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Dominique domandò:

- Non hai mai sentito quanto siamo piccoli, quando guardiamo l’oceano?

Wynard rise:

- Mai. Nemmeno osservando le stelle. Né le cime delle montagne. Quando

guardo l’oceano sento la grandezza dell’uomo. Penso alla meravigliosa capacità

dell’essere che ha creato le navi per conquistare tutto quello spazio senza

significato. Quando guardo le cime delle montagna penso ai tunnel e alla

dinamite. Quando osservo le stelle, ricordo gli aeroplani.

Ayn Rand - La fonte meravigliosa

Physics is the law, everything else is a recommendation.

Elon Musk
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Introduction

Nucleation, the initial process in vapor condensation or crystal formation, is the

process of formation of a new thermodynamic phase from an old phase with

high free energy to an organized structure. These phase changes are the result

of atomic events driven by thermal fluctuations. The occurrence of atomic level

events with the length scales on the order of 10−10 m makes the nucleation a very

complicated phenomenon to study. Even though abundant literature is available

about fundamental aspects of nucleation ((Karthika et al., 2016), (Vekilov and

Chernov, 2003), (Vekilov, 2010), (Sosso and Stephen, 2016), (Xia et al., 2017)),

the knowledge on these phenomena is far from complete. The classical pathway to

nucleation, which was once considered to have general applicability to all nucleating

systems, is gradually giving way to a non-classical model which is now considered

as a dominating mechanism in solution crystallization and other systems.

Any theory of nucleation requires two elements: first, a way to calculating properties

of clusters such as their structure and free energies, and second, a dynamical

description of fluctuations. Classical density functional theory (cDFT) ((Lutsko,

2010), (Evans, 1979)) has long been recognized to have the potential to provide

the first element. cDFT has been used to determine the structure and energy of

critical clusters for, first, nucleation of liquid droplets from a vapor and, later, that

of crystallization.

The second element necessary to describe nucleation is a description of fluctuations

(Lutsko, 2012). A natural framework for this is fluctuating hydrodynamics that

is now a widely used tool applied to a range of subjects such as mode coupling

theory, glass transition, and nucleation, and its foundations in more fundamental

statistical mechanics have been established ((Duran-Olivencia et al., 2017)). The

basic quantities used in the theory are the spatially varying local densities of

each species as well as the velocity and temperature fields. For large particles,
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such as colloids or macromolecules, in a bath of smaller particles (e.g., water), an

approximate effective description of the large molecules can be derived in which

the effect of the smaller molecules is modeled as a combination of friction and a

stochastic force.

In the present work, we focus on nucleation of protein crystals and clusters. Specific

information on nucleation kinetics of protein molecules is not abundant, probably

because the value of the nucleation stage was not realized by the protein crystal-

lization community until recently (Carola Hunte and Schagger, 2003). Protein

crystal nucleation is a crucial problem in biological crystallography and other areas

of science, technology and medicine; in particular: the in vivo nucleation process

in the liquid–liquid region is also interesting for detection and understanding at

the molecular level of illnesses related to protein aggregation ((Pande et al., 2001),

(Ansari and Datiles, 1999), (Tardieu, 1998)). Protein molecules will be useful in the

future for fundamental studies on nucleation because of their large size, which will

permit visualization of the growth of crystals at the very beginning, when indirect

information inferred from scattering studies is not very accurate.

Recent studies have demonstrated that protein crystal nuclei form within crucial

precursors: protein-dense liquid clusters are regions of high protein concentration

(Maes, 2015). They have been recently observed in solutions of several proteins.

The typical cluster size varies from several tens to several hundreds of nanometers.

According to the two-step mechanism of nucleation, the protein-rich clusters serve

as locations for, and precursors to, the nucleation of protein crystals.
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Thesis aim and overview

The main purpose of this work is to characterize lysozyme nucleation. To this

aim, we exploited optical techniques such as DLS (dynamic light scattering) and

cDDLS (confocal depolarized dynamic light scattering), both custom made in the

Laboratory. In particular, the extended goals are (i) to understand whether or not

clusters are needed to produce nucleation; (ii) to understand what are the best

conditions in terms of salt concentration, temperature and solution viscosity to

create crystals; (iii) to measure crystals radii, these obtained through the dynamic

light scattering correlation functions. The size is calculated using the Stokes-

Einstein equation. DLS and cDDLS are rapid, non-invasive techniques for assessing

protein, clusters and crystals size. These techniques provide rapid access to size

information for the characterization of proteins. Different methods have been

developed in order to improve the technique.

The thesis starts with an overview about protein fundamentals (Chapter 1), in

order to set the ground for the following discussion. We begin by introducing

protein structure and properties, then we skip to the concept of crystallization

(Section 1.2) and nucleation (Section 1.3). These parts are useful to understand

nucleation process that occurs in solution analyzed and, at the same time, set the

notation used throughout the thesis. In Section 1.4, we introduce the case-study

protein: Lysozyme. A brief part is dedicated to properties, structures, medical

uses and details about this common protein, focusing on a crucial effect caused by

lysozyme: the formation of fibrils. Fibrils are structural biological materials found

in almost all living organisms. Amylose fibrils are categorized with having one of

two morphologies: small rod like fibrils and lath-shaped crystals. The former seems

to be related with diabetes type 2.

Chapter 2 is devoted to summarizing the foundations of scattering theory. Section 2.1

is concerned with the presentation of scattering amplitude, scattering angle and

scattering intensity. A briefly discussion about extinction, absorption, optical cross

section and the optical theorem is given in Section 2.2. Section 2.3 deals with well-

established results and common approaches to scattering problems depending on

the size range of the particles, namely, the Rayleigh model. Then, Section 2.4

introduces depolarized scattering. Finally, we devoted Section 2.5 to the diffusion

phenomenon, discussing about translational motion and rotational motion of a

particle, the cornerstone concept for our purpose. Diffusion coefficient has been

used to evaluate crystals’ correlation times and, thus, crystals’ radius.

The second part of this thesis illustrates the experimental procedures followed in
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this work, the analysis and the main results. The experimental setup is presented in

Chapter 4. DLS and cDDLS are the two techniques used for our experimentation.

DLS is presented in Section 3.1.1, while Section 3.2 is concerned with the basic

concepts about DDLS (depolarized dynamic light scattering) and cDDLS. In order

to understand how we can perform our measurements and obtain information about

nucleation, we devoted Section 3.3 to widely describe correlation functions, their

meaning, their utility and how to exploit them. Finally, to conclude this chapter,

some details about different applications of DLS and cDDLS techniques are given

in Sections 3.4 and 3.5.

Lastly, Chapter 4 contains all the data about the three-years-measurements cam-

paign. This is our main original contribution to this thesis. We performed mea-

surements about crystals’ nucleation, combining a solution of lysozyme at certain

concentration with a solution of salt in different concentrations (plus acetate as

buffer). Beginning with the description of procedures, sample conditions, solution

and salt concentrations (Section 4.1), we focus on results obtained in measurements

done in two different salt concentration ranges: over 40mg/ml (Section 4.2) and

below 40mg/ml (Section 4.3). This distinction reflects different results obtained. In

each case, correlation functions analyzed are presented and parameters of interest

evaluated are explained, linking information with crystals size, where possible.

A discrepancy between the results obtained in this work and what we expect

from literature and other measurements campaigns has been obtained. In the

last period we attempted an explanation for these differences, introducing new

arguments and theoretical support to interpret measurements. This final part is

given in Section 4.4 and final conclusion and future developments are described in

Conclusion.

Appendix 4.4 contains another application of our instruments: characterization of

gold nanoparticles. We have participated to a collaboration with Leibniz Institute

(Saarbrücken). We have studied gold nanoparticles radii through DLS. Gold nano-

particles present an agglomerate state at a temperature lower than 60◦C. The aim is

to measure the smallest nanoparticle radius as possible in their de-agglomerate state

achieved at high temperature. The results are very promising and currently under

consideration for the following steps. In Appendix 4.4, fibrils formation in hyper-

gravity measurements are presented. We have participated to a collaboration with

VUB and the European Space Research and Technology Centre (ESTEC) in order

to do a pilot experiment about lysozyme fibril formation using the centrifuge in

Noordrdwijk. The aim was to understand how hypergravity can affect the process.

Results might be surprising and further developments will be done.



Chapter 1

Protein fundamentals

Proteins are an important class of biological polymers that play a fundamental

role in many cellular processes. These molecules actually do almost everything in

the cell and are largely responsible for containing and expressing the information

present in the DNA molecule. They help in metabolism by providing structural

support and by acting as enzymes, carriers, or hormones. The building blocks

of proteins (monomers) are amino acids. Each amino acid has a central carbon

that is linked to an amino group, a carboxyl group, a hydrogen atom, and an

R group or side chain. Their size varies from a few kilodaltons to hundreds of

kilodaltons 1. All proteins are built up from 20 amino acids, which constitute

the so-called monomers. The sequence in which these amino acids are arranged

differs from protein to protein forming what we call the primary structure of a

protein. Some sequences of amino acids are known to arrange themselves into

regular three-dimensional structures, bulding up the secondary structure of the

proteins. At the next level of structural organisation, the secondary structural units

arrange themselves into globular shapes. This is called the tertiary structure and is

stabilised mainly by interactions between the amino acid side chains (Feher (2017)).

Hence, side chain conformations of amino acids are part of tertiary conformations

as well. This level also includes domains corresponding to compactly arranged

groups of secondary structural features. In the next higher level of structure,

globular folded polypeptide chains come together in specific arrangements called the

quaternary structure. Thus, a polypeptide chain in solution will fold into its three

dimensional structure, assisted by chaperons, given the conditions of temperature,

ionic strength, pH, etc., are within a fairly wide range. Ultimately the structure

and therefore the function of proteins is directly derived from the chemical nature

of the amino acids. The following table (Table 1.1) shows some physical properties

of proteins (Rob Phillips and Julie Theriot (2012)). These parameters describe

1The dalton or unified atomic mass unit (symbols: Da or u) is a unit of mass widely used in

physics and chemistry. It is defined as 1/12 of the mass of an unbound neutral atom of carbon-12

in its nuclear and electronic ground state and at rest.

1
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conformations, sizes and masses typical of proteins, identifying the most frequent

proteins in living beings.

Quantity of interest Symbol Value

Radius of “average” protein rprotein ≈ 2nm

Volume of “average” protein Vprotein ≈ 25nm3

Mass of “average” amino acid Maa ≈ 100Da

Mass of “average” protein Mprotein ≈ 30.000Da

Protein concentration in cytoplasm cprotein ≈ 150mg/ml

Characteristic force of protein motor Fmotor ≈ 5pN

Characteristic speed of protein motor vmotor ≈ 200nm/s

Diffusion constant of ”average” protein in cytoplasm Dprotein ≈ 5µm2/s

Table 1.1: Physical properties for biological estimates. “Average” stands for

the most frequent values about the proteiǹıs characteristic (Rob Phillips and

Julie Theriot (2012)).

1.1 Building protein structures

The geometry of each amino acid and the linking peptide bond in the protein is

known, i.e. angles and the relevant bond lengths are known (Godbey (2014)). What

is not known is the torsion angle, therefore building a protein chain is not a trivial

task. In the amino acids with the longer side chains, especially, the orientations

of the various chemical groups depend on the side chain torsion angles. Apart

from this, in the main chain, or the peptide backbone, the angles are not fixed

by chemistry. Hence, a three-dimensional model of the entire protein molecule

cannot be built unless the fold of the protein is known or assumed. It is known

(Vasantha Pattabhi (2002)) that information regarding the final three-dimensional

structure of the protein is linked to its amino acid sequence. Hence, knowledge

of the latter should, in principle, lead us to the former. However, the rules of

protein folding are still unknown. It is not yet possible to go from the sequence

to the structure without additional experimental information. This was called the

Protein Folding Problem and was one of the great, unsolved problems in molecular

biology. Several methods of structure prediction are available, although none of

them have been completely successful. One of the most popular prediction methods

was implemented by P.Y. Chou and G.D. Fasman. The Chou and Fasman method

has been quite successful in predicting the secondary structure of proteins. The

method is based on a statistical analysis of the known protein structures that have
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been collected in a computer database (Chou and Fasman (1974)). Most of the

structures deposited in the database have been solved by X-ray crystallography.

Nuclear magnetic resonance (NMR) techniques were useful in determining about

500 structures. The number of structures in the database is increasing rapidly and

about 2000 new structures are added to the database every year. The problem of

arriving at the structure of the protein from knowledge of its sequence is nevertheless

far from being solved. The secondary structure prediction methods, such as the

Chou and Fasman method, are still quite approximate, although there is an improved

method for protein secondary structure prediction (Hang Chen and Huang (2006)).

The arrangement of secondary structural elements in space is another major obstacle

in protein structure prediction because it follows rules that are not completely

understood. Hence, the problems with the other structure arise. The prediction of

the three dimensional structure of a series of proteins with homologous sequences

is much easier if the structure of one of them is known. If the structure of one of

the similar proteins is known through experimental or theoretical techniques, it can

be used as a guide for generating the structure of the new protein. The principle

which is followed is that similar sequences must have similar or the same secondary

structure. If the two sequences show a high degree of overall similarity (homology),

then the tertiary fold of the two sequences can also be taken to be similar, and the

coordinates of the unknown protein can be generated by appropriately modifying

the coordinates of the known protein (Aldred et al. (2009)).

1.1.1 Aminoacids and the primary structure

Alpha amino acids can be considered as being chemically put together around the

central carbon atom called Cα. Carbon atoms have a valence of four and in amino

acids this valence is satisfied by an amino group, a carbonyl group, a hydrogen

atom and a side chain. The only exception relevant to proteins is the amino acid

proline.

Figure 1.2 gives details of the side chain of the twenty amino acids that are found

in naturally occurring proteins. The twenty amino acids have two major features

in common (a) they are all acids and (b) they are all L-amino acids. They can

be separated into groups with other common features. Glycine, alanine, valine,

isoleucine, leucine and phenylalanine have hydrophobic, non-polar side chains.

Phenylalanine, tryptophan and tyrosine have aromatic planar rings. Aspartic acid

and glutamic acid carry a negative charge at neutral pH, while lysine and arginine

each carry a positive charge. Histidine has a highly reactive 5 membered planar

ring that also carries a positive charge at neutral pH. Cysteine, serine, threonine,

asparagine, glutamine and tyrosine have neutral, polar (and therefore hydrophilic)

side chains. The chemical nature and size of the side chain determines, as seen
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Figure 1.1: Four states structures of protein: (a) Primary linear structure; (b)

Secondary structure: α-helix or β-sheet; (c) Tertiary structure; (d) Quartenary

stucture. (image taken from Betts and Young, 2013)
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Figure 1.2: Chemical structures of α-aminoacids. Image taken from Chou and

Fasman (1974)

before, its activity and also its position in the protein. Histidine frequently occurs at

the active site of enzymes. Hydrophobic side chains usually occur in the interior and

hydrophilic groups on the surface of the proteins that are active in aqueous media.

The situation is the reverse in the case of membrane proteins. The sequence in

which the amino acids occur along the polypeptide chain therefore closely controls

how the chain will fold into the three-dimensional structure. In other words, the

primary structure of the protein determines its secondary, tertiary and quaternary

structures and ultimately the function of the protein. This is one of the most

important open problems in molecular biology (Lodish H and SL (2000), Christina

Rye Underwood and Reedtz-Runge (2010)).

1.1.2 Peptides and the secondary structure

The peptide bond is formed between carbon (C) and nitrogen (N). In the C-N bond,

the molecule cannot rotate about it because it has a partial double bond character.

The six atoms that form the peptide group are constrained to lie on a plane thereby

forming the planar peptide group. If the rotational possibilities of the longer side

chains are ignored and the backbone of the protein chain alone is considered, then
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each residue is described by two torsion angles Φ and Ψ (Figure 1.3). The freedom

of rotation about even these bonds is not absolute, but is restricted by possible

steric hindrances. For example, if the C ′i−1 −Ni bond is cis to the Cαi − C ′i bond

when the bond Ci −Ni+1 is cis to the Ni −Cαi bond, i.e. when both Φ and Ψ are

0◦, then a severe clash between Hi+1 and Oi−1 will occur, making this particular

pair of values disallowed. A systematic search of all pairs of values of Φ and Ψ

reveals that, only about 20% of the values are allowed (N. and C. (1976)). If some

of the pairs of values of Φ and Ψ which fall within the allowed region are repeated

for many residues along the polypeptide chain, it leads to regular recognizable

secondary structures, such as alpha helices and beta sheets (see Section 1.1.3).

Figure 1.3: The torsion angle Φ and Ψ used to describe the conformation of a

polypeptide chain. Image taken from N. and C. (1976)

1.1.3 Terziary structure

Some segments of a protein chain fold into various secondary structural units such

as α-helix or β-sheet ones. These units further fold up into compact supersecondary

structural units or domains. This is called the tertiary structure of the proteins

and involves interactions between amino acid residues that are not necessarily

close together in the primary sequence. The disulphide bond is one of the most

important bond of such tertiary interactions. The disulphide bond is formed

between the sulphur atoms of two cysteine residues. Such bonds could occur

within a single polypeptide chain or between two different chains. The main

function of the disulphide bridges is to provide mechanical stability to the protein

structure. They may also determine chemical properties by stabilizing the correct

active conformation. Moreover, in some proteins the disulphide bond may play a

catalytic role.

Another major stabilizing factor in the tertiary structure of proteins is the so-called

entropic or hydrophobic forces. Since the protein is made up of both polar and

non-polar side chains, in an aqueous solution the protein molecule behaves like

a drop of oil, with polar groups on the surface, in contact with the solution and

the non-polar groups in the interior of the molecule. The solvent molecules in the
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near vicinity of the protein also assume a certain amount of ordering around polar

groups. For non-polar groups, however, the solvent molecules make a large negative

contribution to the entropic energy, leading to the folded state being favored over

the denatured state. Other factors which stabilize the tertiary structure of proteins

include salt bridges or strong Coulombic interactions between oppositely charged

amino acids, such as glutamic acid and aspartic acid. Hydrogen bonds in the

interior of the protein are another important stabilising factor not only of the

secondary structural motifs but also of the tertiary structure.

1.1.4 Quaternary structure

Many proteins in their active or functional forms exist as aggregates of more than

one folded polypeptide chain. The macromolecular structure so built up is called

the quaternary structure of proteins. Usually the subunits of quaternary structure

associate with non-covalent interactions, though disulphide linkages may exist

between different subunits. The monomers, which form the quaternary structure,

may be identical or may be different.

Figure 1.4: Hemoglobin molecule: an example of quaternary structure. Image taken

from https://www.shutterstock.com
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For example, Hemoglobin (Figure 1.4) is a tetrameric protein consisting of two

chains each of two different polypeptides. In most multimeric proteins, the number

of subunits ranges from 2 to about 12, with a majority possessing 2 or 4 subunits.

The exceptions are large enzyme complexes and viruses, which may have even 100

or more monomers. In proteins made up of only a few monomers or a small number

of subunits, all the interactions that are possible by subunits must be completely

fulfilled. Otherwise larger aggregates would occur. This implies that the subunits

must be regularly packed around a central point. In other words most protein

polymers possess point group symmetry consisting of one or more intersecting

rotation axes.

1.2 Crystalization Process

Protein crystallization was discovered about 150 years ago (Carola Hunte and

Schagger (2003)) and was developed in the late 19th century as a powerful pu-

rification tool and as a demonstration of chemical purity. The crystallization of

proteins, nucleic acids and large biological complexes, such as viruses, depends on

the creation of a solution that is supersaturated 2 in the macromolecule but exhibits

conditions that do not significantly perturb its natural state. Supersaturation is

produced through the addition of mild precipitating agents such as neutral salts or

polymers, and by the manipulation of various parameters that include temperature,

ionic strength and pH (Figure 1.5). Other important factors in the crystallization

process are factors that can affect the structural state of the macromolecule, such

as metal ions, inhibitors, co-factors or other conventional small molecules.

Macromolecular crystallization, which includes the crystallization of proteins, nucleic

acids and larger macromolecular assemblies such as viruses and ribosomes, is based

on a rather diverse set of principles, experiences and ideas. Nowadays the theory

is not comprehensive and there is not a good base of fundamental data, although a

lot of experiments have been and will be done. As a consequence, macromolecular

crystal growth is largely empirical in nature, and demands patience, perseverance

and intuition.

