorated with proteins and carbohydrates (shown in Figure 1.2)
that facilitate the transport of molecules across the membrane and interact with the surrounding
environment [55]. The glycerophospholipids that constitute the majority of the lipid bilayer
contain two hydrophobic acyl chains and a polar headgroup [55-57]. The existence of
membranes is enabled by the unique properties of water since the formation of lipid bilayer
proceeds via self-assembly of water-insoluble lipids driven by the hydrophobic interaction [58-
60]. Proper functioning of a membrane thus relies on a fine balance of interactions between

the lipids, the proteins, and the interfacial region made mostly of water.

4



Extracellular Fluid Carbohydrate
Hydrophilic heads

Protein channel
(transport protein)

Globular protein

Glycoprotein

Ol
o

) f CNR ﬂH PR P ) ){) Mg nn %) ‘)\),.( —
t\t\uw\k\t\ VOIS v lUUl\utu(u‘: Utl(u,‘/)(nf.//
[ /7

Cholesterol

Phospholipid
Integral protein molecule

{Globular protein) Surface protein

Glycolipid

Filaments of / Alpha-Helix-protein

Peripherial protein 0
cytoskeleton (Integral protein)

Hydrophobic tails

Cytoplasm

Figure 1.2: lllustration of a cell (plasma) membrane. The membrane is primarily composed of a lipid
bilayer and proteins, some of which span across the membrane while others are partially inserted or

only bound to the surface of the bilayer. The image is taken from Ref. [61].

The structure of water near the surface of membranes differs from bulk water [62, 63].
This plays a role in membranes' stability and its interactions with the environment [60, 64-66].
The membrane hydration depends on the lipid composition, the surface charge and the
composition of the adjacent electrolyte [67-70]. However, characterizing the structure of the
interfacial water is experimentally challenging [71]. The membrane-water interface has been
studied by techniques such as surface force apparatus [64], atomic force microscopy [62, 63,
72], and molecular dynamics simulations [15, 65]. Recent progress in nonlinear optical imaging
and spectroscopy offers a novel approach to probing interfacial phenomena in model biological
membranes without resorting to labels or invasive probes [73-75]. This opened a new approach
to the study of the electrical double layer [67, 69, 76], the role of hydration in colloid stability
[77], surface phase transitions [78], domain formation [79], ion adsorption [80, 81], and

transmembrane asymmetry [82].

The lack of molecular-level insight into membrane-protein interactions limits our
understanding of cell function or dysfunction. These interactions are typically studied using
nuclear magnetic resonance, x-ray crystallography, optical dichroism or fluorescence assays
that are not inherently surface-specific and do not provide information about the hydration
environment [83]. The role of water in membrane-protein interaction warrants investigation
since hydration influences both protein and membrane dynamics [15, 84]. This problem can
be addressed experimentally using nonlinear optical techniques which have already been
employed to study the secondary structure of proteins at interfaces [85, 86]. Therefore, in

Chapter 5 of this thesis we aim to address the following questions:



1. What are the impact of protein adsorption on the hydration environment and surface
electrostatics of a liposome?

2. Does second-harmonic scattering provide information about the structure of the
adsorbed protein?

1.4.1. Model lipid membranes and lipid chemistry

To perform studies on lipid membrane models, we use small unilamellar vesicles
(liposomes) dispersed in agueous saline solutions. Other existing membrane models include
planar monolayers, freestanding bilayers, supported bilayers and giant unilamellar vesicles
(Figure 1.3). The planar membranes represent the traditional approach to membrane studies
[87]. Lipid monolayers can be prepared at the air/water interface in a Langmuir trough which
provides direct control over lateral pressure [88]. The disadvantage of this approach is the
large volume of sample required, on the order of 10-100 mL. Another disadvantage is the
contact of the sample with air which can lead to contamination or oxidation [88]. Freestanding
or supported bilayers immersed in water remedy this issue. However, freestanding bilayers
are fragile which complicates long-term measurements. Moreover, probing freestanding
bilayers by light reflection (imaging or spectroscopy) is inefficient due to the small refractive
index contrast between the bilayer and the solvent. Supported bilayer do not suffer from these
issues and are the preferred approach for reflection spectroscopic techniques [89]. One
drawback of supported bilayers is a distortion induced in the membrane by the support which
affects the lipid transition temperature and significantly increases the transmembrane lipid
diffusion rate [90]. The disadvantage shared by all planar membrane models is the lack of
curvature which may impact certain membrane functions [91, 92]. Another difference in favor
of dispersed vesicles over planar membranes is a large surface to volume ratio leading to
diminished sensitivity to small amounts of surface-active impurities [93] and to laser-induced
heating [94].
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Figure 1.3: Examples of systems that are studied using nonlinear spectroscopic techniques. Left:

planar lipid membranes (studied by SHG/SFG in reflection mode). Middle: Spherical lipid membranes
(oil nanodroplets and liposomes) studied in a scattering geometry. Right: bulk aqueous solutions

(electrolytes, polyelectrolytes) that can be probed by elastic SHS.

The lipid bilayer of a mammalian plasma membrane is asymmetric, with
phosphatidylcholine and sphingomyelin found predominantly on the exoplasmic leaflet,
whereas phosphatidylserine and phosphatidylethanolamine are concentrated on the
cytoplasmic leaflet [95]. To create artificial lipid membranes that can accurately imitate the
properties of plasma membranes, therefore, requires not only a precise composition of lipids
but also a correct distribution of the lipids across the two membrane leaflets. Supported and
freestanding bilayers can easily be made asymmetric during the preparation [79].
Unfortunately, this is not the case for small and large unilamellar vesicles prepared by extrusion
where the lipids are automatically scrambled. To overcome this issue, new protocols for
liposome asymmetry are being developed that exploit lipid-cyclodextrin complexes to enhance
intervesicle lipid trafficking [96, 97]. Cyclodextrins are cyclic oligosaccharides capable of
solubilizing hydrophobic molecules in water. They have a wide range of applications spanning
from basic membrane research, to flavor encapsulation, drug delivery, and supramolecular
chemistry [98-101]. Despite the growing use of cyclodextrins, little is known about their
interaction with membranes and lipids. To address this issue, Chapter 6 of this thesis will

attempt to provide answers to the following questions:



1. What are the modes of interaction between lipids and cyclodextrin? Does hydration
play a role?

2. What is the fate of lipids extracted from membranes by cyclodextrin?

1.5. Nonlinear spectroscopy

1.5.1. Second-order optical nonlinearities
In this thesis, we exploit second-order nonlinear optical effects to measure the structural
anisotropy of water and to perform surface-specific measurements. Optical nonlinearities occur
at high optical field strengths when the linear relationship between the polarization of a material
P and the incident optical field E breaks down. In such a case, the macroscopic polarization
P(t) = Pe'“t of the material can be expressed as a power series of the incident electric field
E(t) = Ee't [102]:

P(t) = e(xV - E@®) + xP:E@)? + x® : E()* + ) (1.2)

where y™ is nt" order susceptibility tensor. Second-order nonlinearities (y® # 0) can be used
to generate sum-frequency and second-harmonic signals [102]. In a sum-frequency (SF,
Figure 1.4A) process, two optical fields of frequencies w; and w, interact in a material to
produce a third optical field with frequency w, = w, + w,. This process is greatly enhanced for
those frequencies (here w,) that are in resonance with a real transition in the sample (electronic
or vibrational) [102]. Second-harmonic (SH, Figure 1.4B) process is a special case of SF where
the two incident fields are of the same frequency, i.e. w; = w,. The energy diagram for a
vibrational SF process is shown in Figure 1.4A. Figure 1.4B shows the energy diagram of non-

resonant SH generation.
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Figure 1.4: Energy diagrams and geometries of second-order spectroscopic techniques. (A) SF
is generated by combining a resonant mid-IR optical field (CH stretch modes of alkanes resonate at A =
3400 nm) and a non-resonant ‘visible’ field (A = 800 nm corresponds to the output of a Ti:Sa laser). The
molecule, therefore, passes from a ground state (GS) to a real excited state (ES) and a virtual state
(VS). (B) In an elastic SH process, two photons of the same energy are absorbed by the molecule which
passes through two virtual states (VS) and instantaneously re-emits light at the SH wavelength which is
half of the incident wavelength. A = 1028 nm corresponds to the emission of a Yb:KGW laser. (C)
Schema of second-harmonic generation (SHG) from a flat interface in reflection geometry. (D) Sum-
frequency generation (SFG) in reflection. (E) Second-harmonic scattering (SHS) in collinear excitation.

(F) Sum-frequency scattering (SFS).

Second-order optical processes have one important property that linear processes do not: the
x® tensor vanishes in centrosymmetric media. To simply demonstrate this fact for the
instantaneous second-harmonic generation, we can write from Eq. (1.1) for the second-order

polarization:

P@(t) = yD:.E(t)? (1.2)

If we change the sign of the electric field, we also change the sign of the polarization, i.e.:

—PA () = x@:[-E®)]’ (1.3)

Putting Egs. (1.2) and (1.3) together, we obtain P (t) = —P®@)(t) which implies: x® = 0. In
other words, SF and SH processes are allowed only in systems with a noncentrosymmetric
distribution of material. This property, which is common to all even-order nonlinearities, can be
exploited to perform surface-specific spectroscopy and to measure the orientational order

(structural anisotropy) of liquids.

The macroscopic second-order susceptibility ¥ is a function of the molecular
hyperpolarizability ?, the orientational distribution and the number density of the molecules

[102]. The molecular hyperpolarizability is

wq + iyq

q
pO=pH+ Yy —L (1.4)
q

Where the term BI(VZ,% represents a nonresonant background and the term in the sum represents
resonances at frequencies w,, with damping constants y,. The elements of the g9 tensor are

proportional to the product:
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Where % and % are the changes in the polarizability and the dipole moment respectively of
q q

the molecule vibrating along the normal coordinate Q,. In other words, for a vibrational mode

o . . day; .
to be SF-active, it must be simultaneously Raman-active (a%’ # 0) and IR-active (% # 0)
q q

[103].

Nonlinear spectroscopy can be realized in various geometries. The reflection geometry
(Figure 1.4C, D) where the incident and reflected beams are phase-matched and lie in the
same half-plane, was developed to probe planar interfaces. The reflected light is emitted in a
narrow range of angles. The scattering geometry (Figure 1.4E, F) is optimal for probing
solutions and dispersions. In the scattering geometry, the generated light is emitted in a broad
distribution of angles (scattering patterns) which deviate from the phase-matching direction
due to the coherent addition of signal over the surface of a small particle [104]. The theoretical
treatment of reflection and scattering are similar and on a fundamental (molecular) level, the
reflection and scattering processes are identical. Here, we provide a historical overview and
state of the art in nonlinear spectroscopic techniques. The theoretical framework of nonlinear

scattering is described in the following chapter.

1.5.2. Reflection from planar interfaces
The first SH generation (SHG, Figure 1.4C) in a crystal was demonstrated by Franken et al in
1961 [105]. This was allowed by the invention of the ruby laser one year before by Maiman
[106]. The theory of SHG was originally developed by Bloembergen and Pershan in 1962 [107],
and subsequently improved in the following years [108-110]. In 1973 SH reflection from a
surface was first reported [111]. The use of SHG in the reflection geometry for the study of
molecular orientation and adsorption at planar liquid-air interfaces was developed in the 1980s
[112-114]. Elastic (non-resonant) SHG from the water-silica interface was first demonstrated
by Ong et al. in 1992 [115]. Vibrational SF generation (SFG, Figure 1.4D) was developed in
1987 [116, 117]. The latest technical developments in SFG include 2D (pump-probe)
measurements shown in 2006 [118], heterodyne-detection for phase-sensitive measurements
in 2007 [119], and the combination of the two in 2012 [120]. The complexity of the systems
studied by SHG and SFG has been increasing. Recently, chiral SHS measurements have

revealed the presence of chiral water in the minor groove of DNA and in artificial membrane
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channels [121, 122] and chiral SFG has been employed to determine the secondary structures

of surface-bound proteins [123].

1.5.3. Scattering from colloidal dispersions

Although in 1969 Terhune et al reported the first case of SH scattering (SHS, Figure 1.4E) from
crystals and liquids [124], the use of resonant SHS for probing particle interfaces was first
demonstrated only in 1996 [125] and vibrational SF scattering (SFS, Figure 1.4F) was
introduced 7 years later in 2003 [126]. In 1998 Yan et al reported on elastic (non-resonant)
SHS from polystyrene sulfate particles in water and showed a relation between the surface
potential and SHS intensity [127]. The first SHS study of liposomes was presented by the same
group 3 years later [128]. Another improvement to SHS was angle-resolved (AR) SHS
measurements demonstrated in 2010 [129]. Elastic SHS has recently been employed to probe
the order of interfacial water at the surfaces of nanoparticles [67, 77, 82, 130-136]. A recent
extension of the theory of SHS from charged interfaces significantly improved the agreement
between the theory and the experimental data [137]. This allowed an unambiguous
determination of the surface potential of liposomes in water [69, 76]. Unlike elastic SHS which
probes all molecules in the sample simultaneously, vibrational SFS can measure specific
molecular vibrations [126]. It has been employed for the study of the interfacial structure of oil-
water emulsions [67, 77, 135, 136, 138-140] and liposomes [82]. The developments and
applications of SHG/SHS and SFG/SFS have been summarized in many reviews [73-75, 86,
114, 141-144].

1.5.4. Hyper-Rayleigh scattering and coherent SHS from bulk liquids
SHS occurs not only at interfaces but also in homogeneous solutions of molecules with a
noncentrosymmetric electronic structure, such as water. SHS from bulk liquids was first
reported in 1965 [124]. The theory of SHS from liquids was developed by Cyvin [145], and
subsequently improved by Bersohn [146] and Kauranen and Persoons [147]. Uncorrelated
noncentrosymmetric molecules generate incoherent SHS, also referred to as hyper-Rayleigh
scattering (HRS) [143]. The HRS intensity is linearly proportional to the number density of the
molecules [148]. The emission of light at the second-harmonic frequency can be enhanced if
the molecules in the liquid are spatially correlated. This leads to constructive interference of
signals from distant molecules. [146]. In the case of coherent SHS, the intensity scales
guadratically with the number density of the correlated molecules [143]. SHS has been used
to study long-range correlations in aqueous electrolyte solutions [40, 41, 149]. The

orientational order in water arises from ion-water and H-bonding interactions. Isotope
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exchange experiments (H.O — D,0) have shown that the H-bond network of water acts
against the order induced by the presence of ions [41]. SHS can therefore be used to probe
water-water correlations, the influence of various substances on the orientational order of

water, and the role of nuclear quantum effects in water [18, 150-152].

1.6. The structure of this thesis
This thesis is divided into 7 chapters. The core of the thesis is Chapters 3 - 6 each of which
was adapted from a manuscript (published or in preparation for publication). The first part
(Chapters 3 - 4) presents studies of aqueous polyelectrolyte solutions using SHS and viscosity
measurements. The second part (Chapters 5 - 6) concerns the studies of molecular
interactions with liposomes as models of lipid membranes using SHS, SFS and other
supporting techniques. The systems under investigation here compared to other systems

studied by nonlinear spectroscopy are illustrated in Figure 1.3.
The chapters are structured as follows:

o Chapter 2 provides the theory for the used experimental techniques: second-harmonic
scattering (SHS), sum-frequency scattering (SFS), dynamic light scattering (DLS), and
electrophoretic mobility measurements. The physical implementation of the nonlinear
scattering techniques is described as well.

e Chapter 3 presents the SHS measurements of polyelectrolyte (hyaluronan) solutions.
The origin of the SH response is discussed and compared to that of electrolytes and
charged particles. A modified model of SHS from charged particles is proposed to
explain the observed SH response. Temperature dependence of the SHS is also
measured and discussed.

e In Chapter 4 we present viscosity and SHS measurement of polyelectrolyte solution.
We show a correlation between SHS response and the reduced specific viscosity of
the solutions. The observed increase in the reduced viscosity and SHS is explained as
originating from enhanced orientational order in the bulk water due to the presence of
highly charged polyelectrolytes.

e Chapter 5 presents a study of the binding of the protein a-Synuclein to cationic
liposomes using SHS, DLS and electrophoretic mobility measurements. The protein
binding is shown to have no effect on the surface and zeta potentials. Its presence at
the liposome surface leads to a decrease in the orientational order of interfacial water
which is seen as a decrease in SHS intensity.

e In Chapter 6 we study the interaction between various liposomes and methyl-B-

cyclodextrin using SFS, SHS, DLS and electrophoretic mobility measurements. SFS
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measurements show that cyclodextrin is selective to lipid headgroups. SHS reveals
that cyclodextrin-lipid complexes self-assemble into fibers. A water isotope exchange
indicates that hydration plays a role in the self-assembly process.

Chapter 7 provides a summary of the thesis and an outlook on the possibilities for future

research based on the work presented here.
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Chapter 2: Experimental details and methodology

This chapter provides an overview of the principal methods used in this thesis. The core of the
chapter is dedicated to the theory of second-order nonlinear scattering, including a discussion
of special cases, and calculated examples. The physical implementations of second-harmonic
and sum-frequency employed are described in detail. The final sections of the chapter are
dedicated to a brief overview of the supporting techniques - dynamic light scattering and

electrophoretic mobility measurements.
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2.1. Theory of nonlinear scattering
The following section develops the theoretical basis of the two nonlinear optical methods used
in this thesis: sum-frequency scattering (SFS) and second-harmonic scattering (SHS). The first
part concerns the derivation of general formulas for sum-frequency scattering from the surface
of centrosymmetric spherical particles in a centrosymmetric medium. This is followed by a
derivation of formulas for elastic second-harmonic scattering. We also derive scattering
formulas for charged particles in a polarizable medium which involves an additional third-order
effect allowing optical measurement of the surface potential. Lastly, we provide a theory of SH
scattering from cylindrical particles with bulk noncentrosymmetry and a method of calculating

the scattered intensity of randomly oriented particles.

2.1.1. Assumptions

One possible starting point for calculating the scattered electromagnetic fields is to invoke the
reciprocity theorem [153, 154]. If we have an oscillating polarization distribution P, the electric
field generated by this polarization at a distant point r, E(r,), will resemble a spherical wave.
The theorem states that, by reversing the flow of time, this is equivalent to the electric field E’
of a spherical wave back-propagating from the point r, and inducing a linear polarization u.
The product P - E' integrated over all space describes the contribution of the polarization P to
an electric field detected at the far-field point r,. Formally, this relationship is given by:

) k2
E(ry) - u = etko™o r—Of iwP(r") - E'(r")d3r' (2.1)
0

Where k, is the wavenumber of the real electromagnetic wave E(r,) in the far-field, while E’
is the theoretical spherical wave returning from the point r,. The integral is evaluated over the

volume of the particle. For second-order interactions, the polarization is given by [102]:

P(r") = x® (') E (") E,(r') (2.2)

where E;(r") are the local electric fields in the particle which are related to the incident
electromagnetic fields. The Mie theory provides an exact solution to this problem by properly
expressing the local electric fields in vector spherical harmonics [155] and has been adapted
to nonlinear scattering as well [156-158]. To simplify the calculations, we use the Rayleigh-
Gans-Debye (RGD) approximation which assumes that the incident light is neither reflected at

the particle surface nor attenuated inside the particle. This is expressed by the conditions [159]:
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where n, and ng are the refractive indices of the particle and the solvent, 1 is the wavelength
of out outgoing light, and d is the particle’s diameter. We can verify that this condition is easily

satisfied for large unilamellar vesicles (n, = 1.4, d = 120 nm) in water (n, = 1.332) probed using

the second-harmonic of a Yb:KGW laser (514 nm) for which |1 - %
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0.08.

2.1.2. Symmetries
To further simplify the calculation of the scattered fields, we can make use of symmetries of

the system under study. For centrosymmetric particles embedded in a centrosymmetric
medium, such as water, the ¥ tensor will be non-zero only at the particle-solvent interface

[102] as illustrated in Figure 2.1A. We can, therefore, define the surface second-order

susceptibility tensor as xgz) ") = x@@")s(|r'| — R), where § is the dirac delta function and R
is the particle radius. The i component of the second-order polarization oscillating at the

frequency w, = w; + w, is then equal to [102]:

PP (wo) = eox (%) (o, w1, 05) Ej(w1) Ex (w5) (2.4)

To further simplify the problem, we can take into account the symmetries of the surface itself

which will eliminate certain elements of the xgz) tensor [160]. We will consider two cases here:

an achiral isotropic surface (Figure 2.1B) and a chiral isotropic surface (Figure 2.1C).
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Figure 2.1: Symmetries of a spherical particle. (A) A system composed of a particle made of a

centrosymmetric material embedded in a centrosymmetric medium will not generate any second-order

response from the bulk of the particle nor from the bulk of the medium due to inversion symmetry. The
only place where inversion symmetry is broken is at the particle-medium interface (Xsurface # 0). (B)

View of an achiral isotropic surface. This surface has 3 symmetries: a four-fold rotational symmetry (axis
Cs) and two perpendicular reflection planes ov and ov (dashed lines). (C) An illustration of a chiral
isotropic surface. This surface has a four-fold rotational symmetry (axis Cs4) but lacks reflection

symmetry.

Since the surface of a sphere can be locally approximated by a plane, we will use a
right-handed Cartesian coordinate system (7', 8’, ¢') for the local surface coordinates where

#' is a unit vector in the direction normal to the surface and 8’ / ¢’ are mutually orthogonal

unit vectors in the plane of the surface. First, let us investigate how )((2)

sijk In equation (2.4)

transforms under a four-fold rotation around the ' axis. The transformation matrix for the n
rotation is [161]:

1 0 0
D(CY) = <0 cos(nm/2) — sin(nn/Z)) (2.5)
0 sin(nmt/2) cos(nm/2)

),tr

The transformed tensor y 7, is then:
A = DD (CHmD (€ ux e (2.6)

Under a 180° rotation we obtain )((? grd), =(-D(D(- 1))(5(9 17! )((9) Y which implies

()

Xse'e'¢ = 0. The same argument holds for all )(S Uk elements where the total number that
indices 8" and ¢' appear is odd (i.e. p'¢p'¢’, 8'60'6’, and all the permutations of 8'6'¢’ and
0'¢p'd"). Using a 90° rotation we obtain X(Z),gre, = (—1)(—1))(5(2r)¢ ' )(( )¢ ol ie. 8' o @'

which holds for all 3 permutations of the indices r'6'6’. Lastly, if we apply a 90° rotation to
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2),tr

; (2)
Xsrigy W€ obtain —y

PR i.e. ¢’ & —0' for all permutations of r'6'¢’. A surface with such

symmetry is illustrated in Figure 2.1C.

If the surface is achiral, it contains 2 additional orthogonal planes of mirror symmetry o, and

oy (dashed lines in Figure 2.1B). The transformation matrices for oy and oy are:

1 0 O 1 0 O
R(o,) = (0 -1 0> R(o,) = (0 1 0 ) (2.7)
0O 0 1 0O 0 -1

If we apply these symmetry operations to the element )(S(Zr),¢,9, we obtain — ﬁzr),qb,g,, implying

()

Xsrigrg! = 0. The same holds for any permutation of r'¢'6’. The tensor elements )((2) where

s,ijk

ijk is a permutation of r'¢'6" are referred to as chiral [160].

2.1.3. Vibrational sum-frequency scattering
Our goal here is to calculate the electric field components of a wave scattered from the surface
of a spherical particle. The geometry of the problem is illustrated in Figure 2.2A (perspective)
and B (top view). To calculate the scattered electromagnetic field, the local surface response
described by xgz) must be integrated the over the surface of the particle. We can include the
combined symmetry of the particle and the electromagnetic field into one term, the effective
second-order susceptibility I'®. This allows us to write the following relationship between the
incident and scattered electromagnetic fields detected at a distance r, from the source [153,

162]:

2
Ey = aELE, Z Féiiiaz H(ﬁai 'ﬁi,l) (2.8)
i=0

Aopaq10az

with

(2.9)

where |7 is the unit distance and |i| is the unit current. The unit polarization vectors u;, are

defined as:

Uy, = (sinB,0,cos0) (2.10)
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Uy, = (cos(B— ), 0,sin(B — a))
U,, = (cosa, 0, —sina)

ﬁO,S = ﬁl,s = ﬁz,s = (0,1,0)

where the subscript i denotes the beam (0 = SF, 1 = VIS, 2 = IR) and the subscript | stands

for polarization direction (p-parallel or s-perpendicular with respect to the scattering plane xz).