Complicating the entire process, in addition to the limited understanding of the

phenomena involved, is the astonishing complexity and the huge range of the

macromolecules. Even in the case of rather small proteins, such as cytochrome

c or myoglobin, for example, there are roughly a thousand atoms with thousands

of bonds, hence thousands of degrees of freedom. For viruses or enzyme complexes

2Supersaturation is a solution that contains more of the dissolved material than could be

dissolved by the solvent under normal circumstances. It can also refer to a vapor of a compound

that has a higher (partial) pressure than the vapor pressure of that compound.
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Figure 1.5: (a): Seed crystal of sodium acetate is added to supersaturated solution.

(b): Excess sodium acetate starts to crystalize from solution. (c): Solution is

saturated and excess solution has crystalized. (image taken from Vekilov and

Chernov (2003))

having molecular weights measured in the millions of daltons, the possibilities for

conformation, interaction and mobility are almost uncountable.

The classical methods of physical chemistry are used to determine the characteristics

of those mechanisms responsible for the self-organization of large biological mole-

cules into crystal lattices. As an alternative to the precise and reasoned strategies

commonly applied to scientific problems, it is used to relying, for the time being

at least, on what is fundamentally a trial-and-error approach. Macromolecular

crystallization is generally a matter of searching, as systematically as possible, the

ranges of the individual parameters that influence crystal formation, finding a set,

or multiple sets of factors that yield some kind of crystals, and then optimizing the

individual variables to obtain the best possible crystals. This is usually achieved

by carrying out an extensive series, or establishing a vast matrix, of crystallization

trials, evaluating the results and using the information that is obtained to improve

conditions in successive rounds of trials. Because the number of variables is so

large, and because the ranges are so broad, experience and insight in designing and

evaluating the individual and collective trials becomes an important consideration.

Macromolecular crystals are composed of approximately 50% solvent on average,

although this may vary from 25 to 90% depending on the particular macromolecule

(Sosso and Stephen (2016)). Protein or nucleic acid occupies the remaining volume

so that the entire crystal is in many ways an ordered gel permeated by extensive
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Figure 1.6: Microphotographs of protein and virus crystals grown in the laboratory

of AM showing the variety of habits common to macromolecular crystals. (a, b, f)

Satellite tobacco mosaic virus, (c) Desmodium yellow mottle virus, (d) hexagonal

canavalin and (e) intact anti-canine lymphoma antibody. (Carola Hunte and

Schagger (2003))
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interstitial spaces through which solvent and other small molecules freely diffuse.

In proportion to its molecular mass, the number of bonds (salt bridges, hydrogen

bonds, hydrophobic interactions) that a conventional molecule forms to its neighbors

in a crystal far exceeds the very few exhibited by crystalline macromolecules. Since

these contacts provide the lattice interactions essential for crystal maintenance,

this largely explains the difference in properties between crystals of salts or small

molecules and of macromolecules (Chernov (2003); Vekilov and Chernov (2003)).

Living systems are based almost exclusively on aqueous chemistry within narrow

ranges of temperature and pH. Macromolecules have evolved appropriate compati-

bility, and serious deviations or perturbations are rarely tolerated. As a consequence,

all protein and nucleic acid crystals must be grown from aqueous solutions to

which they are tolerant, and these solutions are called mother liquors, or humors.

Macromolecular crystals have so far only been grown from such media (Desiraju

(2013), Davey and Schroeder (2013), Xia et al. (2017)).

1.2.1 Supersaturation, nucleation and growth of crystals

Crystallization of any molecule, or collection of some chemical species, including

proteins, proceeds in two rather distinct but necessary steps: nucleation and growth.

Molecular dimensions, the supersaturation and the surface free energy of molecular

addition define critical nuclei. Currently, the critical nuclear size has only been

described for a few systems, and for several cases these were only investigated

in terms of two-dimensional nuclei developing on the surfaces of already existent

crystals. The growth of macromolecular crystals is a better characterized process

than nucleation, and its mechanisms are reasonably well understood. Protein

crystals grow principally thanks to the classical mechanisms of dislocation growth

and by two-dimensional nucleation growth, along with two other less common

mechanisms known as normal growth and three-dimensional nucleation (McPhersona

and Gavira (2013)). A common feature of nucleation and growth is that both are

critically dependent on what is termed the supersaturation of the mother liquor

giving rise to the crystals. Supersaturation is the most important variable here,

that drives both processes and determines their occurrence and extent and the

kinetics that describes them. Crystallization of a macromolecule absolutely requires

the creation of a supersaturated state. This is illustrated by the phase diagram

for crystal growth presented in Figure 1.7. Supersaturation is a non-equilibrium

condition where some quantity of the macromolecule over the solubility limit, under

specific chemical and physical conditions, is nonetheless present in solution.

Equilibrium is re-established by the formation and development of a solid state,

such as crystals, as the saturation limit is obtained. To produce the supersaturated
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Figure 1.7: The phase diagram for the crystallization of macromolecules. The

solubility diagram is divided sharply into a region of undersaturation and a region of

supersaturation by the line denoting maximum solubility at specific concentrations

of a precipitant, which may be salt or a polymer. The purple line represents the

equilibrium between the existence of the solid phase and the free-molecule phase.

The region of supersaturation is further divided in a more uncertain way into the

metastable and labile regions. In the metastable region nuclei will develop into

crystals, but no nucleation will occur. In the labile region, both might be expected to

occur. The final region, at very high supersaturation, is denoted the precipitation

region, where this result might be most probable. (McPhersona and Gavira (2013))

solution, the properties of an under-saturated solution must be modified to reduce

the ability of the medium to solubilize the macromolecule (i.e. reduce its chemical

activity), or some property of the macromolecules must be altered to reduce their

solubility and/or to increase the attraction of one macromolecule for another. In all

cases, the relationships between solvent and solute, or between the macromolecules

in solution, are perturbed so as to promote formation of the solid state. If no

crystals or other solid is present as conditions are changed, then the solute will

not immediately partition into two phases and the solution will remain in the
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supersaturated state.

The solid state does not necessarily develop spontaneously as the saturation limit is

exceeded because energy, analogous to the activation energy of a chemical reaction,

is required to create the second phase: the stable nucleus of a crystal, or a precipitate.

Thus, a kinetic or energy (or probability) barrier allows conditions to proceed

further from equilibrium and further into the zone of supersaturation. Once a

stable nucleus appears in a supersaturated solution, however, it will proceed to

grow until the system regains equilibrium. As long as non-equilibrium forces prevail

and some degree of supersaturation exists to drive events, a crystal will grow or a

precipitate will form.

1.2.2 The crystalization driving force

In correspondence to the typical physiological, laboratory, and industrial conditions,

crystalization is typically considered under constant temperature and pressure.

With such constraints, the transfer of solute molecules from solution to the crystal

is driven by the change of Gibbs free energy. The change in Gibbs free energy of

crystallization, ∆Gcryst, at constant temperature T, is the sum of the contributions

of the enthalpy ∆Hcryst and entropy ∆Scryst: ∆Gcryst= ∆Hcryst − T∆Scryst. The

associated crystallization equilibrium constant is (Vekilov (2010)):

Kcryst ≡ exp(−∆Gcryst/RT ), Kcryst = C−1
e (1.1)

where Ce is the protein solubility with respect to the studied crystalline form, R is

the universal gas constant, and T is the absolute temperature. Crystal formation

occurs in a supersaturated solution, in which the concentration C is higher than

the solubility Ce. Accordingly, the chemical potential of the solute µ in the solution

is greater than the one at equilibrium µe, which in turn is equal to the chemical

potential of the crystallizing material in the crystal, µe = µcrystal. The chemical

potential are µ = µ0 + RT ln γC and µe = µ0 + RT ln γeCe, where γ and γe are,

respectively, the activity coefficients of the solute in the crystallizing solution and

in a solution with equilibrium concentration Ce, and µ0 is the chemical potential in

a standard solution. Then the nucleation driving force is defined as ∆µ = µ−µe =

RT ln(γC/γeCe). Often, it is assumed that γ = γe so that ∆µ = RT ln(C/Ce).

In protein and colloid solutions, the activity coefficients are evaluated from the

relation ln γ ∼= 2B2C, where B2 is the second osmotic virial coefficient. B2

depends on the intermolecular interactions between the solute molecules and can

be independently determined from the dependence of the osmotic compressibility

(dΠ/dC) = RT (KC/Rθ) on the concentration C, where Π is the osmotic pressure,

K is an instrument constant and Rθ is the Raleigh ratio of intensity scattered at

angle θ to the incident light intensity.
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In solutions of biominerals and other complex salts the supersaturation is defined

as

∆µ = RT ln(a+a−/Ksp) (1.2)

where the solubility product Ksp = ae+a
e
− takes the role of Kcryst. The activities of

the cations a+ and anions a− in the growth solution and at equilibrium, denoted

with superscript e, are calculated from the concentrations of the respective species,

accounting for the other solution components. For compounds more complex than

the binary salts assumed in the above expressions for ∆µ and Ksp, they become

correspondingly more complex. This definition of ∆µ = µ − µe = µ − µcrystal,

accepted in the fields of phase transformations, nucleation and crystal growth,

contradicts the standard definition of the change of a thermodynamic variable in a

physical or chemical process. In the standard definition, ∆ signifies the difference

between the final and initial states, while in the above definition, the crystal is the

final state and the solution is in the initial state. Hence the two definitions of ∆µ

are opposite in sign.

1.3 Nucleation: two-steps mechanism

Nucleation is the other part of the two essential processes that occur to proteins:

crystllization and nucleation. Nanoparticles are often synthesized in solution thro-

ugh crystallization. Hence, the nucleation of crystals determines many properties

of the emerging nanocrystal population. Since nucleation selects the polymorphic

form, if a different polymorph is desired, conditions at which its nucleation is faster

than that of the other possible polymorphs should be obtained. If nucleation is fast,

many crystals form nearly simultaneously. Their growth draws down the solution of

solute and may lead to cessation of nucleation at the later stages of crystallization.

Thus, the majority of crystals grow to approximately identical sizes. In contrast, if

nucleation is slow and fewer crystals nucleate at a time, the supersaturation in the

solution drops slowly, the nucleation of new crystals continues and a population of

crystals size polydisperse forms. Ultimately, if nucleation is hindered everywhere

in the growth container but at a few selected spots, crystals only nucleate at these

spots and grow large before the solution is depleted of nutrient. Hence, controlling

nucleation is a means to control size, size distribution, polymorphism and other

properties of the crystals.
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Figure 1.8: Illustration of the thermodynamic effects of formation of a crystal.

n: number of molecules in crystal; ∆µ: solution supersaturation; a: surface free

energy; ∆G: free energy; ∗ denotes critical cluster. (image taken from Vekilov and

Chernov (2003))

1.3.1 Classical nucleation theory

The thermodynamic part of the classical nucleation theory was developed by J.

W. Gibbs in two papers (Gibbs (1976), Gibbs (1978)). The free energy balance of

creating a cluster consisting of n molecules of size a is considered. In a supersatu-

rated solution, i.e. one in which the solute chemical potential is higher than that

of molecules in the crystal so that ∆µ > 0, the formation of such a cluster leads to

a free energy loss of –n∆µ. On the other hand, the creation of the phase boundary

with area S and surface free energy a between the cluster and the solution leads

to a free energy gain Sα. Assuming that the crystal cluster is a cube, S = 6a2n2/3;

other shapes will lead to coefficients different than 6a2 in this relation, but the 2/3

scaling with n will be preserved for all three dimensional nuclei. Thus,

∆G(n) = −n∆µ+ 6a2n2/3α (1.3)

This dependence is plotted in Fig. 1.8.

The growth of clusters smaller than n∗ is associated with an increase of free energy

and is unfavorable. Clusters may still grow to such sizes as a result of a fluctuation,

but since a driving force exists for the decay of these clusters, such events are rare.

On the other hand, if as a result of a fluctuation a cluster reaches a size greater than

n∗, its growth is accompanied by a decrease of free energy and occurs spontaneously.

A cluster of size n∗ has equal probabilities of growth and decay and, hence, such
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clusters are called critical and they represent the nuclei of the new phase.

To model the nucleation rate J , i.e., the number of nuclei which appear in a

unit solution volume per unit time, M. Volmer postulated (in analogy to the

Arrhenius equation) that J = J0 exp(∆G∗/kBT ), where kB is the Boltzmann

constant (Volmer (1939). The external parameters, such as temperature, concen-

tration and pressure, as well the solution supersaturation, affect the nucleation rate

through ∆G∗ according to Eq. (1.4). There are numerous statistical-mechanical

derivations of the nucleation rate law within the assumption of the classical nucle-

ation theory, for an example, see B. Mutaftschiev (1993). The final expression of

these derivations can be represented as:

J = ν∗Zn exp(−G∗/kBT ) (1.4)

where n∗ is the rate of attachment of monomers to the nucleus, Z is the Zeldovich

factor, which accounts for the width of the free energy profile ∆G(n) in the vicinity

of the maximum ∆G∗, see Fig. 1.8, and n is the number density of molecules

in the solution. Eq(1.4) assumes that the replacement partition function of the

nucleus is equal to one. This factor accounts for the additional stabilization of the

nuclei due to their translational and rotational degrees of freedom. Neglecting it

is a reasonable assumption for crystal nuclei suspended in a viscous solution; this

would not be the case for nucleation in the gas phase. A major assumption in

the derivation of Eq(1.4) is that the solution molecules exchange directly with an

ordered cluster. To understand the meaning of this assumption and why it might

not apply to nucleation of crystals in solution, the distinction between a solution

and a crystal needs to be considered.

1.3.2 Two-steps mechanism

Let’s consider the phase diagram of a solution or any other two-component system

in coordinates concentration and temperature at constant pressure. This phase

diagram typically contains three phases: a dilute solution, a dense liquid, and

crystal. In some solutions of small-molecule compounds, the dense liquid might

not be observable because it would occur at temperatures higher than the solvent

boiling point. On the other hand, the dense liquid is readily seen in proteins,

colloid, and some organic solutions.

To distinguish between the three phases present in the phase diagram, at least two

parameters, called order parameters, are needed. Thus, the dilute solution and

the dense liquid differ by the solute concentration, the dense liquid and the crystal

differ by structure (there may be a slight difference in concentration), and the dilute

solution and the crystal differ by both concentration and structure. From this point
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of view, the formation of crystals in solution should be described as a transition

between two order parameters: concentration and structure. While a fluctuation

through the concentration axis is easy to imagine, structure transitions appear more

tricky. Pure structure transitions are only possible in melts, whose concentration is

similar to that of the emerging crystalline phase. Crystalline nuclei form as a result

of a fluctuation along the structure axis. The smallest structure fluctuation can

be viewed as a pair of molecules from the melt that has an orientation identical to

the orientation of a pair of molecules in the crystal. This crystals-like orientation

in the pair is preserved over times significantly longer than the lifetime of a bond

in the melt. A nucleus arises as a result of accumulation of such ordered pairs into

an ordered piece of new phase. In a sense, structure fluctuations can be viewed

as fluctuations of the density of ordered pairs. If a crystal nucleates not from

its melt, but from a dilute solution or gas, both a concentration and a structure

fluctuation are needed so that a crystalline nucleus may form, Fig.1.9. Thus, the

above assumption that an ordered nucleus forms directly in the dilute solution

corresponds to the assumption that the solution to crystal transformation occurs as

a transition along both order parameters, density and crystallinity, simultaneously;

in Fig.1.9 this pathway is represented by the arrow along the diagonal of the

Concentrations-Structure plane. It could be argued that a more logical pathway is

for the transition is to proceed along the two order parameters in sequence. Such a

sequential pathway would correspond to the formation of droplet of a dense liquid

followed by the formation of a crystalline nucleus inside this droplet, as illustrated

in Fig.1.9, bottom (Vekilov and Chernov (2003)).

1.4 Case study: Lysozyme

Lysozyme (1,4-β-N-acetylmuramidase) is an enzyme that plays an important role

in the prevention of bacterial infections (Davis and McLister (2016)). It does this

by attacking a specific component of certain bacterial cell walls, peptidoglycan.

Peptidoglycan is composed of the repeating amino sugars, N-acetylglucosamine

(NAG) and N-acetylmuramic acid (NAM), crosslinked by peptide bridges. Lysozyme

acts by hydrolyzing the bond between NAG and NAM, increasing the bacteria’s

permeability and causing the bacteria to burst (Jingjing Wang and Ren (2019)).

Lysozyme is widely found in plants and animals. Human lysozyme is expressed in

the mucous membranes of the nasal cavity and tear ducts (Ram Sarup Singh and

Singh (2019)). It is also found in saliva, tears, milk, cervical mucus, leukocytes,

and kidney tissue. The majority of the lysozyme used in research is purified from

hen egg whites.

The primary structure of lysozyme is a single polypeptide containing 129 amino
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Figure 1.9: Schematic illustration of the two-step mechanism of nucleation of

crystals. A dense liquid cluster forms. A crystal nucleus may form inside the

cluster. (a) Microscopic viewpoint in the (Concentration, Structure) plane; (b)

Macroscopic viewpoint of events along dashed line in (a). (c) The free-energy ∆G

along two possible pathways for nucleation of crystals from solution. If dense liquid

is unstable and ∆G0
L–L > 0 (∆G0

L–L is the standard free energy of formation of

dense liquid phase), dense liquid exists as mesoscopic clusters, ∆G0
L–L transforms

to ∆G0
C , and upper curve applies; if dense liquid is stable, ∆G0

L–L ¡ 0, reflected by

lower curve. ∆G∗1 is the barrier for formation of a cluster of dense liquid, ∆G∗2
the barrier for a structure fluctuation leading to an ordered cluster. (image taken

from Vekilov and Chernov (2003))
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acids. In physiological conditions, lysozyme is folded into a compact, globular

structure with a long cleft in the protein surface. This cleft is the active site

involved in binding to the bacterial carbohydrate chain and subsequently cleaving

it.

Figure 1.10: Lysozyme structure. Image taken from Wikipedia

Lysozyme was discovered by Alexander Fleming in 1921 when he demonstrated

that his own nasal mucus had the ability to inhibit the growth of a certain strain of

bacteria in culture. He realized that this was largely due to the action of a protein

within the mucus that caused the bacterial cells to lyse or break apart. Hence, he

named the protein lysozyme. In a 1922 publication (Alexander (1922)), he reported

its activity in hens’ egg white, tears, saliva, sputum, and nasal secretions. In a

subsequent study, Fleming in collaboration with V. D. Allison detected lysozyme

in human blood serum, saliva, milk, and a wide variety of other fluids.

Despite lysozyme antimicrobial activity toward harmless, airborne bacteria, it

proved to be ineffective against disease causing bacteria. Fleming, realizing that

there were no broad medical applications to his discovery, moved on to other

studies in chemical antiseptics. However, his work on lysozyme further stimulated

Fleming’s interest in antimicrobial agents and consequently led to the discovery of

penicillin in 1928, for which he later received a Nobel Prize in 1945.

In 1966, David Chilton Phillips, using x-ray crystallography, determined lysozyme

structure, the first ever solved for an enzyme. From this work, Phillips was able to

explain the mechanism of the enzyme catalytic activity. Lysozyme is now one of the

most abundant protein structures in the Protein Data Bank (pdb101.rcsb.org).

Here the features of the enzyme which have been discovered by physical methods

and chemical inspection:
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• the protein has a well maintained fold in all conditions;

• there is mobility in various parts of the protein - particularly side-chain

mobility, but also some general vibrations of the main chain;

• there is unconventional chemistry in the active site which is not just due

to hydrophobicity but is peculiar to the juxtaposition of particular residues.

This contrasts with the rather orthodox chemistry of the surface and the

absence of chemistry of the interior;

• there are particular conformational changes associated with some chemical

reactions which run some distance from the site of attack;

• there is a general conformational change of the whole protein associated with

changes of temperature and the binding of some reagents which crosslink

the groove. The protein can act as a cooperative unit for energy in these

reactions.

For further information, see Blake and Johnson (2008).

1.4.1 The role of fluctuations in the crystallization of lysozyme

The crystallization process of larger biomolecules such as proteins is not well

understood. So far, a significant lack of systematic knowledge exists, especially

regarding technical-scale crystallization processes. A study on the phase behavior

and mechanism of lysozyme crystallization can lead to a deep understanding about

lysozyme processes. Experimental and theoretical work has suggested that protein

crystal nucleation can be affected by the separation of two metastable liquid phases

with different local concentrations, or more specifically by critical density fluctua-

tions.

The phase boundaries (binodals) for metastable liquid–liquid (L–L) separation in

supersaturated hen egg white lysozyme solutions with 3%, 5%, and 7% (w/v)

NaCl at pH=4.5 and protein concentrations c between 40 and 400 mg/ml were

determined in 1997 by (Muschol and Rosenberger, 1997) (and later by (Manno

et al., 2003)). At high initial protein concentrations, a metastable gel phase formed

at temperatures above the liquid binodal. Both crystal nucleation and gel formation

were accelerated in samples that had been cycled through the binodal. Solutions

in the gel and L–L regions yielded various types of precipitates.

A limited region in the (T,c) plane favorable for the growth of protein single crystals

is delineated in Fig.1.11. The shaded area denotes compositions at which dense
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liquid clusters were detected by (Vekilov and Vorontsova, 2014). In fact, the two-

step mechanism explained before highlights the significance of protein-rich clusters

in protein crystal nucleation. Hence, understanding of the mechanisms of cluster

formation and the phenomena that govern their properties is a crucial part of the

rationalization of protein crystallization.

Figure 1.11: The clusters and the phase diagram of the protein solution.

Experimentally determined phase diagram of a lysozyme solution in 0.05 M sodium

acetate buffer pH 4.5 and 4.0% NaCl. Liquidus, or solubility, from Cacioppo

and Pusey (1991) and Howard et al. (1988); liquid–liquid (L–L) coexistence

and respective spinodal from Petsev et al. (2003); solution–crystal spinodal from

Filobelo et al. (2005); gelation line from Petsev et al. (2003) and Muschol and

Rosenberger (1997). The shaded area denotes compositions at which dense liquid

clusters were detected. Image taken from Vekilov and Vorontsova (2014)

The nucleation and crystal growth rates, crystal morphologies, solubility, second

virial coefficients, and cloud-point temperatures under different solution conditions

were experimentally measured and theoretically analyzed by (Lettieri, 2010). The
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nucleation rates were found to increase with the protein concentration and sodium

chloride concentration when crystallization occurred in the solid-liquid coexistence

region, and the dependence of nucleation rate on protein concentration was identified

to bifurcate into two groups around the liquid-liquid coexistence boundary.

The phase diagram for lysozyme (Fig.1.12) was calculated for the precipitant salt

NaCl using a potential of mean force that takes into account contributions from

ion-dispersion forces (J. Phys. Chem. B 110 24757). Lysozyme phase diagram

with NaCl has a metastable fluid-fluid coexistence curve. We will recall phase

diagram in Chapte r4 in order to understand where our conditions of salt and

protein concentration can be found in phase diagram.

Figure 1.12: Quantitative phase diagram of crystallization of lysozyme. (�)

Solubility data; (×) formation of crystals; (•) formation of precipitate. The error

bar cross is depicted on the supersolubility curve. The absolute measurement error

for lysozyme was about ± 2.5 and ± 5 g l−1 for NaCl. Image taken from Hekmat

et al. (2007)

1.4.2 The role in desease and therapy

The presence of lysozyme has proved to be responsible for some desease. Hereinafter

some examples are reported, mainly related to pathological syndrome.

The enzyme is a basic protein of low molecular weight that lyses susceptible bacteria
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by a reaction with cell-wall mucopolysaccharides releasing N-acetyl amino sugars

and N-acetyl amino sugar-peptide complexes. Kidney contains more lysozyme

activity than any other mammalian tissue, but little, if any, lysozyme activity

is found in normal urine. Lysozymuria has been reported in some children with

nephrotic syndrome and in some adults with renal disease, but no definitive evidence

of the source of urinary lysozyme is available (Darwin J. Prockop and Warren

D. Davidson (1964)).

Serum lysozyme (muramidase) concentrations were determined in patients with

different types of inflammatory bowel disease and in normal subjects (Kenneth

R. Falchuk and Isselbacher (1975)). The mean (± S.E.M. 3) lysozyme concentration

for each group was as follows: controls, 8.8 ± 0.3, ulcerative colitis, 9.3 ± 0.6,

Crohn’s disease, 26.3 ± 1.4, and bacterial and nonbacterial enteritis, 8.9 ± 0.7

µg per milliliter. Thus, mean enzyme levels were significantly greater in Crohn’s

disease than in ulcerative colitis (p ≤ 0.001), bacterial and nonbacterial enteritis (p

≤ 0.001) and healthy volunteers (p ≤ 0.001) 4. The elevation of serum lysozyme in

Crohn’s disease may be related to tissue macrophages (Rocha Juliana D. B. (2015))

because no correlation was found between either the serum lysozyme concentration

and the white-cell counts or the absolute numbers of circulating granulocytes or

monocytes (see Fig.1.13).

Finally, as the lysozyme story continues to unfold, rheumatic disease is one area

where the study of this fascinating protein will be most important. The special

biochemical features of lysozyme, its hexosaminidase function, its ability to bring

about transglycosylation, its homology to α-lactalbumin, and its cationic nature,

suggest that the connective tissues may prove to be the key to the understanding

of the function of lysozyme. As methods for its accurate measurement become

standardized, better data on the activity of the enzyme in various tissues and body

fluids, in both health and disease, will be forthcoming. As additional studies are

done to ascertain which of the hypothetical functions attributed to lysozyme are of

significance in vivo, it will be the student of the connective tissues and the diseases

thereof who can be expected to profit most from an understanding of the role of

lysozyme in mammalian biology (R.A. (1976)).

On the other hand, lysozyme is a cornerstone of innate immunity (Ragland SA

(2017)). The mechanism for bacterial killing by lysozyme occurs through the

3Standard Error of the Mean
4In null hypothesis significance testing, the p-value is the probability of obtaining test results

at least as extreme as the results actually observed, under the assumption that the null hypothesis

is correct.
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Figure 1.13: Paneth cell dysfunction has been linked to Crohn’s disease. Nod2 and

LRRK2, two genetic susceptibility factors for this disease, are now shown to have a

role in regulating the sorting of lysozyme in Paneth cells and its secretion into the

crypt space and, ultimately, in maintenance of the intestinal barrier. Image taken

from Rocha Juliana D. B. (2015)

hydrolysis of cell wall peptidoglycan (PG). Conventional type (c-type) lysozymes

are also highly cationic and can kill certain bacteria independently of PG hydrolytic

activity. Reflecting the ongoing arms race between host and invading microorgani-

sms, both gram-positive and gram-negative bacteria have evolved mechanisms to

thwart killing by lysozyme. In addition to its direct antimicrobial role, lysozyme

modulates the host immune response to infection. The degradation and lysis of

bacteria by lysozyme enhance the release of bacterial products, including PG, that

activate pattern recognition receptors in host cells. Yet paradoxically, lysozyme is

important for the resolution of inflammation at mucosal sites. Lysozyme also plays

a role in limiting inflammation systemically, resulting in decreased inflammatory-

driven pathology (Ganz Tomas and Liao (2003)). LysM mice infected with Klebsiella

pneumoniae by intratracheal injection have an increased bacterial burden but

also produce less IL10, an anti-inflammatory cytokine, compared with WT mice

(Callewaert (2010)). Similarly, in an otitis media infection, LysM mice experienced

enhanced inflammation compared with WT mice, which was concomitant with

decreased bacterial clearance.

1.4.3 Fibrils formation

Linear structures formed by proteins such as actin and tubulin are reversible

and highly dynamic. Misfolded or partly unfolded globular proteins also often

form linear structures but these fibrillar protein aggregates usually form slowly
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and are essentially irreversible. A case in point are the amyloidoses, such as

Alzheimer’s disease, Creutzfeld-Jacob disease, prion disease, etc. (see Fig. 1.14).

These are associated with deposition of fibrillar protein aggregates in various organs

(M. Sunde (1998)). For most of these proteins conditions have also been found

under which they form fibrillar aggregates in vitro.

It is not exactly clear to what extent fibril formation is mechanistically similar for

different proteins under similar circumstances. Although some authors have called

the fibrils such as those formed by β-lactoglobulin “amyloid fibrils” (W.S. Gosal

and Ross-Murphy (2002), L.M.C. Sagis and van der Linden (2004)), no detailed

comparison has been made, yet. Therefore, studies of heat-induced fibril formation

continued by studying fibrillar aggregation of hen egg white lysozyme (HEWL)

under conditions (temperature of 57◦C, pH 2–4, and low ionic strength) similar to

those used in previous study of β-lactoglobulin.

HEWL has been recently found to form amyloid fibrils in vitro (M.R.H. Krebs and

Dobson (2000), S. Goda and Yutani (2000), A. Cao and Lai (2004)). It is also one

of the best characterized and most studied of all proteins. Its folding-unfolding has

been studied in detail and unfolding intermediates have been found. It is also an

important food protein.

Furthermore, HEWL is homologous to human lysozyme, which is one of the proteins

that cause an amyloid disease upon mutation and for which aggregation is also

observed in vitro. The formation of amyloid aggregates in vitro by wild-type and

point-mutated human lysozyme has been studied by Morozova-Roche (see L.A.

Morozova-Roche and M. Joniau (2000)). Amyloid fibril formation was observed

upon incubation of the wild-type and the variant human lysozymes at conditions

in which partially folded intermediates are highly populated. Seeding experiments

proved that the fibril formation was greatly influenced by the presence of the seeds.

Short fibrils and rings were observed by Atomic Force Microscopy (AFM), which

was used as a basic monitoring technique.

AFM is used both to confirm the presence of fibrillar aggregates in the HEWL

samples at pH between 2.0 and 4.0, heated for different times at temperatures

between 57◦C and 80◦C, and to study the fibril morphology in as much detail as

possible. For HEWL solutions at pH 2.0 heated at 57◦C the average fibril length

is ≥ 5 µm and the longest fibril observed was 16 µm (Arnaudov and de Vries

(2005)). Mostly thick and some thin fibrils are observed (see Fig. 1.15, c and

d). The thick fibrils consist of shorter rodlike subunits, as shown in detail in

Fig.1.16, a and b. Fig.1.16, a and b, are identical tapping mode AFM height

images of HEWL fibrils, as Fig.1.16 a shows the original image and Fig.1.16 b shows
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Figure 1.14: Co-localization of lysozyme and A β 1-42 in Alzheimer disease plaques.

A) Representative image of peroxidase immunohistochemistry with an antibody

specific for lysozyme, showing abundant staining of neuritic (arrowhead) and diffuse

(asterisk) plaques in human Alzheimer disease inferior temporal cortex tissue. B)

Immunohistochemistry of lysozyme showing the presence of lysozyme around a

plaque core (arrowheads). C-E and F-H) Double imunoflourescence labeling of

the A β 1-42 (green) and lysozyme (red) demonstrating co-localization of the two

proteins (yellow in merge) in the typical cortical plaques in Alzheimer’s disease.

Image taken from M.R.H. Krebs and Dobson (2000).

the same image superimposed with marks of the visible boundaries of the rodlike

subunits. In the inset in Fig.1.16 b a blow-up of one of the boundaries between

such subunits (marked by a white arrow) is shown. In Fig.1.15, c and d, one can
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Figure 1.15: Tapping mode AFM height images of fibrils formed from lysozyme

solutions at pH 2.0: (a) 1.0 wt %, 4 days at 80◦C; (b) 1.0 wt %, 6 days at 60◦C;

(c) 2.0 wt %, 69 h at 57◦C; (d) 3.4 wt %, 69 h at 57◦C. S. Goda and Yutani (2000)

see examples of bending occurring at boundaries between different subunits. The

subunits themselves remain straight. With increasing initial protein concentration

the number of fibrils observed increases and they tend to form bundles (Fig.1.15

d).

The fibril morphology is complex. The fibrils formed at pH 2.0 are long and

straight with a length of the order of 5 µm and predominant thickness of ∼
4 nm and consist of stiff rodlike subunits with length either 124 or 157 nm.

On a smaller scale the fibrils consist of a coiled structure with a period of ∼
30 nm that gives the appearance of the rodlike subunits probably because of

defects occurring every four or five turns (Vishwanath Sivalingam and Sharma

(2016)). Such polymorphism affects the biological properties of protein aggregates;

in fact, small metastable oligomers, rather than mature fibrils, are thought to

be the toxic species in neurodegenerative diseases and amyloid polymorphs are
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Figure 1.16: (a) Tapping mode AFM height images of fibrils formed from 2.0 wt %

lysozyme at pH 2.0, heated for 13 days at 57◦C; (b) The same as in a with marks

on the visible subunits boundaries (white lines). The inset shows a blow-up of the

connection between two subunits marked by an arrow. Image taken from (Arnaudov

and de Vries (2005)

at the basis of species barriers and strains in prion diseases. Since the fate of

the aggregation process can vary depending on the tissue in which it occurs,

on the cellular and subcellular localization of the protein, and on environmental

conditions, it is important to increase the understanding of how these species

acquire the characteristics that lead to disease.

The existence of different morphologies in the fibrillar material formed by human

lysozyme in vitro is due to fundamental differences in the conformation of the

protein within the amyloid structure. Toxic fibrils formed at physiological pH

have a lower β-sheet content and are less stable to depolymerization than those

formed at acidic pH, which are not toxic (Mossuto MF, 2010). Such polymorphism

is different from that of fibrils formed from polypeptides devoid of cooperatively

folded structure such as the GNNQQNY and NNQQ peptides from the yeast prion

protein α-synuclein, and Aβ, where it is instead probably due to differences in the

orientation of the protofilaments and the inter-digitation of side chains, which lead

to fibrils that, contrary to what we have observed, have very similar stabilities.

These fundamental differences in the properties of the protein embedded in the

fibrils can, however, have consequences with regard to the morphology, shape and

diameter, of the two types of fibrils. Variations in the number, arrangement,

and diameter of protofilaments could in fact arise from the way the lysozyme

molecules in the fibrillar context guide the hierarchical supra-molecular assembly

of the fibrils.



Chapter 2

Scattering fundamentals

Scattering of electromagnetic radiation occurs whenever it encounters a heteroge-

neity of the medium in which it is propagating, whether due to variations in density

or composition (Bohren and Huffman, 2008). Such heterogeneity may be at the

atomic, molecular, or greater scale, such as groups of molecules or agglomerate

systems.

Electromagnetic radiation propagating in a medium without any inhomogeneity is

not treated within the scattering theory. Nonetheless, typical optical phenomena

such as diffraction, reflection and refraction can be ultimately ascribed to scattering

(Fearn et al., 1996, Lalor and Wolf, 1972). Strictly speaking, a perfectly uniform

medium does not exist as a consequence of the mere corpuscular nature of matter. It

can, however, be considered as such depending on the wavelength of the radiation,

which determines the relevant length scale of the phenomenon (Born and Wolf,

2013).

Given the scope of this work, scattering can be described by a classical perspective

(Fig.2.1); the basic mechanism is the following. The electromagnetic wave excites

electrons in the molecules it encounters, causing them to oscillate along with

it in a definite phase. Accelerated electric charges then radiate electromagnetic

waves in all directions by acting like small dipole antennas. The most prominent

aspect of scattering is that energy is radiated in a variety of directions other

than the direction of incidence. When electromagnetic waves are scattered at

the same frequency as that of the incident wave, scattering is said to be elastic.

Other phenomena such as Raman scattering, phosphorescence, fluorescence, or even

thermal radiation do not exploit this property, as in some way they are related to

absorption. As Miles et al. (2001) point out, scattering does allow for in-depth

insight. The anisotropy of molecules, collective scattering from many molecules

and inelastic scattering associated with rotational and vibrational transitions all

contribute to depolarize the scattered field and influence the spectral response of the

sample. In the samples we are interested in, however, inelastic Raman scattering

is generally much weaker than elastic scattering (Redmond et al., 2010).

29
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Figure 2.1: Light scattering principle. Image taken from Cremonesi (2020)

Hereinafter we will consider the elastic scattering caused by a micrometric and sub-

micrometric particle acting as a non-spherical polarizable obstacle. This includes

particles which have a complex internal structure, assemblies of composite materials

and small scatterers like protein crystals, provided that such systems are finite in

size.

What follows is a brief review of an essential set of theoretical tools, aiming at

discussing some important properties and results about polarized and depolarized

scattering, followed by the discussion about diffusion.

2.1 Scattering amplitude

Light scattering is a technique largely used to determine different properties of

macromolecules in solution involving beam of light of a given wavelength that

illuminates the sample. The experiment is sensitive to impurities, hence great care

must be taken to exclude dust particles from the solution. Radiation scattered

by the sample, at the same wavelength, is measured as a function of the angle

between the incident beam and the detector. The main difference between light

scattering and visible range spectroscopy is that in the former technique, only

elastic scattering by the particles in the solution is considered. This is the reason

because the measurement of scattering is made at the same wavelength as the
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incident beam. In this respect, the technique is similar to diffraction. However, in

diffraction, the interference pattern formed by the radiation scattered from different

particles is measured. Moreover, they do not absorb the incident radiation, and

therefore the scattered radiation has the same wavelength. Thus the term elastic

scattering. In general, there are two situations: (a) when the particles are smaller

than the wavelength, and (b) when they are comparable in size to wavelength. Let

us consider the situation when the molecules are smaller than the wavelength of

the incident and scattered radiation. Since light is electromagnetic radiation, it has

electrical as well as magnetic components. However for the purposes of the present

discussion we concentrate only on the electric field component E, and ignore the

magnetic component.

The particle in the origin of the reference frame is exposed to an incoming field

E0 ∼ eikz−iωt, where k = 2π
λ and λ is the wavelength relative to the surrounding

medium, and scatters light at all angles. Restricting our description to linear optics

and avoiding multiple scattering, we assume the scattered field to be related to the

incoming field by a linear function.

At a distance r from the origin, in the far field zone, the scattered wave Es is a

spherical wave modulated and dephased as follows 1:

Es(r, θ,ϕ) = S(θ,ϕ)
eikz−ikr

ikr
E0 (2.1)

where i is the imaginary unit, θ is the scattering angle with respect to the direction

of propagation of the incoming light, while φ is the azimuth angle as defined in

figure 2.2. This equation defines the scattering amplitude, S(θ,ϕ), a complex

dimensionless quantity which links the incoming field to the scattered field, and

completely determines the scattering by an arbitrary particle of finite size.

It is a complex quantity since, in general, the scattered field is not in phase with

the incident field. S(θ,ϕ) is normalised on its integral, as it will be discussed in

section 2.2 (see equation (2.8)).

In equation (2.1) the simplified case in which S(θ,ϕ) is a scalar quantity and

E0 is not polarized is considered. The polarization of the incoming light breaks

the symmetry of this equation (Bohren and Huffman, 2008). For example, let

suppose that the incident field is polarized linearly along the x-axis (figure 2.2).

Since electromagnetic radiation is a transverse wave, Es ‖ and Es⊥ must behave

differently: the intensity on the scattering plane parallel to the direction of polari-

zation drops at about θ = 90◦, because this direction is parallel to the oscillations of

the charges in the particle. This should be considered in any application involving

1for simplicity, we drop the time dependence.
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Figure 2.2: Schematic of the scattering geometry of an arbitrary particle in an

incident radiation field. The arrows represent the direction of propagation of the

fields which is parallel to the wave vector and to which the fields are orthogonal. This

defines the positive direction of the z-axis, while the incident and scattering direction

together define the scattering plane. θ = 0 corresponds to forward scattering, while

θ = π to backward scattering. Image taken from Cremonesi (2020)

a sensor collecting light at a large scattering angle, θ, or over a large solid angle.

Another factor that can break the symmetry in equation (2.1) is the particle shape,

even when illuminated by unpolarized light. This effect is strong in the Rayleigh

regime (see section 2.3) for light scattered at θ = 90◦ (Jackson, 1999).

It should be obvious that the scattering amplitude function contains all the in-

formation required for the complete solution of the scattering problem for a scalar

wave. The formalism can be generalized to polarized transverse waves. In the most

general case, a matrix of four different scattering amplitudes will relate linearly the

complex amplitudes of the two possible incoming polarization components to the

complex amplitude of the two outgoing polarization states. For the intensities,

this will give rise to a scattering matrix of 16 elements, each a function of the

scattering angle. Different symmetry properties of the scattering particles will

reduce the number of independent elements of the matrix.

In the important case of homogeneous spheres, the scattering amplitude matrix

is diagonal. This symmetry leads to the simplest possible result for a polarized

incident beam. There are only two amplitude functions, and these functions

only depend on the scattering angle θ. For the component of the electric field

perpendicular to the plane of scattering (defined by the incidence and observation
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directions), we can write

Es⊥ = S1(θ,ϕ)
eikz−ikr

ikr
E0⊥ (2.2)

while for the component of the electric field parallel to the scattering plane we have

Es ‖ = S2(θ,ϕ)
eikz−ikr

ikr
E0 ‖ (2.3)

S1 gives the amplitude of the perpendicular component of the incident field in Es⊥.