Ve o

Figure 2.2: Geometry of the sum-frequency scattering process. (A) Perspective view. (B) Top view.
There are 3 beams involved with their associated wave vectors, these are in order of decreasing
frequency: sum-frequency (SF) — ko, visible (VIS) — ki and infrared (IR) — k2. There are also 3 coordinate
systems: 1. A Cartesian laboratory frame (%, y, Z) with 2|| kit+kz2 (the phase matching direction). 2. A
rotated Cartesian frame (g5, q,, 4,) where g. || g (the scattering wave vector) 3. A particle surface frame
defined in spherical coordinates (&,,, &q,, &,,). The xz plane is the scattering plane in which all 3 wave
vectors (K1, k2, ko) are placed. The scattering angle 0 is the angle between ko and ki+k2. Beams polarized
in the scattering plane are referred to as p-polarized, while beams polarized perpendicular to the plane
are referred to as s-polarized. The polarization combination of all 3 beams is described by a 3-letter

code in order of decreasing frequency, e.g. pss = SF p-polarized, VIS s-polarized, and IR s-polarized.

The element aya,a, of the effective second-order susceptibility of a spherical particle
with a radius R is [162]:

2
r® = Z f dr'3 {Xg§21625(|1",| —R)e‘iq"”l_[(éci -%J} 2.11)

CoC1C2 i=0
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For a spherical particle, the coordinates are (r', 8’, ¢') with the range: r’ € [0,R], 8’ € [0, ] and
@' € [0,2n] and dr'® = r'2dr'sin 8’ d6'de’. The relationship between the unit vectors of the

rotated Cartesian frame (g, 4., q,) and those of the particle’s Spherical coordinate frame (&,

g, €y)) Is:
e, sin@'cos¢@’ sinf'sing’ cos@’ qy
€9, | = cosB' cosgp’ cos@'sing’ —sind' || q, (2.12)
€y —sin ¢’ cos ¢’ 0 q,

The scattering wave vector is defined as q = k, — (k; + k;) and its magnitude is q(6) =

2k, sin(6/2). The wave vectors are defined as:

ky, = ky(sin6,0,cos0)
ky = ki(—sin(B — a),0,cos(f — a))
k, = k,(sina, 0, cos a)

kl + k2 = |k1 + kzl(0,0,l)

(2.13)

xgz) is a third-rank tensor with 3% = 27 elements. As was shown in the previous section, there

are only 7 independent, non-zero xgz) elements that can be divided into achiral and chiral. The

calculations can be further simplified if we re-define the 7 susceptibility elements in the

i oL, () _ @) _
following manner: Y1 = Xrmm — Xo'o's' — Xo'r'e" ~ Xr'6'e’s Xsz = Xe'e'r's Xs3 = Xo'+'g"s

2 2 2 2
X§,4) = Xr'g'e"s Xs(,s) =Xr'e'! Xs(,e) = Xo'¢'r's Xs(,7) =X¢'r'e'

By solving Eq. (2.8) for all 8 polarization combinations of the sum-frequency, visible
and IR beams, we obtain the following expressions for the intensity of the emitted

electromagnetic field in the 8 polarization combinations [137, 162]:
0 0 0 @)
Eppp = [cos (E) cos (E - a) cos (E —a+ ﬂ)] I
+ cos(f — a + B)Esg, + cos(0 — a)Egys + cos(f)Epss
0
— ()
Essp = acos (E_ a) I, (2.14)
0
Egps = acos (E —a+ ,6’) FB(Z)

0
E,ss = a cos (E) Fiz)
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“ AW 0 oy (6
Epps = E{_ch [Xs cos (E) sin (a - B+ 5) + X7 cos (a -B+ E) sin (§>]
+ Feno(Xs + X6 + X7) sin(a — B + 9)}
a o\ (0 N 9
Epsp = E{Fch,l [Xs cos (0( - E) sin (E) — X5 Ccos (E) sin (a — E)]
+ Fen2(Xs + X6 + X7) sin(a — 9)}

a .
Espp = Z{[Fch,l(X6 +X7) — 2Fcn2(Xs + X6 + X7)| sinQa — B)

+ Fen1 (X7 — Xe) sin(f — 9)}
Ews =0

Where the elements of F,Sz) are defined by the matrix:

@ @
( Fl(z)\ 2F,—5F, 0 0 0 XS(';)
|2 |=( = 2 00 )k (2.15)
@ F, 0 2F 0 @ :
\ @ / F, 0o o 2r/)|%?
I X§24)

with the form factors F; = 2miR? (% —~ COZ(:R)), F, = 4miR? (3 Szzgf) -3 C((’;gf) —~ Szzgi)),

cos(qR) _ sin(qR) . sin(qR)
(qR)? (qRr)? qR

Fepy = 8mR? (3 ) and Fp,, = 81R? (COS(qR) - Sin(qR)). The optical

(qr)? (qRr)?
intensity measured at the sum frequency w, in the polarization combination xyy is I, (w) =

2
|Eg,)y . For an achiral surface (i.e. (i.e. )(S(? = )(S(,ze) = )(5(,27) = 0)), there will be no signal in the
polarization combinations spp, psp and pps in Eq. (2.14), that is:

Epps = Epsp = Espp = 0 (2.16)

Calculated scattering patterns based on Egs. (2.14) for a particle R = 100 nm, in water (n

1.333) with wavelengths A1 = 800 nm, A> = 3400 nm, and surface susceptibility elements x,

0,x2=1,%3=0.5,%x=0.5,%x;=0.1, x¢ = 1, x; = 0 are shown in Figure 2.3.
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Figure 2.3. Theoretically calculated SF scattering patterns. The patterns in all 8 polarization
combinations of the SF, VIS, and IR beams are calculated from Egs. (2.14). The parameters used for
the calculation are: R = 100 nm, n = 1.332, A1 =800 nm, A2=3400 nm, x; =0, x, =1, x3 = 0.5, x4, = 0.5,
X5 =0.1, x6 =1, x7 = 0, @ = 0°. The blue curves show collinear excitation ( = 0°) while red curves show

non-collinear excitation (f = 25°).

We can see from Egs. (2.14) and (2.16) that polarization combinations ppp, ssp, Sps,

pss probe exclusively achiral elements of xg” while polarization combinations spp, psp, and
pps probe only chiral ones. Moreover, achiral emission is modulated by form-factors F; and F,,
while chiral emission is modulated F.,; and F.,, which will lead to different angular
distributions of the scattered SF field for chiral and achiral signals. For example, chiral emission
produces a response in the forward direction (6 = 0°) under non-collinear excitation while this
is never the case for achiral signals or under collinear excitation, as can be seen in Figure 2.3.
The sss polarization combination does not contain any coherent signal for spherical particles,

regardless of chirality. The relationships between the polarization combinations, the form

factors and the elements of xgz) are summarized in a chart in Figure 2.4.
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Figure 2.4: A chart showing the contributions of the surface susceptibility elements (X§2)) and the four

form factors to the 8 possible polarization combinations.

The above equations were derived with the assumption that the scattering object is a
sphere with an isotropic surface. For a non-spherical scattering object, the achiral )(;21) element

can contribute all 8 polarization combinations [162].

2.1.4. Elastic second-harmonic scattering from bulk liquids
In an elastic second-harmonic experiment the wavelength of light used is far from any
resonance of any molecule in the sample. All non-centrosymmetric molecules in the probed
volume of the sample, therefore, generate SH intensity of approximately the same magnitude

[102]. The second-order polarization of each molecule oscillating at 2w is [102]:

@ 2w) = BP:E(w)E(w) (2.17)

where B is the molecular second-order hyperpolarizability tensor. The macroscopic second-

order susceptibility ¥ is an orientational average of molecular hyperpolarizability 2 [102]:

N,
X0 = T T Ty () Tin (DB, (2.18)

where N,, is the number density of molecules, T are transformation (rotation) matrices between

the molecular frame (a,b,c) and the lab frame (x,y,z), and (...)sy denotes an averaging

operation over the angles ¢, i, and {. The symmetry properties of the B?) tensor are identical
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to the symmetry of the molecule itself [161]. The H>O molecule in a Cartesian frame (a,b,c) is

illustrated in Figure 2.5.

Figure 2.5: H,O molecule shown in a Cartesian coordinate system (a,b,c) used for the calculation
of the symmetry of its B® tensor. H20 belongs to the point symmetry group Cav. It possesses a 2-

fold rotation axis (c-axis), and two reflection planes (ac and bc, shown in gray).

For H,O (point symmetry group Ca), the non-zero elements of B are: ﬁ,fl)c,

@, B2 g2 @ g2 g2 1163] Assuming that the dispersion of the fundamental and
second-harmonic wave are the same under non-resonant conditions, we can assume full

permutation symmetry of the tensor and write the following relations for the B elements [102]:

(2 _ p@ _ p@)

aac aca caa

2) _ p(@ _ [3(2)
bbc — Fbcb — Fcbb

In an elastic SHS experiment, the detected intensity is the squared sum of all the electric fields
E, emitted by the molecules v in the probed volume. The sum can be divided into a self-
correlation (quadratic) part and a cross-correlation (interference) part:

> E,Cw)

2
cneg
1Qw) = —

(2.19)

cnéo 2 * iq-(r-rr)
== |E,Qw)|* + ) E,(2w)E;,(2w)e
>

l VFVI J
self—correlations cross—correlations

The self-correlations are always present for non-centrosymmetric molecules and give rise to
incoherent hyper-Rayleigh scattering (HRS) [146]. The cross-correlation term accounts for
orientational correlations between different molecules. If the relative orientations of the
molecules in the probed volume are not random, their relative phases will also not be random

and the e term will not average out to 0. The presence of orientational correlations will
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therefore lead to additional emission of SH light. Moreover, due to the quadratic dependence
of the detected SH intensity on the emitted E-field (i.e. the number density of molecules), the
elastic SH response of a solution will be dominated by the most abundant species in the
sample which are the solvent molecules (water). Therefore, small amounts of solutes that alter
the orientational order of many water molecules can lead to a large change in the SH response
[40, 41, 149].

2.1.5. Elastic second-harmonic scattering from charged particles
A charged patrticle dispersed in a polar liquid, such as water, will perturb the orientational order
of water molecules at the particle-water interface as well as to a lesser extent further from the
particle via a charge-dipole interaction [115, 127, 143, 164]. To analyze the elastic second-
harmonic response of such systems, we can adapt Eqgs. (2.14) derived previously for SFS. For
a non-resonant second-harmonic scattering process with collinear excitation, the equations

are greatly simplified. Firstly, due to the degeneracy of the exciting fields (E; (w;) = E,(w,) =

E(w)), the indices j,k of x2)

sijk are permutable. The x tensor is thus reduced from 7 to 4

elements: x2, % =22, x%, x% = —x2. secondly, in collinear excitation: a = g = 0.

Lastly, instead of 8 orthogonal polarization combinations, there are now only 4: ppp, pss, spp.,
sss. Taking this into consideration, we obtain from Egs. (2.14) the following expressions for

the intensities of the emitted E-fields:

673 6
o (2

0
(2 _ @)
Ep¢s = acos (E) I, 20
E(z) o« F . (2.20)
spp — T o ch,1Xe SIN(O)
EZ =0

SSS

The polarization of the solvent by the surface charge gives rise to an additional 3"-order
contribution to the emitted SH light, as illustrated in Figure 2.6A. The additional contribution
can be included in the equation of SH generation via an effective third-order susceptibility

tensor ¥ in the following manner:

P (20) = £ (x@: E(@)E(w) + x®" : E(w)E(w)Epc(0)) (2.21)
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where Ej is the electrostatic field generated by the particle. Its direction is normal to the
interface and its magnitude is related to the surface potential ®, via the relation Ep.(r") =

_ ddy(r')

= The x®)" tensor includes water reorientation (a B effect on the molecular level)

and a true third-order effect (8®) but since both effects are linearly dependent on all 3 input

electric fields they are grouped under a common effective susceptibility x(3’ [164].
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Figure 2.6: The sources of SH scattering from charged particles in water. (A) Possible sources of
SH: 1: water oriented by an interface (e.g. H-bonding), 2: water reoriented at the interface by an
electrostatic field, 3: water reoriented by an electrostatic field in the bulk, 4: a water molecule whose
orientation is not affected by the electrostatic field but still can generate SH through a pure third-order
effect (B®). (B) The decay of the electrostatic potential as a function of distance from the surface of an

R = 50 nm particle at different ionic strengths. The higher the ionic strength the faster the decay.

The additional SH emission due to )’ can be calculated by a similar approach as was
used for y@. Since the E,. always points in the normal direction, regardless of the
electromagnetic fields, the fourth-rank ¥’ tensor can be simplified to a third-rank tensor with

the same symmetry properties as the y? tensor, i.e. we can exclude the last index: )(l.(jg,zl' =

Xl.(;z"r,. The calculation of I'® differs from that of I'® in that the integration in Eq. (2.11) must
now be performed in the radial direction as well. Here, the SH light is generated from
successive shells of water molecules ordered by E,. which leads to an interference effect
[137]. To account for this, we must include the spatial variation of E,-(r") in the integral which

gives us the equation:
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2
FCE(?Zl’laz = Z fdrlg {XESZQCZ.WEDC(T,)e_iq'r, H(eq ' qai)} (2.22)
i=0

CoC1C2

The integration of Eq. (2.22) over 8’ and ¢’ is identical to the procedure for ¥ (Eq. (2.11)).

Due to additional symmetries, we have y®" = 3@ = ;& = ;8" o 1® =0, The y>T

transformation is now a simpler relationship: 1“153) = 2F1)(,(l3)' for n = 2,3,4. To integrate Eq.

(2.22) over r’ we can express the electrostatic field in the form Ep(r") = —%(r) where the

TI

potential ®(r') is:

CI)(r’) = Cboge_"(r’_R) (223)

where ®(R) = @, is the surface potential and k is the inverse Debye length [165]. The decay
of the potential from the surface of a charged particle in an electrolyte is shown in Figure 2.6B.
Eq. (2.22) now reads [137]:

tRado(r’ T dF
FT(LS)' = —f #D@dr' = 2)(1(13)’ [F1CD0 +f d—;r‘és)db(r’)dr'
R R

, (2.24)
= 2)(1(13) &y (F; + F3)

with the form-factor F; = 2miR? 8CSUR*KRSINGR) 1 thta) emitted electric field due to 2
(qR)?+(kR)?

and 3 order contributions is obtained by simply transforming Egs. (2.14) in the following

manner: 2 - T® + T for n = 2,3,4 [137].

2.1.6. SH scattering from cylindrical particles
The theory of SH scattering from cylindrical particles was developed by J.I. Dadap [166]. For
simplicity, we will assume that the cylinder is made of noncentrosymmetric material whose
crystallographic coordinates are aligned with the coordinates of the particle. The approach to
deriving the scattered SH light differs from that for spheres shown above. The polarization of

a cylinder can be calculated as:

1
=y f xP (@ exp(iq-r") dr' (2.25)
4
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where V is the volume of the cylinder. The scattering wavevector and its magnitude are defined
the same way as before: q = k, — 2k, and g = k, sin(6/2). The geometry of the scattering
process is shown in Figure 2.7A. The lab frame is represented by a Cartesian coordinate

system (%, y, Z) while the particle is represented by a rotated coordinate system (x',y',2"). The
cylinder can be arbitrarily rotated relative to the lab frame via the Euler matrix [167]:

M(a,B,0) = Rx(B)R,(a) (2.26)

where R;(j) is a matrix representing the rotation by an angle j around an axis i. We can use
the axial symmetry axis of the cylinder to define a cylindrical coordinate system with unit
vectors (p',®',2") (shown in Figure 2.7B) which are related to the cylinder's Cartesian

coordinates (&',%’,2") via the transformations:
Yy

p' = cos(p')X' + sin(p')y’
@' = —sin(p")X' + cos(p’) Yy’ (2.27)

-,

2=2

Figure 2.7: Geometry of SHS from a cylindrical particle. (A) A perspective view of the scattering
geometry. The laboratory Cartesian coordinates (X,y,2) are shown in blue, the particle’s Cartesian
coordinate (x',%',2") are shown in orange and are related to the laboratory coordinates via an arbitrary
rotation using the Euler angles a,B. The scattering plane is defined by the vectors X and z. The
wavevector of the incident light k; is in the Z direction. (B) Top view of the cylinder. The orthogonal unit
vectors p' lies in the radial direction, the unit vector ' is normal to the surface and is orthogonal to p’

and z'.

The source vector ' can be expressed in the Cartesian or cylindrical coordinates of the particle
as:

r=x'x"+y'y9 +2'2 =p'p'+2'% (2.28)
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The electric field in the lab and the particle frames is:

éo = emf + 602? = 512, + 52?, + 532, = €pﬁ, + S(P(/p, + 832, (229)

The E-field components in the lab frame (€44, €92, 0) and those in the particle frame (g4, &5, £3)

are related by an Euler rotation: ¢; = M;;€,;. According to Eq. (2.27) the relationship between

the E-field components in the particle’s Cartesian and cylindrical coordinates is:

g, = g1 cos(@’) + &, sin(p’)

(2.30)
gp = & cos(@') — & sin(ep’)
The wavevector can be expressed in the lab and particle frame as:
q=qX+ @Y+ 32 = QX + Q.Y + 032 (2.31)

where (q4,92,93) = —k,(sin(8),0,cos(8) — 1) and Q; = Ml-'jqj.

For a cylinder made of a noncentrosymmetric medium, the SH signal is dominated by

the bulk response ng> = x:&,&, which is independent of ' and can be taken out of the
integral in Eq. (2.25). The remaining terms in the integral give us the form factor f. To evaluate
it, we need to express the term q - r’ using Egs. (2.28) and (2.31):

q -1’ = Q1p' cos(@’) + Qzp"sin(¢’) + Q32 (2.32)

The form factor f is then:

L/2 21 R
1
=y [ [ [expli@un coston) + @up'sinte + @:20p'ap dg
-L/20 0 (2.33)
:]1(QR) sin(LQ3/2)
QR LQ3/2

Where J, is the Bessel function of the first kind and first order, Q = /Q? + Q2, R is the radius

of the cylinder, and L is its height. The polarization of the cylinder in its reference frame is:

p' = fX(()Z) (234)
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To calculate the detected E-field, we need to express p’ in the lab frame as p via an inverse

rotation: p = MTp’. The amplitude of the E-field at the detector is then proportional to:

EQw) < p -1 (2.35)

where 1 is a unit polarization vector of the scattered light defined in Eq. (2.10).

2.1.7. SHS from randomly oriented particles
The scattered SH light from randomly oriented particles can be obtained by averaging the
emitted intensity over the Euler angles defining the orientation of the particle in space [166,
168]. The Euler angles «a, 8,y are shown in Figure 2.8. The Euler rotation matrix M(«, 8,v) is

a product of 3 elementary rotation matrices. In the z-x-z convention, the Euler matrix is:

CaSy —SaCBSy —SaCCy — CaSy  SaSp
) (2.36)

M(a’ ﬁ’ y) = SaCy + CaCﬁSy CaCﬁCy - SaSy _Casﬁ
SBSY SBCV CB

where c¢; = cos(i) and s; = sin(i).

Figure 2.8: Rotation via the proper Euler angles (z-x-z convention). The original xyz coordinates
are transformed by 3 rotations to coordinates XYZ. The first rotation is about the z-axis by the angle a.
The second rotation is around the intermediate axis (dashed) by the angle 3. The third rotation is about

the new z’-axis by the angle y.

To perform orientational averaging of the SHS intensity I(«, §,y) that depends on the

Euler angles («, B,y) we need to evaluate the integral:
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21

f f I(a,B,y) sin(B) dy df da (2.37)
00

21

1
(”a,ﬁ,y = Nf
0

where N = fozn Jo fozn sin(B) dy dB da is a normalization constant. For cylinders, the angle y

can be omitted thanks to the cylinder’s axial symmetry [166].

2.2. Experimental apparatus for sum-frequency scattering

ZnSe filter
Oscillator !
TOPAS-C HE |
88 MHz
50 fs 80 fs
527 nm 800 nm 1 kHz Delay £
20W 25 mW 6w BS stage L=

1

Pump | | Stretcher | Compressor
laser

Double-pass amplifier

Pump [™| Regenerative amplifier N 7
laser

L
Pulse shaper LlCAM 322

Figure 2.9: Schema of the optical apparatus for vibrational sum-frequency scattering. BS = beam
splitter (non-polarizing), GT = Glan-Taylor polarizing beamsplitter, P = wire grid polarizer, OAPM = off-
axis parabolic mirror, L = lens, LP filter = low-pass filter, HP = half-wave plate, SPC = spectrometer,

CAM = camera.

The experimental apparatus for vibrational sum-frequency scattering is illustrated in
Figure 2.9. The setup has been described in detail in the published literature [104, 130]. The
primary source of optical pulses is a Ti:Sapphire oscillator (Femtolasers Integral 50) seeding
50 fs long pulses with a central wavelength of approx. 800 nm at a repetition rate of 88 MHz
with an average power of 250 mW into an amplifier (SpectraPhysics SpitFire Pro). The
amplifier is pumped by the second-harmonic (527 nm) of two Nd:YLF pulsed lasers. The
oscillator output is first amplified in a regenerative amplifier up to a power of approx. 2.4 W.
The second amplification up to 5-6 W is done in a double-pass amplifier. The amplified pulse
is then compressed in time to 80 fs (autocorrelation curve shown in Figure 2.10A). The beam
profiles of the SpitFire output are shown in Figure 2.10B. The central wavelength at the output
is ~806.7 nm with an FWHM of ~12.5 nm (spectrum shown in Figure 2.10C). The repetition

rate of the amplified pulses is 1 kHz.
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Figure 2.10: The characteristics of the SpitFire Pro laser output. (A) Pulse duration measured by
an autocorrelator (the actual pulse duration for a Gaussian temporal profile is the value shown divided
by V2, i.e. ~ 81 fs). (B) X- and Y- beam profiles of the SpitFire beam (the actual beam was compressed
by a factor of 3 to fit in the beam profiler detector). The measured values (Exp) were fitted by a Gaussian
function (Fit). (C) A spectrum of the SpitFire output. The measured values were fitted by a Gaussian

function excluding the low-wavelength shoulder.

The output of the amplifier is split into two beams with a non-polarizing beam-splitter.
Most of the beam’s power is used to pump a commercial 3-stage optical parametric amplifier
with a difference frequency generator (Light Conversion TOPAS-C HE). The parametric
amplifier produces 50 fs pulses tunable between 900 and 10000 cm™ with a bandwidth
(FWHM) of 120-170 cm™. An optional ZnSe filter is placed at the output of the TOPAS to block
the transmitted signal and idler beams. Otherwise, the signal and idler beams are blocked
physically later in the beam path since they are non-collinear with the IR beam. The beam is
then passed through a pair of BaF, wire grid polarizers (Thorlabs WPH25H-B) to control the
power and polarization direction. Afterward, the beam is passed through a Ge filter to remove
remaining undesired frequencies which are collinear with the IR beam. Finally, the IR beam is
focused into the sample by a gold off-axis parabolic mirror (f = 50 or 100 mm). The focus size

at the sample position is ~70 pum.

The visible beam is passed through a home-built pulse shaper which consists of a
grating that spatially disperses the spectrum, a lens that collimates the dispersed beam, an
adjustable slit that cuts the spectrum and a mirror that reflects the beam back onto the grating.
At the output of the pulse shaper, the spectral FWHM is < 15 cm™ and the pulse duration is 1-
2 ps (spectrum is shown in Figure 2.11A). The output of the pulse shaper is tilted up and fed
into a delay line. After the delay line, the pulse passes through a fixed Glan-Taylor polarizing
beam-splitter (CVI, PBS-800-050), ensuring a linear horizontally-polarized output. The beam
is then passed through a zero-order half-wave plate (Eksma 460-4215) to control the
polarization direction. A lens (f = 300 mm) then focuses the light slightly after the sample (focus

size ~150 ym). The advantage of a shallow focus is the ease of overlapping of the visible beam
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with the tightly focused IR beam and the enhanced stability of the beam overlap with against
mechanical perturbations and beam drift. The sample cell consists of a CaF, window facing
the incident beams and a quartz suprasil cuvette (106-QS, PL 0.2 mm, Hellma AG) with an
optical path of 200 um and a volume of approx. 45 pL.

The detection path consists of a collecting plano-convex lens (f =15 mm, Thorlabs
LA1540-B) that is oriented perpendicular to the surface of the cuvette. The collimated light is
then reflected by 2 Ag-coated flat mirrors. The polarization of the scattered light is controlled
via an achromatic zero-order half-wave plate (Thorlabs AHWPO05M-600) and Glan-Taylor
polarizer (Thorlabs GT15-B), where the polarizer is fixed to allow only p-polarized light through
and the half-wave plate placed before the polarizer is used to select the linear polarization of
the scattered light that will pass through the polarizer to the detector. This ensures that the
polarization-sensitive grating is always illuminated by p-polarized light which diffracts with
higher efficiency in a broader range of wavelengths [169]. The scattered 800 nm light is then
blocked with two low-pass filters (3rd Millenium, 3RD770SP) and the remaining SF light is
focused using a plano-convex lens (f = 5 cm) into a spectrometer (Acton SpectraPro 2300i).
The light is dispersed in the spectrometer and the spectrum is recorded using an intensified

CCD camera (Princeton Instruments PiMax3) with a gate width of 10 ns.
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Figure 2.11: Spectra of the pulses used for SFS. (A) A spectrum of the visible beam after the pulse
shaper. (B) A spectrum of the IR beam in the region 1000-1200 cm* obtained by non-resonant SFS
from KNbOs nanocrystals. (C) A spectrum of the IR beam in the region 2800-3000 cm! obtained in the

same manner.

For normalization purposes, a spectrum of the IR beam (/) is recorded using non-
resonant SFS from a sample of KNbO3; nanocrystals deposited on a quartz cuvette. IR spectra
of in the two spectral regions used in this thesis (1000-1200 cm™? and 2800-3000 cm™) are
shown in Figure 2.11B,C. Background spectra (Ipgcrgrouna) are recorded by offsetting the
incident pulses in time or by blocking one of the incident beams. The formula used for the

normalization of the SFS spectra is:
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Isample - Ibackground

Norm.SFS intensity = (2.38)

IIREvisEIRTacq

where E,;; | E;g are the pulse energies of the visible/IR beam in pJ and z,., is the total
acquisition time in seconds (integration time in seconds times the number of expositions). The
typical pulse energies used were 8-10 ud for the visible pulse and 2-8 pJ for the IR, with
acquisition times varying between 1 to 5 minutes depending on the strength of the SFS signal

but with integration times never exceeding 60 s (60 000 pulses).

To deconvolve the measured SFS spectra into individual vibrational modes, the spectra
can be fitted with multiple Lorentzian resonances on top of a non-resonant background. The
n™" resonance is described by an amplitude 4,,, a resonance frequency w,, a peak width y,,,
and a phase ¢,,. The nonresonant background is described by an amplitude Ay, and a phase

@nr- The complete fitting function is as follows [73, 170, 171]:

. 2
An(8)yneton

: (2.39)
W — Wop + 1V

Isps(6, w) = | Aypf (6, w)e NR 4 Z
n

2.3. Experimental apparatus for second-harmonic scattering
The schema of the apparatus used for SHS experiments is shown in Figure 2.12. The setup
was described in detail in the literature [172]. The source of light is a Yb:KGW laser (Light
Conversion Pharos) with a pulse duration of 190 fs (shown in Figure 2.13A), a central
wavelength of 1028 nm, a bandwidth (FWHM) of 8.6 nm (spectrum in Figure 2.13B), and a
repetition rate of 200 kHz. The time-bandwidth product of the laser (2.928) is within 5.3% of
the theoretical limit for a Gaussian beam (2.773). The output of the laser is passed through a
polarizing Glan-Taylor beam-splitter to ensure the linear polarization of the outgoing light. The
polarization of the beam going into the sample is then controlled via a zero-order half-wave
plate (Thorlabs WPHO5M-1030). A high-pass filter with a cutoff at 750 nm (Thorlabs FEL0750)
is placed before the focusing lens to eliminate second-harmonic light generated in the
preceding optics. The light is focused into the sample by a plano-convex lens (f = 75 mm) with
a focal beam waist of 32 ym and a Rayleigh length of 3.2 mm. The sample consists of a
cylindrical glass cuvette (inner diameter 4.2 mm, LS instruments) placed in a temperature-

controlled holder.
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190 fs
1028 nm
200 kHz

Pharos laser

Figure 2.12: The experimental setup for second-harmonic scattering. GT = Glan-Taylor polarizing
beam-splitter, HP = half-wave plate, HPF = high-pass filter, L = lens, BPF = band-pass filter, PMT =

photomultiplier tube.

The scattered SH light at 514 nm (spectrum shown in Figure 2.13B) is collected via a
series of optics mounted on a computer-controlled arm that can rotate in the horizontal plane
around the sample. The detection arm consists of a collimating plano-convex lens (f = 50 mm),
an iris for controlling the acceptance angle, a Glan-Taylor polarizing beam-splitter for
controlling polarization of the detected light (Thorlabs GT10-A), a band-pass filter for 515 + 5
nm (or £ 25 nm) (Chroma ET515/10x or ET515/50), a focusing lens (f = 30 mm) and a diode
detector with photomultiplier tube (Hamamatsu H7421-40). The maximum average power used
for experiments (measured after L, without a sample) was 60 mW (0.3 uJ per pulse). It was
previously confirmed that at this power no higher-order interactions contribute to the signal at
514 nm [41, 172].

Intensity

| | |

505 510 515 520 525 1010 1020 1030 1040 1050
Wavelength (nm)

Figure 2.13: Characteristics of the laser used for SHS/fs-ESHS experiments. (A) Pulse duration
(autocorrelation time) of the Pharos laser system used for SHS experiments. The actual pulse duration
(FWHM) is obtained by dividing the autocorrelation time by v2. (B) Spectrum of the second-harmonic
(generated in a BBO crystal) and the fundamental beam. The cutoff of the spectrometer (OceanOptics

USB4000) is at ~1037 nm. The spectra were fitted with Gaussian functions.

The scattering patterns obtained in the polarization combination xyz were normalized

according to the formula:
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S(6) = Isample.xyZ (9) - Isolvent,xyz (9)

(2.40)

Isolvent,sss (9)

where 1(60) is the count rate (intensity) detected by the PMT at the angle 6 obtained by
averaging 20-50 expositions of 1s integration time each (2x10° pulses per exposition). In

single-angle measurements, the normalized intensity in the xyz polarization combination was

calculated as Isample,xyz/lsolvent,xyz-

2.4. Dynamic light scattering

Dynamic light scattering (DLS) measures the distribution of the hydrodynamic sizes of particles
based on their rate of diffusion through a liquid. The technique, also known as photon
correlation spectroscopy, measures the temporal autocorrelations of light scattered from a
particle dispersion [173]. In this work, we used the Malvern Nanosizer ZS (Malvern Ltd., UK).
A basic schema of a DLS device is shown in Figure 2.14. The sample is illuminated with a
He:Ne laser (A = 632.8 nm) and the intensity of the scattered light as a function of time I(t) is

measured with a photodiode (PD) at an angle of 175° in a near-backscattering geometry.

0,00
Laser =9
0O P
Sample
cell
Figure 2.14: Schema of a DLS system.
The intensity autocorrelation function G (t) is defined as:
+00
6@ = | 101+ e (2.41)

where I(t) is intensity detected at a time t and 7 is a time delay. For Brownian particles G(7)

is related to the correlation function g(t) via:

G(t) = A[1 + Bg(1)?] (2.42)
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where A is the baseline of the function G(t), and B is the intercept of the function g(z). For a

dispersion with a narrow size distribution, g(zr) decays exponentially as:

g(1) = e7PTT (2.43)

where D is the translational diffusion coefficient and q = (4nn/21)sin(6/2) is the scattering
wavevector with the refractive index of the solution n, the wavelength 4, and the scattering
angle 6. For the current system with water as the continuous phase (n = 1.332), q = 2.64 x 10’
m™. For spherical particles, the diffusion coefficient is inversely proportional to the
hydrodynamic radius Ry via the Stokes-Einstein relation [174]:

R, — kgT
H= 6mnD

(2.44)

where 7 is the dynamic viscosity of the solvent. Two approaches can be used to fit the intensity
decay with the correlation function in Eq. (2.42): the cumulant fit or the non-negative least
squares method. The cumulant fit uses a single exponential function to fit the data and obtain
a mean particle radius. The width of the size distribution is expressed as the polydispersity
index PDI = (o/7)?, where ¢ is the standard deviation of the distribution. Lower values of the
PDI mean a narrower size distribution. PDI = 0.1 can be considered a very narrow size
distribution.

2.5. Electrophoretic mobility measurements
Surfaces of colloidal particles dispersed in water are often electrically charged. This attracts
oppositely charged ions to surface which leads to the formation of an ionic atmosphere around
the particles. Two regions of the atmosphere can be distinguished: an inner layer of mostly
immobile ions and water and an outer, loosely-bound layer. The border between these two
regions is the slip plane. The electrical potential between the slip plane and a distant point is
called the zeta potential, ¢, or the electrokinetic potential [174]. The slip plane is at some

distance from the actual particle surface as shown in Figure 2.15.
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Figure 2.15: The distribution of ions around a negatively charged particle in an electrolyte
solution. The case of a positively charged particle is the same except with all signs inverted. The zeta

potential is measured at the slip plane which is at some distance from the surface.

The zeta potential can be determined from a measurement of the electrophoretic
mobility of the particles. Here, the dispersion is placed between two electrodes. As alternating
voltage is applied to the electrodes, the drift velocity of the charged particles toward the
oppositely charged electrode is measured via dynamic light scattering. The drift velocity vector
of a particle, v, is directly proportional to the electric field intensity vector, E, via the

electrophoretic mobility u, [175]:

v =y E (2.45)

There are several theories that derive electrophoretic mobility from the zeta potential. The

Smoluchowski approximation is commonly used and states [176]:

o = gn—gf (2.46)

where 7 is the dynamic viscosity of the solvent. The Smoluchowski approximation is valid for
k™! « R, where k™1 is the Debye length and R is the particle diameter.
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Chapter 3: Hyaluronan orders water up to hundreds of
nanometers and induces significant nuclear quantum

effects

Hyaluronan (HA) is an anionic bio-polyelectrolyte found in the extracellular environment. It was
recently proposed that the hydration of HA explains the low friction between joints during
locomotion. Here, we explore the extended hydration shell structure of HA in light and heavy
water using femtosecond-elastic second harmonic scattering (fs-ESHS). Recently, simple ions
were shown to induce changes in the water-water interactions extending over a distance of
tens of hydration shells. We find that HA enhances orientational water-water correlations much
more than simple electrolytes, and over even longer distances. A strong isotope effect,
stemming from nuclear quantum effects, is observed when light water (H20) is replaced by
heavy water (D20O), amounting to a factor of 4.3 in the scattered SH intensity. Angle-resolved
fs-ESHS measurements in combination with nonlinear optical modeling show that HA behaves
like a flexible chain surrounded by an extended spherical shell of orientationally correlated
water. Using this model we describe several ways to determine the concentration-dependent
size of a polyelectrolyte in water, using the amount of water oriented by the polyelectrolyte
charges as a contrast mechanism. The spatial extent of the extended hydration shell, which
includes water within as well as outside the chain is determined via temperature-dependent
measurements and can reach up to 475 nm in H.O and 260 nm in D,O, corresponding to 1600
(928) hydration shells in H20 (D-0).
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3.1. Introduction

Water has a key function in biology as it is the primary solvent of life. It actively participates in
biochemical transformations such as protein folding, molecular recognition, self-assembly and
joint lubrication [84, 177-179]. To elucidate the role that various constituents of the body play
in sustaining life, it is important to take into account their interaction with the aqueous
environment. One example where water plays a very important role is in the extracellular matrix
of epithelial and connective tissues. The matrix is rich in hyaluronan (HA), an anionic poly-
disaccharide composed of D-N-acetylglucosamine and D-glucuronic acid (displayed in Figure
1A) [48]. HA is an excellent lubricant due to its ability to retain up to 10x its dry weight of water
[180-185] and creates a gel-like pericellular coat [186, 187]. The hydration of HA is key for
achieving low friction between moving joints [186, 188, 189]. Calorimetric [190, 191],
vibrational spectroscopic [192-194] and compressibility [195] studies indicate slower hydrogen
(H)-bond dynamics and different thermodynamic properties of the hydrating water compared
to bulk water. However, the observed effects of HA are limited to the first of the second
hydration shell. With recent developments in nonlinear optical spectroscopy allowing direct
probing of the orientational order in the H-bond network of water over nanoscale distances
[41], HA hydration warrants further investigation. This is especially relevant in light of the very
recent discovery that long-range water-water interactions play a role in the viscosity of
polyelectrolyte solutions [196].

The structure of water near ions and charged groups is perturbed relative to neat water
due to well-known ion-dipole and H-bonding interactions [15, 197, 198]. However, the spatial
extent over which ions perturb the structure of water is still a subject of debate [38]. lons are
traditionally assumed to have a short-range ordering effect, influencing the structure of, at
most, the first three layers of hydrating water. This notion is supported by dielectric and THz
spectroscopy [199, 200], X-ray [201] and neutron scattering [202], vibrational spectroscopies
[9, 37, 203] and computational simulations [204, 205]. However, recent studies based on
femtosecond-elastic second harmonic scattering (fs-ESHS) experiments [41, 152, 206],
supported by computational studies [207-209] are changing this long-held notion that ion-water
interactions are limited to several angstroms. Unlike most experimental techniques, which are
often inherently limited to sub-nanometer length scales or equivalently require > 100 mM solute
concentrations, fs-ESHS can directly probe spatial correlations over length scales comparable
to the wavelength of the light used and in very dilute solutions [143]. Using fs-ESHS a non-
specific long-range (~20 nm) influence of simple electrolyte ions on the hydrogen (H)-bond
network of water molecules was discovered that starts at ionic strengths as low as 10 uM [41].
This observation was explained as an electric field induced perturbation in the water-water
orientational correlations. Moreover, there is a noticeable nuclear quantum effect that is yet to

be explained.
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Here, we explore the extended hydration shell structure of hyaluronan in light and
heavy water using fs-ESHS. We observe that water-water orientational correlations are
enhanced by HA more so than by ordinary salts. The increased order in water is measurable
from an HA concentration below 0.1 pg/mL, equivalent to 0.25 uM of excess ionic strength. A
significant isotope effect is observed when light water (H-O) is replaced by heavy water (D20).
The onset concentration increases in D20 by a factor of 2.4 and the scattered intensity is 4.3%
lower than in H»O. Angle-resolved and temperature-dependent measurements were
performed to elucidate the extended hydration shell structure further. In combination with
nonlinear light scattering theory three different sizes are determined: The size of the folded
polymer chain, the size of the shell with a non-negligible electrostatic field, and the extended
hydration shell radius. The extended hydration shell spans up to 475 nm in H,O and 260 nm
in D20, corresponding to 1600 (928) hydration shells in H.O (D20).

3.2. Experimental section

3.2.1. Materials
Hyaluronan (HA, sodium hyaluronate, structure shown in Figure 3.1A) produced by microbial
fermentation of Streptococcus pyogenes was purchased from R&D Systems (mol. wt. 1350
kDa) and Contipro a.s. (mol. wt. 1145 kDa) and used as received. The salts NaCl (Sigma-
Aldrich, >99.999%) and MgCl, (Chempura, >99.995%) were filtered through Millipore Millex-
VV 0.1-um polyvinylidene difluoride (PVDF) membrane filters. We used ultrapure water (> 18.2
MQ-cm) dispensed from a Milli-Q UF-Plus instrument (Millipore Inc). Ultrapure heavy water
(D20, 99.8 % D) was purchased from Armar Chemicals. Stock solutions of HA were prepared
by reconstituting a weighted amount of HA powder in water. Individual samples were prepared
by diluting a stock solution of HA in Eppendorf tubes. The tubes were cleaned by prior rinsing

with water.

3.2.2. Angle-resolved second harmonic scattering
The experimental conditions used for fixed-angle measurements were similar to Refs. [40, 41,
149]. The detection angle was set to 90 ° with an acceptance angle of 11.4°. Each data point
is an average of 3 - 5 measurements. Each measurement is an average of 50 exposures
lasting 1 s each, i.e. using 50x2x10° pulses in total. The gate width was 10 ns. The normalized
fs-ESHS intensity at a 90° scattering angle was obtained by dividing the intensity of the solution
by the intensity of the neat solvent using the same polarization combination.

We employ a three-letter code (xyz) to denote the polarization combination, where the

first letter indicates the polarization direction of the outgoing (second-harmonic) light and the
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following 2 letters denote the polarization of the incident light. The polarization direction can
be either p-parallel or s-perpendicular with respect to the scattering plane.

Angle-resolved fs-ESHS measurements were performed by moving the detector arm
in 5° steps between -90° and +90° with an opening angle of 3.4°. The intensity was normalized
at each angle 6 with respect to pure H.O or D,O. The normalized fs-ESHS intensity was
calculated as: S(8) = (solution (8) — Iwater(®))/Iiirs,water(8), Where Iyrs water Was obtained by
measuring the scattering pattern of the solvent in sss polarization combination. The integrated

fs-ESHS intensity was calculated using the formula: S;,,; = Y.9+05(6).

3.2.3. fs-ESHS from HA compared to simple electrolytes
To provide context, we recount a recent finding concerning fs-ESHS measurements performed
on aqueous solutions of simple salts. Figure 1B shows the fs-ESHS intensity recorded at a
scattering angle 6 of 90° for NaCl in H2O (red triangles) and DO (tilted blue squares). The data
was adapted from Refs. [40, 41]. The increase in the fs-ESHS intensity was attributed to arise
from an increase in the orientational order in the H-bond network of water, due to the interaction
of the ionic electrostatic field with the H-bonded network. The intensity starts increasing from
a salt concentration of 10 uM, and saturates at ~10 mM. Electrolytes dissolved in D,O show
the same trend as in H,O but with a 6 times higher onset concentration and a 36 % smaller
saturation value, relative to the pure H,O or D-O solvent. This slight restructuring of the H-
bond network also manifests itself on the macroscopic length scale as the Jones-Ray effect
[210], an anomalous decrease of the surface tension at the fs-ESHS saturation concentrations.
The increase in orientational order in the bulk solution gives rise to an entropic penalty, which
reduces the surface tension [41, 210, 211].

Figure 1C shows fs-ESHS data obtained in the same manner for HA (mol. wt. 1145
kDa) dissolved in H2O (red circles) and D-O (blue squares) plotted as a function of calculated
excess ionic strength and HA concentration. The total ionic strength in the solution I is given
by I = Iy + loxcess, Where I is the ionic strength of an infinitely dilute solution, and I ycess =
Cramon./2 IS the excess ionic strength with cya mon. the concentration of HA monomers. The
fs-ESHS data was recorded in the same way as the data in Figure 1B, at a scattering angle 6
of 90° and with all beams p-polarized, i.e. oscillating in the horizontal scattering plane. The fs-
ESHS intensity of HA solutions at ionic strengths below 10 mM is much larger than that of
simple electrolyte solutions, reaching ~6.3x the response of bulk water for H,O and ~1.4x the
response of bulk D-O. The intensity increase also occurs at I,,..ss = 108 M for HA in HO and
at 10°® M for HA in D2O. The intensity plateau reached above 1 mM for H,O and 10 mM for

D0 is the same for HA and NaCl in their respective solvents.
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The increased magnitude of the fs-ESHS response indicates that the interaction of the
electrostatic field from the ionic groups on the HA polymers with the H-bond network in water
is much stronger than the same type of interaction in the electrolyte solution. This could be
caused by the spatial arrangement of the ionic groups on the polymer: HA has a linear charge
density of approximately -1 e/nm with the entire chain containing >3000 units. Unlike ions of
simple salts, which are statistically distributed in solution, the charges on HA cannot move
freely but are restricted, and spatially correlated over a certain distance due to covalent
bonding between individual monomers on a single polymer chain. Additionally, intra-chain
electrostatic repulsion further limits the flexibility and spatial positioning of the HA chains [212].
The concentration of such a large number of electric charges in a small region of space can
generate much stronger localized electrostatic fields than statistically distributed free ions,
leading to a much stronger fs-ESHS response of HA compared to NaCl. The characteristic

length for electrostatic interactions in an electrolyte solution is given by the Debye length k™1 =

goe kT

——=———, which can be calculated from the ionic strength (I) in mol/L, with known
2x10° Ny e? I

temperature T = 298 K, elementary electric charge e, Boltzmann constant kg, Avogadro
number N 4, vacuum permittivity &y, and dielectric constant of water € = 78.5. The Debye length
reaches the same order of magnitude as the wavelength (514 nm) above an ionic strength of
~10° M which coincides with the concentration region where we observe the strongest fs-
ESHS response. This suggests that screened electrostatic interactions are at play here.
However, the fact that replacing light with heavy water in HA solutions significantly alters the
fs-ESHS response indicates that the HA does not simply order water molecules via a charge-
dipole interaction because such interaction would not be affected by a change in the isotope
of the water as both isotopes have nearly identical dielectric constants and dipole moments
[27]. The isotope effect in the fs-ESHS response points to long-range interactions between the
electric field of HA and the H-bond network of water (i.e. orientational water-water correlations)
in the solution [40, 41]. As mentioned in Refs. [41, 196] it will take sophisticated nuclear
guantum molecular dynamics [151] extended to include many-body effects, to describe these
correlations in detail. Because such models do not yet exist, we revert to nonlinear light
scattering theory [137, 164] to model the structure of HA polyelectrolyte hydration in H.O. We
will, therefore, describe angle-resolved and temperature-dependent second harmonic
scattering data of HA in H2O and extract relevant length scales that we will then compare with
the contour length (the maximum end-to-end distance) and the electrostatic persistence length

(the polymer rigidity due to intra-chain repulsion [212, 213]).
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Figure 3.1. Hyaluronan enhances orientational correlations between water molecules. (A)
Molecular structure of hyaluronan (HA). (B) Normalized fs-ESHS intensity as a function of ionic strength
for NaCl dissolved in light (H20) and heavy (D20) water obtained with all beams polarized along the
horizontal plane (ppp polarization combination). (C) Normalized fs-ESHS intensity as a function of
excess ionic strength (and concentration of HA) for HA dissolved in light (H20) and heavy (D20) water

obtained in ppp polarization combination. The dotted lines represent the data for NaCl in panel B. The

relative intensity maximum IPPP(CHA)/IPPP,water =6.3ata Cyy = 5 pg/mL (I ,xcess = 6.3 M) for H20

and Ippp(Cya)/Ipppwater = 145 ata Cyy = 32 pg/mL (Ipycess = 40 pM) for D2O.

3.2.4. Angle-resolved second-harmonic scattering
To characterize the flexible structure of hydrated HA, we measured angle-resolved fs-ESHS
in the entire forward half-plane for H;O. In contrast to single-angle measurements, the angle-
resolved measurements provide information about the shape of the emitted scattered light
pattern, which is important for further analysis. Three representative angle-resolved scattering
patterns of HA solutions at concentrations of 0.3, 3 and 10 pg/mL (excess ionic strength of 0.4,
3.8 and 12.5 yM), and one pattern of a NaCl solution (4.8 mM) are shown in Figure 3.2A.
Patterns for all of the measured HA concentrations are shown in the appendix, Figure 3.5. The
patterns were recorded with all beams polarized along the horizontal scattering plane (ppp
polarization combination). The scattering pattern of NaCl solutions does not vary with salt
concentration, as can be seen in Figure 3.5A in the appendix. In contrast, the shape and
intensity of the HA patterns change significantly with increasing HA concentration (cy,4). The
variations in the data of Figure 3.2A can be captured by two key parameters: The integrated
fs-ESHS intensity S;,,;, calculated by integrating the scattering patterns in the forward half-
plane, is shown in Figure 3.2B. The angle of maximum scattering intensity 6,,,, iS shown in

Figure 3.2C. S;,,; increases with HA concentration up to ~5 pg/mL (6.25 uM) and then drops
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and levels off, very similar to the data measured at 8 =90° (Figure 3.1C). 6,4, shifts
monotonously from 18° to 65° with increasing cy,. To understand the unusual concentration
dependence, we model the two essential properties of the scattering by using nonlinear light
scattering theory. The solid lines in Figure 3.2B and Figure 3.2C correspond to the result of
this model, which we describe next.
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Figure 3.2: Scattering patterns of HA solutions are concentration-dependent. (A) Angle-resolved
fs-ESHS measurement of HA solutions (1349 kDa) in H20 measured at 3 concentrations showing strong
concentration dependence of the angular distribution of the scattered SH light. More concentrated HA
solutions scatter at higher angles. The value of 0* corresponds to a 4.8 mM NacCl solution. The excess
ionic strength for the other concentrations is 0.4 yM (0.3 pg/mL), 3.8 uM (3 pg/mL), and 12.5 uyM (10
pg/mL). More patterns are shown in the appendix (Figure 3.5A). (B) The integrated fs-ESHS intensity
(Sine) in the forward half-plane as a function of HA concentration (cy4). The solid curve shows the
predicted behavior based on a proposed model of fs-ESHS and is calculated using Eq. (3.3)Error!
Reference source not found.. (C) The angle of maximum fs-ESHS intensity plotted as a function of
HA concentration. The scattering angle at maximum intensity (0,,.,) shifts to higher angles with
increasing concentration which is equivalent to scattering from smaller objects. The solid line is
calculated from the proposed model using Eq. (3.4) with R = 5k~1. All data was measured in the ppp

polarization combination.