Similarly, S2 gives the amplitude of the parallel component of the incident field in

Es ‖.

One aspect which is worth highlighting here is that within the extension of the

incident beam, E0 and Es superimpose and interfere. Whether the interference is

constructive or destructive depends on the phase of S(θ,ϕ). This is particularly

relevant at θ = 0, where the incident field cannot be avoided, since it is related to

the total scattering cross section, as will be detailed later on (section 2.2).

In many laboratory settings the source consists of a laser Gaussian beam, so that

in the far-field there is only the scattered radiation at θ > 0. A detector placed

anywhere at a large distance from the particle will sense an intensity given by

Is(r, θ,ϕ) =
|S(θ,ϕ)|2

k2r2
I0 (2.4)

where

|S(θ,ϕ)|2 =
1

2

(
|S1(θ,ϕ)|2 + |S2(θ,ϕ)|2

)
(2.5)

The quantity |S(θ,ϕ)|2 is of interest in that it reflects the internal structure of the

particle (Debye and Bueche, 1949, Debye et al., 1957).

2.2 Extinction, scattering and absorption

The scattering of electromagnetic waves by particles whose dimensions are small

compared with the wavelength is a common occurrence. It is convenient to think

of the incident radiation field as inducing electric multipoles that oscillate in a

definite phase relationship with the incident wave and radiate energy in different

directions. The exact form of the angular distribution of radiated energy is governed

by the coherent superposition of multipoles induced by the incident field. The

Optical Theorem is a deceptively simple relation whose generality and far-reaching

implications make it a milestone of scattering theory. It connects the total extinction
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cross section of a scatterer to the real part of the scattering amplitude.

When a particle intercepts an electromagnetic wave, the power it removes from the

incident beam equals the product between the irradiance (energy per unit area per

unit time) of the incident beam and some area. This area defines the extinction

cross section, σext. The absorption cross section, σabs, can be similarly defined as

the area one must consider in evaluating the flux of the incident beam so that this

equals the power absorbed by the particle:

Pext = I0 · σext ; Pabs = I0 · σabs (2.6)

To the purposes, it is important that these two quantities are not defined from a

geometrical point of view, but rather with the energy balance.

2.2.1 Optical Cross Section and Optical Theorem

Let’s consider a monochromatic wave to be incident on a scatterer. For simplicity

the surrounding medium is taken to have µr = εr = 1. The total energy per unit

time scattered in all directions equals the power per unit area of the incident wave

traversing some area σsca, which is named scattering cross section and is defined

as

σsca =
1

k2

∫
4π

|S(θ,ϕ)|2 dΩ (2.7)

where dΩ = dϕd(cos θ) is the element of solid angle and S(θ,ϕ) is the quantity

defined in previous section.

Scattering has some further interesting features. The differential scattering cross

section is defined as the cross section per unit solid angle, so that

σsca =

∫
4π

dσsca dΩ (2.8)

Combining (2.8) and (2.7), it is possible to obtain the following equation:

σsca =
1

k2
|S(θ,ϕ)|2 (2.9)

This physical quantity is experimentally accessible in angle light scattering mea-

surements and establishes a direct link with theory. It bears essential information

about the internal structure of the scatterer.

The angular dependence of the scattering cross section is precisely what distinguishes

a sphere from an amorphous particle having the same geometrical cross section or
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the same volume.

A fundamental relation, called the optical theorem, connects the total cross section

of a scatterer to the immaginary part of the scattering amplitude. The theorem

follows from very general consideration of the conservation of energy and power

flow. To establish the theorem, the scattering geometry shown in Fig.(2.2) is

considered.

A plane wave with wave vector k0 and electric field E0 is incident in vacuum on

a finite scatterer that lies inside the surface S1. The scattered field Es propagates

out from the scatterer and is observed far away in the direction of k. The total

field at all points in space is, by definition E =Ei+Es. The scattere is, in general,

dissipative and absorbs energy from incident wave. The absorbed power can be

calculated by integrating the inward-going component of the Poynting vector of the

total field over the surface S1, meanwhile the scattered power is normally calculated

by considering the asymptotic form of the Poynting vector for the scattered field.

This power can be evaluated also as an integral over the surface. The total power

is related to the forward scattering amplitude according to:

P =
2π

kZ0
=m[E∗0ε

∗
0 · S(k = k0)] (2.10)

where S is the scattering amplitude in k direction, ε0 the polarization and Z0

is impedence. Given the above definitions, the total cross section (called also

extinction cross section in optics) is defined as the ratio of the total power to the

incident power per unit area. So, the optical theorem states that

σext =
4π

k
=m[ε∗0 · f(k = k0)] (2.11)

where f is the normalized scattering amplitude defined relative to the amplitude of

the incident wave at the origin as

f(k, k0) =
S(k, k0)

E0
(2.12)

2.3 Rayleigh scattering

Rayleigh scattering is the scattering of electromagnetic radiation by small dielectric

scatterers. It is named after the English scientist Lord Rayleigh who was one of the

Nineteenth Century’s most prolific scientists and made contributions in many areas

in mathematics, physics and chemistry, including some of the earliest studies on

the scattering of light following the development of James Clerk Maxwell’s theory
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of electromagnetism.

Any particle much smaller than the wavelength behaves much like the electric

dipole. Rayleigh scattering results from the electric polarizability of the particles.

The oscillating electric field of a light wave acts on the charges within a particle,

causing them to move at the same frequency. The particle, therefore, becomes

a small radiating dipole whose radiation we see as scattered light. The particles

may be individual atoms or molecules; it can occur when light travels through

transparent solids and liquids, but is most prominently seen in gases.

The assumption on size ensures that the external field varies slowly over the length

scales which characterize the particle with which it interacts, so that all of the

charges perceive a homogeneous field and collectively oscillate in phase.

If the incident light is not polarized, the scattered intensity I(θ) is proportional to

|S(θ)|2 = k6|α|2 1 + cos2 θ

2
(2.13)

where α is the extinction coefficient. The terms 1 and cos2 θ are related to the

component of the incident field whose polarization is parallel or perpendicular to

the scattering plane, respectively.

It is important to notice that the scattering amplitude defined above gives a

scattered field in phase with the incident field. Since our goal is to explore the

connections with the optical theorem, we need to refine this approximation by

including a second order term at θ = 0:

S(0) = ik3α+
2

3
k6|α|2 (2.14)

Higher order terms in k3α might be considered to account for deviations from the

Rayleigh regime. Let us now verify that the two terms in Eq. (2.14) are enough to

give a complete picture. So, the scattering cross section in this case is:

σsca =
1

k2

∫
4π

∣∣ik3α
∣∣2 1 + cos2 θ

2
dΩ =

8π

3
k4α2 (2.15)

On the other hand, the second order term in Eq. (2.14) gives

σext =
4π

k2
ReS(0) =

4π

k2

2

3
k6α2 =

8π

3
k4α2 (2.16)

i.e. the classical Rayleigh scattering cross section(Jackson, 1999). We note that if

the particle is non absorbing, σsca = σext, as it should.

Since α is proportional to the volume V of the particle, the term k3α is small and
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ImS(0) � ReS(0) (assuming α is real, see below). The modulus of the scattered

field is then essentially due to the imaginary part of the scattering amplitude.

Nonetheless, S(0) cannot be a purely imaginary number: extinction can be traced

back to the smaller term ReS(0), as a result of the optical theorem discussed in

section 2.2. In some cases, overlooking this term is an acceptable approximation in

so far as a small, non-absorbing particle removes almost no power from the light

source (a→ 0). The phase of S(0) is even more relevant for larger particles.

Absorbing particles have a complex polarizability, then

σabs = −4πk Im(α) (2.17)

Since α is an extensive physical quantity, absorption is proportional to the volume

of the particle V , whereas scattering is proportional to V 2: even a small absorption

becomes the prevalent effect for very small particles. Beyond absorption, scattering

has a very strong dependence on the wavelength which, for example, accounts for

the color of the sky.

Finally, the strong wavelength dependence of the scattering (∼ λ−4) means that

shorter (blue) wavelengths are scattered more strongly than longer (red) wavelengths,

as show in Fig. 2.3. This results in the indirect blue light coming from all regions of

the sky. Rayleigh scattering is a good approximation of the manner in which light

scattering occurs within various media for which scattering particles have a small

size. For our purpose, Rayleght scattering is interesting because of our studies

about gold nano-particle, as described in Appendix 4.4.

2.4 Depolarized scattering

A light-scattering experiment consists of focusing a beam of laser light onto a

sample and then measuring some properties related to the intensity and polarization

of the scattered light with a suitable detection system. Light scattering is caused

by thermal fluctuations in the dielectric constant of the scattering medium. By

selection of the polarizations of the incident and scattered light beams, it is possible

to observe different types of fluctuations. To our purpose, we should briefly recall

some notions about depolarized scattering, in addition to depolarized scattering.

A typical depolarized light-scattering experiment may be described as follows. Let

us consider a coordinate system such that an incident light beam is traveling

somewhere in the xy plane with polarization in the z (vertical) direction and the

scattered light is observed along the x direction with a polarizer selecting out the J’

(horizontal) polarization. The scattered light can be selected through an analyzer
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Figure 2.3: Rayleigh scattering effect on color of sky: intensity as related to ∼ λ−4,

so lower wavelength leads to higher light intensity. The color blue is, hence, the

main color for our sky. Image taken from Wikipedia.
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to be either parallel or perpendicular to the vertical polarization, thus defining

the two scattered fields EV V and EV H , respectively, the so called polarized and

depolarized scattered fields. In the same way, IV V and IV H can be called polarized

and depolarized scattered intensity.

The only depolarized component that can be measured is the EV H that can be

selected by crossing an analyzer with the polarization plane of the incoming beam.

By accurately changing the axis of the analyzer one can change the amount of

transmitted light by a factor f accordingly, thus determining a new local oscillator

that has a much smaller amplitude. By contrast, the depolarized intensity is

completely transmitted. The light intensity after the analyzer is given by

I ≈ ILO + 2
√
ILO<[fEV V ] + 2

√
ILO<[fEV H ] (2.18)

where <e indicates the real part of the complex numbers, the new local oscillator

is ILO=fIt and It is the transmitted intensity.

By using the adimensional scattering amplitudes as in Section 2.1, for a collection

of N monomers with both positions and orientations at random, the polarized and

the depolarized scattered amplitudes can be obtained using spherical harmonics

functions, average polarizability and the anisotropy of the particle polarizability. As

it can be immediately appreciated, as monomers change their orientations just the

result of the sum changes, thus making the first- and second-order terms fluctuate

synchronously. Indeed, one can equally measure rotational diffusion from one of

the two terms at will.

2.5 Diffusion

The key physical concept within our purpose is diffusion. This is the thermal

motion of particles within a medium, for example, dust particles in the air. Diffusion

takes place in nearly all soft matter disciplines from the biology of Dynein diffusing

along a cytoskeletal microtubule to the physics of how varied particle sizes, and

hence varied diffusion, can cause a diversity in the properties of a drying film.

It was then shown experimentally by Thomas Graham (1833) that diffusion could

also be applied to gases and liquids. One of the experiments he ran, involved

placing an end of a tube, containing hydrogen, into water while plugging the other

end with a stucco plug. The stucco plug allowed both air and hydrogen to diffuse

through it. Since hydrogen diffuses out faster than the air diffuses in, a pressure

gradient is created, which causes water to be pulled into the tube.
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Then, a physician named Adolf Fick developed a theory to support the experiments

done by Graham introducing, for the first time, the term: Diffusion Coefficient

(L. (2009)). In 1827, Robert Brown discovered Brownian motion, which showed

that diffusion is caused by collisions between the molecules of a continuous phase

and other particles within that phase, termed colloidal particles. This discovery,

combined with the work by Fick, started the advances in the theory of particle

diffusion.

2.5.1 Traslation diffusion coefficient

Finally there was the development of the Einstein-Smoluchowski relation which

defined a diffusion coefficient that is only affected by the force placed on the

particles through the collisions of solvent molecules. The relation was found to

be proportional to the temperature and inversely proportional to a drag constant,

which when Stokes’ law is applied, gives the well known equation:

D0 =
kbT

6πηrh
(2.19)

where D0 is the Stoke-Einstein diffusivity in m2s−1, kb is the Boltzmann constant,

T is the temperature in Kelvin, η is the viscosity of the continuous liquid and rh is

the hydrodynamic particle radius 2. The denominator is the drag given by Stokes’

law and the overall equation is the Stokes-Einstein relation that is still used today

to describe diffusion in liquids.

However, the Stokes-Einstein relation only applies to dispersions that are within

the limits of low concentration, which is not always the case. In highly concentrated

systems where the number density of the colloids is large, the diffusion is changed

in many ways, depending on the particle radius and the concentration. This is

because Stokes’ law applies to suspensions where the colloids are considered to

be completely independent (in dilute suspensions). However, as the concentration

increases, the particle separation becomes small and they start to interact through

hydrodynamic interactions. This is where apparent Diffusion starts to vary from

self-diffusion and is called cooperative diffusion (see Fig. 2.4).

Another problem, that can affect the validity of the Stokes-Einstein relation, is the

charge of the particles. The electrostatic interaction affects the diffusion in a similar

way to the hydrodynamic interactions but has a longer range and a stronger effect.

2The hydrodynamic diameter of a non-spherical particle is the diameter of a sphere that has

the same translational diffusion speed as the particle.
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Figure 2.4: Different forms of particle motion. The first diagram shows a particle

following self-diffusion without interaction with other particles. The second shows

the caging effect, where particle interactions restrict the diffusion and the third

represents cluster movement, where a group of particles diffuse as a cluster. Image

taken from L. (2009)

This interaction becomes important for highly concentrated dispersions because

particles require a charged surfactant to obstruct occultation. However the effect of

charge can be controlled by adjusting the Debye length. The Debye length defines

the distance at which an electric field will be screened out; hence if the Debye

length is less than the average particle separation, then generally the particles will

not interact. Obviously due to random motion, particles will come closer than their

average particle separation but this can be neglected with a small enough Debye

length.

The main underlying concept behind diffusion is Brownian motion that, until

Einstein had developed his statistical model in 1905, was deemed impossible to

calculate due to the extremely large number of collisions per second. However by

this point diffusion was a reasonably well known topic within the physics of gases,

wherethe diffusion equation was first introduced by Adolf Fick (Philibert (2005)).

The equation was developed from a combination of the continuity equation:

∂φ

∂t
+ O · j = 0 (2.20)

where φ is the density and j is the flux, and from Fick’s own first law that defines

the flux of a diffusing system to be proportional to a density gradient within the

material. When, in the continuity equation, flux is replaced by this approximation,
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it gives the well known diffusion equation:

∂φ(r, t)

∂t
= O · [D(φ, r) · Oφ(r, t)] (2.21)

whereD(φ, r) is the diffusion coefficient, as a function of density and time. However,

in most cases, the diffusion coefficient is considered to be constant across the

material and so it can be taken outside the differential. It was a solution to

this equation that both Einstein and Sutherland utilized to derive an equation

to describe the movement of Brownian particles.

2.5.2 Rotational diffusion coefficient

Our instrument is sensible to the rotation motion of the particles. For this reason,

rotational diffusion is a great concept to be addressed. Rotational motion occurs

when sample particles collide with solvent and depends on shape, size and material

birefringence. Debye model describes the orientation process of a molecule based

on the fact that the rotational angle between two following collisions is very small,

thanks to the high collision frequency. Each molecule follows its own trajectory,

remaining in a unit radius sphere anyway. Let’s consider the diffusion equation in

spheric coordinates

∇2r =
1

sin2 θ

(
∂

∂θ
(sin θ

∂

∂θ
) +

∂2

∂φ2

)
(2.22)

and the rotational diffusion equation:

∂c(u, t)

∂t
= Θ

1

sin2 θ

[
∂

∂θ
(sin θ

∂

∂θ
) +

∂2

∂φ2

]
c(u, t) (2.23)

where Θ is the rotational diffusion coefficient and u is the dipole orientation versor.

A dipole moment is induced in a molecule when a laser beam hits it. Amplitude

and direction change in time because they depend on molecule orientation. In

this way a fluctuation occurs and so is the polarization. For anisotropic molecules,

polarization tensor has no diagonal elements, so the dipole moment is not necessary

parallel to an electric field in which the molecules are put.

Let us consider a solution for molecules with cylindrical symmetry. The incindent

beam, described by wave vector ki, stays in plane x-y, meanwhile kf describes

diffusion beam in x -direction. A polarizer and an analyzer select electric field

parallel to z -axis and the tensor components can be written as

αzz = α+

√
16Π

45
βY2,0(θ,φ) (2.24)
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αyz =

√
2Π

15
β[Y2,1(θ,φ) + Y2,−1(θ,φ)] (2.25)

where

Y2,0(θ,φ) =

√
5

16π
(3 cos2 θ − 1) (2.26)

Y2,±1(θ,φ) = ∓
√

5

8π
sin θ cos θe±iφ (2.27)

are the second order spheric harmonics. α and β are combination of parallel and

perpendicoular vector component and are, respectively, the isotropic part of the

tensor and the optical anisotropy. For a sample of N macromolecules, correlation

function of diffuse wave at certain angle θ and z or y direction are

IV V (q, t) = IISO(q, t) +
4

3
IV H(q, t) (2.28)

IV H(q, t) =
1

15
< N > β2e−6Θte−q

2Dt (2.29)

where D is the diffusion coefficient obtained in previous section and Θ is, finally,

the rotational diffusion coefficient:

Θ =
kBT

8πηR3
(2.30)

All the concepts expressed in this chapter are necessary and useful to understand

what we have done. In the following chapters we will discuss experimental setup,

methods and samples involved in this work.





Chapter 3

Experimental Setup

There are several ways to experimentally determine the sizes of proteins or other

small particles. Standard optical microscopy is one option, although diffraction

limits the spatial resolution to half the wavelength of the light. While there are

other microscopy methods that do not have such limitations, a simpler approach to

this problem is to take advantage of the Brownian motion of very small particles.

The probability distribution of the “random walk” of particles is proportional

to their diffusion constant, which in turn is related to the particle radius. If

a monochromatic, coherent light source illuminates a solution of these particles,

then the intensity of the scattered light will change continuously with time as

the particles diffuse in random directions. Detecting and analyzing these changes

in intensity as a function of time can lead to the determination of the diffusion

coefficients and hydrodynamic radii of the particles (Fig. 3.1). This method is

called dynamic light scattering.

First of all, dynamic light scattering (DLS) will be well described in Sec. 3.1.1,

followed by some applications. DLS is useful to study particles’ traslational diffusion.

Then, in Sec. 3.2, we will focus on depolarized dynamic light scattering (DDLS) and

the alternative techinque more suitable for our purpose, the confocal depolarized

dynamic light scattering (cDDLS). These techinques are useful to study particles’

rotational diffusion.

Finally, a combination of dynamic light scattering (DLS) and confocal depolarized

dynamic light scattering (cDDLS) will be presented in Chapter 4 as the main

technique used for our purpose.

3.1 Principles of DLS

DLS capitalizes on the interaction between light and electrons (Rayleigh or Mie

scattering). This method is able to detect signals from particles about few microns

45
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Figure 3.1: Light intensity: different particles’ size produces different type of

intensity fluctuations. Image taken from Particle Size Analysis – Dynamic Light

Scattering (DLS)

in size. The electric field of the visible light causes the electron to oscillate and

through this motion the electron re-emits the light in an arbitrary direction (Fig. 3.2).

This can happen also to the particles and not only to electrons. Therefore, a small

fraction of the impinging light will be scattered towards the detector: it is the

superposition of these light waves that yields the particular scattered intensity.

The fluctuation in this intensity is caused by two main characteristics of the

particle motion. The first is called the number fluctuation term, which causes

erratic changes in intensity due to particles entering and exiting the observation

volume. As the particle enters the volume, light is scattered from it creating a

new source of scattering and hence will cause a new source of interference changing

the intensity (as it can be seen in Fig. 3.3). However, in this measurements, this

change in intensity is negligible compared to the intensity of the local oscillator

(laser light) and therefore can be ignored.
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Figure 3.2: Laser light scattered in different directions. Image taken from Particle

Size Analysis – Dynamic Light Scattering (DLS)

The other characteristic that affects the intensity is the particle motion in respect

to each other. Each particle is emitting a field, so the overall intensity becomes

the square of the sum of the fields. The phase of the fields at the detector will

vary depending on the position of the particle within the confocal volume so

therefore interference must be accounted for. Hence, if two particles go from being a

quarter integer wavelength apart (parallel to direction of detection) to being a half

integer wavelength apart, the subsequent field will go from completely destructive

to completely constructive interference. This will cause a change in the overall

intensity and, thus, defines the characteristic time which can be found through a

correlation function. We will focus on different regime and characteristic time in

section 3.3.

Once the light is emitted by the particles in the direction of the detector, the total

fields are collected by a (single mode) optical fiber. It can then be mixed with

the local oscillator or just sent directly to the detector, which is called homodyne

measurement. Heterodyne is the most stable regime because even a small amount

of local oscillator can cause great inaccuracies in results of a homodyne experiment.

Finally the intensity trace is correlated with itself (or with another intensity trace

in cross-correlation) to give the final correlation function, where the diffusion

coefficient can be extracted.

So, the benefits of DLS are:



48 3.1 Principles of DLS

Figure 3.3: Dynamic Light Scattering principle. The solution volume needed is

very small, so this implies easily a no-waste of solution. Image taken from Particle

Size Analysis – Dynamic Light Scattering (DLS)

1. Sample volumes are small, down to just a few micro-liters, making this an

appealing technique for early stage research where valuable materials are

involved.

2. DLS is essentially very good at measuring particle size across the range ∼
0.1nm to ∼ 10µm.

3. It is possible to measure both dilute and turbid systems with the concentration

range for analysis reaching down as low as 0.1ppm 1 and up to 40% w/v 2.

3.1.1 Homodyne and Heterodyne Detection

Within DLS, there are two main regimes of detection which are homodyne and

heterodyne detection. Both forms of detection consist of two contributing terms,

the number fluctuation (NF) term and the interference term. The NF term gets its

name from the fluctuation of the number of particles within the observed volume.

In confocal dynamic light scattering, the width of the confocal volume is much

smaller than the length, therefore, NF can be thought of as the movement of

particles perpendicular to the spot. It is generally the slower of the two terms

because it is defined by the time required for a particle to travel across the volume of

1In science and engineering, the parts-per notation is a set of pseudo-units to describe small

values of miscellaneous dimensionless quantities. Ppm stands dor part-per-millions.
2In science and engineering, w/v stands for the ratio between weight and volume
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observation. The interference term, arising from the interference between scattered

fields of different particles is generally faster due to the particles only having to

diffuse by a quarter of the wavelength of the light used for illumination. This is

because the light must return along the path from which it arrived in order to be

detected, therefore any changes in position of the particles, parallel to the detector,

will cause double the change in the path of the light. Hence a change, of a quarter

of a wavelength, in the position of a particle causes a change of half a wavelength in

the light path. Opposite to the NF term, interference can only be seen in a particles

movement parallel to the detection. In homodyne detection, only the light scattered

by the particles of interest is collected by the detection system, which means that

the information within the signal is mostly based on how the particles move with

respect to each other. In this regime, the NF term is a large contributor, which can

cause problems in the analysis. However, this can be easily overcome by enlarging

the scattering volume, hence causing the contribution to fluctuations to become

very small, and the characteristic time to be outside the region of interest in the

ACF. The contribution is defined as the inverse of the effective number of particles

in the volume, Neff . This type of detection is generally achieved by collecting

scattered light at angles of around 90◦ from the source of light which reduces the

in fluence of the local oscillator dramatically. From this detection, the ACF can be

simply modeled by the following expression

g(2)(τ) = A0e
−2τ
τ1 +

1

Neff

1(
1 + τ

τ2

)(
1 + S τ

τ2

)1/2 (3.1)

Here, the two contributing terms are separated into the two parts of the equation

where the first part represents the interference term and the second part represents

the NF term. A0 is the amplitude of the interference term; τ1 is the characteristic

time of the interference term; τ2 is the characteristic time of the NF term; S

is a factor that depends on the geometry of the observed volume and τ is the

experimental time. The second part of this equation is often used in FCS where

the NF term is dominant and defines the number of particles in the observation

volume.

Heterodyne detection is a local oscillator, which is generally the source of light

for scattering, is mixed with the scattered light from the particles of interest

and then sent to the detection system. Depending on the relative magnitude

of the local oscillator with respect to the scattered light, the NF term can be

suppressed, making heterodyne detection much simpler to analyze and no longer

puts a restriction on the size of the observed volume. Also, because the local

oscillator is purposely mixed in, this allows the light to be detected from any angle

minimizing the spurious contribution from stray light. For accurate results, the
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amplitude of the ACF must be as small as possible making the overall measurement

susceptible to noise due to vibrations in the equipment. The ACF for true heterodyne

detection, where the magnitude of the local oscillator is much greater than that of

the scattered light, can be modeled by Eq. 3.3. Here the NF term is negligible, so

it can be neglected and the characteristic time of the interference term is double

that of homodyne detection.

3.2 Principles of DDLS and cDDLS

DDLS stands for depolarized dynamic light scattering and cDDLS stands for confo-

cal depolarized dynamic light scattering. These experimental apparatus are needed

in order to characterize anisotropic particles, to probe internal motion of colloids

and macromolecules, and to study hydrodynamic interactions.

As said in Section 2.4, depolarized light has got some useful properties that lead

to the measurement of rotational diffusion. The link between rotational (or tran-

slational) diffusion coefficient and particle size has been discussed in Section 2.5.2.

Since its early introduction, DDLS has received limited attention mainly because

of a fundamental intrinsic limitation: depolarized scattering is in general rather

weak when compared to polarized scattering. This occurs because the polarized

scattered intensity depends on the refractive index mismatch between solvent and

particles, whereas the depolarized component depends on the usually much smaller

intrinsic birefringence of the particles (typically two orders of magnitude smaller).

Consequently, problems arise because the multiply scattered light from polarized

scattering eventually becomes substantially depolarized and fluctuates with time

constants that, in typical cases, can be dangerously close to rotational time constan-

ts. Nonetheless, the use of DDLS has been strongly limited because of the multiple

scattering issue, which typically hide the pure depolarized signal generated by the

anisotropic particles. In this work we use an adapted version of the DDLS technique

that is able to overcome the limitations typical of both DLS and DDLS and which

allows the efficient characterization of particles. The approach is based upon the

analysis of the forward, depolarized scattered fields generated from a collection

of NPs illuminated by a tightly focused laser beam. Collecting the light emerging

from the sample in the forward scattering direction through a strict confocal optical

scheme, the multiple scattering contributions are reduced by orders of magnitude.

Moreover, by selecting only the pure depolarized component, turbid samples can

be studied for the first time.

The ultimate reason why the traditional DDLS fails is the fact that optical anisotropy
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gives rise to a depolarized scattered amplitude that is orders of magnitude smaller

than the polarized scattered one. Therefore, the probability to detect polarized

light which suffered two (or more) scattering events is comparable or even larger

than the probability to detect depolarized scattered light. As a result, DDLS can

only be applied in highly specific conditions, which are not of interest for most

applications.

We chose to use a confocal setup in order to minimize the issues deriving from

multiple scattering. Moreover, cDDLS is sensible to changes in radii of less than 1

nm for particles 100 nm in diameter. Finally, the presence of a small poly-dispersity

in the size distribution is amplified by this third power dependence.

Figure 3.4: a) The confocal optical setup. (P) polarizer; (M) microscope objectives;

(C) cuvette; (A) analyzer; (L) focusing doublet; (F) single-mode fiber. b) A detail

of the scattering volume: the light is collected from the hatched area only, where

light is singly scattered. Light emerging from a scatterer in O is focused in O’,

where enters the fiber; light emerging from a scatterer in Q is focused in Q’, and

cannot be collected by the fiber. Image taken from Potenza et al. (2010)

The layout is presented in Fig. 3.4. A He-Ne 10 mW laser beam is spatially filtered,

collimated again by a doublet, attenuated with a variable attenuator, and sent

through a polarizer (P) set for vertical polarization. The beam is sharply focused

via a long-distance microscope objective (M) onto a flat window cuvette, 2mm in

depth (C). The receiving optics is composed of an identical microscope objective



52 3.3 Correlation Functions

(M) and a doublet (L) that focalizes the main beam into a single-mode fiber with

a mode diameter of 4.3 µm (F). When the beam waist is smaller than a few

micrometers the alignment procedure gets very critical. A commercial digital multi-

tau correlator (FLEX 02-03 D Correlator.com, CA) analyzes the pulse sequence

from the photomultiplier. The NA of the launching and receiving optics are almost

identical, therefore have similar beam waists as well as Rayleigh lengths when

properly tuned to share the beam waist regions.

The fiber also collects the light scattered at zero-angle and matches the transmitted

beam so to provide a heterodyning scheme. An analyzing polaroid filter (A) placed

before the last doublet (L) selects the horizontally polarized light that is then

brought to the fiber connected to a PMT-120-OP photomultiplier. It is important

to highlight the fact that the setup is not optimized to minimize the transmitted

electric field contribute, so the observed intensity is given by:

I ′(q = 0) = It cos θ + 2
√
It cos θ<EV H (3.2)

where θ is the angle between the polarizer and incident radiation polarization. The

second term in this equation changes in time depending on rotational diffusion.

Observing scattered light at zero angle leads to obtain information about molecules

rotational motion in solution.

The dynamics of the depolarized component is measured by setting the analyzing

polarizer slightly out of quadrature, so this interference does not affect the intensity

of the forward beam. To overcome this problem, traditionally a quarter-wave plate

was inserted before the analyzer, so that only the scattered beam is phase-shifted

by 90 degrees leading to a destructive interference affecting the measured intensity.

The cDDLS signal amplitude scales with the anisotropy of the polarizability, the

number/size of scatterers in the scattering volume and the relative refractive index

of the solution. Importantly, if all scatterers in the monitored volume are isotropic,

no fluctuations are expected from the light collected in the forward direction.

Finally, a schematic drawings of the complete experimental devices we will use in

this work is reported in Fig. 3.5.

3.3 Correlation Functions

The autocorrelation function (ACF) is a measure of how similar an intensity trace is

to itself and, therefore, is able to pick out periodicities within the trace. In Fig. 3.6
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Figure 3.5: Schematic drawings of the experimental devices. The experimental

setup for combined dynamic light scattering (DLS) and confocal depolarized

dynamic light scattering (cDDLS). A laser beam is polarized by the polarizer P

and focused by lens M1 into the sample cell. Light scattered at 90◦ is introduced

by lens L2 to an optical fibre F2 and transmitted to a photomultiplier (PMT).

The transmitted light passing through an analyzer A at complete extinction with

P is collected by lens L1 in a confocal scheme and sent by optical fibre F1 to a

second photomultiplier. Both PMTs are connected to correlators. Image taken

from Potenza et al. (2010)
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Figure 3.6: The construction of the autocorrelation function. The top graph is the

intensity traces shifted by a small τ . The bottom image shows the same traces,

shifted by a larger τ . The center image is the resulting autocorrelation function as

a function of τ .

we give a heuristic schematic of how to compute an autocorrelation function.

A copy of the intensity trace is translated across the original trace along the time

axis using a variable, τ , as a measure of how far it has been delayed. Then, for

each value of τ , the area shared under both curves is integrated and normalised

to give a point on the ACF. Small τ will have a large value on the ACF, but then

the ACF will decay as τ becomes larger due to the traces becoming dissimilar. In

heterodyne density fluctuation correlation, this decay is often exponential and can

be represented by the equation:

g(2)(t)− 1 = A0e
−Dq2t (3.3)

where g(2)(t) is the intensity autocorrelation function, A0 is the amplitude of the

decay, D is the apparent diffusion coefficient, q is the scattering vector and t is

the shift in time. However, this is only a two-point correlation function, where

two points in the intensity trace are compared and averaged for every t. This gives
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information about how the positions of the particles change with time, hence defines

the diffusion time of the particles, however in other fields of study, higher order

correlation functions are used to give more information about the analysed system

(see later Sec. 3.3.3). An example of this is the use of a three-point correlation

function to find the distribution of mass throughout the universe by analysis of

galaxies, by Fry (1994).

3.3.1 Characteristic Time, Intensity and Electric Field

Both the NF term and the interference term carry their own characteristic time,

which generally depends on the equipment that is used. The NF term is dependent

on the size of the scattering volume and the diffusivity of the colloids. Thus, a

larger volume or slower particles will cause the characteristic time to increase.

With the interference term, the dependence is on the scattering vector, or more

simply in confocal DLS, on the wavelength of light, and also on the diffusivity of

the particles. This means that any separation of the characteristic times is reliant

on a difference between the geometry of the scattering volume and the scattering

vector. In the standard homodyne measurement, where the observation volume is

very large, this is not a problem, however within a confocal set-up, this separation

may be important. The characteristic time of the interference term is relatively

simple because it is given by Eq. 3.3 where it is defined as

τ = 1/Dq2. (3.4)

The characteristic time of the NF term cannot be determined as simply because

the geometry of a confocal volume is not uniform. However, it generally takes the

form of an elongated prolate spheroid where diffusion along its full length is far

less likely than along its narrower cross section, therefore only diffusion across the

volume is considered. Due to the elongation, the width for most of the volume is

approximately the same, so this is the distance evaluated for the NF characteristic

time.

Combining Eq. (2.19) and Eq. (3.4), it is possible to obtain translational hydrody-

namic radius for the particle:

Rh =
kBTq

2τ

6πη
(3.5)

Otherwise, from Eq. (2.30) and Eq. (3.4), it is possible to obtain rotational hydrodynamic
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radius for the particle:

Rh =
3

√
kBTq

2τ

8πη
(3.6)

A very important factor of the ACF is the field correlation function which holds

all of the information about the dynamics of the particles within the dispersion.

However, an electric field of this complexity is very difficult, if not impossible, to

accurately detect so a relation between the field correlation function and an easily

observable variable must be found in order to quantify any diffusive information.

Originally, a spectral function was used to analyse the DLS data, however, for this

work, an intensity correlation function is utilised. The following derivation of this

relation was adapted from Rička (2002), where the intensity correlation function

can be defined by Eq. 3.7.

g(2)(t′) =
〈I(t) · I(t+ t′)〉
〈I(t)〉2

(3.7)

where

I(t) = |Elo(t) + Esc(t)|2 (3.8)

I(t) is the measured intensity, Elo is the electric field of the local oscillator and Esc
is the sum of electric field scattered from particles in the sample. In the case of

a homodyne measurement, Elo would vanish. When the equation for intensity is

substituted into the intensity correlation function and then multiplied out, a total

of 16 terms are generated. However, all terms with an unpaired electric field, i.e.

the electric field is not multiplied by its conjugate, can be separated into its own

time average, 〈Esc〉. The time average of an electric field whose source is a random

process is equal to zero. Other terms become identical because the time averaged

scattered intensity is the same at all times and turns out to be equal to one. One

term in the case of heterodyne can be ignored because it is the square of an already

very small intensity. Finally, the exponentials sum to one and the relation between

the intensity correlation function and the field correlation function in Eq. 3.9 is

obtained.

g(2)(t′)− 1 = Ilo
〈Esc(t)∗ · Esc(t+ t′)〉

〈I(t)〉2
= β|g(1)(t′)| (3.9)

where β is a correcting factor dependent on the set-up and g(1)(t′) is the field

auto-correlation function. Although this is only for the heterodyne case, a similar

derivation can be used which gives an almost identical result except the field

correlation function is squared.
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3.3.2 How to fit correlation functions

In order to obtain a characteristic time, a fit has to be done. In our case, correlators

collect data and store them into numeric data files. Each file contains data for a

60 seconds measure, so a whole measurement campaign generates n different files

where n equals to minutes of measurement done. During this 60 seconds of measure,

correlation functions are evaluated for times between 10−9 s and 10 s. Generally

each file contains correlation functions value for DLS and cDDLS measurements,

evaluated at the same time.

First of all, an automatic fit is perfomed using a LabView VI specifically written.

This VI imports data, cut value below 10−6 s and over 1s and fit data with an

exponential fit, gaussian fit and stretch exponential fit:

f1(t) = Ae−t/B + C, f2(t) = Ae−(t/B)2 + C, f3(t) = Ae−(t/B)D + C. (3.10)

This choice is due to the fact that characteristic times below 10−6 s do not have any

physical meaning because is noise, whereas characteristic times comparable to 1s

are due to noise or laser fluctuations. As it will be explained in follow Chapter, DLS

correlation function reveals an exponential decay. The cDDLS signal deviates from

an exponential decay and is surprisingly well fitted with a Gaussian function. The

faster than exponential decay of the correlation function excludes the possibility

that it reflects the polydispersity of the crystal population: polydispersity would

resulted in a stretched exponential decay. The non-exponential decay could be

explained by assuming that the crystals participate in a nondiffusive motion. Three

nondiffusive motions are possible: (i) the crystals are carried across the beam by

convection owing to thermal gradients in the cell, (ii) the crystals are carried across

the beam by sedimentation in the gravity field or (iii) the crystals are contained

within dense liquid clusters that change shape. The scenario (iii), in which the

crystals are contained within dense liquid clusters and are driven by the elastic

response of the cluster surfaces to Brownian collisions with the solvent molecules,

is a feasible explanation as explained in (Maes, 2015).

In general, exponential fit in LabView returns the amplitude, damping, offset and

residue. In particular, residues have been used to evaluate the goodness of one fit

compared to another. Every fitting model VI in LabVIEW has a Weight input. The

Weight input default is 1, which means all data samples have the same influence

on the fitting result. In some cases, outliers exist in the data set due to external

factors such as noise. There are many methods for fitting, as well. For our purpose,

the Least Squared method, that finds f(x) by minimizing the residual, has been

used. A typical result obtained with this method is reported in Fig.3.7.
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Figure 3.7: Correlation function after 1 minute of measure in a log-lin scale. Data

are reported with a red, solid line; the best fit for the exponential model is shown as

a blue solid line, the best fit for gaussian model is shown as a light blue solid line

and stretch exponential model is shown as a green solid line.

If this automatic fit cannot avoid errors such as fluctuactions or cannot deal with the

presence of different sizes’ particles, it is possible to chose manually fit parameters.

If there are particles in different sizes, correlation function can be seen as the sum

of two exponential with different characteristic time (each one related to the size

of the particle measured). Here, two modes can be evaluated: a slow mode, that

correspond to the larger characteristic time, and a fast mode, that corresponds

to the smaller characteristic time. Automatic fit fails in this case, because it is

a simple exponential, so a VI fit has been written. In order to understand the

method, Fig. 3.8 is reported. This VI allows to save fit points, fit parameters

(normalization, offset and characteristic time for both modes) and images. The

following figures show a typical result of this method (Fig. 3.9).

In the following, we present data which have been analysed in this way. Rarely an

automatic fit is enough to describe correctly the exponential decay. Moreover, as it

will be clear later, in certain conditions the presence of different particles’ families

is strongly expected. This necessarily leads to the use of the manual fitting method.
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Figure 3.8: Manual VI detail: choosing channel and file path, data can be visualized.

Then values for offset, normalization and characteristic time are inserted manually

and plotted in the same graph in order find the best parameters for our fit. The

goodness is evaluated through residue method.
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(a)

(b)

Figure 3.9: Manual fit for fast mode (a) and slow mode (b) are shown. Note that, if

needed, a gaussian fit can be performed manually as well. For this method, residue

are obtained automatically and used to evaluate fit accuracy.
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3.3.3 Beyond second order

Correlation functions are central to the analysis of DLS and cDDLS experiments,

and so far only the mathematics behind the two-point correlation function has been

shown. However, higher order correlation functions are also an important source of

information about the dynamics and structure of soft matter. The basic two-point

autocorrelation function can be thought of as the comparison of an observable, i.e.

an intensity trace, to itself. Here, periodicities, most importantly characteristic

fluctuation times, hidden within the noise of the intensity trace, can be made

visible. An example of this is the time required for a particle to diffuse a quarter

of a wavelength from another particle, hence changing the interference. This will

cause the intensity to fluctuate over a characteristic time, which will occur several

thousand times every second, so when these fluctuations are compared, the output

of the ACF will show a higher correlation around this time. It can also be said

that the instantaneous intensity mirrors the structure of the sample and hence

the positions of the particles. Therefore, by observing how the intensity changes

with time, the change in relative positions of the particles can also be inferred and

hence the diffusivity of the particles. However, the two-point correlation function

only gives information about the average diffusion of a sample. More information

can be extracted using a higher order correlation function, where the next level

is the three-point correlation function. The concepts are very similar, except this

time, three points of the observable are compared. This means that there are two

characteristic times and the purpose of this function is to compare these times. In

an ergodic system, which is what a colloidal dispersion is generally assumed to be,

the two times should be identical, however this not always the case. It can be seen,

using a confocal microscope, which is able to resolve small sections of the sample,

how the diffusivity changes over time. This can be linked to a similar phenomenon

that occurs in gels, where the diffusing particles are clustered into both fast moving

and slow moving domains. It has also been shown that the clusters can decay into

one another, through rearrangement.