3.2.1. Modeling of the fs-ESHS results

To model the fs-ESHS response and to characterize the extent of the hydration shells
around HA, we measured angle-resolved fs-ESHS in the entire forward half-plane. In contrast
to single-angle measurements, the angle-resolved measurements provide information about
the direction of the scattered light which is important for further analysis. Three representative
angle-resolved scattering patterns of HA solutions at concentrations of 0.3, 3 and 10 pg/mL

(excess ionic strength of 0.4, 3.8 and 12.5 yM), and one pattern of a NaCl solution (4.8 mM)
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are shown in Figure 3.2A. The scattering pattern of NaCl varies minimally with salt
concentration (shown in Figure 3.5A). In contrast, the shape and intensity of the HA patterns
change significantly with increasing HA concentration. To simplify the analysis of the data, we
took two key parameters: the integrated fs-ESHS intensity S;,,; (calculated by integrating the
scattering patterns in the forward half-plane) and the angle of maximum scattering 6,,,4.
Patterns for all of the measured HA concentrations are shown in in the appendix in Figure
3.5B. The patterns were recorded with all beams polarized in the horizontal scattering plane
(ppp). The dependence of the integrated fs-ESHS intensity on HA concentration is shown in
Figure 3.2B. We can see that the trend here is similar to the curve measured at the fixed
scattering angle of 90 ° shown in Figure 3.1C. The intensity increases with HA concentration
up to ~5 yg/mL and then drops rapidly and levels off. The maximum scattering angle as a
function of HA concentration is plotted in Figure 3.2C. It can be seen that 6,,,, shifts
monotonously from ~18 ° to 65 ° with increasing HA concentration. Both observations are
indicative of a scattering object whose size decreases with concentration, leading to a larger
Omax.- TO better understand the unusual concentration dependence, we've attempted to
capture the two essential properties of the scattering by applying the theory of second-
harmonic scattering from charged particles. The solid lines in Figure 3.2B and Figure 3.2C
correspond to the result predicted by this model (the details of the model are described below).

3.2.2. Modelling the SHS response
Nonlinear light scattering theory has been developed for a variety of systems, including SHS
from spherical surfaces or infinitely thin shells around isotropic particles in an isotropic solution
[156, 162, 166, 214]. The most useful approximation for the current situation is the Rayleigh-
Gans-Debye (RGD) approximation, in which the refractive index contrast between a particle
with radius R and the medium is small [160]. This response is characterized by a second-order
surface susceptibility ng), which captures interfacial chemical interactions. Later models have
included the effect of a non-zero surface potential @, and ionic strength (via k~1) [115]. The
electrostatic potential decays to ~2% of its surface value at R over a distance of 4x~1 [137].
This introduces an effective third-order susceptibility ¥’ response, which for the present non-
resonant excitation has only a single value, ¥’ = 10.3x102 m?%V2 [76]. Figure 3A shows an
illustration of the relevant parameters in this model. Section S2 in the Sl contains a more
detailed description of RGD SHS from a sphere, which results in the following type of
expression for the scattered SH response S(8) in terms of the intensity scattered from a particle
dispersion in ppp polarization 1(8)ppp q4isp, NOrmalized by the intensity scattered by pure water

in the sss polarization combination 1(8)sss y20:
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1(9)555,H20
For noninteracting particles, the single-particle response, determined by the form factor
F(q,R 1, x$?, x®", ®y) is multiplied by the particle density N,,. g is the magnitude scattering
wave vector defined as the difference between the wave vectors of the scattered SH wave
vector and the sum of the two fundamental wave vectors, g = 4t nsin(6/2)/A, with n the
refractive index of the solvent and A the SH wavelength. SHS scattering from isotropic particles
with isotropic surfaces is characterized by four non-zero polarization combinations (sps, pss,
ppp, pss), four vanishing polarization combinations (sss, spp, pps, psp), and the absence of
scattered light in the forward direction (6 = 0°) for the four non-vanishing ones. This leads to
a characteristic 2 lobe pattern similar to those of Figure 3.2A [126, 137, 156, 160]. The position

of the lobes (represented by 6,,,,) shifts to higher angles with decreasing particle radius. For

example, taking a wavelength of 1000nm, and )(SZ) =1, results in 6,,,, > 50° for R = 50 nm,

while 6,,,,, < 20° is reached when R = 500 nm.

Figure 3.3: lllustration of the model. (A) A model of nonlinear light scattering from a sphere. The
source of SHS signal are water molecules whose orientational distribution is distorted by their interaction
with the surface of the particle as well as water molecules within the dashed circles that are perturbed
by the electrostatic field of the particle. (B) Model for scattering from an HA solution. There is no surface
but the electrostatic field of the polymer can distort the orientational distribution of water molecules,
leading to SH generation.

Figure 3.2A and Figure 3.5B which shows ppp pattern for HA solutions, display the
same striking features of SH scattering from a particle as described above, and so RGD
nonlinear light scattering from a sphere can be taken as a starting point to describe the data in
Figure 3.2B and Figure 3.2C and extract relevant length scales from it. We modify the model
based on the differences between HA polymers in solution and a dilute dispersion of non-
interacting spherical particles. Figure 3.2B shows an illustration of the changes and
assumptions. First, HA polymers are either folded or stretched and do not have a different

medium inside as is the case for particles or droplets. However, we can still consider the
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boundary of a polymer as a closed shell with a certain radius R. R can, therefore, be considered
as the average effective size of the folded negatively charged polyelectrolyte chain in the
solution. Within this radius, there are charges and counter ions that together result in an
electrostatic environment with a vanishing radial component of the electrostatic field. Outside
this radius, there are counter ions that are more mobile and result in a slowly decaying
electrostatic field, with the Debye length x~* a determining factor. Since SHS of a single object
scales with R®, we consider that the aqueous volume outside of the soft sphere of the polymer
chain with radius R will provide the dominant contribution to the SHS intensity. Since this
boundary is charged there will be an electrostatic field that penetrates into the adjacent
extended hydration shell, where it will increase the orientational order of the water (illustrated
in). This decay length, taken from the center of the object and indicated by R’ will have an
approximate distance of R’ = R + 4k~ [137]. Furthermore, because HA has a charge spacing
of ~1 nm, larger than the Bjerrum length in water (0.71 nm), counter-ion condensation will not
occur when the HA concentration (cy,) is varied [215]. This means that the surface potential
@, can be considered as concentration-independent. For dilute solutions, the Debye length
spans hundreds of hydration shells. With the I~R® scaling in mind, we expect that the long-
range electrostatic field interaction will dominate over the short-range chemical interactions
between water and the HA chain. This means we can neglect the )(gz) contribution compared
to the y®) contribution in the model. Finally, to account for long-range charge-charge
correlations between different HA chains due to the weakly-screened electrostatic field, we
include a structure factor Sy in the description of the scattering. Such a structure factor has
been derived for electrolyte solutions [41], and is given by Sy, (g, k) = q%/(q* + k?). Taking

these differences into account we arrive at the following expression for S(6):

1(8)ppp Ha
1(0)sss 20

=N, |2 @, (F(6,R) (3.2)

S =

+ F3(0,R, k) x® cos(6/2) (2 cos(6) + 1)|ZSDH(q, K)

sin(qR) _ cos(qR)
(qR)? 4R

2 qR cos(qR)+kR sin(qR)
(qR)?+(kR)?

where F, = 27TiR2( ) and F; = 2miR are scattering form

factor functions [76]. Eq. (2) contains the following parameters: ®,, R, k, and ). Of these,
x, and ¥ are known and @, is independent of the HA concentration. The last parameter in
the model is the effective size or radius R. For a flexible charged polymer like HA this value is
unknown but must fall somewhere between the size of a completely collapsed chain and a fully

extended one [216]. Given that the intra-chain electrostatic repulsion is the major contribution
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to the extension of the HA chain, we express the size of HA as a linear function of the Debye
length, i.e. R = a k™1, where we will treat the proportionality constant « as a fitting parameter
to obtain the size of the hydration shell of HA. Such a choice is in accordance with other size
models, such as the Odijk-Skolnick-Fixman (OSF) theory [212, 213], although the exponent
on x~! varies depending on the polyelectrolyte rigidity, the concentration regime and the ionic
strength [217, 218]. We will discuss the general issue of polyelectrolyte size further at the end
of this section.

To compare this model with the experimental data in Figure 3.2B and Figure 3.2C we
calculate the total fs-ESHS signal by numerically integrating the scattering pattern in the
forward half-plane:

/2
Sint = f S(6)de (3.3)
—-1/2

The maximum scattering angle 6,,,, of Figure 3.2C can be obtained by computing the

maximum of the scattering pattern in the forward half-plane, i.e. by numerically solving for 6:

ds(o)
de

gmax

=0 (3.4)

The computed S;,,; and 6,,,, values are shown in Figure 3.2B and Figure 3.2C as solid lines.
Using the single fit parameter a, which takes a best-fit value of @ = 5, the curve for the total fs-
ESHS intensity produced by this model (Figure 3.2B) matches well with the measured values
(circles), as well as the maximum scattering angle as a function of HA concentration (Figure
3.2C). Considering that both the integrated intensity as well as the angle of maximum intensity
are found with the same single fit parameter suggests that our model captures the essentials

of the fs-ESHS response.

3.2.3. Concentration dependence and polyelectrolyte size
The modeling provides insight into the unusual concentration dependence of the fs-ESHS
response of HA solutions. The initial rise in the intensity with HA concentration is due to the
increasing number density of the number of HA chains and their extended hydration shells. At
the same time, increasing the HA concentration adds counter-ions to the solution which
increases the ionic strength and decreases the Debye screening length. This has three
consequences: First, the HA chain collapses as the intra-chain repulsion is weakened

(reducing R). Second, the extent of the hydration shells decreases due to increased Debye
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screening (reducing x~! and R’). Third, long-range charge-charge correlations between
different HA chains are suppressed as well. The peak integrated intensity at ~5 pyg/mL is
reached when the positive contribution from an increasing number density of HA starts to be
outweighed by the opposing contributions from enhanced Debye screening. The increase in
the scattering angle (6,,4,) With HA concentration shown in Figure 3.2C reflects the shrinking
of both R and R'.

Figure 3.4A presents a comparison of the variation of R (i.e. the size of the polymer as
determined by water orientation around a particular charge distribution), and R’ (i.e. the size of
the polymer chain plus the region with a non-negligible electrostatic potential), together with
the contour length L, (i.e., the length at maximum extension), the electric persistence length
L, (i.e. the length over which the tangential electrostatic correlations are lost, and the free

radius per HA, Rfpe.. L, and Ry, are calculated as follows: L, = % [212, 213], Rfyee =

3Mps \1/3 . . . . .
(—) , Where 15 = 0.71 nm is the Bjerrum length in water, k=1 is the Debye screening
4mtcyaNa

length, a = 1.02 nm is the distance between charges on HA, My, =1349 Da is the average
molar weight of HA, N, is Avogadro’s constant and cy, is HA concentration in yg/mL. It can
be seen that the contour length is larger than all other size parameters, which makes sense
because L. represents the end-to-end distance of a fully stretched chain. L, is larger than R
and R’ for most of the low ionic strength range (< 20 ug/mL). The reason for this is an over-
estimation of the electrostatic interactions compared to the distance derived from the fs-ESHS
scattering because the OSF theory is valid only for rigid polyelectrolytes, i.e. when a <« /5Ly
[219]. With a = 1.02 nm the distance between charges on HA, 1z = 0.71 nm, and L, = 8 nm
the intrinsic persistence length of HA [220], we obtain /AzL, ~ 2.4 nm, which does not fully

satisfy the condition.
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Figure 3.4: Relevant length scales as a function of HA concentration and the temperature

dependence of the fs-ESHS response of HA in H,O. (A) The relevant lengths as a function of HA
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concentration: the Debye length k=1, the contour length L., the electric contribution to the persistence
length L,, and the free radius per HA chain Ry,... . (B) Temperature dependence of total fsS-ESHS
intensity and (C) maximum scattering angle at HA concentrations of 0.5 ug/mL (red circles) and 5 pg/mL

(blue squares).

The size determined via fs-ESHS (R) tells us something about the charge induced water
orientation. This is completely different from standard experimental methods to determine
polyelectrolyte size, which rely on refractive index contrasts as experienced by light (dynamic
light scattering), x-rays (small-angle X-ray diffraction), or neutrons (small-angle neutron
scattering) [218]. Besides the difference in contrast mechanism, there is also a difference in
sensitivity range: fs-ESHS works well at very low concentrations and ionic strengths, as it is
very sensitive to the electrostatic field effects, whereas the linear light scattering methods

perform well at high ionic strength and concentration.

3.2.4. Extended hydration shell
Finally, we consider another method to determine the extended hydration shell around the
polyelectrolyte. Figure 3.4A also shows the radius based on the available free volume (red line,
Rfree).- When Repee > R’ there is no interaction between the HA chains or soft shells (¢4 < 0.3
pug/mL). At higher concentrations there is, justifying the use of the structure factor in the model.
In order to determine if R, R' or Rf... has anything to do with the hydration shell around the
semi-flexible HA chain, we have performed fs-ESHS experiments at different temperatures.
Changing the temperature will change the importance of random thermal motion compared to
ion-water (charge-dipole) interactions, and it will also change the screening length. With
increasing temperature, the orientational order will reduce, leading to a decrease in the
integrated fs-ESHS intensity S;,,;. This arises both from a change in orientational order as well
as a potential change in effective size, due to the altered dipole-charge interactions. If the
effective size decreases with temperature as well, we expect to see an increase in the
scattering angle of maximum intensity 6,,,,. However, if the effective size is limited by the
available free volume per HA chain, we would not expect to see an additional change in 6,4,
In this case, the size of the hydration shell is approximately the radius of free volume per HA
chain shown in Figure 3.4A.

Figure 3.4B shows the temperature dependence of the total fs-ESHS intensity
measured between 0 and 100 °C at two HA concentrations: 0.5 and 5 pg/mL, indicated by the
dashed lines in Figure 3.4A. As expected, the intensity decreases monotonically with
temperature due to decreased orientational order. The increase of temperature from 0 to 100
°C also increases the Debye length by 20 nm at ¢y, = 0.5 yg/mL and by 15 nm at ¢y, = 5
pMg/mL. This effect seems to be insignificant compared to the decrease in the orientational

order from thermal motion. The maximum scattering angle 6,,,4, as a function of temperature
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for the two HA concentrations is plotted in Figure 3.4C. At the HA concentration of 0.5 pg/mL
we observe a rise in 6,,,, with temperature which reflects the shrinking of the extended
hydration shell. However, at an HA concentration of 5 ug/mL 6,,,, is independent of
temperature, indicating that the size of the hydration shell is constant. We can, therefore,
conclude that the theoretical extent of the hydration shells is at least equal to the free radius
of HA at 5 pg/mL which amounts to a shell with a radius of 475 nm. Applying the same
reasoning for D,O, we estimate the size of the hydration shell in D,O at 30 pg/mL to be 260
nm per HA or 45% of the value for H20.

A shell with a radius of 475 nm holds ~1.3 x 10'° water molecules and one polymer
chain, whose volume will displace ~ 20000 water molecules. Compared to the value found for
R, the size of the polymer chain as given by the distribution of charge, there is an additional
shell of oriented water with a thickness of ~17 nm, or ~60 water molecules in diameter. This
number of hydrating water molecules that surround the charged HA polymer is similar to the
number of ~77 water molecules that were found around electrolytes in an earlier fs-ESHS study
[41].

3.3. Conclusions
We have probed the extended hydration of hyaluronan, a biological anionic polyelectrolyte,
using fs-ESHS. The source of the measured coherent second-harmonic radiation is assigned
to water molecules that interact with the electrostatic field of spatially correlated charges on
the polyelectrolyte chain. The fs-ESHS response of HA is compared to that of dilute electrolyte
solutions, which also display an increase in second-harmonic intensity at very low ionic
strengths (~10° M). Unlike the simple electrolyte solutions, the fs-ESHS intensity vs. HA
concentration curve displays a maximum at an intermediate concentration (~5 pg/mL) that is
6x larger than the intensity scattered by simple electrolytes. This difference is explained by the
larger magnitude of the electrostatic field generated by HA compared to randomly distributed
ions. At high concentrations, the intensities scattered by HA and electrolyte solutions converge
to the same plateau. This is explained by an enhancement of Debye screening with increasing
HA concentration which results in a shrinkage of the hydration shells. A theoretical model that
treats HA as a flexible charged particle surrounded by a spherical shell of polarized water
molecules qualitatively describes the changes in the fs-ESHS intensity and angle as a function
of HA concentration (ionic strength). Using this model we propose a method to determine the
size of polyelectrolytes in dilute solutions. Temperature-dependent fs-ESHS experiments were
used to estimate the size of the extended hydration shell, which amounts to a few hundred
nanometers for a concentration of 5 ug/mL. Similar to simple salt solutions, a clear difference

between light and heavy water is observed. In heavy water, the fs-ESHS intensity maximum is

53



4.3% lower and occurs at 2.4x higher HA concentration (ionic strength). This difference cannot
be explained by the proposed model and likely stems from the same nuclear quantum effect
observed in simple electrolyte solutions [41]. This isotope effect indicates that the interactions
leading to the observed behavior are not only charge-water interactions but also contain
interactions of the electrostatic field with the collective hydrogen bond network.

3.4. Appendix
3.4.1. Full fs-ESHS patterns of HA in H20

Figure 3.5A shows the scattering patterns of NaCl solutions in H20 obtained in ppp polarization
combination. The integrated fs-ESHS intensity S;,; and maximum scattering angle 6,,,,, as
functions of HA concentration shown in Figure 3.2B and Figure 3.2C in the main text were
obtained from scattering patterns of HA solutions in H.O measured in ppp polarization
combination. The scattering patterns that were used for the analysis are shown in Figure 3.5A.

An illustration of how S;,; and 6,,,, were extracted from the pattern are shown in Figure 3.5B.
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Figure 3.5: fs-ESHS patterns of HA solutions in H2O at various HA concentrations. (A) fs-ESHS
patterns of NaCl in H20 obtained in PPP polarization combination. (B) All fs-ESHS patterns of HA in
H20 obtained in PPP polarization combination used in Figure 3.2. (C) An example of a pattern with the
maximum angle Bmax indicated and the integrated intensity S;,. shown as the area under the curve of the
pattern. The patterns were recorded in ppp polarization combination. The two symmetric lobes of the
patterns shift towards larger scattering angles with increasing HA concentration (mol. wt. 1349 kDa).

The increasing scattering angle corresponds to a decreasing length scale that is being probed.

3.4.2. fs-ESHS in sss polarization direction
The theory of second-harmonic scattering predicts that spherically symmetric objects with a
locally isotropic surface generate no response in sss polarization combination [160, 162] (all
beams polarized perpendicular relative to the scattering plane). This was confirmed for HA

solutions by a fixed-angle measurement at a 90° scattering angle shown in Figure 3.6. The
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lack of fs-ESHS response in the sss polarization combination confirms that the hydration shells

of HA are spherical.
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Figure 3.6: Absence of fs-ESHS response in sss polarization combination. Normalized second-
harmonic scattering intensity measured at a fixed angle of 90° in sss polarization combination as a
function of HA concentration (mol. wt. 1349 kDa). The lack of response in this polarization is predicted

by the theory of second-harmonic scattering for particles with an isotropic surface.

3.4.3. Dependence of fs-ESHS of HA on ionic strength
The fact that the fs-ESHS response of HA in ppp polarization combination originates from long-
range electrostatic interactions was verified by measuring the effect of added salt on the fs-
ESHS intensity at a constant HA concentration. The total fs-ESHS intensity as a function of
excess ionic strength is shown in Figure 3.7A. Adding excess NaCl decreases the Debye
screening length as shown in Figure 3.7B. We see that the fs-ESHS response drops with

added NaCl and nearly vanishes at 1000 uM of excess NaCl.
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Figure 3.7: Dependence of fs-ESHS response of HA and of the Debye length on excess ionic
strength. (A) Total fs-ESHS intensity of a HA solution (c = 10 pg/mL, mol. wt. 1145 kDa) recorded in
ppp polarization combination as a function of excess ionic strength from added NaCl. (B) The Debye

screening length as a function of excess ionic strength assuming a base ionic strength of 17.5 pM.

3.4.4. Power dependence and elasticity of the fs-ESHS process
The intensity of light generated via second-harmonic process scales quadratically with incident
power [102]. To verify that the detected light does indeed originate from a second-order optical
process, we measured the intensity as a function of average incident laser power. The result
in Figure 3.8 is plotted as the measured photon counts divided by the square of the incident
power. The resulting curve is constant, which confirms that the detected light is generated via

a second-order optical process.
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Figure 3.8: Verification of the power dependence of the fs-ESHS intensity. Scattered second-
harmonic intensity from a HA solution (¢ = 5 ug/mL, mol. wt. 1349 kDa) measured at 90° angle in ppp
polarization combination divided by the square of the incident laser power as a function of incident laser
power. The flat line indicates that the power dependence is purely quadratic which means that no lower-

or higher-order optical effects contribute to the detected signal.

To confirm that changes in the measured intensity originate from second-harmonic
scattering and not from another quadratic optical process such as two-photon fluorescence or
hyper-Raman scattering, we measured the spectra of the light scattered from the HA solutions
(mol. wt. 1145 kDa) at various HA concentrations in H,O. The obtained spectra are shown in
Figure 3.9A. Spectra were recorded in ppp polarization combination at 45° scattering angle in
the wavelength range between 400 and 650 nm. A low-pass filter (850 nm cutoff) was placed
in the detector path to block the scattered fundamental wavelength. A background acquired
with the laser beam blocked was subtracted from each spectrum. It can be seen that the
second-harmonic peak at 0 cm? (514 nm) dominates the spectrum. There are also 3
observable Stokes hyper-Raman peaks at approx. 764 cm™ (535 nm), 1662 cm™ (562 nm),
3062 cm™ (610 nm) corresponding to the librational mode of H-bonded H,O molecules, the
bending mode of H.O and the stretching mode of H,O, respectively [221]. No Anti-Stokes
hyper-Raman scattering (negative Raman shift) and no fluorescence (broad features) were
observed. Similar hyper-Raman spectra of water acquired with different laser sources were
previously reported in the literature [222, 223]. We can see that the hyper-Raman peaks are
not influenced by HA whereas the intensity of the second-harmonic peak at 0 cm varies with

HA concentration as can be seen in detail in Figure 3.9B. Moreover, in the actual scattering
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experiments, the band-pass filters used (515 + 25 and 515 + 5 nm) blocked most of the hyper-

Raman light.
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Figure 3.9: Verification of the elasticity of fs-ESHS from HA in H>O. (A) Spectra of the light
generated in the fs-ESHS experiments on HA (mol. wt. 1145 kDa) in H20 at various HA concentration.
The bottom horizontal axis shows the Raman shift with respect to the second-harmonic wavelength (514
nm), the top axis shows the approximate wavelength. The second-harmonic peak is the dominant
feature of the spectrum. There are also 3 observable Stokes hyper-Raman peaks at approx. 764 cm-!
(535 nm), 1662 cm-! (562 nm), 3062 cm- (610 nm) corresponding to the librational mode of H-bonded
H20 molecules, the bending mode of H20 and the stretching mode of H20, respectively. Only the
second-harmonic peak varies with HA concentration. No Anti-Stokes hyper-Raman scattering or

fluorescence is observed below 1000 ug/mL. (B) Detail of the second-harmonic peak.
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Chapter 4: Polyelectrolytes induce water-water correlations
that result in dramatic viscosity changes and nuclear

guantum effects

lons interact with water via short-ranged ion-dipole interactions. Recently, an additional
unexpected long-ranged interaction was found: The total electric field of ions influences water-
water correlations over tens of hydration shells, leading to the Jones Ray effect, a 0.3% surface
tension depression. Here, we report long-range interactions in polyelectrolyte solutions
contributing significantly to both molecular as well as macroscopic properties. Femtosecond
elastic second harmonic scattering shows that long-range electrostatic interactions are
remarkably strong in aqueous polyelectrolyte solutions leading to an increase in water-water
correlations. This increase is shown to play a role in the reduced viscosity, which changes
more than two orders of magnitude with polyelectrolyte concentration. Using D,O instead of
H.O shifts both the fs-ESHS and the viscosity curves by a factor of ~10 and reduces the
maximum viscosity value by 20-300 %, depending on the polyelectrolyte. These phenomena
cannot be explained using a mean-field approximation of the solvent and point to nuclear

guantum effects.

This chapter is based on an article by Jan Dedic, Halil I. Okur, and Sylvie Roke entitled:
“Polyelectrolytes induce water-water correlations that result in dramatic viscosity changes and

nuclear quantum effects” that has been published in the journal Science Advances.

Dedic, J., Okur, H. I. & Roke, S. Polyelectrolytes induce water-water correlations that result in
dramatic viscosity changes and nuclear quantum effects. Sci. Adv. 5, eaayl443,
doi:10.1126/sciadv.aay1443 (2019).
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4.1. Introduction
Most biochemical reactions occur in agueous environments, underlining the importance of
water for life. More than just a passive background, water actively participates in various
processes, such as enzyme and ion channel activity [57], protein folding and stability [177],
self-assembly [224], molecular recognition [225, 226], charging [227] and lubrication [228].
This is possible because water molecules are strongly responsive to the electrostatic fields of
simple ions and charged macromolecules such as polyelectrolytes or to polar groups. In order
to understand the complex role that water plays in biochemical processes, it is hecessary to
study the interaction of ions and ionic groups with water on both the molecular as well as the
macroscopic level. It is known that various macroscopic properties of aqueous solutions are
influenced by ions, such as the dynamic viscosity and the surface tension [12, 229, 230]. The
changes in these properties have their origins in the molecular-level interactions between ions
and water. The interactions of ions with water at ionic strengths > 0.1 M have been subject to
numerous investigations using X-ray scattering [231], neutron scattering [232], IR
spectroscopy [9], Raman scattering [233, 234], terahertz spectroscopy [235] and molecular
dynamics (MD) simulations [37, 205, 207, 236] among others. These studies show that the
molecular structure of water in the vicinity of ions is strongly influenced by the valence,
polarizability and size of the ion [36, 237, 238] and that significant perturbation of the structure
and dynamics of liquid water are observed within the first three hydration shells. In addition,

the ion-water interaction is influenced only minimally by nuclear quantum effects [41, 239-241].

Recent femtosecond-elastic second harmonic scattering (fs-ESHS) experiments
performed by us [41, 152] and others [206] together with subsequent computational studies
[207-209] have provided a new dimension to the understanding of water — ion interactions. In
an fs-ESHS experiment, the nonlinear polarization of a liguid composed of non-
centrosymmetric molecules is measured. This polarization arises from two sources [115, 146,
150]: The first contribution arises from the polarization of individual molecules and gives rise
to incoherent (hyper-Rayleigh) scattering [146, 148]. It occurs in all polarization combinations
of the in- and out-going optical fields. The second contribution arises from the coherent addition
of the second-harmonic (SH) signal from different but orientationally-correlated molecules.
This coherent contribution can be measured only in certain polarization combinations of the
optical fields, for example with all beams polarized parallel to the scattering plane (ppp
polarization combination). Performing fs-ESHS experiments on 21 different agueous
electrolyte solutions spanning a concentration range from 1 uM to 0.1 M revealed a universal
increase in the fs-ESHS intensity, but only for polarization combinations that contain coherent
emission. This increase was further absent for neutral solutes and displayed remarkably

different curves for H,O and D;O. It was proposed that the total long-ranged electrostatic field
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of the ions already present at low salt concentrations perturbs the water-water correlations in
the H-bond network of water and is subject to a significant and an as of yet unexplained nuclear
guantum effect. Revisiting key elements of the experiments and interpretation here, Figure
4.1A shows fs-ESHS data for NaCl in H,O and D;0O solutions adapted from Refs. [40, 41]. We
can see that the fs-ESHS response already increases at a salt concentration of 10 uM, and
saturates at ~1 mM. Since these correlations are already observed at ion separations of ~ 20
nm, the phenomenon reports on long-ranged interactions. The DO solutions in Figure 4.1A
display the same trend but with a lower saturation value and higher onset concentration
compared to H>O. Although the HO curve in the ppp polarization combination can be
explained using a mean-field Debye-Hiickel model that describes the influence of the total
electrostatic field in the solution on the molecular orientational order [41, 152, 208, 209], the
model fails to explain the large discrepancy between H,O and DO (as well as other models
that represent water only by a dielectric constant). The H.O/D-0O difference indicates that the
dissolved ions influence collective H-bonding interactions. Water has two distinct modes for
breaking H-bonds (illustrated in Figure 4.1B) whose relative strengths are different in H.O and
D.0. Since fs-ESHS probes orientational correlations between water molecules, it has more
sensitivity towards detecting H-bond breaking by bending rather than stretching, and can

clearly distinguish H>O from D-0O.

The weak ion-induced restructuring of the H-bond network of water was connected to
the Jones-Ray effect [210], which entails an anomalous and isotope-dependent ~0.3 %
reduction of the surface tension at the fs-ESHS saturation concentrations. The ion-induced
increase in orientational order in the aqueous bulk solution gives rise to an entropic penalty,
which causes a reduction in the surface tension [41, 210, 211]. This long-range interaction of
the ionic electrostatic field with water is a new and poorly understood phenomenon that
warrants further investigation. One could ask whether long-ranged correlations in water are
consequential since, until now, the reported effects they cause represent only a minor (0.3 %)

change in macroscopic properties [38].

Here, we report that long-range reordering of the H-bond network of water via weakly-
screened electrostatic interactions in polyelectrolyte solutions causes significant changes in
the reduced specific viscosity. Anionic polyelectrolytes, poly(acrylic acid) (PAA) and
poly(styrene sulfonate) (PSS) (molecular structures displayed in Figure 4.1C) are shown to
strongly enhance the orientational order of water, starting at polyelectrolyte concentrations as
low as 1 nM. The changes in the orientational order of water are more pronounced in H,O than
in D20, consistent with the behavior observed in the solutions of simple salts. The reduced
specific viscosity of the polyelectrolyte solutions follows a similar trend as the water ordering,

for both H,O and D,0O, and changes of more than two orders of magnitude are observed. We
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conclude that long-range interactions between spatially correlated ionic groups on the
polyelectrolytes and the H-bond network have a significant impact on the reduced viscosity.
Although traditional mean-field models based on inter- and intra- polyelectrolyte correlations
can qualitatively explain the viscosity anomaly in H>O, the models fail to predict the discrepancy
between H,O and DO [242, 243]. This points to water-water correlations having an influence
on the anomalous viscosity of polyelectrolyte solutions. In addition, our data suggest that H-
bond breaking through rotations occurs more readily than through H-bond stretching and is

relatively more important for viscosity.
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Figure 4.1: Long-range distortion of the orientational order of water. (A) fs-ESHS intensities,
relative to that of pure water, of NaCl in H20 and D20 obtained at a scattering angle of 90° in the ppp
polarization combination. The fs-ESHS data are adapted from Refs. [40, 41]. The dashed lines indicate
the concentrations of half-saturation. (B) lllustration of two H-bonded water molecules that are
orientationally correlated. The black arrows represent different axes along which H-bonds can be
broken. fs-ESHS is mostly sensitive to the breaking of this H-bond via rotation (black curved arrow). In
a D20 molecule, the H-bond bending mode is predicted to be stronger than in H20 while the H-bond
stretching mode is expected to be weaker due to nuclear quantum effects. (C) Molecular structures of
PAA and PSS polyelectrolytes. (D) fs-ESHS intensities, relative to pure water, of PAA in H20 and D20
obtained at a scattering angle of 90°. The dashed blue and red lines indicate peak intensity
concentrations. All fs-ESHS data was recorded with beams polarized parallel to the horizontal scattering

plane (ppp). The molecular weight of PAA was 450 kDa.

4.2. Experimental section

4.2.1. Chemicals and sample preparation
Poly(acrylic acid) - mol. wt. 450 kDa (Polysciences, Inc), sodium poly(styrene sulfonate),
sodium salt — mol. wt. 1000 kDa (Polysciences, Inc), and poly(ethylene glycol) — mol. wt. 400
kDa (Sigma) in powder were used as received. The structure of PSS and PSS are shown in

Figure 4.1C. NaCl (99.999%) was purchased from Acros. Stock polymer solutions were
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prepared by dissolving the powder in water (H.O or D;O). The samples were prepared by
subsequent dilution of the stock solutions to obtain the desired polymer concentration. Stock
NaCl solutions were filtered through Millipore Millex-VV 0.1-mm polyvinylidene difluoride
membrane filters. Ultrapure H20 with an electrical resistance of 18.2 MQcm was obtained from
a Milli-Q UF-Plus instrument (Millipore Inc.). For experiments with heavy water, the D20 used

contained 99.8% D atoms and had an electrical resistance of >2 MQ- cm (Armar).

4.2.2. fs-ESHS measurements
The experimental conditions used for fixed-angle measurements were the same as in Refs.
[40, 41, 149]. The detection angle was set to 90° with an acceptance angle of 11.4 °. Each
data point is an average of 3 - 5 measurements. Each measurement is an average of 50
expositions of 1 s integration time, using 50 x 2x10° pulses in total. The gate width was 10 ns.
The polarization combination is denoted using a 3-letter code where the first letter indicates
the polarization of the outgoing SH light and the last two letters indicate the polarization of the
incident fundamental light. The polarization can either be in the scattering plane (p-parallel) or

perpendicular to the plane (s-perpendicular).

To compare fs-ESHS response with reduced specific viscosity we introduced another
metric: integrated fs-ESHS intensity (S;,:). To obtain this quantity, a scattering pattern is
recorded at 5° steps between -90 ° and +90 ° with an opening angle of 3.4 °. The pattern is

normalized at each angle 6 with respect to pure water using the formula:

5(9) — Isolution(e) - Iwater(g)

4.1
IHRS,water(B) ( )

where Igoution(8) and I,.:.-(6) stand for the average second-harmonic count rate at a
scattering angle 6 recorded in the same polarization combination (ppp or sss) while Iygswater
is the intensity of hyper-Rayleigh scattering (HRS) and was always recorded with all beams
polarized perpendicular to the scattering plane (sss). The integrated fs-ESHS intensity is then

calculated as:

Sint = Z 5(6) (4.2)

0+0

4.2.3. Dynamic viscosity measurements
Dynamic viscosities were measured using an Ubbelohde-type glass capillary viscometer

(Paragon Scientific Ltd.) immersed in a temperature-controlled water bath (ET 15S, Lauda
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Scientific GmbH). The measurements were performed at 25.00 £ 0.01 °C. The viscometer with
the loaded liquid was allowed to reach equilibrium with the bath for at least 4 minutes before
measurement. The elution times were measured with a time-stamped digital camera (720p @
24 fps, Huawei Mi A1) that recorded the passing of the liquid’s meniscus between the two
marked positions on the viscometer. Each sample was measured at least 3 times. The reduced

specific viscosity was calculated as:

Nrod = Nsotution — Nwater (4.3)

Cmnwater

where n; is the measured dynamic viscosity based on the elution time and c,, is the monomer

concentration of the polyelectrolyte.

4.2.4. Femtosecond snapshots of long-range order
The orientational correlations between water molecules in solutions of PAA and PSS were
measured at different concentrations (excess ionic strengths). The excess ionic strength (1) of
the solution, due to the dissolved and partially dissociated polyelectrolytes was calculated as
I = 0.5¢,,f, where ¢,, is the monomer concentration in mol/L and f is the percentage of
dissociated counter-ions. According to Manning’s theory of counter-ion condensation [215,
244], the degree of ionization is f = b/Az = 0.35, where b = 0.25 nm is the distance between
ionizable groups on the polyelectrolyte chain and A5 = e?/4msyckzT = 0.71 nm, is the Bjerrum
length in water with e the elementary charge, g, the vacuum permittivity, € = 78.5 the dielectric
constant of water, kg the Boltzmann constant and temperature T = 298 K. Figure 4.1D shows
the fs-ESHS response of PAA solutions as a function of PAA concentration (ionic strength)
recorded at a fixed scattering angle 8 = 90 ° with all beams polarized in the horizontal scattering
plane. It can be seen that the fs-ESHS response from H20O solutions increases from a value
of 1 at near-infinite dilution and reaches a maximum of 6.2 after which the intensity drops again
and levels off above an ionic strength of ~1 mM. The increase in the scattered intensity with
concentration might be intuitively interpreted in terms of an increasing number density of bare
polyelectrolytes. This simple explanation is, however, contradicted by the subsequent
decrease in fs-ESHS intensity. Moreover, incoherent fs-ESHS measurements (recorded with
all beams polarized in the direction vertical to the scattering plane - sss) of the same solutions,
shown in Figure 4.2, display no increase in the fs-ESHS response at the concentrations used
here. If the bare polyelectrolytes contributed significantly to the SH signal, we would expect to
see an increase in the incoherent response. The reason why the contribution of the bare

polyelectrolytes is insignificant compared to their hydration shells can be understood by noting
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that in a non-resonant fs-ESHS experiment, the emitted SH intensity scales quadratically with
the number of orientationally-correlated molecules in the focal volume [102]. Even at the
highest polyelectrolyte concentration used here, there are still > 1000 water molecules per
monomer, leading to an up to 10° times higher contribution from the water than from the

polyelectrolytes.

04H I I I H

—o— PAA
—0— PSS
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Figure 4.2: Negligible contribution of polyelectrolytes to second-harmonic scattering. Water
normalized fs-ESHS scattering pattern of PAA (11 nM, ionic strength 12 yM) and PSS (5 nM, ionic
strength 4 uM) in H20 obtained in sss polarization combination which reports only on incoherent
scattering. The absence of signal shows that the bare polyelectrolytes do not contribute significantly to

the fs-ESHS response.

Figure 4.1D also shows that a significant discrepancy occurs when the same fs-ESHS
experiment is conducted using D>O as the solvent instead of H.O. The fs-ESHS trend for DO
is significantly altered compared to H.O: the maximum intensity is 2.4x lower and appears at
a 1.5x higher concentration compared to H.O. The presence of a saturation intensity at high
concentration, a low onset ionic strength and the difference between H,O and DO is
reminiscent of the observations for aqueous salt solutions of Figure 4.1A. The main difference
here is the appearance of a pronounced peak in the concentration curve compared to
electrolyte solutions. This behavior stems from the interactions between the electrostatic field
of the ionic groups on polyelectrolytes and the H-bond network of water as discussed in the
previous chapter. At very low ionic strength the polyelectrolyte chains are in an extended
conformation due to strong intra-chain electrostatic repulsion [212, 213, 245, 246] and different
polyelectrolytes are expected to be correlated with each other [242, 247-249]. The ionized
groups on the polyelectrolyte chains, therefore, do not move freely like simple electrolyte ions

but are limited in their spatial arrangement both by the stiffness of the polyelectrolyte chains
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and repulsions between different chains. These intra- and inter-chain correlations impact the
orientational order of water molecules that are associated with each ionic group as extended
hydration shells. The long-range correlations in polyelectrolyte solutions are possible due to a
combination of a high degree of ionization of the polyelectrolytes and a large Debye screening
length. At an ionic strength of I = 10 uM, the Debye length is k=1 = /211;/103N,I ~ 100 nm
where Ag is the Bjerrum length as defined before and N, is the Avogadro number. Since the
ionic strength is a function of polyelectrolyte concentration, increasing the polyelectrolyte
concentration shortens the Debye length which suppresses long-range spatial correlations
[212, 213, 249]. The importance of Debye screening for the fs-ESHS response was confirmed
by measuring the effect of varying ionic strength on the measured fs-ESHS intensity shown in
Figure 4.3. The fs-ESHS intensity drops rapidly with ionic strength and virtually disappears
above 1 mM. The total electrostatic field in the liquid, and consequently the water-water
correlations that are induced by it, are expected to be the highest when the chain concentration
is maximized up to the point where the spatial correlations in and between the polyelectrolyte
chains begin to disappear due to Debye screening. Such behavior would give rise to a
maximum in the fs-ESHS response. For PAA in H;O the fs-ESHS intensity maximum occurs

at an ionic strength of ~ 24 uM, which corresponds to a Debye length of 62 nm.

| I T | |
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Excess NaCl concentration (uM)
Figure 4.3: fs-ESHS response of PAA disappears with the addition of salt. The normalized fs-ESHS
intensity measured at 90° scattering angle of PAA in H20 (10 pg/mL) as a function of excess NaCl
concentration (red circles). The normalized intensity relative to neat water levels off at ~1 mM NacCl

concentration at ~1.4, matching the plateau value for electrolyte solutions (horizontal dashed line).
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4.2.5. Viscosity
The fs-ESHS data of Figure 4.1D suggest a large degree of polyelectrolyte-induced
orientational correlations between the water molecules. Would such an increase in correlations
also have an influence on a macroscopic observable? Viscosity is a good candidate since the
degree of structural correlations in a solvent has a significant influence on viscosity [18, 241,
250-252]. This is apparent in the 23 % higher viscosity of pure D,O compared to H,O at room
temperature [20, 23] which cannot be entirely accounted for by a difference in mass (moment
of inertia) of the two isotopes of water. The residual difference in viscosity was assigned to
stronger H-bonding in D20 [2, 18]. Recent work from our group has shown that there is an ion-
specific correlation between the viscosity and the intensity of fs-ESHS experiments for high
electrolyte concentrations [149]. Studies from as early as the 1950s have reported an
anomalous increase in the reduced specific viscosity of dilute aqueous polyelectrolyte
solutions which does not occur for neutral polymers or at high ionic strength [247, 253]. The
viscosity anomaly was qualitatively explained as due to intra- and inter-polyelectrolyte
correlations [242, 243, 254]. In light of the recent fs-ESHS experiments, it would be interesting
to investigate whether long-range electrostatic interactions between the charges and the H-
bond network in polyelectrolyte aqueous solutions play a role in this viscosity anomaly.
Traditional polyelectrolyte viscosity models are based on a mean-field approximation of the
solvent and therefore do not explicitly take into account changes in solvent structure.
Experimentally performing viscosity and fs-ESHS measurements will show whether a long-
range interaction between the electrostatic field and the H-bond network of water is playing a

role in the viscous flow of polyelectrolyte solutions.
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Figure 4.4: Polyelectrolytes induce strong orientational correlations leading to viscosity
changes. (A) fs-ESHS intensities, relative to that of pure H20 / D20, of PAA obtained by integrating the
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fs-ESHS intensity in the angular range -90°> 6 > 90°. The dashed line indicates the peak concentration.
The data for PEG in H20 (green) serves as a comparison with a neutral polymer. The data was recorded
with all beams polarized parallel to the horizontal scattering plane (ppp). (B) Reduced specific viscosity
of PAA dissolved in H20 and D20. The average molecular weight of PAA was 450 kDa, corresponding
to a contour length of 1560 nm. The reduced specific viscosity of PEG was calculated using the Huggins

equation [255] with details of the calculations shown in the appendix.

In what follows, we investigate the long-range correlations in aqueous polyelectrolyte
solutions in more detail by measuring the integrated second harmonic intensity scattered in
the forward half-plane (Figure 4.4A) and compare it with the reduced specific viscosity of the
solutions (Figure 4.4B). In Figure 4.4A the measured integrated fs-ESHS intensity (Sin) is
plotted as a function of polyelectrolyte concentration (bottom axis) and ionic strength (top axis)
for PAA solutions in H2O (red circles), D2O (blue squares), and for poly(ethylene glycol) (PEG),
a neutral polymer dissolved in H2O (green triangles). The fs-ESHS data for PSS is shown in
Figure 4.6A (appendix) and displays a similar trend as the PAA. The concentration
dependence of Siis comparable to the fixed-angle measurements of Figure 4.1D, but higher
fs-ESHS intensities are recorded, allowing for a more accurate comparison. The fs-ESHS
intensity increases up to a value of 80 times the scattered intensity of pure water up to a
concentration of ~9 nM (ionic strength of ~10 uM). The intensity drops with a further addition
of PAA, leveling off at a concentration of 220 nM (ionic strength of 240 uM). For D,O solutions
the behavior is also similar compared to Figure 4.1D, and shows a curve that is reduced in
maximum intensity by a factor of ~4, and shifted to 8x higher concentrations. The results for
PSS (Figure 4.6A, appendix) are qualitatively similar but display an even more pronounced
difference between H,O and D,O: The fs-ESHS peak intensity is reduced from 80 to 8, and
the peak polymer concentration is increased by a factor of 14. PEG, on the other hand (Figure
4.4A), shows no such behavior, underlining the importance of electrostatic interactions with

water.

The reduced specific viscosity 1,..4 as a function of polymer concentration is shown for
PAA solutions in H>O (red) and D,O (blue) in Figure 4.4B. The data for the PSS polyelectrolyte
is plotted in the same manner in Figure 4.6B in the appendix. As a comparison, the specific
viscosity of neutral PEG polymer chains in H»O is also displayed (green trace). The 1,..4 Of
PEG solutions was theoretically calculated with details shown in Section 4.4.2 in the appendix.
The specific viscosity of PAA and PSS shows a surprisingly similar behavior as the fs-ESHS
data, starting at a low value and rising up to a maximum with increasing concentration. The
viscosity maximum occurs at the same ionic strength as the fs-ESHS maximum (~10 uM for
H,0) and comprises a difference of two orders of magnitude of n,..;. The effect of D,O on the

viscosity is similar: The peak intensity is shifted to higher ionic strength for DO (~ 100 uM),
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and the peak value is reduced by ~20 %. For PSS (Figure 4.6B) the effect is even more
pronounced: Switching from H»O to D,O, the peak concentration is shifted from 3.2 to 100 nM
(ionic strength 2.8 uM to 85 uM), and the peak value of n,.4 is reduced by a factor of ~3.

The appearance of a peak in n,.4 as a function of polyelectrolyte concentration is in
gualitative agreement with previously measured data for both PAA [256] and PSS [242, 257]
in H20. To the best of our knowledge, the DO measurements have not been reported before,
and are remarkably different from HzO, in that the peak occurs at 10x higher concentration and
with a smaller amplitude. The anomalous viscosity peak is known to rapidly disappear when
excess salt is added to the solution due to Debye screening [258], which is consistent with the
sensitivity of the fs-ESHS response to added salt shown in Figure 4.3. This points to long-
range electrostatics as the source for the observed behavior in both the molecular structural
(fs-ESHS) measurement and the macroscopic (reduced viscosity) measurement. The neutral
PEG (and other neutral polymers) does not display the viscosity anomaly [259, 260]. Likewise,
there is no peak in the fs-ESHS response of PEG. This further confirms the importance of long-
range electrostatic interactions in PAA (PSS) solutions which are responsible for the strong
enhancement of the fs-ESHS response and the reduced viscosity and are absent for neutral

polymers such as PEG.

The behavior observed in Figure 4.4 is interesting for the following reasons: First, the
correlation between the fs-ESHS intensity and the reduced specific viscosity for both H,O and
D.O and for both polyelectrolytes with different molecular weights and different chemical
structures suggests that they derive (at least partially) from the same mechanism. Second, the
isotope effect observed in the viscosity is unexpected. According to literature, the anomalous
behavior of the specific viscosity of polyelectrolyte solutions stems solely from intra- and inter-
polyelectrolyte correlations [242, 243, 248]. Models based on this assumption are in agreement
with the experimental data in H>O. However, since the models are based on a mean-field
approximation of water, they do not predict a significant difference in 7,.4 between H,O and
D0, as the dielectric constants of the two solvents differ by less than 0.4% [27]. Using one of
the existing mean-field models [261], we calculated the reduced specific viscosity and plotted
it together with the measured data for H,O and D;O. The data is presented in Figure 4.5.
Although the model reproduces the anomaly for PAA in H-O, it predicts nearly the same
behavior for in D2O. Yet, the measured 7,4 of PAA is significantly different for D»O, indicating

that the enhancement of water-water correlations plays an important role.
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Figure 4.5: Comparison of the measured reduced viscosity of PAA with a theoretical model.
Reduced specific viscosity of PAA as a function of PAA concentration in H20 (red) and D20 (blue). The
markers are the measured data shown previously. The overlapping lines represent the curves that are
predicted by the mean-field model for H.O and D20. The details of the calculation are described in the

appendix (Section 4.4.3).

As mentioned in the introduction, the fs-ESHS data for simple electrolyte solutions in
Figure 4.1A, is different for H,O and D.O. This difference was assigned to nuclear quantum
effects. H-bonds between water molecules can be broken along two different orthogonal axes.
Figure 4.1B illustrates two H-bonded water molecules that are orientationally correlated, and
the black arrows illustrate the two axes of motion, a stretching motion or a rotational motion.
The stretching motion does not lead to differences in orientational correlations in contrast to
the rotations, rendering fs-ESHS more sensitive to H-bond breaking via rotation. Since the H-
bond bending mode is predicted to be stronger in DO than in H,O [57, 239, 262], the fs-ESHS
response of pure D,O is larger than that of H,O [41], as is its resistance to restructuring due to
ions [41] or ionic groups on polyelectrolytes as is observed here. Since the fs-ESHS data and
the specific viscosity data are similar, it is plausible that a similar decoupling effect also
contributes to viscosity. Viscosity depends on the movement of molecules through water and
this naturally involves the breaking of H-bonds [263]. Our combined data suggest that the
breaking of H-bonds by rotation plays a relatively larger role in determining the viscosity than
the breaking of H-bonds by stretching. Namely, if both modes would contribute equally, no
viscosity difference between H.O and D-O solutions would be observed. If the stretching mode
would contribute more the D-O / H,O difference would be reversed. Our observation and

assessment are in agreement with spectroscopic measurements since the H-bond stretch
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mode was detected at ~183 cm?, while the H-bond bending mode was found to occur at lower
frequencies ~50 cm™ (for H,0) [264, 265]. Although both values are below the thermal energy
(219 cm™), the bending mode is energetically more favorable and therefore may contribute
more than the stretching mode. Such a mechanism could also explain an isotope effect
observed in adhesion hysteresis [266]. Thus, long-range interactions are present in more
systems than simple electrolyte solutions and can lead to dramatic changes in macroscopic
properties as well as unexpected significant nuclear quantum effects. As water plays an
omnipresent role in diverse disciplines as physics, chemistry, biology, and medicine, the
observed effects can have consequences for all processes where electrically charged

molecules are involved.