In an extension of the idea for two-point correlation, the three-point correlation

function can be thought of as three consecutive representations of the structure.

This means that not only information about the change in structure is given but

also an instantaneous view of how the diffusion changes. The next highest order of

correlation function is the four-point correlation function, which develops the idea

of the three-point correlation function even further. As is clear, this function is the

comparison of four points of the observable and hence has three characteristic

times (Fig. 3.10). The simplest way to understand the four-point correlation

function, is by considering it as two two-point correlation functions separated by
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Figure 3.10: Conceptual visualization of the four-point correlation function where

τ1 and τ2 are the characteristic times of the two-point correlation functions and

τwait is the variable time separating them. Image taken from Wikipedia.

some adjustable time, τwait.

The final correlation functions are another form of analysis of the dynamic hetero-

geneities through a basic comparison of characteristics over time. These take the

form of three separate correlations of the mean and the standard deviation of the

observable, and ACF decay times. More specifically, the data from the observable

is divided into bins and in each of these bins, the mean, standard deviation and

decay time from an ACF are found. Then a correlation is run for each of these

qualities across the bins, where the correlation of the mean should simply give a less

accurate intensity correlation function. The correlation of the standard deviation

should give a hint of the change in the diffusion, because when the observable

fluctuates slower, due to slower moving particles, more data is observed within the

fluctuations, hence it is likely for a more even spread of data points. However, when

the particles are moving faster, a lower resolution of the observable is seen, with

respect to the fluctuations, and hence it is more probable that an uneven spread of

data points is found and it is this change in spread that will arise in the correlation

of the standard deviation.

Finally, the correlation of the decay times will show any characteristic changes in

diffusion, i.e. will stay correlated until the diffusion starts to change. Overall, the

three of the correlation functions combined will give enough information to describe

the dynamic heterogeneities of the sample.

3.4 Uses and Applications of DLS

Dynamic light scattering (DLS) has been utilised for observing the dynamics of

Dispersions for over 50 years. However, a lot had to be developed before this was

even possible. It was the combination of the work from Rayleigh and Tyndall that

first gave insight into this field. In 1869, Tyndall observed light scattering through
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aerosols, which when combined with the work Rayleigh later did on the scattering

of light by particles, gave the basis of scattering analysis. Rayleigh developed

the initial theory for light scattering of particles of any shape or size exhibiting

approximately the same refractive index as the continuous medium.

However, a more applicable theory to dynamic light scattering is the one developed

by Mie and Debye independently and it is called Mie scattering. This is the

scattering that applies to only spherical particles due to the complex nature of

the phenomenon.

One of the most important developments was made by Smoluchowski and Einstein

in the early 20th century. They found that the density fluctuations across a

continuous phase lead to the interference in the output intensity which previously

could not be calculated. Finally with the invention of the laser, techniques like

the analysis of a change in frequency due to the Doppler shift could be used.

However this was unsuitable for some experiments due to extremely small changes

in frequency that were irresolvable by the filters of the time.

DLS is a powerful tool because it allows observation of dynamics of a system

without the risk of damaging the sample unlike other techniques including electron

microscopy. An example of this is the work by K. and A. (1984), who used DLS

to observe the effects of temperature on native DNA in a solution. It was found

that DLS measurements across a range of scattering angles provided information

about not only the diffusive motion of the DNA but also the intramolecular motions.

Another example of this application can be found in Seow’s work (Seow N. (2016)).

This then gave information about the mechanical properties of the DNA (3.11).

There is also a large application of this technique in physics through the analysis of

both particle sizing and even just calculating the diffusion coefficient which plays

an important role in film formation. There are many experimental set-ups that use

the concept of DLS and this work is based on the combination of some of these.

An example for dynamic light scattering is Diffusing Wave Spectroscopy (DWS).

This technique uses of multiple scattering (see Xing et al. (2018)). This means

that it can be used to analyse very concentrated dispersions and other soft matter

(Fig. 3.12). This form of DLS allows the study of mobility of particles within a

sample even in a relatively opaque material and is fairly easy to set up because

there is no need for precise positioning. However, due to its reliance on multiple

scattering, it is unable to analyse low concentration dispersions.

Another application is called Fluorescence Correlation Spectroscopy (FCS) that

sends a beam of light into the sample in order to activate fluorescent dyes (see



64 3.4 Uses and Applications of DLS

Figure 3.11: Schematic illustration and DLS readout showing: (1) Conjugation of

ssDNA Seq A and Seq B respectively to gold nanoparticles (AuNPs), exhibiting a

single peak/population on DLS. (2) ERE-containing AuNP dimer formation, which

also showed a single peak a at ∼ 10 nm right-shift compared to the conjugates.

(3) Addition of ERβ to the ERE containing AuNP dimer sensing probes and

the presentation of a two-peak readout with an additional complex peak at around

200 nm. Image taken from Seow N. (2016)

Wang et al. (2017)). The difference from DLS is that the light from the laser is not

scattered but is absorbed and re-emitted through fluorescence (Fig. 3.13). Due to a

Stokes shift in the wavelength of the re-emitted light, the local oscillator wavelength

can be filtered out allowing only the fluorescent light to reach the detector. Then

the fluorescent light can be auto- or cross-correlated to give characteristic times of

the system. It has more recently been developed to include a confocal set-up and

also two photon microscopy.

Finally, DLS can be used also for observation of two diffusive relaxation modes in

microemulsions (Shukla et al., 2004). Water-in-oil microemulsions dispersed in n-

alkane oils with a constant molar water-to-surfactant ratio were studied by dynamic

light scattering in 2004. It was found that for a given composition self-diffusion is

more pronounced in apparent relaxation mode for a shorter chain length alkane.

The concentration dependence of these diffusion coefficients reflects the effect of

hard sphere and the supplementary attractive interactions. It was observed that
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Figure 3.12: (A) Schematic illustration of the diffusing-wave spectroscopy (DWS)

setup: A 685 nm diode laser beam impinges onto the sample, and the diffusely

scattered light is collected by the photodiode on the other side of the sample.

Tracer particles are uniformly embedded inside the sample. (B) Temperature-

dependent intensity-correlation function (ICF) curves measured for the 500 µM

DNA hydrogel, containing 1 v/v% 600 nm large, sterically stablised polystyrene

tracer particles. The ICF curves were measured starting from 50◦C (orange lines)

in 1◦C steps cooling down to 20◦C (blue lines). The photographs show the sample

cuvette showing the samples liquid (Xing et al. (2018)).
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Figure 3.13: Fluorescence correlation spectroscopy (FCS). (a) Schematic depiction

of the experiment. Individual fluorophores diffusing through the observation volume

emit brief bursts of photons that are recorded in the intensity time trace. (b) From

these data, normalized autocorrelation curves, G(τ), are calculated to yield the

diffusional correlation times, τD , from which the hydrodynamic radii, R H , of the

diffusing entities are obtained. The arrow indicates increasing transferring (TF)

concentration. (c) Hydrodynamic radii, R H , of small carboxyl-functionalized are

plotted as a function of the concentration of apo-TF proteins freely diffusing in the

solution. Imga etaken from Wang et al. (2017)

the attractive part becomes more pronounced in the case of a large alkane chain

oil at a given temperature. This explains the shift of the region of microemulson

stability to lower temperatures for higher chain length alkanes.

3.5 Uses and Applications of cDDLS

The cDDLS method can be applied to study a suspension of colloidal, optically

anisotropic particles often found in biological liquids. The contributions to the

scattered light from all amorphous components are suppressed. Moreover, thanks

to a strong reduction of the multiple scattered components, it can operate with any

kind of sample, in contrast to the classical DDLS method that requires samples in



Experimental Setup 67

very specific conditions.

In addition, our results on thermosensitive coreshell particles demonstrate that the

cDDLS method is particularly suited to study particle size changes triggered by

external conditions, and to follow size and polydispersity changes. Hereinafter,

some pragmatical examples are reported.

In 1971, Dubin and Clark (Dubin et al. (1971)) determined the rotational diffusion

coefficient (DR) of lysozyme from the spectrum of the depolarized light scattered

by this protein. The sample was illuminated by a single-frequency He–Ne laser

and the spectrum of the depolarized scattered light was analyzed using a high-

resolution spherical interferometer. DR was determined to be 16,7± 0,8 × 106

s at

15% protein concentration. In addition, the translational diffusion coefficient (DT )

of lysozyme has been measured by employing the now-familiar techniques of optical

mixing spectroscopy to observe the spectrum of the polarized light scattered by

the protein. Their results for DR and DT , combined with Perrin’s expressions for

the rotational and translational diffusion coefficients of ellipsoids (Perrin, Francis

(1934)), indicate that lysozyme in solution is hydrodynamically equivalent to a

prolate ellipsoid of revolution with its major and minor axes of 55 ±1 Å and 33±1

Å, respectively. These dimensions are shown to be consistent with an unsolvated

molecule of dimensions (48±1) Å by 26±0,8 Å covered with a shell of solvent

about 3.5 Å thick. The hydrodynamically equivalent oblate ellipsoid of revolution

is shown to be inconsistent with other physical properties of the protein.

Figure 3.14 displays a typical experimental trace of the power spectrum of the

depolarized light scattered. A comparison, in Fig. (b), of the measured spectrum

(solid curve) with the instrumental profile (dash-dot curve) reveals that the measured

spectrum consists of a component having essentially the instrumental profile, I(v),

in addition to a much broader component. There is also a small constant background

of about 5 counts/sec. With this in mind measured spectra were least squares fitted

to the convolution of I(v) with the sum of delta function and a Lorentzian where

the area of the delta function and the width and area of the Lorentzian were the

adjustable parameters.

Furthermore, in 1992, micelles of cholesterol in aqueous solution have been in-

vestgated using polarized and depolarized dynamic light scattering. They are

shown to be highly extended and characterized by a narrow size distribution. It

is shown that a rod-like model is applicable with length, L = 580 nm (Gast K

(2012)). Determination of the rotational diffusion coefficient by analysis of the

autocorrelation function gave a value of Θ =150 s−1, which is close to the calculated

value for the rod with this dimension. Depolarized dynamic light scattering measu-

rements as a function of angle gave a value of 110 s−1. The cholesterol micelles are
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Figure 3.14: (a) Power spectrum of the depolarized light scattered by a 15% solution

of lysozyme in a 0.1M sodium acelate-acetic acid buffer at a temperature of 24◦C.

The solid circles indicate the best least squares fit to the spectrum: A convolution of

the experimental profile I(v) with a Lorentzian of HWHH of 18.1 MHz and a delta

function of area 1 as large as the Lorenzian. These components rest in a 5-count/sec

background. This experimental trace was swept out in 15 min. (b) Breakdown of

the measured spectrum in terms of the component having the instrumental profile

and the broad component from the lysozyme. The measured spectrum is the sum of

these components. Image taken from Dubin et al. (1971)

concluded to be long, thin, rigid rods which they speculate to have the structure

depicted in the diagram of Fig. 3.15. Combining theory and experimentation, it is

possible to achieve results reported in Tab. 3.1.

Finally, in 1993, the dynamics of the molecular glass-forming liquid orthoterphenyl

above the glass-transition temperature was studied combining several experimental

techniques: depolarized Raman, depolarized Rayleigh-Brillouin light scattering,

and photon correlation spectroscopy in the temperature range from 250 to 440 K

(Steffen et al. (1994)). The combined spectra covering a frequency range from 10−2

to 1013 Hz were analyzed using the mode-coupling theory. The coordinates of the

susceptibility minimum, ωmin and χmin, as well as the position of the maximum,

ωmax (α peak), scale with temperature according to the mode-coupling theory,

resulting in Tc = 290K. The construction of the predicted master curve in the

vicinity of the minimum of the re-scaled susceptibility was possible in a narrow
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frequency range only if the values of ωmin resulting from the mode-coupling-theory

force fit were used. The width of the α peak appears to increase with increasing

temperatures for temperatures above Tc, although when the effects of fast processes

on the high-frequency wing are included, the corrected width appears to decrease

instead approaching a Debye relaxation shape at high temperatures. Below Tc it

was not possible to fit objectively the data using the mode-coupling theory; thus

it was impossible to corroborate the divergence of the scaling time of the mode-

coupling β relaxation on both sides of Tc.

Figure 3.15: 5 Schematic diagram showing some molecules of the total existing in a

segment of a cholesterol micelle. This scheme is an oversimplification for the sake

of clarity. The units represented in the figure are to be repeated by close-stacking

along and around the major axis of the rod (Gast K (2012)).

Parameter Experimetal Calculated

D0 · 1012 (m2/s) 4.30 -

L (nm) - 580

Rh (nm) 59 50

Θ (s−1) 110 100

Table 3.1: Parameters characterizing the cholesterol micelle.





Chapter 4

Nucleation measurements: analysis and results

The main original goal of this chapter is to study the phenomenon of nucleation,

described in Sec. 1.3, of lysozyme proteins, described in Sec. 1.4, that leads to the

crystals production, as explained in Sec. 1.2. Crystals are created adding a specific

amount of salt to lysozyme solution, as it will be explained in the following. In

Chap. 3, the experimental setup was presented and it is reported in Fig. 3.5. A

glass cuvette has been used to store samples. Hereinafter the choice about salt

concentration, lysozyme concentration, setup conditions and preliminary measu-

rements are described. Then, analysis and results are reported divided into two

measurement groups: measurements with salt concentration above 40 mg/ml and

measurements with salt concentration under 40 mg/ml. This choice is due to a

samples’ different behavior between these two concentration ranges.

Optical methods used for these type of measurements are based on depolarized

scattering, analyzed in Sec. 2.4, and correlation times are obtained fitting the

correlation functions, as explained in Sec. 3.3. Finally, crystals’ dimensions are

obtained applying the diffusion relations presented in Sec. 2.5, in which characteristic

times are introduced. These values, called τ , are the parameters fitted for correlation

functions obtained during measurements. Correlation functions are expected to

show a simple exponential decay that turns, eventually, in a gaussian profile, for

both DLS and cDDLS measurements. In particular, due to previous unpublished

works, there is a remark for DLS correlation functions. We expect a simple ex-

ponential decay at the beginning, that describes the presence of clusters in our

solutions, and a second exponential decay, described by a faster correlation time,

that indicates the presence of crystals. Moreover, we expect to find two different

decay described by two different correlation times also for cDDLS measurements:

the fast decay is due to rotational motions, the slow one to number fluctuations

within the scattering volume (Potenza et al., 2010).

71



72 4.1 Conditions and Samples

4.1 Conditions and Samples

Our solution is a mix of lysozyme, salt (Sodium Chloride, NaCl) and buffer (sodium

acetate, CH3COONa). Lysozyme has been prepared by Bioengineering Sciences

Department, VUB in Belgium. They used dialysis, an important procedure useful

to delete the crystals in the solution we want to analyze. This procedure produces

pure lysozyme in which crystals will form. It takes a few days, depending on

lysozyme concentration. During these years, we used lysozyme in concentrations

between 31 mg/ml and 88 mg/ml. Here dialysis procedure briefly described:

• Dissolve an amount (n grams) of lysozyme in 25-times n ml of buffer. The

buffer is 50 mM sodium acetate;

• Prepare membrane tubing with a cut-off about 3.5 kDa, in order to delete

crystals and not lysozyme (whose cut off is about 13.5 kDa). Wash the

membrane with ultrapure filtered water and close one side with a plastic clip;

• Fill the membrane with a solution of buffer and lysozyme. Close the other

side.

• Put the membrane into 1l of buffer solution and leave it for 24h. If possible,

mix the buffer solution with a magnetic centrifuge.

• Repeat the previous point after have changed the buffer.

• Increase concentration by putting the solution into centrifuge filters for proteins

and centrifuge it for 50 minutes at 5◦C.

• Store solution in the fridge while not using it.

• Remove from fridge one hour before starting measurements.

• Before doing measurements, check pH with a pH-meter and check concen-

tration with absorbance value. Each protein has a particular absorbance

wavelength (for lysozyme, λα= 2.63).

Salt is Sodium Chloride dissolved in different concentrations in MQ water 1. We

used salt concentrations between 55 mg/ml and 200 mg/ml. These solutions needs

to be stored in the fridge and to be removed one hour before starting measurements.

1MQ water, or Ultra Pure water, is water that has been purified to uncommonly stringent

specifications. It is treated to the highest levels of purity for all contaminant types, including:

organic and inorganic compounds; dissolved and particulate matter; volatile and non-volatile,

reactive and inert; hydrophilic and hydrophobic; and dissolved gases.
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Buffer used is Sodium Acetate, commonly know as NaAC, at 50 mM in concentra-

tion and pH = 4.5.

The cuvette total volume is about 0.6 ml. Fixing Clys as lysozyme concentration

after dialysis, C ′lys as lysozyme concentration we want to measure, Csalt as salt

concentration we have and C ′salt as salt concentration we want, we can calculate

each volume:

Vlys =
C ′lys · 0, 6

Clys
, Vsalt =

C ′salt · 0, 6

Csalt
, Vbuffer = 0, 6− Vlys − Vsalt. (4.1)

We performed measurements with different salt concentrations in order to find out

the best combination to reach supersaturation. Thanks to previously experimenta-

tions, we fixed lysozyme concentration to 34 mg/ml. Recalling Fig. 1.12 in Sec 1.4,

our conditions are met in the oversaturation metastable zone in which nucleation

occurs.

4.1.1 Measurements conditions

The main purpose of this thesis is to measure the formation of crystals and the

variation of their hydrodynamic radius increasing in time. First of all, we record

every day room temperature before starting the measure, because hydrodynamic

radius depends on it. At the beginning of each measure, no crystals have to be into

the cuvette and nucleation has to start after the instrument is running. In order to

fulfill these conditions, we filter all the solutions (buffer, salt and lysozyme) with a

PVDF filter of 0.1µm to remove clusters and crystals 2; then we clean the cuvette

with an alchaline solution and rinse it with MQ water. The method is checked

running some preliminary measurements putting only MQ water, only buffer, only

salt and only lysozyme into the cuvette. We expect no exponential decay signal

under these conditions (Fig. 4.1 and Fig. 4.2).

At this point, the right amount of lyzozyme and buffer is poured into the cuvette.

We leave salt in a separate Eppendorf tube. Both the cuvette and Eppendorf tubes

are put into a thermal bath up to 45−55◦C and left for 20 minutes. As said before,

nucleation occurs at temperature below 40◦C, so we keep separate salt and solution

till both are over this temperature and later we mix them into the cuvette. At this

point we can start the measure. Cuvette is put between lens M1 and M2, as showed

in Fig. 3.5.

2clusters and crystals are here intended as everything bigger than 100nm in size. In solution

cluster of salt or formed crystals can be found.
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(a) MQ Water Correlation Function (b) Buffer Correlation Function

(c) Salt Correlation Function (d) Lysozyme Correlation Function

Figure 4.1: DLS Correlation functions before measuring: red solid line represents

data, blue solid line represents an exponential fit. Intensity is lower than 0.1 and

the mean is zero. No exponential decay can be found. This condition assures that

there are not any clusters or crystals in the cuvette before triggering the measure.

Finally, we would like to remark an important instrument limitation: noise, especially

at the small lag times. Crystals must be large enough to meet two conditions:

i) to generate measurable depolarized scattering signal and

ii) the rotational diffusion times to be long enough.

A measurement starts with small crystals, maybe invisible, then evolves with larger

ones (from 10 to 100 nm). Sometimes noise covers signal and it is impossible to

see any crystal from the first moment. This particular situation will be discussed

later.
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(a) MQ Water Correlation Function (b) Buffer Correlation Function

(c) Salt Correlation Function (d) Lysozyme Correlation Function

Figure 4.2: cDDLS Correlation functions before measuring: red solid line

represents data, blue solid line represents an exponential fit. Intensity is lower

than 0.01 and the mean is zero. No exponential decay can be found. This condition

assures that there are not any clusters or crystals in the cuvette before triggering

the measure.