4.3. Summary and Conclusions
We investigated long-range interactions between polyelectrolytes and the H-bond network of
water. We found an increase in the orientational order of water and an even larger difference
between H,O and D0 solutions compared to simple electrolyte solutions. Upon increasing the
polyelectrolyte concentration the fs-ESHS intensity increases, up to a maximum and then
reduces and levels off. Qualitatively this behavior can be explained by two parallel effects:
increasing polyelectrolyte number density and screening of the electrostatic field by counter-
ions. Macroscopically, we observed similar behavior for the reduced viscosity. The reduced
viscosity changes up to two orders of magnitude with increasing concentration, shifts by a
factor of ~8-14 in the concentration and decreases in maximum value (20-300 %) when D.O
is used instead of H>O. Traditional mean-field models cannot explain such a difference. We
conclude that the anomalous viscosity of polyelectrolyte solutions cannot be entirely explained
by intra- and inter-polyelectrolyte correlations but that changes in water-water orientational
correlations influence the reduced viscosity as well. Moreover, our data suggest that H-bond
breaking through rotations occurs more readily than through H-bond stretching and is more

important for viscous flow.

4.4. Appendix
4.4.1. fs-ESHS and reduced viscosity of poly(styrene sulfonate)

Figure 4.6 shows the fs-ESHS measurements for PSS for both H>O and D,O (purple and green
data in panel A), as well as the reduced viscosity measurements for PSS in H.O and DO

(purple and green data in panel B).
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Figure 4.6: Polyelectrolytes induce strong orientational correlations leading to viscosity
changes. (A) fs-ESHS intensities, relative to that of pure H20 / D20, of PSS obtained by integrating the
fs-ESHS intensity in the angular range -90° < 8 < +90°.The dashed line indicates the peak concentration.
The data was recorded with all beams polarized parallel to the horizontal scattering plane (ppp). (B)
Reduced specific viscosity of PSS dissolved in H20 and D20. The average molecular weight of the PSS
used was 1000 kDa.

4.4.2. Calculation of the reduced specific viscosity of PEG
The concentration dependence of reduced viscosity of dilute PEG shown in Figure 4.4B in the
main text was calculated from the Huggins equation [255]: n,.q = [1] + k;[n]*c where [n] =
4.4-10® L/g is the intrinsic viscosity and k, = 0.322 L/g is the Huggins coefficient of PEG
(values taken from Ref. [260]).

4.4.3. Modeling the reduced specific viscosity of PAA

The curve of the reduced specific viscosity of polyelectrolytes can be qualitatively reproduced
by several mean-field models with varying accuracy and computational difficulty. As an
example, we will calculate the reduced viscosity of PAA (mol. wt. 450 000 Da) using a
spherically symmetric model based on the Rice-Kirkwood theory [261]. Although this model is
not the most accurate representation of the polyelectrolyte geometry, it provides an analytical
solution. According to this theory, the contribution of electric charges to the reduced specific
viscosity is given by the following equation [254, 261]:
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The electrostatic potential u(r) is given by:

u(r) = e " (4.5)

where z = 1 is the ion valence. The radial distribution function g(r) is given by:

g(r) = e /ksT (4.6)

where kg is the Boltzmann constant and T is the temperature. For u(r) << kgT we can make the
approximation g(r) ~ 1 —u(r)/kgT. By solving the above integral, we obtain the following

expression for the reduced specific viscosity [254]:

1 1 5
Nrea = €2 | 2245 (r¢ + 151)e ™0 + 24157 (—Erozk +570+ ZK_1> e'z"r"] (4.7)

The lower integration bound r, = 528 nm is chosen arbitrarily to align the peak position of the
model curve with the measured H,O data. The vertical scale of the model is adjusted to match
the measured data as well. To calculate the H.O (D20) curve we used the relative permittivity
&= 78.7854 (78.2618) [27] and the self-ionization constant pKy = 13.997 (14.869). The

comparison of the model against experimental data is shown in Figure 4.5.

The model predicts a virtually identical curve for H,O and DO which is not surprising
since the dielectric constants of the two solvents differ by less than 0.4 %. We can also see
that the shape of the predicted curve does not accurately follow the experimental data. This
could be improved by using a more sophisticated model, such as a skewed rod model, and by
including polyelectrolyte chain expansion [243]. However, such models are still mean-field
approximations that approximate water with a single dielectric constant and neglect collective
H-bonding. They would, therefore, still not predict a significant difference between H,O and
D-O.
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Chapter 5: Membrane—-Protein-Hydration Interaction of
a-Synuclein with Anionic Vesicles Probed via Angle-

Resolved Second-Harmonic Scattering

Amyloid formation of the protein a-synuclein promotes neurodegeneration in Parkinson’s
disease. The normal function of a-synuclein includes synaptic vesicle transport and fusion, and
the protein binds strongly to negatively charged vesicles in-vitro. Here we demonstrate that
non-resonant angle-resolved second harmonic scattering detects a-synuclein binding to
liposomes through changes in water orientational correlations and can thus be used as high
accuracy and high throughput label-free probe of protein-liposome interactions. The obtained
results suggest a binding model in which the N-terminus of a-synuclein adopts an a-helical
conformation that lies flat on the vesicle surface while the negatively-charged C-terminus

remains in solution.

This chapter is based on the article by Jan Dedic, Sandra Rocha, Halil I. Okur, Pernilla Wittung-
Stafshede and Sylvie Roke entitled “Membrane—Protein—Hydration Interaction of a-Synuclein
with Anionic Vesicles Probed via Angle-Resolved Second-Harmonic Scattering” published in
the Journal of Physical Chemistry B, 2019, 123 (5), p. 1044-1049
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5.1. Introduction
The protein alpha-synuclein (aS) is a major component of amyloid aggregates found in Lewy
body inclusions, which are the pathological hallmark of Parkinson’s disease (PD), the second
most common neurological disorder after Alzheimer’s [267]. The assembly process of the 140-
residue protein aS into amyloid fibrils, via oligomeric intermediates, has been linked to the
molecular basis of PD [268, 269]. The exact function of aS is unknown, but it is suggested that
the protein is involved in synaptic vesicle release and trafficking, regulation of enzymes and
transporters, and control of the neuronal apoptotic response [270, 271]. aS is present at
presynaptic nerve terminals [272-274] and it is reported that the protein exists in vivo in both
free cytosolic and membrane-bound states [275]. PD pathology may be associated with
change or disruption of aS-lipid interactions, and in vitro studies have indicated that early-onset

PD mutations can affect the binding of aS to phospholipids [276].

The monomeric aS form in solution has a disordered structure, whereas the membrane-
bound state has a chiral a-helical structure [274, 277-279]. The N-terminus was shown to be
responsible for membrane association and a-helix formation upon binding to lipid bilayers,
whereas the C-terminal is unstructured and extends out from the bilayer [274, 278, 280-283].
Although there exists a significant body of work on aS-lipid interactions, such as detailed solid-
state NMR [278, 279], CD and calorimetric studies [284, 285], it has proven difficult to
characterize the membrane-bound state of aS in liquid water at standard conditions and to
probe the interaction with the membrane’s interfacial aqueous environment in a surface-
specific manner. Using high-resolution solution NMR it was proposed that the first two-thirds
of the aS polypeptide adopt two helical regions (both with a11/3 conformation) with a short
linker between them when bound to SDS micelle surfaces [286]. In this slightly unwound helical
model, a set of Lys residues forms a boundary between hydrophobic and hydrophilic faces on
both sides of the helix. A subsequent NMR structure gave clear evidence of a broken helix
when aS bound to SDS micelles, but the helical conformation of aS appeared more ideal in
this study [287]. Micelles are small membrane mimics and thereby highly curved; it is unclear
what happens when aS is bound to a more realistic membrane model [288]. For example, the
a11/3 helical model for aS was supported by site-specific spin-label continuous wave EPR
measurements using another membrane mimic but, instead of a broken helix, an extended
one was observed [289]. To better understand the complex mechanism of membrane — protein
interaction, label-free interface-specific methods with molecular sensitivity would help greatly.
In addition, information about the structure of the aqueous phase in realistic membrane
systems is currently unavailable. Second-order nonlinear optical techniques such as sum-
frequency and second harmonic generation are useful as they are intrinsically surface-specific

[73, 114, 125, 144, 290-294] and can interrogate the molecular structure of interfacial water
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[79, 115, 295, 296]. Sum frequency measurements of DNA [121] and atrtificial pores [122] show
that chiral macromolecular protein structures can be passed on to the adjacent aqueous phase
underlining the important role water plays in protein-surface interactions. Second-harmonic
scattering can be performed on liposomes in aqueous solutions where it probes interfacial
water molecules[128]. The reason for why the SHS signal is dominated by interfacial water
molecules, and not the lipids that form the liposomes themselves, is the following: a non-
resonant SHS experiment reports on all dipolar molecules that are not centrosymmetrically
distributed, and each dipolar molecule has a response that is of the same order of magnitude
[102]. The non-centrosymmetric distribution of dipolar molecules arises from chemical

interactions at the interface (quantified by the second-order surface susceptibility tensor x§2>)
and the interaction with the interfacial electrostatic field (quantified by the surface potential ®).
At an aqueous interface, the most abundant dipolar species by far is water (30 H.O molecules
per nmq®), even in the interfacial double layer region, where the orientational distribution of
dipolar molecules is changed by the surface electrostatic field. Moreover, the measured SH
intensity scales quadratically with the surface density of correlated dipolar species[125], further
increasing the contribution of water molecules. For this reason, liposomes in aqueous solutions
exhibit an SHS response that arises predominantly from the reorientation of water at the
liposome surface [69, 76, 82, 115, 137]. Using polarimetric angle-resolved SHS (AR-SHS) [76,
172] in combination with nonlinear optical models [137] allows one to quantify the orientation
of the interfacial water with respect to the liposome radius, as well as the surface potential (®o).

For the case of non-resonant elastic AR-SHS the second-order surface susceptibility tensor

xgz) reduces to a single element: )(s('zz) =)(§?,9,r, which provides an indication of the

orientational alignment of water along the interfacial normal. More detailed information about
the model and its assumptions can be found in Chapter 2 or in the literature [69, 76]. In
addition, chiral structures such as a-helices would give rise to additional (chiral) components
of x§2> that can be probed separately using different polarization states of the incoming and

outgoing light [160, 168].

Here, we use electrokinetic mobility measurements and polarimetric AR-SHS to
characterize the interaction of aS with 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
(DOPG, structure shown in Figure 5.1A) liposomes and their aqueous environment. We find
that the non-chiral AR-SHS patterns are modified by the aS-liposome interfacial-region
interaction, while the electrokinetic mobility of the liposomes is unaffected by aS binding.
Scattering patterns geared at sensing chirality, do not show evidence of it. This combined effect
can be explained in terms of a reorientation of water near the interface, which can occur when
aS binds only with the a-helix lying flat on the liposome while the negatively-charged part of

the protein remains in the solution as a consequence of electrostatic repulsive interactions.
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5.2. Experimental section

5.2.1. Chemicals
DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) sodium salt in chloroform solution,
Avanti Polar Lipids) — structure shown in Figure 5.1A, sodium hydroxide (99.99%, Sigma), and
sodium chloride (299.999%, Acros) were used as received. The stock NaCl solution was
filtered through a 0.1 pm pore PVDF membrane (Merck Millipore Ltd). Water used (H.O) was
double distilled (resistivity 18.2 MQ-cm, Milli-Q UF-Plus, Millipore Inc).

5.2.2. Protein expression and purification
Wild type a-synuclein was prepared by transforming the construct into BL21 (DE3) (Novagen)
cells. The construct carries the gene for a-synuclein in tandem with the gene for the 434
repressor protein with an N-terminal His-tag and a caspase 7 cleavage. Cells were grown to
an ODeoo Of 0.6 in LB broth containing 100 pug/ml carbenicillin at 37 °C and then induced with 1
mM isopropyl b-D-1-thiogalactopyranoside (IPTG) and grown overnight at 25 °C post-

induction.

The cells were centrifuged for 30 min at 15000 g, and the pellet re-suspended in 8 M
urea, 20 mM Tris, 20 mM imidazole, pH 8.0, sonicated on ice using a probe sonicator in pulse
mode, in the presence of protease inhibitor cocktail (Roche), followed by centrifugation at
20000 rpm for 30 mins. The supernatant was filtered through 0.2-micron filter and loaded on
an affinity column (Ni Sepharose 6 Fast Flow, GE Healthcare), equilibrated with 20 mM Tris,
50 mM NacCl, 20 mM imidazole, 5% glycerol, pH 7.5. Elution was carried out with the same
buffer containing 250 mM imidazole. For removal of the His-tag, the peptidase caspase 7 was
added in a ratio of 1:100 (w/w) and was incubated further overnight at 4°C. Cleavage efficiency
was verified with SDS-PAGE. The sample was then loaded on an anion-exchange column
(HiTrap Q FF, GE Healthcare) equilibrated with 20 mM Tris pH 8.0 and eluted with a linear
NaCl gradient of 20 mM Tris, 1 M NaCl, pH 8.0. Finally, the sample was run through a gel
filtration column (HiLoad 16/60 Superdex 75, GE Healthcare), equilibrated with 50 mM

ammonium carbonate. The protein was stored in a lyophilized form at -80 °C.

5.2.3. Sample preparation
a-Synuclein (1 mg) was first dissolved in 20 yL of 54 mM NaOH and then ultrapure water was
added to obtain a concentration of aS monomer of approximately 60 uM. The sample was
filtered through syringe filters with a pore size of 0.2 ym. The pH of the protein solution was

7.2, the conductivity was 112 ps/cm and the final concentration was determined
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spectrophotometrically using a molar extinction coefficient of 5960 M* cm™ at 280 nm. DOPG
lipid vesicles were prepared by the lipid film hydration method. Suitable volumes of DOPG
chloroform solution were transferred to a round bottom flask and the solvent was removed by
rotary evaporation. The lipid film was then dried under vacuum for at least 3 hours and hydrated
in ultrapure water. The resulting multilamellar vesicle suspensions were extruded through
polycarbonate filters with a pore diameter of 100 nm using a Mini extruder (Avanti Polar Lipids).
The size of the resulting liposomes was determined by dynamic light scattering (DLS) using a
ZetaSizer Nano ZS instrument (Malvern Instruments Ltd., UK). The concentration of the lipids
in the sample was 0.26 mg lipids/mL weight ratio for DLS, -potential measurements, and
second harmonic scattering (SHS) experiments. A control aS-free sample based on a common
stock of DOPG liposomes was prepared as well. The conductivity of the control was adjusted
with NaCl to match that of aS-DOPG.

Liposome number density after extrusion (1.215x10? liposomes/mL) was calculated
assuming area per lipid of 0.7 nm?[297] and a 10% loss of lipids during extrusion. The ionic
strengths of the solutions (DOPG) = 310 uM and |(aS-DOPG) = 493 uM were calculated based
on molar conductivities of the solutions [298]. The size distribution was determined from 5 DLS
measurements whose results were averaged. The error represents the standard deviation of
the mean. The Z-average radius of pure DOPG liposomes is 128.3+0.9 nm with a PDI of
0.061+0.012. For aS-DOPG, the Z-average size is 123.2+1.0 nm and the PDI is 0.185+0.010.
The size distribution becomes broader on aS binding, possibly because the hydrodynamics of
the liposomes are affected by protein binding. However, the size distribution remains

monomodal as can be seen in Figure 5.1B.
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Figure 5.1: The lipids and liposomes used in this study. (A) Molecular structure of the lipid DOPG

used in the model of lipid membranes. (B) The intensity-weighted size distribution of the liposome
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samples used in the AR-SHS experiments obtained from dynamic light scattering. The size distribution

broadens slightly as a result of aS binding but remains monomodal.

5.2.4. AR-SHS measurements
Angle-resolved second harmonic scattering (AR-SHS) measurements were performed using
a previously described optical system [172]. Scattering patterns were obtained by measuring
SHS intensity at 5-degree intervals between -90° and +90° relative to the forward direction.
The average incident laser power was 60 m\W. At each angle, 20 exposures with 1 s integration
time were taken and averaged. The normalized SHS intensity at angle 8 was calculated as

S(6) = (Is(gfi;le(e) —IS(SII;ZM(G))/I,S?;) (6) where o), and I{0}) . are the average SHS
intensities of the sample and the solvent, respectively. O (I) stand for the polarization state of
the outgoing (incident) light relative to the scattering plane (p-parallel or s-perpendicular). To
make sure that the results obtained from AR-SHS experiments are consistent we prepared
and measured the aS-DOPG samples three times. The unprocessed SHS patterns of all three

samples are nearly identical as can be seen in Figure 5.2.
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Figure 5.2: Reproducibility of the SHS measurements. Unprocessed SHS patterns in ppp
polarization combination of three aS-DOPG samples showing good reproducibility of the scattering

patterns.
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5.2.5. Fitting the AR-SHS patterns

To obtain values of the second-order surface susceptibility ()(;22)) and the surface potential (®o),

the normalized SHS patterns in ppp and pss polarization combinations were fitted using the
following set of equations [76]:

2
E;(w) N,

0\3 0 ,
) N 0s (E) Fl(z) cos (E) (FZ(Z) + F2(3) ) (2cos(0) +1)
b

. 2
S(0)pss = %(ﬁi\lﬁ% |cos (g) (FZ(Z) + F2(3)')|

SO)ppp =

(5.1)

Where i = ﬁ(z) E(w)? is the average induced dipole moment of a water molecule and N, is

the number density of liposomes (discussed above). The effective susceptibility elements are
given by [164]:

¥ = 2F, - 5F)x %

9 = Fy® + 27,02

03 = o @ (Fy + F3) (5-2)
7(2)
X(g), _ ﬂ(g) .BHzo.udc
2 H,0 3kB

Where F,, F,, and F; are the scattering form-factors defined in Chapter 2 and in Refs. [76,
137]. To fit the AR-SHS patterns, we used the constants listed in Table 5.1. We assume that

the distribution of the water tilt angles at the interface is broad which simplifies the above
equations as )((2) - 0 [299-301]. Lastly, the susceptibility elements are corrected for

discontinuity of the electric field at the liposome-water interface via the Fresnel factors [137,
214]:

27
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n= (nlip/nHZO)z

Additional information about the assumptions of the SHS model can be found in Chapter 2 of

this thesis and in Refs. [69, 76, 137], including the supplementary material.
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Table 5.1: List of constants used in the fitting procedure of AR-SHS patterns.

Constant Value Unit
Refractive index of water ny, ¢ 1.33 -
Refractive index of liposomes n,;;, [302] 1.4 -
Dipole moment of water p,;. [303] 8.97:10% Cm
Average 2" order hyperpolarizability of water _,5,22)0 [303] 3.09-10% C3imdJ?
Average 3™ order hyperpolarizability of water _f(,?;)o [303] 4.86-10°2 C*m*J3
2" order surface susceptibility element Xs(,21) [299-301] 0 m2 V1
Effective 3" order susceptibility element x>’ [164] 1.03-10%2 m?2 V-2
Number density of water N, 3.34:10% m-3
Number density of liposomes N, 1.215-10* | lip mL?

5.3. Results and Discussion

aS is known to bind to negatively-charged DOPG liposomes with a stoichiometry of

approximately 20 lipids per protein and, approximately 100 of the 140 residues adopt a helical

conformation based on earlier far-UV CD experiments [277]. At the aS concentration used

(with 11.6 lipid/aS ratio), the membrane surface is fully covered. Using these conditions, we

measured AR-SHS patterns of DOPG liposomes alone (DOPG) and DOPG liposomes mixed
with aS (aS-DOPG) under pH-neutral conditions. Figure 5.3A, and Figure 5.3B show the AR-

SHS patterns of the two systems together with {-potential measurements (Figure 5.3C) and

extracted y'2) values (Figure 5.3D).
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Figure 5.3: SHS and electrophoretic mobility measurements of DOPG and aS-DOPG. (A) AR-SHS
pattern of DOPG in PPP (red circles) and PSS (squares) polarization combination. (B) AR-SHS pattern
of aS-DOPG in PPP (blue circles) and PSS (squares) polarization combination. Solid lines represent
the fit using the AR-SHS formalism. (C) Measured ¢-potential of the DOPG and aS-DOPG samples. (d)
Second-order surface susceptibility of the DOPG and aS-DOPG samples obtained from fitting of the
AR-SHS patterns.

These patterns were measured with varying states of polarization of the incoming and
outgoing light. Here, p (s) refers to light polarized parallel (perpendicular) to the scattering
plane and the three-letter codes are ordered according to the polarization states of each
participating photon: (SH, fundamental, fundamental). As stated in the introduction, a major
advantage of AR-SHS is its surface specificity which means that non-bound aS molecules do
not contribute significantly to the SHS response. Although the hydration shells of freely
dissolved aS may break the centrosymmetry of bulk water, and thus satisfy the condition for
second-harmonic generation, their contribution to the SHS response is insignificant compared
to liposomes due to their small size. This is because the SHS intensity scales with the sixth
power of the particle’s size but only linearly with bulk concentration [172, 304]. If we assume
that freely dissolved aS is a particle with an effective diameter of 5 nm [305, 306] (approx. 1/24
of the liposome diameter), its contribution to the signal will be nearly 2:108 times less than that
of a liposome. Our samples contain approx. 9300 aS molecules per liposome. Even if all of the

aS molecules were freely dissolved in the bulk, their overall contribution to the AR-SHS
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intensity would still be 2:10* times less than that of the liposomes. The SHS patterns can be
described with an AR-SHS formalism that depends on two parameters: )(S(’ZZ) and ®o. AR-SHS

patterns of the DOPG liposome solution were fitted using a formalism described previously

[69, 76]. A global fit of the patterns in ppp and pss polarizations (solid lines in Figure 5.3A)
yields unique values of the second-order surface susceptibility ()(S(’ZZ) = -1.82+0.25x10% m? V-

1) and the surface potential (®o = -40.0+15.0 mV). The electrokinetic mobility measurement of
the same sample gave a value of -39.5+12.4 mV for the {-potential. That the {-potential and
the surface potential are nearly identical suggests that the slipping plane is very close to the
surface. It is possible that a distinct (Stern) layer of condensed charges that one would normally

expect to be present at highly charged interfaces is virtually absent.

Turning now to the aS-DOPG system, we find -potential values of -39.0+9.4 mV. This
suggests, somewhat surprisingly, that even though the CD data [277] shows the surface
coverage is high, the binding of aS does not seem to influence the net charge contained within
the slipping plane. Upon the interaction with proteins, two things can happen: the {-potential
can change, and the charge within the slip plane is changed, or the (-potential does not
change, and the charge within the slip plane does not change. Either of these outcomes can
be accompanied by a change in the position of the slip plane. With the aS positioned in close
proximity to the surface, the electrokinetic mobility will report on the charge contained within
the slip plane of both objects as they move together. Previous studies have shown clear
adsorption of aS on the PG liposomes [277]. We, therefore, expect that the slip plane will now
contain both the protein and the lipid, and within this surface, the net amount of electrostatic
charge is the same as for the DOPG liposomes. Since the protein has charged residues, there

has to be a partial cancelation of charge for the {-potential to remain unchanged.

Comparing the AR-SHS response without aS (Figure 5.3A) and with aS (Figure 5.3B),
we also observe that the SHS intensity drops by 47 % upon the addition of aS. The decrease

in SHS intensity can be accounted for by changes in )((2)

S,2
in two variable parameters: )(5,22) and @, there are three ways by which the data can be fitted:

or ®o. Since the fitting routine takes

1) leave )(5‘22) and @, free, 2) fix )(5522) and leave @, free, or 3) leave )(S(,zz) free and fix @,.
Furthermore, the output of the AR-SHS model is constrained by physical feasibility and
consistency of the results with other measurements and with reasonable expectations that

derive from mean-field models such as the absence of charge inversion with the electric double
layer. Fitting according to scenario 1 generates a negative value for )(;22) (-3.39x102%2 m? V1)
and a positive value of @, (+96 mV). Fitting according to scenario 2 generates an increase of

®, to -0.04 mV. If we follow scenario 3 we obtain Xgi) =-1.26+0.02x10% m2 V1, a reduction
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of )(S('ZZ) by 30 %. In the first and second scenarios the fitted value of @, is larger than the -

potential, and requires a charge inversion to take place in the electric double layer. This

contrasts with predictions by any mean-field theory of the electrical double layer[175]. Thus,
the physically meaningful result here is that a 30% decrease in the X;ZZ) magnitude occurs

compared to pure DOPG (Figure 5.3D), representing a 30% loss in water directionality.

Biomolecules have been shown to imprint their chirality into the surrounding water [121,
122] and it is therefore interesting to determine if this is the case here as well. Figure 5.4A
presents the chiral response of the aqueous environment obtained by measuring the scattering
pattern using the spp polarization combination, which probes chiral elements of the second-
order susceptibility tensor [160]. Here, one would expect a strong response of the chiral units
if they have a non-zero projection in the direction of the surface normal (assuming they are
isotropically distributed). As can be seen from Figure 5.4A, no detectable SH intensity was
found (purple diamonds). Combined with the knowledge that aS does bind to the membrane
with a significant surface fraction, this means that the a-helix units are oriented in the surface
plane of the liposome. Since the water ordering is decreased by the presence of aS on the
membrane despite not having any changes in the surface potential we suggest that the
negatively charged C-terminus is not actually attached to the surface but protrudes into the
solution as illustrated in Figure 5.4B. This would also make sense from an electrostatics
perspective since DOPG and the C-terminus are both of like charge and thus repel each other.
Our conclusion that the C-terminus extends into the solution is consistent with findings in
previous reports based on NMR [278, 279, 281] and neutron scattering [283] using free-floating
lipid vesicles, and QCM-D measurements using supported lipid bilayers [282]. Having such a
geometry leads to oppositely oriented hydration shells of water around the liposome and the

C-terminus as illustrated in Figure 5.4C. The SH light emitted from oppositely oriented water
interferes destructively, resulting in a smaller magnitude of )(5(,22). Thus, we see that probing the

water at the liposome aqueous a-synuclein interface provides valuable information, not only
about the interaction of the membrane interface and the protein, but also about the balance of
electrostatic interactions and the important role water plays in it. Similar measurements can be

performed on a wide variety of liposomes or lipid droplet interface systems.
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Figure 5.4: Chiral measurements and proposed structure of the aS-DOPG-water interface. (A)
AR-SHS pattern of aS-DOPG acquired in a chiral polarization combination (SPP). An achiral response
(ppp) is shown for comparison. (B) Structure of membrane-bound aS. The N-terminus region of aS that
binds to the membrane is an a-helix. The C-terminus region (highlighted in yellow) is a random coil with
a high negative charge. This creates a region of negative charge that is separated from the interface.
(C) The structure of the interface around the outer leaflet of the DOPG membrane with and without aS.
Top: in the absence of aS, the interfacial water molecules experience only the E-field originating from
DOPG and the generated SH signals from the oriented water molecules add constructively. Bottom: the
proposed binding model of aS to the DOPG membrane with the associated rearrangement of the water
structure. The negatively-charged region of aS is highlighted. SH signal from water molecules reoriented
by aS interferes destructively with the signal from other water molecules leading to a decrease in SHS

intensity.

5.4. Conclusions
Polarimetric AR-SHS was used in combination with electrokinetic mobility measurements to
investigate aS interaction with DOPG liposomes. Upon aS binding, no changes were found in
electrokinetic mobility. We measured changes in the AR-SHS patterns and found an absence
of chiral interfacial signals. The data is interpreted as follows: The a-helix binds parallel to the
interface through electrostatic interactions while the negatively-charged C-terminus region of
aS remains solubilized in the aqueous solution. The presence of two adjacent negatively
charged interfaces (membrane and protein) leads to a reduction of average water orientation
but retains the surface charge of the liposomes. This study demonstrates the potential of chiral
and non-chiral AR-SHS to investigate aS-membrane interactions in-situ and label-free and

highlights the amount of information can be obtained by measuring the hydration. Further
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studies regarding this system could focus on the influence of charge and liposome sub-
structure. For example, a positive charge would likely generate a different structure and the
clustering of negative charge in lipid domains will also affect the binding behavior. Plaques are
also expected to be clearly visible from the point of view that they should possess a sizeable
chiral signature [86]. At the same time, this study heralds the possibility of investigation of the
hydration — interaction of other membrane proteins with their native membranes, a field where
much fundamental insight into the role of water is needed. Examples are ion channels, pore-

forming proteins, and receptors.
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Chapter 6: Self-assembly of cyclodextrin-lipid complexes
probed by nonlinear scattering

Methyl--cyclodextrin (mBCD) is widely used to solubilize and encapsulate lipids and water-
insoluble drugs by forming a host-guest complex. Using sum-frequency scattering on liposome
dispersions in the presence of mBCD, we show that mBCD has a strong preference towards
lipids with phosphatidylserine and phosphatidylglycerol headgroups over phosphatidylcholine
and phosphatidic acid. This selectivity is explained by the presence of a larger number of H-
bonding sites on certain headgroups. Analysis of angle-resolved second-harmonic scattering
measurements shows that the mBCD-lipid complexes self-assemble into micron-long ordered
fibers over the course of hours and days. Isotope exchange measurements indicate that the
self-assembled structure is spanned by a large number of hydrating water molecules,
suggesting that hydration plays a role in the self-assembly process and stabilization. Dynamic
light scattering shows that the stability of the liposomes is not compromised throughout the
process but does not detect the presence of the fibers due to the low sensitivity of the method.
Our observations highlight the advantage of nonlinear scattering over traditional techniques for

probing nanoscale molecular order.

89



6.1. Introduction
Cyclodextrins (CDs) are a class of cyclic oligosaccharides and are natural byproducts of the
enzymatic digestion of starch [100]. The shape of the CDs resembles a truncated cone with a
hydrophobic inner cavity and a hydrophilic exterior [307, 308]. This structure allows CDs to
form water-soluble inclusion complexes with water-insoluble guest molecules such as lipids
and various drugs [309-311]. These properties are exploited in pharmacology, cosmetics,
foods, and basic research [96, 97, 307, 312-314]. Despite the widespread use of CDs, little is
known about their interaction with lipids on the molecular level [98, 315, 316]. CD-lipid and CD-
CD interactions have been studied extensively by calorimetry [317, 318], fluorescence [307,
319-321], electron spin resonance [307], plasmon resonance [316], light scattering [320, 322,
323], and microscopy [324]. Despite this, a unified picture of CD-lipid interaction does yet not
exist. CDs are generally thought to interact more with the lipid acyl chains onto which they
attach rather than the head groups [318, 320, 321, 325]. However, there is some evidence that
CDs hydrogen (H)-bond to the phosphate [326, 327] or carboxyl groups [328-331]. Most
studies on CD-lipid interaction were performed on phosphatidylcholine (PC) membranes [307,
316-318, 322, 325]. The few studies that have investigated the lipid selectivity of CD were not
performed in a surface-specific manner or relied on labelled lipids [319, 320, 332, 333]. In
addition to PC lipids, biological membranes contain also phosphatidylserine (PS), phosphatidic
acid (PA), and phosphatidylglycerol (PG) [334, 335] which should also be investigated.
Moreover, hydration is assumed to play a significant part in lipid self-assembly [59] and in CD-

CD interactions [336, 337] but its role has not yet been experimentally investigated.

Here, we present a study on cyclodextrin-liposome interaction using nonlinear optical
scattering techniques that are inherently sensitive to the breaking of centrosymmetry. This
allows us to directly measure the molecular structure of interfaces and the formation of ordered
structures [73, 74]. Sum-frequency scattering (SFS) probes vibrational modes of molecules in
non-centrosymmetric arrangements [126]. Second-harmonic scattering (SHS) is a non-
resonant technique that probes the orientational order of all molecules in the solution. The
angular distribution of the SHS response contains information about the size, shape, and

symmetry of the scattering objects.

The CD variant used here is methyl-B-cyclodextrin (mBCD, chemical structure, and
shape shown in Figure 6.1A). It is composed of 7 D-glucose molecules linked by a(1-4) bonds.
On average, 1.6 to 2 of the 3 hydroxyl groups of mBCD are methylated which significantly
increases its solubility in water compared to the native BCD [100, 309]. Despite the high
solubility of mBCD, we show that mBCD-lipid complexes are prone to self-assemble into
ordered fibers. The self-assembly process shows strong head group specificity - PS and PG

head groups interact favorably with mBCD while PC and PA do not, indicating that H-bonding
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between mBCD and the head group is key. This effect is observed at an mBCD concentration
as low as 1 mM, an order of magnitude below the concentration needed to solubilize the
liposomes [320]. Unlike lipid extraction from membranes, the self-assembly follows slow
kinetics (hours to days). An isotope exchange experiment indicates that the self-assembled
fiber is enclosed in a hydrating shell of water, suggesting that hydration plays a major role in
the self-assembly process. Complementary dynamic light scattering (DLS) and electrophoretic
mobility measurements show no significant difference between bare liposomes and liposomes
in the presence of mBCD, underlining the inherent sensitivity of nonlinear light scattering to the

breaking of centrosymmetry which is not visible by linear light scattering.
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Figure 6.1: Molecular structures of mBCD and the lipids used in this work. (A) Top: structure of
methyl-B-cyclodextrin (mBCD) - a 7-membered ring of glucose units with randomly methylated hydroxyl
groups (X = O-H or O-CHs). Bottom: the shape of mBCD resembles a tapered hollow cone with a
hydrophobic inner cavity approx. 6 A wide and 7.9 A high [308, 338]. (B) The molecular structures of the
6 phospholipids used in this work.

6.2. Experimental section

6.2.1. Chemicals
Methyl-B-cyclodextrin (mBCD, = 98%) produced by Wacker Chemie AG, Germany was used
as received. The degree of methylation is 1.6-2.0 CHs per glucose unit. The molecular structure

and shape of mBCD are shown in Figure 6.1A. The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-
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phospho-L-serine (POPS), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphate
(sodium salt) (DOPA), 1,2-dipalmitoyl-sn-glycero-3-phosphate (sodium salt) (DPPA), and 1,2-
dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DMPG) were purchased in
powder form (>99 %) from Avanti Polar Lipids (Alabama, USA) and stored at -20 °C. The
chemical structures of the lipids are shown in Figure 6.1B. Sodium Chloride (NaCl, 99.999 %)
was purchased from abcr GmbH, Germany. Chloroform (CHCIs) for analysis (Reag. Ph. Eur)
was purchased from Merck, Germany. Heavy water (D20, 99.8 % D) with a resistivity of 2
MQ-cm™ was purchased from Armar. Ultrapure H.O with a resistivity of 18.2 MQ-cm™ was

obtained from a Milli-Q UF plus instrument (Millipore Inc.).

6.2.2. Sample preparation and measurements
The liposomes (small unilamellar vesicles - SUVs) were prepared by extrusion of rehydrated
multilamellar vesicles according to the protocols described in [339, 340]. Briefly, a weighted
amount of lipid powder was dissolved in CHCIs in a round-bottom glass container. A lipid film
was formed on the glass surface by rotary evaporation of the solution under N: flow. The
containers were placed in a vacuum for at least 2 hours to evaporate the remaining CHCls.
The film was then rehydrated in DO with 25 mM NaCl. The dispersion was sonicated and
vortexed. Liposomes were formed by extruding the dispersion 30-50x through a polycarbonate
membrane with a pore size of 100 nm above the transition temperature of the lipid using a
Miniextruder (Avanti Polar Lipids, Al, USA). The size distribution of the resulting liposomes was
determined by dynamic light scattering (DLS) using a NanoSizer ZS (Malvern Ltd, UK). The
liposome stocks were then stored in closed containers at 4 °C and used within a few weeks.
The Z-average of the diameter of the extruded liposomes was in the range 100 — 130 nm,

depending on the lipid with a polydispersity index (PDI) of < 0.1.

The liposome stocks were mixed with an mBCD solution in D.O (25 mM NacCl) to obtain
a final lipid concentration of 5 mg/mL and an mBCD concentration of 1 mM. Unless stated
otherwise, the samples were stored in the dark and incubated in closed plastic containers at
room temperature for ~24 hours. For SHS and DLS measurements the samples were diluted
10x with 25 mM NacCl in D>O prior to the measurement for a final lipid concentration of 0.5
mg/mL. For SFS measurements the samples were used undiluted. The stability of the samples
after incubation was verified by DLS before or after the SHS / SFS measurements. Each time
3 DLS measurements consisting of at least 10 runs were performed and their results were

averaged.
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Dry mBCD samples for reflection sum-frequency generation (SFG) measurements
were prepared by evaporating a droplet of a concentrated aqueous mBCD solution (without
salt) on piranha-cleaned glass slides. The slides were placed on a hot plate to speed up the
evaporation of water. After a few hours, the solutions turned into a heterogeneous film on the

glass whose SFG spectrum could be measured in reflection geometry.

6.2.3. The mBCD-liposome interaction is lipid-specific

Small unilamellar vesicles (liposomes) composed of POPS, POPC, DPPC, DOPA,
DPPA and DMPG (molecular structures are shown in Figure 6.1B) incubated with 1 mM of
mBCD for approx. 24 hours. We verified that the liposomes were stable after the incubation by
measuring their size distribution using DLS. We can see in Figure 6.2A that the size distribution
of all of the tested liposomes remains narrow with a Z-average diameter of 100-130 nm,
depending on the lipid. This confirms that the aggregation of liposomes does not occur over
the tested period of time. Comparing the size distribution of the incubated liposomes to
untreated control samples from the same batch (black curves), we see that the average size
of POPS, POPC, and DOPA liposomes was virtually unchanged by the incubation with mBCD.
The size of DPPC, DPPA and DMPG liposomes increased slightly but remained narrow and

monomodal.
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Figure 6.2: mBCD-liposome interaction is highly specific to the lipid head group. (A) The size
distribution of liposomes incubated with 1 mM mBCD for ~24 hours (colored) versus control samples of
liposomes from the same stock (black) obtained by DLS. (B) SFS spectra of the same liposome samples
incubated with mBCD in the vibrational region 1000-1200 cm! (PO region). The dashed lines indicate
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approximate peak positions of 6 of the fitted vibrational modes. The fitted peak positions for
POPS/DMPG are: -/1008, -/1057, 1077, 1090/1093, 1100/-, 1119/1120, 1145/1147, 1167/1175, and -
/1220 cmL. The spectra are offset vertically for clarity. (C) SFS spectra of the same samples in the
vibrational region 2800-3000 cm* (CH region). The dashed lines indicate fitted vibrational modes. The
details of the fitting procedure are discussed in the appendix. The SFS spectra were obtained in ssp

polarization combination.

Next, we measured the SFS response of the liposomes incubated with mBCD in two
spectral regions: 1000-1200 cm™ (PO region) and 2800-3000 cm™ (CH region). The spectra
were obtained in the ssp polarization combination where s-perpendicular and p-parallel
designate the polarization of the light with respect to the scattering plane in the order SF, VIS,
IR. The SFS spectra of the PO region are shown in Figure 6.2B. We can see that the SFS
spectra of the treated liposomes vary dramatically depending on the constituent lipid. POPS
and DMPG liposomes display a strong response with multiple vibrational peaks while POPC,
DPPC, DOPA and DPPA liposomes do not. Similarly, in the CH region shown in Figure 6.2C,
a strong response appears from POPS and DMPG liposomes incubated with mBCD but no
response from POPC, DPPA, DOPA and DPPA liposomes. This difference in SFS responses
indicates that the mBCD-lipid interaction selective to the headgroup. Next, we will analyze in
detail the features in the SFS spectra of the POPS+mBCD and DMPG+m@BCD samples.

The PO region (Figure 6.2B) contains 7-8 resolvable peaks for DMPG and 6 peaks for
POPS. Since there are two potentially SFS-active molecules in our samples (the lipid and
mBCD), we will consider the vibrational modes of both molecules in the measured spectral
windows. The SFS-active modes of lipids are well known as there is a large body of literature
on sum-frequency spectroscopic studies of lipid membranes which is not the case for m3CD.
Starting with the lipids, the peak at ~1057 cm™ can be assigned to the symmetric stretching of
the CO-O-C group. This vibration is typically seen at 1070 cm™ [82, 135, 140, 341] but H-
bonding to the oxygen can lower the resonance frequency [67]. Peaks above 1070 cm™ are
assigned to the symmetric stretching of the phosphate group (vs(PO2)). The position of the
vs(PO2) peak is highly sensitive to H-bonding which lowers the resonance frequency. The peak
at 1075 cm? likely corresponds to vs(CO-O-C) or vs(PO2). The 1093 cm? could also be
assigned to the phosphate [82, 135, 140, 341]. The peaks around 1120 cm™ are assigned
vs(PO2) from a dehydrated phosphate group [342, 343]. To verify whether mBCD has any SFS-
active resonances in this spectral region, we have measured the sum-frequency spectra in a
reflection geometry from a dried film of mBCD on a glass slide. The resulting spectrum shown
in Figure 6.3A displays several resonances (green arrows): 1021, 1079, 1133, and 1160 cm™.
These are similar to known IR/Raman active vibrations of BCD in this region. The vibrational
modes of BCD reported in the literature are 1010-1046 cm™* (C-C stretching, C-O-H bending,
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C-C-H bending, C-C-0O bending), 1050 cm™ (C-O stretching, C-C stretching), 1079/1085 cm*
(C-O stretching, C-C stretching, C-O-H bending), 1127 cm™ (C-O-C stretching, C-C stretching)
and 1157 cm* (C-O-C stretching, C-O stretching, C-C stretching, C-O-H bending) [344-346].
We can thus conclude that the SFS spectrum in the PO region contains vibrational modes of
both the lipid headgroup and mpCD. Lastly, we note that freely dissolved mB3CD in water, even
if highly concentrated (100 mM), does not produce a measurable SFS response as can be
seen from the SFS spectrum is shown in Figure 6.3A (red). This is due to a lack of orientational
correlations between the dissolved mBCD molecules which leads to destructive interference

of the SFS signal. The peak assignments are summarized in Table 6.1.

Table 6.1: Assignment of the peaks in the SFS spectra of the POPS+mfCD and DMPG+m@CD
samples to vibrational modes. vs-symmetric stretching, vas-asymmetric stretching, FR stands for fermi

resonance. For mBCD, which may contribute many vibrational modes, we refer to the discussion in the

main text.
k (cm?) Vibrational mode k (cm?) Vibrational mode
1057 vs(CO-0O-C) 2850 Vs(CH2)
1075 vs(PO2), mBCD 2873 vs(CHs)
1090- vs(PO2) 2888 Vas(CH2)
1110
1120 vs(PO2), mBCD 2908 Vs-FR(CHz) / Vas(CH2)
1008, mBCD 2927 Ve—FR(CHs)
1146,
1175
2946 Ve—FR(CH>)
2962 Vas(CHz)

The peak positions in the SFS spectra of the CH region match those previously reported
for planar lipid membranes [89] and lipid monolayers on oil nanodroplets [135, 140]. This
indicates that the SFS spectrum in the CH region in Figure 6.2B originates from the CH, and
CHs groups in the acyl chains of the lipids. However, the same groups are also present in
mpBCD. To confirm whether these groups are also SFS-active, we measured sum-frequency
spectra in reflection mode from dry films of mBCD on a glass slide. To overcome a possible
structural heterogeneity of the dry film, we measured the SF reflection from 2 different spots
to obtain a complete spectrum (black and gray lines), the measured spectra are shown in
Figure 6.3B. The observed peaks (green arrows) are 2814, 2842, 2893, and 2940 cm™ from

the first spot and 2871, and 2967 cm™ from the second spot. Based on the peak positions, it
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seems that the first spot probes mostly CH; groups while the second spot probes CHs groups.
The origin of the peak at 2814 cm™ is unknown but it does not appear in the SFS spectra of
the liposome samples. Reflection SFG spectra from dry mBCD films in the CH region confirm
that vibrational modes corresponding to symmetric and asymmetric methyl and methylene
stretching in mBCD are also SFS-active. All spectra shown here were recorded in the spp
polarization combination. The SFS spectra of all 8 polarization combinations are shown in
Figure 6.7 in the appendix. The appearance of the SFS signal in all 8 polarization combinations
indicates that the SFS signal is at least in part of bulk origin [162, 168].

As shown before, mBCD freely dissolved in water does not contribute any SFS signal
in the CH spectral region (also in Figure 6.2B) for the same reasons as given for the PO region
above. Lastly, we measured the SFS spectra of samples containing only POPS liposomes.
The results for the PO and CH vibrational region are shown in Figure 6.3A and Figure 6.3B.
As expected, the bare liposomes do not generate any SFS response due to complete
destructive interference of the sum-frequency light generated by the two opposing lipid leaflets.

This is consistent with previous SFS measurements of unilamellar, single-lipid liposomes [82].
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Figure 6.3: Control sum-frequency measurements of separate mBCD and POPS. (A) SF spectra of
dry mBCD film, mBCD in solution (100 mM), and POPS liposomes alone in the PO region (1000-1200
cm1) recorded in the ssp polarization combination. (B) SFS spectra of the same samples in the CH

region (2800-3000 cm). The gray and black curves correspond to different spots on the samples.

6.2.4. Time and concentration dependence of the SFS response
To estimate the minimum concentration of mBCD necessary to observe a nonlinear optical
response, we measured the SFS spectra of POPS liposomes incubated with 0.001 — 1 mM
mBCD for ~24 hours. Figure 6.4A shows the total SFS intensity in the PO and CH regions
plotted against mBCD concentration. We can see that no response is seen below 1 mM which

confirms that the lower limit of the mBCD concentration is around 1 mM. At this concentration,
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the mBCD:lipid ratio is approx. 1:6 which is significantly lower compared to the concentrations
used in other studies. In calorimetry experiments, the mBCD:lipid ratios used were >2:1 [317,
318], for fluorescence experiments 6.6:1, and for mBCD-mediated lipid transfer an 8:1 ratio is
used [96, 347, 348]. DPPC liposomes are destabilized at the ratio of 7:1 [322] while the ratio
required to completely dissolve POPC liposomes was estimated to be ~16:1 [318]. Therefore,

at the 1:6 ratio employed here the liposome stability is not expected to be compromised.
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Figure 6.4. Concentration and time dependence of the SFS response from POPS and POPC
liposomes incubated with mBCD. (A) Total SFS intensity obtained from POPS liposomes incubated
with mBCD for ~24 hours as a function of mBCD concentration. The PO region corresponds to SFS
intensity integrated in the region 1000-1200 cm-, the CH region corresponds to the region 2800-3000
cm, (B) Time-lapse of the total SFS intensity from POPS and POPC liposomes incubated with 1 mM
mBCD as a function of incubation time. All SFS spectra were recorded in the ssp polarization

combination.

Next, we measured the SFS intensity of POPS incubated with 1 mM mBCD as a
function of incubation time. The results for the PO and CH spectral regions are plotted in Figure
6.4B. We can see that there is no SFS response in either region for the first ~1 hour of
incubation. Afterward, the SFS intensity rises over time with the PO region slightly ahead of
the CH region. The intensity rise does not level off within the measured time frame of 3 hours.
This observation indicates that the mBCD-liposome interaction is not a simple diffusion-limited
adsorption of mBCD from the bulk to the liposome surface. Such a process would reach an
equilibrium almost instantaneously. The observed kinetics are neither limited by the rate of
lipid extraction from the membrane by mBCD which occurs within minutes [321]. There must
be a different process driving the slow increase of the SFS response. We will explore this

further by measuring the angular distribution of the scattered light.
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6.2.5. Structure of the mBCD-liposome complex

The SFS measurements presented above point to slowly evolving but significant structural
changes in the POPS+mBCD samples. To elucidate what structural changes are taking place,
we used angle-resolved second-harmonic scattering (SHS). Here, we measure the non-
resonant response of the sample at the second-harmonic frequency (514 nm) as a function of
the scattering angle (). The angular distribution of the scattered SH intensity (scattering
pattern) carries information about the size, shape, and symmetry of the scattering object [162,
166, 214, 304].

The SHS patterns of POPS+mBCD, as well as POPS liposomes alone and mBCD
alone, were recorded in ppp polarization combination and are shown in Figure 6.5A. The SHS
pattern of mBCD (black triangles) is virtually 0 everywhere, confirming that dissolved mpBCD
does not self-associate into large structures and that the individual solutes have a negligible
SHS response due to their small size. The SHS patterns of bare POPS liposomes (blue
squares) contain two symmetric lobes (at approx. £50 °) with an amplitude of ~0.34 and no
forward scattering. This type of scattering originates from orientationally correlated water at
the liposome-water interface and is consistent with previously reported patterns of a wide range
of liposomes [69, 76, 82, 137, 140]. In contrast, the SHS pattern of the POPS+mBCD sample
(red circles) differs drastically from both POPS and mBCD individually. For scattering angles
above 45° the POPS+mBCD matches the POPS pattern. Below 45° the intensity of the
POPS+mBCD sample increases in intensity and peaks at 0°. The drastic difference in the
scattering pattern of POPS+mBCD compared to POPS alone suggests that there is another
particle present in the POPS+mpBCD with completely different symmetry from the POPS

liposomes.