4.1.2 Induction time

DLS and cDDLS measurements permit us to see crystals’ formation evaluating

characteristic times. Another important parameter that can be detected is the

induction time: time at which it is possible to see a non-zero signal in cDDLS

correlation functions. A non-zero signal, that means the first exponential decay

observable, indicates the first crystal formed into our cuvette, so induction time is

the minute in which the nucleation started. Technically, this is the time that elapses

between the achievement of supersaturation or undercooling and the appearance

of a solid phase (Dimo Kashchieva, 2003). Induction time is a relevant parameter,

so few more words have to be spent on it. For example, an analysis is made of

the induction time t in new phase formation, i.e. of the time elapsing before the



76 4.1 Conditions and Samples

Figure 4.3: Experimentally obtained probability distribution P(t) of the induction

time for protein at supersaturation ratios S = 1.55 (white), 1.60 (red), 1.64 (blue),

1.69 (purple), and 1.74 (green) in water. The solid lines are exponential fits to the

experimental data. Image taken from Jiang and ter Horst (2011)

onset of the process is presented in (Dimo Kashchieva, 1991). On the other hand,

the nucleation and crystallization kinetics in three glasses have been investigated

by determining the nucleation and crystal growth rates and the corresponding

induction times (Dimo Kashchieva, 1993). An analysis of the induction times for

crystal growth and nucleation indicates that in two soda-lime metasilicate glasses

nucleation and crystallisation of the crystals occur subsequently, i.e., no time lag

exists between the two experimentally determined induction times. Finally, a novel

method for the determination of stationary crystal nucleation rates in solutions

has been developed by (Jiang and ter Horst, 2011). This method makes use

of the stochastic nature of nucleation, which is reflected in the variation of the

induction time in many measurements at a constant supersaturation. A probability

distribution function (Fig.4.3) was derived which describes, under the condition of

constant supersaturation, the probability of detecting crystals as a function of time,

stationary nucleation rate, sample volume, and a time needed to grow the formed

nuclei to a detectable size.

Other experimental results (Biscans and Laguerie, 1993) show that the induction

period increases exponentially with decreasing supersaturation of the solution. We

have evaluated the induction times for each measurement. Each measure lasts 60

seconds, so we have a precision of ±1 minute in measuring induction time.
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4.2 High Salt Concentration Measurements

In this section, measurements done using a salt concentration above or equals to

40 mg/ml are described. We take one-day-measurement as example and for this

we show in details every results obtained. In the end, we collect all the results

obtained for other measurements in Table 4.1.

We use as a model the measurement done on April 1st, 2019, using a solution of

lysozyme concentration at 34 mg/ml and salt concentration of 45 mg/ml. Room

temperature was recorded as 23◦C and the solution was heated up to 50◦C for 20

minutes. Viscosity was set to 0.833 mPa · s and it was considered constant during

measurement. The method used to determine viscosity is explained in Pan et al.

(2007). Basically, we apply Walther equation to describe the dependence of the

viscosity of liquids on temperature:

ln η = B/T + ln η0 (4.2)

where η is the viscosity at temperature T , η0 is the viscosity at 0◦C and B is a

parameter that depends on material.

The whole data-set for this day is composed of over one hundred correlation

functions, but only the first 30 correlation functions are computed because we

can see the crystal growth during the first half hour.

After preliminary measurements performed as explained before and after checking

the goodness of filtered solutions, DLS and cDDLS started. First of all, Fig. 4.4

shows, for illustrative purposes, four different DLS correlation function obtained

in four different times of measure: at 5, 17, 21 and 31 minutes. Time steps are

chosen for this convenience: after 5 minutes we saw the first crystal in cDDLS, as

explained in the following. Correlation functions show no signal in each case, that

means there are no clusters in our solution. Due to previous unpublished works

of the group, we expected an exponential decay in DLS correlation function when

the first crystal appears. This does not happen for our measurements: at variance

with previous cases, in the present work solutions are filtered before measuring; the

exponential decay is recovered only whenever the filtering process is not performed,

as clear from others experimental results in October 2018.

In second instance, Fig. 4.5 shows four different cDDLS correlation functions ob-

tained in four different times of measure: at 5, 17, 21 and 31 minutes. At the

beginning, we saw exponential decay in the correlation functions, meaning that a

crystal formed through nucleation as explained in Sec. 1.3. The exponential nature

of the decay is clear from the goodness of the simple exponential fit shown in figure

against gaussian decay fit. Defined τ as the fit parameter (see Eq. (3.3)), linked to
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(a) DLS correlation function after 5

minutes

(b) DLS correlation function after 17

minutes

(c) DLS correlation function after 21

minutes

(d) DLS correlation function after 31

minutes

Figure 4.4: DLS correlation function at different times on April 1st, 2019. Salt

concentration: 45 mg/ml, room temperature at 23◦C, solution heated up to 50◦C

for 20 minutes. Data are shown with red solid lines. Simple exponential fits are

shown with blue solid lines. Correlation functions show no signal in each case, that

means there are no clusters in our solution.

the crystal radius (see Eq. (3.6)), we notice that the fit slope becomes steeper and

steeper as the time passes, τ increases and so does the crystal radius. At a certain

point, in this case after 31 minutes, the correlation function behavior switches to

a gaussian profile, according to Eq. (3.10). In this case, we can conclude that

the crystal has reached the maximum size and we are measuring only effects due

to convective motion. With a gaussian profile, we lose information about crystal

rotational motion, so the fit parameter is no more linked to the crystal radius.

Finally, we collect all the radius values obtained from the exponential fits in function

of time (Fig. 4.6). Supposing a linear model of crystal growth (Richardson and

Harker, 2002), we can obtain its rate from a linear regression. Induction time, for

this measure, is 5± 1 minute.
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(a) cDDLS correlation function after 5

minutes

(b) cDDLS correlation function after 17

minutes

(c) cDDLS correlation function after 21

minutes

(d) cDDLS correlation function after 31

minutes

Figure 4.5: cDDLS correlation function at different times on April 1st, 2019. Salt

concentration: 45 mg/ml, room temperature at 23◦C, solution heated up to 50◦C

for 20 minutes. Data are shown by solid black lines. Simple exponential fits are

shown by red solid lines. Gaussian fit is shown in blue solid lines.

After presenting a single-day-measurement, we report all the results obtained for

measurement done with a salt concentration higher than 40 mg/ml. In Tab. 4.1,

the main information are reported: salt concentration at which measurement was

done, induction time calculated, the parameter τ from the exponential fit, the

growth rate calculated by interpolation and the error as standard deviation.

4.3 Low Salt Concentration Measurements

In this section, measurements done using a salt concentration below 40 mg/ml are

described. We tried to form crystals through nucleation using a salt concentration

of 20 mg/ml, 25 mg/ml, 30 mg/ml and 35 mg/ml. The minimum concentration

measurement was the hardest to perform because it lasted over 10 hours each

time. Many problems can occur during this time like electricity lacks, noises,

instrumentation stops and so on. For this reason, there are few measurements at
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Figure 4.6: Linear regression for crystals radius in function of the time. The points

are obtained from the data-set of correlation functions of April 1st, 2019. Radius

values are reported in blue filled points. Linear fit is reported in blue solid line. In

the left upper corner, fit parameters are reported. Parameters’ errors are obtained

from standard deviation and are represented by a filled blue shaded area. Both

scales are linear.
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Date Concentration Ind. time τ Growth rate Std Dev

mg/ml min s um/min µm/min

07 March 2019 71 4 0,052 0,01913 0,00003

14 March 2019 71 2 0,046 0,00890 0,00002

01 April 2019 45 5 0,090 0,01015 0,00002

02 April 2019 50 1 0,062 0,00341 0,00003

17 April 2019 60 2 0,103 0,00514 0,00001

18 April 2019 65 14 0,075 0,00481 0,00001

29 May 2019 55 16 0,013 0,01611 0,00004

30 May 2019 40 5 0,005 0,01302 0,00006

09 June 2020 40 2 0,127 0,03318 0,00001

Table 4.1: Summary of measurements done with a salt concentration above 40

mg/ml. Room temperature was always recorded at the beginning of the day,

solutions were heated up to a temperature between 45◦C and 55◦C. Induction time

is evaluated as the minute when we saw the first crystal. Growth rate is evaluated

by a linear fit of radius values and errors are evaluated as standard deviation.

salt concentration of 20 mg/ml. Basic considerations: under these conditions, at

low salt concentration, we expect:

• Slow nucleation process (with no clusters);

• Small crystals could be likely invisible at the beginning (conditions 4.1.1 are

not met);

• A single crystal might be impossible to be detected.

We take some days as examples and for these we show in details every results

obtained. Instead of previous measurements, we decide to analyze many salt

concentrations because of their different behavior, as we will find out. At the

end, we collect all the results obtained for other measurements in Table 4.2.

We take as model measurements done on March 2nd, 2020, using a solution of

lysozyme concentration at 34 mg/ml and salt concentration 30 mg/ml and done

on May 28th, 2020, using a solution of lysozyme concentration at 34 mg/ml and

salt concentration 25 mg/ml. Room temperature was recorded as 23◦C and the

solution was heated up to 50◦C for 20 minutes. Viscosity was set to 0.833 mPa · s
and it was considered constant during measurement.
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Measurements done on March 2nd, 2020. The whole data-set for this day

is composed by over two hundred correlation functions, but only the first 70

correlation functions are computed.

After preliminary measurements performed as explained before and after checking

the goodness of filtered solutions, DLS and cDDLS started. DLS correlation

functions show no signal, that means there are no clusters in our solution, as

found for previous measurements ( Sec.4.2). We skip directly to cDDLS correlation

functions. So, Fig.4.7 shows four different cDDLS correlation function obtained in

four different times of measure: at 26, 35, 54 and 61 minutes. In this case, we never

saw exponential decay in the correlation functions. The profile is gaussian from

the beginning. The gaussian nature of the decay is clear from the goodness of the

gaussian fit shown in figure against simple exponential decay fit. With a gaussian

profile, we lose information about crystal rotational motion, so the fit parameter

is no more linked to the crystal radius. Defined τ as the fit parameter /according

to Eq. (3.10)), we can only say that the crystal is present from this minute on and

analyze how fast τ increases in time. We collect all the τ values obtained from the

gaussian fits in function of time (Fig. 4.9 (a)). We can obtain its rate from a linear

regression. Induction time, for this measure, is 26± 1 minute.

Measurements done on May 28th, 2020. The whole data-set for this day

is composed by over seven hundred correlation functions, but only correlation

functions between minute 650 and 680 are computed.

After preliminary measurements performed as explained before and after checking

the goodness of filtered solutions, DLS and cDDLS started. DLS correlation

functions show no signal, that means there are no clusters in our solution, as

found for previous measurements ( Sec.4.2). We skip directly to cDDLS correlation

functions. So, Fig.4.8 shows four different cDDLS correlation function obtained in

four different times of measure: at 651, 662, 675 and 680 minutes. In this case, we

never saw exponential decay in the correlation functions. The profile is gaussian

from the beginning. The gaussian nature of the decay is clear from the goodness

of the gaussian fit shown in figure against simple exponential decay fit. With a

gaussian profile, we lose information about crystal rotational motion, so the fit

parameter is no more linked to the crystal radius. Defined τ as the fit parameter

(according to Eq. (3.10)), we can only say that the crystal is present from this

minute on and analyze how fast τ increases in time. We collect all the τ values

obtained from the gaussian fits in function of time (Fig. 4.9 (b)). We can obtain its

rate from a linear regression. Induction time, for this measure, is 651± 1 minute.

We note that induction time increases if the salt concentration in low. We presented

this measurement in order to show induction time trend.
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(a) cDDLS correlation function after 26

minutes

(b) cDDLS correlation function after 35

minutes

(c) cDDLS correlation function after 54

minutes

(d) cDDLS correlation function after 61

minutes

Figure 4.7: cDDLS correlation function at different times on March 2nd, 2020.

Salt concentration: 30 mg/ml, room temperature at 23◦C, solution heated up to

50◦C for 20 minutes. Data are shown by solid black lines. Simple exponential fit

is shown by red solid lines. Gaussian fit is shown in blue solid lines.

After presenting two different measurements, we report all the results obtained for

measurement done with a salt concentration lower than 40 mg/ml. In Tab. 4.2,

the main information are reported: salt concentration at which measurement was

done, induction time calculated, the parameter τ from the gaussian fit, growth

rate calculated by interpolation and error as standard deviation. The lower salt

concentration we use, the greater induction time we obtain. This is due to the

fact that the time that elapses between the achievement of supersaturation or

undercooling and the appearance of a solid phase is greater, if the salt concentration

is lower.

As we said before (Sec.4.1.2), we expect an exponential trend for induction time

values. We collect all the values calculated in Fig.4.10. As a matter of fact,

induction time follows an exponential trend. We would like to point out that,

even if τ parameter obtained by fitting gaussian decay is not physically linked
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(a) cDDLS correlation function after

651 minutes

(b) cDDLS correlation function after

662 minutes

(c) cDDLS correlation function after

675 minutes

(d) cDDLS correlation function after

680 minutes

Figure 4.8: cDDLS correlation function at different times on May 28th, 2020. Salt

concentration: 25 mg/ml, room temperature at 23◦C, solution heated up to 50◦C

for 20 minutes. Data are shown by solid black lines. Simple exponential fit is shown

by red solid lines. Gaussian fit is shown in blue solid lines.

to crystal radius, induction time is still a valid parameter useful to describe our

measurements because it marks when crystals form. We did not expect to find

out gaussian profile at the beginning but we know also that the salt concentration

was very low and the crystals were very small. This leads to the generation of not

measurable depolarized scattering signal for a long time. A tentative explanation

of this peculiar behavior is reported in the following Section.
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(a) Correlation functions data-set of March 2nd, 2020

(b) Correlation functions data-set of May 28th, 2020

Figure 4.9: Linear regression for τ values in function of the time. τ values are

reported in blue filled points. Linear fit is reported in blue solid line. In the left

upper corner, fit’s parameters are reported. Parameters errors are obtained from

standard deviation and are represented by a filled blue shaded area. Both scales are

linear.
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Date Concentration Ind. time τ Growth rate Std Dev

mg/ml min s s/min s/min

03 February 2020 35 4 0,069 0,0395 0,0003

28 May 2020 35 5 0,558 0,0413 0,0001

11 December 2020 35 3 0,095 0,0805 0,0002

02 March 2020 30 26 0,070 0,0082 0,0003

28 May 2020 30 22 0,095 0,0205 0,0001

28 May 2020 30 32 0,141 0,0530 0,0001

04 June 2020 30 26 0,078 0,0331 0,0003

11 February 2020 30 42 0,256 0,0212 0,0002

28 May 2020 25 651 0,149 0,0155 0,0001

04 June 2020 25 630 0,055 0,0225 0,0003

21 February 2020 25 701 0,156 0,0152 0,0003

09 June 2020 20 652 0,287 0,0051 0,0002

Table 4.2: Summary of measurements done with a salt concentration below 40

mg/ml. Room temperature was always recorded at the beginning of the day,

solutions were heated up to a temperature between 45◦C and 55◦C. Induction time

is evaluated as the minute when we saw the first crystal. Growth rate is evaluated

by a linear fit of τ values and errors are evaluated as standard deviation.
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Figure 4.10: Representation of induction time values in function of the time. The

points are obtained from the data-set of the whole experimentation through 3 years.

Induction time values are reported in blue filled points. Error bars are equal to ±1

minute, x-scale is linear, y-scale is logarithmic.
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4.4 Results Discussion

As said before at the beginning of this chapter, the expected functional behavior

of a fast mode on top of a slow mode (whatever it comes from: NF, convection,

presence of clusters or laser noise) suggests that for “large” crystals the “fast”

mode is slew down to be comparable with the slow mode. Especially in presence

of convection, this can be an issue.

For measurements done with a salt concentration over 40 mg/ml, the expectation

meets experimentation. As demonstrate in Sec.4.2, we obtained exponential profile

for correlation functions that, eventually, evolve into gaussian profile. The fit

parameters are, thus, linked to the crystals’ radius and we found crystals with

a radius between 180 and 500 nm. In previous unpublished work, similar crystals

sizes are obtained. On the other hand, those DLS correlation functions show one or

two exponential decays. One exponential decay is due to the presence of clusters,

the other is due to the crystal formation and appears only when the nucleation

occurs. In our measurements, the “double mode” in DLS measurements is not

found because the solutions are filtered before starting the measure. In this way,

as explained before, clusters are removed from the solution.

Data show abrupt changes when concentration goes below 40 mg/ml. A tentative

explanation of the peculiar behavior of the experimental results systematically

obtained whenever studying the samples at low salt concentration is given below.

Among the peculiarities of these data sets, the functional shape of the decay in

the correlation function is the more remarkable. The expected behavior reported

in literature (Maes, 2015) concerning the cDDLS method is of a fast mode due

to crystal rotations, on top of a slow mode generated by number fluctuations.

Rotational diffusion times are recovered by fitting data with the expected functional

behavior for the fast mode, after subtraction of a curve fitting the slow mode. In

the case of number fluctuations, both modes are exponentially shaped, accordingly

to the diffusive motions of the crystals within the scattering volume. In principle,

ambiguity could arise when crystals grow up to sizes such that the “fast” mode

is slew down to be comparable with the slow mode. Very often, and depending

on the experimental configuration, the slow mode is disturbed or even hidden by

laser noise or affected by the unavoidable fluid convection. The latter introduces

transverse sample drifts, that drive the crystals out of the scattering region faster

than the rotational diffusive times. For a gaussian-shaped beam as the one adopted

in our case, this brings to gaussian shaped correlation functions, easily recognized

from exponential when fitting to data. Under these conditions, no information is
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available about the size, except for a lower limit imposed by the time constant

obtained from the gaussian width. This clearly happens at the latest stages of

the crystal growth, the early ones being characterized by faster time constants

and therefore exponential decay of the correlation function. Besides the functional

behavior, detecting crystals needs to match the following conditions to overcome

the unavoidable noise at small lag times:

i) to generate measurable depolarized scattering signal

ii) the rotational diffusion times to be long enough (> 10−3 s.

Both conditions are related to a minimum size of the scattering objects. Therefore,

a measurement usually starts from a stage when one or more crystals within the

scattering volume are able to generate a signal meeting the two conditions, as said

before.

Despite this simple and clear behavior, data obtained with salt concentration

below 40 mg/ml remarkably show one mode instead of two and almost-gaussian

correlation functions at the early stages, that gradually evolve to smoother decays

in the further stages. On the other hand, under these conditions nucleation is

also expected to be slow enough to form very small crystals (∼10 nm) lasting for

relatively long times. Therefore, at the beginning of the process fast exponential

decays would be expected instead of the observed slow gaussian. The systematic

observation of this peculiar behavior suggests that these data cannot be explained

in the framework of the pure cDDLS method. An alternative explanation just

stems from the small expected sizes of the crystals in the early stages. They

might be so small that one of them will not meet conditions i) and ii) introduced

above. Nevertheless, a clear depolarized signal does appear under crystallization

conditions, while systematically missing otherwise. Therefore, a number of very

small, undetectable crystals are likely within the scattering volume, rapidly diffusing

through it.

We look now into the scattering volume with arbitrary time and intensity resolution,

from the forward direction under confocal conditions. The polarized laser beam

illuminates a number of small crystals, undergoing translational and rotational

diffusive motions. On time scales faster than the rotational characteristic times,

crystals scatter a small fraction of light with a polarization perpendicular to that

of the impinging light. Depending upon the instantaneous random orientation of

each crystal, the corresponding depolarized field and intensity will range from zero

to a maximum value imposed by the optical anisotropy of particle polarizability,

β, ultimately related to volume. The time elapsing, each crystal randomly changes

orientation, thus changing the depolarized scattered field. The consequent signal,
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obtained by heterodyning the scattered fields with the local oscillator, gives a time

sequence of field and a corresponding intensity fluctuations that can be considered

at random over time scales longer than the rotational time constants. Since time

resolution is longer as well, fluctuations cannot be resolved and the rotational, fast

mode is lost. While condition i) can be fulfilled by summing up the contributions

produced by a number of crystals, condition ii) is still not satisfied and the fast

intensity fluctuations are washed out.

Anyway, the above argument does not imply a constant depolarized light intensity.