To extract information about the molecular structure of the unknown object from the
scattering pattern, let us consider the theory of nonlinear scattering [153, 156, 160, 162, 166,
214]. Under collinear excitation, centrosymmetric particles (e.g. liposomes) with an isotropic
surface do not generate SHS intensity in the forward direction (around 0 °) [156, 160, 162].
The presence of a forward peak in the scattering pattern is an indication of scattering from the
bulk of a noncentrosymmetric particle [168]. The width of the peak is inversely proportional to
the size of the scattering object. The DLS measurements (Figure 6.2A) show evidence of no
particles other than the liposomes (diameter ~120 nm). However, 120 nm particles would
generate a broader scattering pattern. This can be seen from the calculated patterns for
particles ranging from 1 to 10000 nm shown in Figure 6.8A. We must consider the possibility
that DLS cannot resolve the large particle. Such an effect can occur if the linear scattering

cross-section of the unknown particle is negligible compared to the liposomes. To illustrate
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how this can happen, we will explore two extreme cases: the unknown particle as a sphere or

as a fiber.

From the narrow width of the SHS pattern, we can already estimate that the particle
necessary to produce such a pattern is ~1 ym in size, regardless of its exact shape. If we
assume that the particle is spherical, it can easily be shown that the particle should be visible

with DLS: The intensity of light scattered in the (linear) RGD approximation is given by [349]:

Irgp NprZ (6.1)

Where N, is the number density and ;, is the volume of the particle. Using the above formula,

we can calculate the relative intensities of light scattered by the liposomes and the unknown

particle by taking a ratio of their intensities:

(6.2)

2
Rel. intensity — Nliposome (Vliposome>

Nparticle Vparticle

Where the volume of the liposome is calculated from its hydrodynamic radius (115 nm):
Viiposome = 6.4x10° nm®. The number density of the liposomes can be calculated from the
known lipid concentration and the area per lipid (Njiposome = 2.9%10% liposomes/mL for the
DLS and SHS measurements). The volume of an mBCD molecule (from Figure 6.2A) is ~0.26
nm?3 which means that to fill a sphere of 1 um diameter would require ~2x10° mBCD molecules.
At the mBCD concentration used here (1 mM), the number density of such particles would be
at least 10° less than that of the liposomes. However, the volume squared of a 1 um sphere is
2.3x10° times larger than that for a 115 nm liposome. In total, using the above equation, this
would amount to ~4x more light scattered by the unknown particle relative to the liposome if it
were spherical which would have been detected in the DLS measurements shown in Figure
6.2A. If instead, we suppose that the particle is a thin 1-micron long fiber with a radius of 1 nm,
the intensity scattered by one such a fiber would be >6x10* times less than the intensity
scattered a liposome due to the large difference in volume. The number density of the fibers
would be approximately twice that of liposomes. In total, the fibers would scatter nearly 4x10*
times less light than the liposomes. To account for at least 1% of the scattered intensity, the
fibers would have to have a radius of 200 nm. The same considerations that we use for linear
scattering also hold for SHS. However, unlike linear scattering, SHS requires the breaking of
inversion symmetry. Since the liposomes in 25 mM NaCl are nearly perfectly centrosymmetric

(except for a slight asymmetry in the hydration [82]) this means that the SHS intensity of the
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liposomes is relatively weak (blue squares in Figure 6.5A). In comparison, the fibers are non-

centrosymmetric which enhances their SHS intensity relative to the liposomes.

To confirm that fiber can produce the measured SHS response, we calculated
scattering patterns of elongated cylinders with various symmetries and dimensions. The theory
of SHS from cylindrical particles is discussed in Chapter 2 and was developed in Ref. [166].
The details of the calculation are discussed in detail in the appendix. The calculations indicate

that the measured SHS pattern corresponds to ~1.2 um long fiber with a single non-vanishing
susceptibility element )(ff;,z, where 2’ is the direction of the cylinder’'s axis. The green solid

curve in Figure 6.5A represents the calculated SHS pattern of such a fiber averaged over all
orientations in space. For the radius of the fiber, we used the value R = 1 nm. However, the

model is not insensitive to the exact value of R, as long as R << length. The shape of the

pattern is mostly determined by used y?) element and the length. The occurrence of the )(fj;,z,
element indicates that the fiber lacks a two-fold rotational symmetry [102]. This can be
explained if we consider that the structure of mBCD is a 7-membered ring (Figure 6.1A). As
such, we can expect the fiber to have at most a 7-fold rotational symmetry. Given that the
hydroxyl groups of mBCD are randomly methylated the molecule may not possess any

rotational symmetry.
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Figure 6.5: Second-harmonic scattering from POPS+mBCD. (A) SHS patterns of POPS+mBCD,
POPS liposomes alone, and mBCD alone in the same solvent (25 mM NaCl in D20). For clarity, the
patterns are offset vertically. The mBCD pattern is virtually O everywhere, i.e. the SHS intensity is the
same as that of the solvent, the POPS pattern contains 2 symmetric lobes at +50 ° with an amplitude of
~0.34 (visible in the inset) typical for centrosymmetric particles. Inset: detailed view of the POPS and
mBCD patterns. The POPS+mBCD pattern differs significantly from the two previous patterns in that it

shows a strong forward peak. The green solid curve represents a calculated pattern from of a randomly

oriented, noncentrosymmetric cylinder (L = 1.2 ym, R =1 nm, xf,;,z, # 0). All patterns were recorded in
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the ppp polarization combination. (B) Total SHS intensity (integrated pattern) of the same POPS+mBCD
sample in D20 vs H20. The 3x higher scattered intensity from H20 solutions indicates that the SHS

response originates from hydrating water molecules that are orientationally correlated.

6.2.6. Hydration

In SHS experiments on lipid membranes, the response is dominated by the hydrating
water molecules rather than the membrane itself due to the large number density of water (30
water molecules per nm?) [69, 75, 76, 79, 82, 115, 350]. To determine the extent to which
hydrating water contributes to the measured SHS response of the fiber, we performed an
isotope exchange experiment where the heavy water used as a solvent is replaced by light
water. D,O forms stronger H-bonds with itself [11] and therefore its orientational order is less
influenced by an added particle. If all else is equal, and the source of SHS are orientationally
correlated water molecules, then D,0O solutions should scatter less SHS light compared to H.O
[41, 210]. To make the intensities of the two samples comparable, we used the same stock
solution POPS+mBCD sample and dilutes it 10 times using either H2O or D20 (+25 mM NacCl).
The comparison of the total SHS intensity of the two samples is shown in Figure 6.5B. We can
see that diluting the sample with H,O leads to a nearly 3% increase in the total (normalized)
SHS intensity compared to a sample diluted in D,O. Although we cannot give a quantitative
estimate of the relative contribution of water compared to the fiber itself, the large difference in
the SHS intensities suggests that most if not all of the intensity could originate from hydrating
water. This observation is interesting for two reasons: 1. It suggests that hydration plays an
important role in the self-assembly and stabilization of the fiber, and 2. The orientational

correlations between water molecules extend up to 1.2 ym in distance (the length of the fiber).

6.2.7. The self-assembly mechanism
The high degree of selectivity to the lipid head groups indicates that the H-bonding of mBCD
to the head groups is key. The mBCD contains 14 oxygen atoms in which can potentially serve
as H-bond acceptors and up to 21 O-H groups (depending on the degree of methylation) that
can serve as H-bond donors or acceptors. On the lipid side, each tested lipid has at least 8 H-
bond acceptor sites (2 from each fatty acid + 4 from the phosphate). Assuming that the
phosphate is ionized, the PA lipids possess 1 additional H-bond donor while the PC lipids
possess no additional H-bonding sites. In contrast, POPS contains 2 more acceptor sites
(carboxyl) and 1-2 donor sites (amine and carboxyl, depending on its ionization state). DMPG
also contains 2 donors and 2 acceptors (O-H groups). In summary, POPS and DMPG contain

significantly more H-bonding sites than the other tested lipids. Moreover, the additional
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bonding sites are situated on the outermost part of the headgroup where it is most easily
accessible for bonding. This would explain the preference of mpCD for PS and PG over PC
and PA. The suggested binding models between mBCD and lipid headgroups are illustrated in
Figure 6.6. Our observation is also in agreement with previous reports of CD binding to the

carboxyl and phosphate groups [328-331].
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Figure 6.6: Suggested binding model of mBCD to lipid head groups. The preference of mgCD for
PS and PG over PA and PC is due to H-bonding of the lipid headgroup to hydroxyl (OH) groups on
mBCD. PS and PG contain significantly more H-bond donor (blue) and acceptor sites (red) than PA and
PG. (OH) groups on mpCD. Some of the possible H-bond configurations are illustrated by dashed red

lines. Other configurations are possible as well.

Going back to the SFS data (Figure 6.2B,C), we have shown that the measured
vibrational modes originate from the lipids as well as mBCD. This indicates that the spatial
arrangement of both molecules breaks the inversion symmetry. This means that the lipids and
mBCD stack in approximately the same direction, allowing for constructive interference from
successive molecules along the length of the fiber. If this were not the case (i.e. random
stacking of antiparallel stacking) there would be a destructive interference SFS signal would
be measured [82, 126, 135].

102



6.3. Discussion
The strong lipid head group selectivity of the mBCD-liposome interaction as measured by SFS
(Figure 6.2B,C) is surprising compared to what has been reported in the literature. Huang et
al [320] measured the concentration of mBCD needed to dissolve liposomes with different
compositions and reported only slight differences between lipid headgroups: PG (18 mM) and
PS (25 mM), PC (28 mM) but such concentrations are an order of magnitude higher than the
concentration used here (1 mM).

To the best of our knowledge, the self-assembly of mBCD into micron-sized large
structures has not been reported before. mpCD is highly soluble in water (up to 0.5 M) and
forms only nanoscopic aggregates near the solubility limit [323]. In contrast, the native, non-
methylated variant (3CD) is poorly soluble in water (~16 mM) and forms aggregates in the 100
nm range near saturation [323]. The low solubility and self-assembly of native BCD are driven
by the hydrophobic interactions and H-bonding between BCD which is countered by
methylation of some OH groups in mBCD [323, 351]. In light of this, how can we explain the
self-assembly of mBCD into micrometer long fibers at only 1 mM? It is known that the self-
assembly of CDs can be driven by complexation with guest molecules. This has been shown
for complexes of BCD which can grow into rod-shaped microcrystals [336, 337, 352-356]. Our
results indicate that mBCD behaves in a similar fashion in the presence of PS and PG lipids.
Vertical stacking of the mBCD-lipid complexes can proceed via H-bonding of the lipid head

groups to hydroxyl groups on mBCD as shown above.

6.4. Conclusion
We have investigated the interaction of methyl-B-cyclodextrin (mBCD) with liposomes
composed of various lipids using a combination of dynamic light scattering (DLS), sum-
frequency scattering (SFS), second-harmonic scattering (SHS) and theoretical modeling.
According to DLS measurements, there is no significant change in the size distribution of the
liposomes after introducing mBCD. In contrast, SFS measurements reveal significant structural
changes that occur over hours and days. mBCD is shown to be strongly selective to the lipid
head group with a preference for phosphatidylserine (PS) and phosphatidylglycerol (PG) over
phosphatidylcholine (PC) and phosphatidic acid (PA). We explain this selectivity stems from
the larger number of H-bonding sites in PS and PG over PC and PA which can bind to the
hydroxyl groups and oxygen atoms on mpCD. By performing angle-resolved SHS
measurements and modeling the resulting scattering patterns using the theory of nonlinear
scattering, we find that the mBCD-lipid complexes self-assembled into micron-long ordered

fibers. Isotope exchange between heavy and light water reveals the SHS response originates
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from hydrating water molecules that are spatially correlated with the fiber. The strong isotope
effect in the hydration suggests that hydration contributes to the self-assembly and stability of
the fibers. The observed self-assembly of mBCD is reminiscent of the less soluble variants of
cyclodextrins that tend to self-assemble into microscopic rod-shaped crystals via
complexation. Such behavior has not been observed before in mBCD and is surprising given
that mBCD was specifically designed to be highly soluble. Our observations highlight the
intrinsic sensitivity of nonlinear scattering to changes in the molecular order on the nanoscale
which are difficult if not impossible to detect by other techniques. The present findings are
highly relevant in light of the widespread use of cyclodextrins in the pharmaceutical or food

industries, and in fundamental research.

6.5. Appendix

6.5.1. SFS spectra of POPS+m@CD in all polarization combinations
The SFS spectra of the POPS+mBCD sample were recorded in all 8 polarization combinations:
SSS, SSP, PPP, PPS, PSS, Sps, psp spp. The spectra of the PO region are shown in Figure 6.7A-
D, the spectra of the CH region are shown in Figure 6.7E-H. The appearance of the SFS signal
in all 8 polarization combinations is inconsistent with scattering from centrosymmetric particles
with an anisotropic surface (single-lipid liposomes) [162]. Instead, this is indicative of scattering

from non-centrosymmetric particles [168].
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Figure 6.7: SFS spectra of POPS+mBCD in all 8 polarization combinations. (A-D): PO region. (E-
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6.5.2. Fitting of the SFS spectra
The SFS spectra in Figure 6.2B,C were fitted according to Eq. (2.39). The fitted amplitude (4;),
frequency (w;) and linewidth (y;) for POPS+mBCD and DMPG+mBCD are shown in Table 6.2.

Table 6.2: Fitted amplitude, frequency and linewidth of the POPS and DMPG samples.

POPS+mpBCD DMPG+mpCD
A; w; (em™) | y; (em™) A; w; (em?) | y; (cm™)
3.08 1077 5.24 8.03 1008 10.08
12.13 1090 9.11 21.30 1057 10.20
9.00 1100 6.75 18.87 1076 6.12
3.41 1119 3.76 23.15 1093 7.88
1.09 1145 4.07 32.65 1120 9.06
0.36 1167 3.00 26.80 1147 9.11
11.37 1175 7.12
3.27 1220 11.43
1.23 2851 9.40 3.40 2853 3.92
1.80 2887 9.99 9.60 2873 11.65
0.06 2909 3.00 11.10 2892 13.13
0.81 2927 6.58 32.22 2930 17.19
1.64 2962 11.36 31.52 2947 13.07
0.46 2977 3.00

6.5.3. SH scattering from a randomly oriented cylinder
The theory of SHS from cylindrical particles was developed by J.I. Dadap [166] and is

elaborated in detail in Chapter 2. By solving the equations for the scattered SH intensity from
a non-centrosymmetric cylinder with a single non-vanishing susceptibility element )(fff;,z, (with

the axis of the cylinder along the 2z’ direction) in the ppp polarization combination, we obtain

the expressions:

2

2
Icyl (a, ,B, 9) = |S§CaS§C9nylX)(CI;IZI

J1(QR) sin(Q3L/2)
QR QsL/2 (6.3)

fcyl =2

2
Q= ko\/cazse2 + ((ce — Dsg — chase)
Q3 = ko[cg(co — 1) + sqspse]
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where J; is the Bessel function of the first kind and first order, s; = sin(i), ¢; = cos(i), ko =
21/ Asy, Asy = 514 nm, R is the radius of the cylinder, L is its length, and a and 3 are Euler

angles defining its orientation in space.

The SHS intensity the angle 8 of an orientationally averaged cylinder is obtained by

numerically integrating the following expression over the Euler angles « and g:

2w

e (0)) = j f leyi( B; 6) sin(B) dB dax (6.4)
0 0

The integration was performed in Wolfram Mathematica 12.0 using the function Nintegrate on

automatic settings with 6 increments of 2 °.

6.5.4. Dependence of SHS on the dimensions of the cylinder
By inserting the expressions in Eg. (6.3) into Eqg. (6.4) and solving it numerically for a given
radius, length, and scattering angle, we can calculate SHS patterns of randomly oriented
cylinders of varying lengths and radii. Figure 6.8A shows calculated SHS patterns of cylinders
with lengths from 1 to 10000 nm and a constant radius (1 nm). We can see that the best match
between the actual and calculated pattern is found for a cylinder with a length of approx. 1200
nm. Figure 6.8B, shows calculated patterns for cylinders with a fixed length (1200 nm) and

variable radii (1-1000 nm). The patterns are not sensitive to the value of R < 100 nm.
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Figure 6.8: Calculated SHS patterns of randomly oriented, noncentrosymmetric cylinders. (A)

SHS patterns of cylinders with 1 nm radius and length from 1 to 10000 nm. The length that matches
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best with the experimental data (black rings) is approx. 1200 nm. (B) SHS patterns of cylinders 1200
nm long and with radius from 1 to 1000 nm. For radii much smaller than the length, the shape of the

pattern is virtually independent of the radius. All patterns were calculated with a single non-zero

susceptibility element xiz,i,z, and in ppp polarization combination. All patterns are normalized to 1.

6.5.5. The choice of the ¥® element
Since we have no apriori knowledge about the symmetry of the self-assembled POPS-mBCD
fiber, we cannot predict which elements of the ¥» tensor will be nonvanishing (and what
are their values). To determine the ¥® element that dominates the SHS response, we have
calculated the scattering patterns from a randomly oriented cylinder (L = 1.2 ym, R =1 nm) for
9 different y» elements to see which element best represents the measured data. In

Figure 6.9 we show the calculated patterns for a cylinder (L = 1200 nm, R = 1 nm) using the
; 2 ., @ (2) (2) (2) (2 (2 (2) (2 (2
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Each ¥ element produces a scattering pattern with a distinct shape. The best match

is found for the element &, .
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Figure 6.9: Calculated SHS patterns of a randomly oriented cylinder (L=1200 nm, R=1 nm) for
different non-zero y® elements. The experimental data is shown with black rings. All patterns were

calculated for the ppp polarization combination and are normalized to 1.
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Chapter 7: Conclusion and outlook

7.1. Summary
In this thesis, we studied several systems that can be broadly categorized as soft matter:
agueous polyelectrolyte solutions and aqueous dispersions of liposomes. We used nonlinear
spectroscopic techniques to elucidate the presence, spatial extent and consequences of
extended hydration induced by polyelectrolytes, the electrostatics and hydration in protein-
membrane interaction, and the molecular structure and hydration of a supramolecular

assembly.

Chapter 2 provided an overview of the theory of nonlinear light scattering from the
surfaces of neutral and charged spherical particles, from cylindrical particles, and from bulk
liquids of orientationally-correlated molecules. The experimental realizations of angle-resolved
elastic second-harmonic scattering (SHS) and vibrational sum-frequency scattering (SFS)

used in this thesis were discussed, as well as the supporting techniques.

In Chapter 3 we probed the orientational order in aqueous solutions of hyaluronan, a
linear polyelectrolyte of biological origin. We showed that at low ionic strength the electric field
of the polyelectrolyte induces a long-range order in the aqueous solvent. This leads to SHS
patterns reminiscent of charged particles dispersed in water. We used a theoretical model of
SHS from charged particles to explain the SHS response. The concentration-dependence of
the SHS response is attributed to a combination of shrinking Debye length, and a suppression
of intra- and inter-chain correlations mediated by the weakly screened electric field generated
by hyaluronan. A solvent isotope exchange where light water (H.O) was replaced by heavy
water (D-0O) led to a 6.3-fold decrease in the scattered intensity and a 2.4-fold shift of the
concentration vs. intensity curve. A similar effect was previously observed in electrolyte
solutions and indicates that hyaluronan enhances water-water orientational correlations. The
isotope effect in the fs-ESHS response is thus ascribed to a nuclear quantum effect. Finally,
based on temperature dependence measurements, we estimated the extent of the hydration
shell of HA to be 475 nm in H,O and 260 nm in D-0.

In Chapter 4 we investigated the orientational order and viscosity of aqueous solutions
of two common synthetic polyelectrolytes: poly(acrylic acid) and poly(styrene sulfonate). We
showed that there is a strong correlation between the reduced viscosity and the orientational
order in the water (measured by SHS). The viscosity and SHS curves shifted to 10 times higher
concentration after replacing H.O by D.O but the correlation between both quantities was

preserved. The viscosity of the polyelectrolytes displays a known anomalous increase upon

108



dilution. Existing mean-field models explain the anomaly through inter- and intra-
polyelectrolyte correlations. Our data shows that such models cannot explain the difference
between H,O and D,O and conclude that water-water correlations must contribute to the

anomalous viscosity of polyelectrolytes.

In chapter 5 we studied the binding of the protein alpha-synuclein to anionic small
unilamellar vesicles (liposomes) from the perspective of hydration using angle- and
polarization-resolved SHS. The protein binding leads to a decrease in the SHS intensity but
no change in the electrophoretic mobility (zeta potential) of the liposomes is observed. By
applying a theoretical model to the SHS patterns we find that that the net orientational order of
the interfacial water is decreased by 30% but the surface potential is unaffected. We propose
that the negatively-charged C-terminal of the protein is detached from the surface, disrupting
the structure of the interfacial water. A polarization-resolved SHS measurement reveals no
chiral response from the bound protein indicating that the a-helix at the N-terminal lies flat on

the liposome surface.

Chapter 6 presents a study of the interaction between methyl-B-cyclodextrin (mBCD)
and liposomes composed of various lipids. Cyclodextrins are widely used to extract membrane
lipids by forming water-soluble inclusion complexes. We show that lipids with a high number
of H-bonding sites (i.e. phosphatidylserine and phosphatidylglycerol) bind via H-bonding to the
oxygen atoms or hydroxyl groups on mBCD. This causes the lipid-cyclodextrin complexes to
self-assemble into micrometer-long fibers. Isotope exchange experiments indicate that the
assemblies contain a large amount of hydrating water which suggests that hydration plays a

role in the assembly process.

7.2. Outlook

This work has opened several possibilities for future studies. In Chapters 3 and 4, we showed
that polyelectrolytes carry extended hydration shells spanning up to hundreds of nanometers.
Although water is the most interesting liquid from a biological perspective, there are other polar
liquids in which we can expect to observe long-range orientational ordering, such as acetone,
ethanol, dimethylsulfoxide, and dimethylformamide. Performing the same experiments in other
solvents may highlight the differences between water and other polar liquids that do not form

H-bonds or whose H-bonding only 1- or 2-dimensional.

Chiral surface-bound molecules have been shown to imprint chirality into the structure
of the hydrating water but the same effect has not yet been observed in dissolved molecules.

Given that proteins, DNA and other polyelectrolytes have a helical structure in water can we
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expect to observe a non-zero chiral response from these solutions? Some of the data for
hyaluronan (not included in this thesis) suggests that this might be the case but the results are
inconclusive. More accurate polarization-resolved measurements may give a definitive

answer.

In Chapter 5 we developed a novel approach to measuring protein binding to vesicles
in a label-free and surface-specific manner using angle-resolved SHS and theoretical
modeling. Here, we used the protein a-synuclein which is known to strongly bind to anionic
vesicles. The same approach should be applicable to study the binding of a wide range of
proteins, not only those that bind electrostatically to the surface, but also membrane-spanning
and pore-forming proteins. One drawback of measuring changes in the interfacial water and
surface electrostatics as proxies for protein binding is the need to work at a relatively low ionic
strength (< 1 mM) compared to physiological conditions (> 100 mM) which may affect the
behavior of some proteins. This limitation could be partly overcome by increasing the sensitivity
of the measurements such as by using larger vesicles that scatter more light. Another way to
circumvent this limitation would be to use sum-frequency scattering (SFS) to detect vibrational
modes of the amide (~1650 cm™), N-H (~3300 cm™), phosphate (~1100 cm™), methyl and
methylene groups (~2900 cm™) found on the proteins or the lipids. Here, it may also be

necessary to use larger vesicles to increase the number of scattered photons.

Apart from proteins, peptides are another class of molecules whose interaction with
membranes is of considerable interest but remains poorly understood. For example, in light of
the growing number of bacteria with antimicrobial resistance, a better molecular-level
understanding of the mechanism by which antimicrobial peptides disrupt lipid membranes

could inform the development of new medicines.

In Chapter 6 we explored the interaction of methyl-B-cyclodextrin with various lipids.
We showed that nonlinear scattering technigques were able to detect molecular-level structural
changes in cyclodextrin-lipid complexes that were not measurable by traditional light
scattering. To further elucidate the role of H-bonding in the self-assembly process the
experiments could be repeated at different pH which would change the protonation state of the
lipid headgroups. To assess more accurately the importance of hydration, one could attempt
to disassemble to fibers by introducing structure breaking agents such as urea that are also
used to denature proteins. Lastly, the results shown in this chapter imply that using vibrational
SFS to probe transmembrane asymmetry in liposomes prepared by the cyclodextrin-mediated
lipid exchange method will be challenging. This is due to the strong SFS signal from the self-
assembled complexes which would overwhelm the (presumably weak) signal from the

asymmetric liposomes. It may still be feasible to use SFS to probe induced transmembrane
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asymmetry in liposomes if a way is found to prevent the self-assembly of the mBCD-lipid or to
purify the samples without disrupting the liposomes, or by using an entirely different protocol

for asymmetry in liposomes.
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