A number of crystals are “blinking” at random within the scattering volume, the

fluctuations summing up to give a total intensity level that is the sum of the

heterodyne signals formed by each instantaneous depolarized field and the local

oscillator. Undergoing translational diffusion, they randomly move across the

beam, change the impinging/scattered field amplitudes so that the fast, unresolved

“blinks” originated by diffusive random rotations are averaged and enveloped by

a slower fluctuation. Being the “blinks” so short and randomly distributed in

space and time over the time scale of the temporal resolution of the system, the

consequent value of the intensity integrated over time will be the average of a

number of contributions summing up incoherently (at variance with the case of

cDDLS, where the intensity fluctuations are deterministically imposed by the time

resolved changes in the random crystal orientations). In other words, Brownian

diffusion brings crystals to randomly move across the beam, eventually going in

and out from the illuminated region. This is similar to the number fluctuations

already encountered in cDDLS, but intensity is generated in a different way. In

fact, this system is much more similar to what happens in Fluorescence Correlation

Spectroscopy (FCS), where the intensity fluctuations are due to number fluctuations

induced the by Brownian motions of a number of uncorrelated emitters across a

focused light beam. The light intensity is the sum of a number of ultra-fast “blinks”

of light emitted by fluorescent objects. In a sense, FCS can be considered as the

incoherent counterpart to the coherent DLS, with completely incoherent emerging

fields.

In our case, fields are actually coherently emitted over very short time scales, but

the fluctuations of the random orientations impose the fast, random fluctuations

giving the “blinks” and the consequent average of uncorrelated contributions.

The framework of FCS is helpful in explaining the peculiar shapes of the correlation

functions in our data. The basic FCS autocorrelation function for a 3D diffusive
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system is given by the following relation:

GFCS(t) =
G(0)(

1 +
t

τFCS

)(
1 +

t

r2τFCS

)1/2
+G(∞) (4.3)

here G(0) = 1/〈N〉 is the inverse of the average number of emitters; τFCS = ω2
0/2D

is the heterodyne characteristic time due to 3D diffusion, essentially imposed by the

transverse size of the beam; r = ωz/ω0 is the aspect ratio of the scattering volume,

estimated as the axial to radial radii ratio: for our gaussian beam with ω0 = 7µm,

we have ωz = 250µm approximately, so that r = 35 nm and the second term is

almost negligible. Notice that the FCS correlation function and time constant do

not depend on the detection angle.

While in FCS this is due to the incoherent emission process, in our case it comes

from the fast random “blinks” as discussed above. Anyway, this correlation function

is even smoother than the exponential behavior, meaning that the pure 3D diffusion

of incoherent scatterers as those we have assumed to be here cannot be invoked to

explain data.

For further discussion, a comment is worth about the contrast G(0) = 1/〈N〉
that characterizes our data.. Of course, on top of the number of emitters, N ,

the amplitude of the scattered field is determined by the anisotropy of the particle

polarizability, β, related to the intrinsic birefringence, and the instantaneous orientation

of the crystal. Without entering into formal details, it is clear that the contrast

G(0) will also be proportional to the anisotropy β, that in turn increases with

crystal size.

FCS intensity fluctuations are also affected by convective motions, reducing the

residence time of a scatterer within the beam with respect to the pure diffusive

case. For a given convection speed v, and neglecting the contribution of diffusion,

the corresponding transit time is τv = ω0/v. Accordingly to the FCS approach,

the general correlation function including the diffusive-convective motions reads:

G(t) = G(0)GFCS(t) exp

[
−
(

1 +
t

τFCS

)(
t

τv

)2]
+G(∞) (4.4)

It is convenient to set some constraints on the several parameters for a more detailed

analysis of this function in view of the discussion of data.

First, just assume to have pure lysozyme without any cluster, as it is expected in our

case. To better clarify this point, crystals 10 nm in radius would have a rotational

time constant smaller than 1µs. This time scale is too small to be measurable
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with our apparatus, thus condition ii) is missing. Assuming them to undergo

Brownian motions, the corresponding FCS characteristic time would be of the order

of τFCS = 1 s. The time scale obtained from experimental data from gaussian decays

is of the order of several tenths of a second, thus suggesting a relevant convective

contribution in all the early stages measurements. By estimating the convection

speed we obtain an order of magnitude of tens of µm/s, fully compatible with

convective motions within the sample cell.

With these time constants, the shape of the correlation function is expected to have

one “slow” mode, assuming almost gaussian shapes, when convection is predominant,

or even slightly smoother than gaussian if the contribution of the Brownian motion

is not completely washed out by convection.

The neat contradiction with the behavior expected for very small crystals in tradi-

tional cDDLS (two modes, exponentially shaped) is apparently explained by this

description.



Conclusions

In this thesis we analyzed the first steps of nucleation that leads to crystals formation.

We performed that using a solution of lysozyme, salt and buffer in different con-

centrations in order to explore many conditions. In the Chapter 4, we presented

data and this is the case: strange behavior of the correlation functions (and

corresponding induction times) depending on salt concentration. Data tell that

there are some abrupt changes below 40 mg/ml as salt concentration, systematic

gaussian correlation functions below 40 mg/ml and exponential plus gauss correlation

functions at high concentration. Ultimately, remarkable discrepancies with the

data sets collected during previous campaign: at low salt concentration we obtained

single decay instead of double decay, that sometimes occurs for high concentrations.

The expected functional behavior of a fast mode on top of a slow mode suggests

that for “large” crystals the “fast” mode is slew down to be comparable with the

slow mode. In this case, only a lower limit on crystal size can be evaluated. This

should be the case at the latest stages of the crystallization (large crystals). We

systematically see the opposite: gaussian, sometimes evolving into exponential.

We would like to point out the experimental conditions: lysozyme has been always

prefiltered: DLS always shows absence of clusters. Water, buffer, lysozyme and salt

show no depolarized signal; depolarized signals are observed only under crystalliza-

tion conditions. Under these conditions, at low salt concentration (≤ 40 mg/ml), we

expected slow nucleation process (with no clusters), small crystals, likely invisible

at the beginning and one crystal might be impossible to be detected. We saw

a systematic, clear depolarized signal after some time from start, no depolarized

signal with water, buffer, lysozyme, salt and one decay mode, gaussian. So we made

this hypothesis: at the beginning, a number of very small crystals are illuminated,

undergoing translational and rotational motions.

The consequences for this hypothesis are:
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• Depending upon the instantaneous random orientation of each crystal, the

corresponding depolarized field and intensity will range from zero to a ma-

ximum value imposed by the optical anisotropy of particle polarizability, β,

ultimately related to volume

• Each crystal randomly changes orientation, thus changing the depolarized

scattered field

• Fluctuations are too fast, they cannot be resolved and the rotational, fast

mode is lost.

• A number of crystals are “blinking” at random within the scattering volume.

• Brownian diffusion brings crystals to randomly move across the beam, even-

tually going in and out from the illuminated region.

• Intensity changes in a way similar to number fluctuations: τ = w2
0/2D

• the contrast G(0) will be proportional to 1/〈N〉 and to the anisotropy β,

increasing as the volume.

• Fluctuations are also affected by convective motions, the transit time being

τν = w0/ν

For example, let’s take a crystals of 10 nm in radius. Its rotational time constant

is smaller than 1 µs. This is not measurable with our apparatus. Translational

characteristic time of the order of τ=1 s while time scale from experimental data

(gaussian decays) is in the order of several 0.1 s. This suggests a relevant convective

contribution. By estimating the convection speed we obtain an order of magnitude

of tens of µm/s, fully compatible with convective motions within the sample cell.

They slow down with time. No information about the size is obtainable from the

experimental data.

Regarding induction times, the detection of a non-negligible depolarized signal

suggests that the scattering volume is populated by a number of very small scatterers.

Otherwise, a few, or one, crystal large enough to provide the measured depolarized

signal should give exponential decays. By assuming a number of crystals growing

in size within the scattering volume, the corresponding contrast of the correlation

function, G(0) = 1 / 〈N〉, will increase from vanishing values: the corresponding

polarizability (proportional to the volume) increases and therefore the optical

anisotropy of the polarizability, β. This argument suggests the possibility to easily

measure the induction times just from the time at which the depolarized signal

increases over a threshold, namely the typical noise level. Notice that this cannot
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be done when one crystal is responsible of the depolarized signal, since it is likely

formed outside the scattering volume. The result suggests an exponential decay of

the induction times with the salt concentration. We stress that this measurement

is free from any interpretation/fit, being just obtained from the raw data showing

the onset of the depolarized signal.

Moreover, one of the purpose of this work was to understand if clusters are needed

in solution in order to form crystals. After our measurements, we can demonstrate

that

• our solutions were cluster free due to pre-filtration

• DLS showed no signal at the beginning of measurements

• cDDLS showed signal only in correspondence of a crystal

This leads to the conclusion that crystals could form not only in presence of cluster

in solutions.

Finally, there are some open issues about these arguments and improvements

could be done. In particular, instrument could be improved in order to reach

characteristic times faster than 1 µs, in order to measure crystal radius even if

smaller than 10 nm. More studies could be done about convective contribution,

in order to understand the phenomenon and be able to separate convective con-

tribution and rotational contribution. The presence of clusters could be more

investigated, tying to understand in which way clusters can affect crystals formation.

Furthermore, an ambitious and pressing goal concerns the medical application of

our studies: fibrils are considered to be the cause of diabetes type-2 and Alzheimer’s

disease. So, studying fibrils formation and lysozyme nucleation, that is a precursor

for fibrils, we would be able to achieve ground breaking results in comprehension of

disease development and, eventually, to start a collaboration with research groups

that are looking for a cure.
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Appendix A - AuNP measurements

Introduction

A nanoparticle is a small particle that ranges between 1 to 100 nanometres in

size (Mandal, 2020). Undetectable by the human eye, nanoparticles can exhibit

significantly different physical and chemical properties to their larger material

counterparts. The material properties change as their size approaches the atomic

scale. This is due to the surface area to volume ratio increasing, resulting in the

material’s surface atoms dominating the material performance (Hosokawa, 2012).

Owing to their very small size, nanoparticles have a very large surface area to

volume ratio when compared to bulk material, such as powders, plate and sheet.

This feature enables nanoparticles to possess unexpected optical, physical and

chemical properties, as they are small enough to confine their electrons and produce

quantum effects.

Gold nanoparticles (AuNPs) have been widely employed in bionanotechnology

based on their unique properties and multiple surface functionalities. The ease of

AuNP functionalization provides a versatile platform for nanobiological assemblies

with oligonucleotides (Zhang et al., 2011), antibodies (Priyabrata Mukherjee and

Lee, 2007), and proteins (Calzolai et al., 2010). Bioconjugates of AuNPs have also

become promising candidates in the design of novel biomaterials for the investigation

of biological systems. Gold nanoparticles can be produced with various sizes and

shapes depending on the fabrication method. Typically anisotropic shapes are

formed in the presence of a stabilizing polymer that preferentially binds to one

crystal face and results in one crystal direction growing faster than others. The

size of the crystalline domains within a nanoparticle is dependent on the fabrication

method.
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Preventing nanoparticle aggregation can be very challenging depending on the

application. Nanoparticles are either charge stabilized or sterically stabilized. For

charge stabilized particles, the zeta potential is a measure of the particle’s stability.

Typically, nanoparticles with zeta potentials 3 greater than 20 mV or less than -

20mV have sufficient electrostatic repulsion to remain stable in solution. Gold

nanoparticles can be functionalized with a wide range of materials. Polymers such

as polyvinylpyrrolidone (PVP) and tannic acid are capping agents typically used to

stabilize gold nanoparticles. Gold nanoparticles used in biological applications are

commonly coated with polyethylene glycol (PEG), bovine serum albumin (BSA),

or numerous other proteins, peptides, and oligonucleotides. Binding molecules to

a gold surface can be accomplished by physadsorption or by taking advantage of

extremely stable thiol-gold bonds. Particles can be functionalized with molecules

that ’flip’ the surface charge of the negatively charged gold nanoparticles to a

positively charged surface.

Particles can also be functionalized to provide reactive groups (for example, amine-

or carboxy-terminated surfaces) for subsequent conjugation. Dielectric shells (for

example, silica, aluminum oxide, and TiO2) with a precisely controlled thickness

can be used to encapsulate the particles, change the optical properties, or incorporate

fluorescent dyes.

The versatility of AuNPs has provided useful materials for a range of biomedical

applications (Fig. 11). In diagnostics, the binding event between the analytes and

the AuNPs can alter the physicochemical properties of AuNPs such as surface

plasmon resonance, conductivity, and redox behavior, leading to detectable signals

(Uehara, 2010). AuNPs also serve as practical platforms for therapeutic agents,

with their high surface area allowing a dense presentation of multifunctional moieties

(e.g., drugs (Cheng et al., 2010) and targeting agents (Patra Chitta Ranjan and

Wang, 2008)).

Synthesis and Characterization Techniques

The colloidal dispersions of AuNPs are prepared by the reduction of tetrachloroauric

acid with saccharide maltose at the laboratory temperature. This protocol has been

widely employed to prepare dilute solutions of moderately stable spherical AuNPs

with diameters of 10 to 20 nm, though larger AuNPs (e.g., 100 nm) can also

be prepared. These citrate-stabilized AuNPs can undergo irreversible aggregation

3Zeta potential is a measure of the effective electric charge on the nanoparticle surface. The

magnitude of the zeta potential provides information about particle stability, with particles

with higher magnitude zeta potentials exhibiting increased stability due to a larger electrostatic

repulsion between particles.
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Figure 11: Applications of AuNPs in bionanotechnology

Figure 12: Synthesis of AuNPs in bionanotechnology

during functionalization process with thiolate ligands. Several strategies have been

developed to conquer this problem including using a surfactant, Tween 20, prior to

the modification to prevent aggregation (Aslan and Pérez-Luna, 2002) (Fig. 12, or

using thioctic acid as an intermediate via a two-step functionalization (Lin et al.,

2004). However, the requirement for high dilution makes large scale production

challenging.

Moreover, Brust and Schriffin achieved a breakthrough in AuNP synthesis in 1994

by creating organic soluble alkanethiol-stabilized AuNPs through a biphasic reduc-

tion protocol using tetraoctylammonium bromide (TOAB) as the phase transfer

reagent and sodium borohydride (NaBH4) as the reducing agent (Brust Mathias

and J., 1994). This methodology produces low dispersity AuNPs from 1.5 to 5 nm
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by varying the reaction conditions such as gold-to-thiol ratio, reduction rate, and

reaction temperature. These alkanethiol-protected AuNPs possess higher stability

when compared to most other AuNPs due to the synergic effect of the strong thiol-

gold interactions and van der Waals attractions between the neighboring ligands.

These nanoparticles can be thoroughly dried and redispersed in solution without

any aggregation making them excellent precursors for further functionalization.

Spherical AuNPs possess useful attributes such as size and shape-related optoelec-

tronic properties, large surface-to-volume ratio, excellent biocompatibility, and low

toxicity. These properties make AuNPs an important tool in bionanotechnology.

Important physical properties of AuNPs include surface plasmon resonance (SPR)

and the ability to quench fluorescence. Spherical AuNPs exhibit a range of colors

(e.g., brown, orange, red and purple) in aqueous solution as the core size increases

from 1 to 100 nm, and generally show a size-relative absorption peak from 500 to

550 nm. The superb quenching ability of AuNPs to proximal fluorophores comes

through the deactivation pathway based on the good overlap between the emission

spectrum of excited fluorophores and the surface plasmon band of the AuNPs. This

fluorescence resonance energy transfer (FRET) phenomenon is observed even in the

presence of 1 nm AuNPs due to the fact that radiative and non-radiative decay rates

of fluorescent molecules are both distinctly affected by the nanoparticles (Pramod

et al., 2006). AuNPs also can act as electron acceptors to quench fluorophores in

the photoinduced electron transfer (PET) process (Bigioni et al., 2000).

Experimentation

The size of the prepared AuNPs was determined using dynamic light scattering,

technique explained in Sec.3.1.1. We wanted to understand if the technique was

suitable for these type of measurements. The aim of this project was to understand

the feasibility of DLS technique because of its no-invasive way of work instead of

other techniques used for this purpose. AuNPs were prepared at Leibniz-Institut

fur Neue Materialien in Saarbrucken, Germany.

Particles were treated with tetradecane at different concentrations. DLS is installed

in Milan, where we performed AuNPs measurements. The whole experimentation

was divided in two measurements’ campaigns. The first one, conducted in September-

October 2019, was a pilot measurement done in order to understand feasibility and

success possibility. AuNPs had a radius no greater than 100 nm. In the second

campaign, conducted in July 2020, we confidently analyzed a 5-10 nm radius in

size AuNPs.
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Measurement procedure is the same for both campaigns:

• AuNPs are provided in different radius sizes, from 5 to 300 nm;

• The solution contains AuNPs agglomerated, so we have to de-agglomerate

particles before measuring. We have to heat the solution up to 30, 40, 50 and

90◦C for 20 minutes, at least (we tried many temperatures before finding out

the best);

• The solution is stabilized with Hexadecanethiol and has to be diluted with

Tetradecane in order to have few particles in our cuvette; many dilution were

tried in order to find out the right one. Few particles are needed in order to

avoid multiple scattering;

• Single measurement lasts 60 seconds and is repeated for 30-60 times. For

reference, in next sections, only one measure will be shown;

• AuNPs radius sizes are evaluated fitting DLS exponential decay by a simple

exponential (not gaussian or other type as seen before).

First Campaign

For the first campaign, particles of 150-200 nm radius were prepared. During

this preliminary campaign, we performed measurements trying different setups in

dilution and temperature. In particular, dilution 1:50 was tried at 30, 40 and

50◦C as a heat up temperature and then, dilution 1:100 was done at the same

temperatures. The following graphs (Fig. 13 and Fig. 14) show DLS exponential

decay. For each figure, dilution and temperature are highlighted. Then, Table 3

shows results in terms of characteristic times and radius size. Radius is evaluated

using Eq. 2.19. Errors are evaluated as residues between data and exponential

function. Every case shows a relative error less then 1%.

After this pilot measurement, it was clear that the technique could have obtained

good results. We obtained results coherent with theory: the discrepancy was due

to multiple scattering or particles agglomerated at the time of the measure. We

would like to perfect technique, in order to be more accurate in measuring AuNPs

radius. Increase signal intensity was the first choice, in order to increase correlation

function contrast. We wanted to measure particle of few nanometers radius in size.

Second Campaign

During this second measurements campaign, 11 measurements have been done on

solution containing particles of 5.8, 6.8 and 7.8 nm radius in size. First of all,

a dilution about 1:5 was tried for particles with radius equal to 7.8 nm. In this
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(a) Dilution 1:50, Temperature 30◦C (b) Dilution 1:50, Temperature 40◦C

(c) Dilution 1:50, Temperature 50◦C

Figure 13: Correlation functions after 1 minute measure in a log-lin scale. Data

are reported with a black solid line; the best exponential fit is reported with a red

solide line. Each figure shows a different setup in temperature, meanwhile dilution

is constant at 1:50.

Diluition Temperature Characteristic Time Radius
◦C ms nm

1:50 30 2 150

1:50 40 2 150

1:50 50 2 150

1:100 30 7 300

1:100 40 5 250

1:100 50 4 200

Table 3: Aggregation characteristic time as evaluated by an exponential fit of the

corr function and corresponding AuNPs radius
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(a) Dilution 1:100, Temperature 30◦C

(b) Dilution 1:100, Temperature 40◦C (c) Dilution 1:100, Temperature 50◦C

Figure 14: Correlation functions after 1 minute measure in a log-lin scale. Data

are reported with a black solid line; the best exponential fit is reported with a red

solide line. Each figure shows a different setup in temperature, meanwhile dilution

is constant at 1:100.

condition, particles with size 234 nm were found (Fig. 15). We increased dilution,

till 1:40, and we finally were able to see something. Note that the solutions have

been heated up to 90◦C and then we measured particles letting the temperature

decreases. The following table (Table 4) shows which measurements have been

performed and at which conditions. Then each measurement was analyzed reporting

characteristic time (tau) and radius trend. In particular, radius trend describes how

measured radius increases during the cooling down. Each point represents radius

value at certain time.

In the following plots:

• time is expressed in minutes

• delay time is expressed in seconds
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• radius is expressed in um

• each point in radius trend is evaluated from characteristic time

• characteristic time is evaluated by fitting correlation functions

Hypothetical Radius Dilution Experimental Radius

nm nm

1 7,8 5 234

2 6,8 10 14,1

3 6,8 10 10,9

4 7,8 20 93,4

5 7,8 40 9,65

6 7,8 40 6,62

7 7,8 40 8,37

8 6,8 40 7,56

9 6,8 40 6,72

10 6,8 40 6,03

11 5,8 24 4,98

Table 4: Main results about the second campaign. Hypothetical radius are reported

as we received them by Leibzin Institute. Experimental radius are reported with

three significant digits. Heat temperature is always 90◦C.

Avoiding failed measurements, we skip to the number 5. A particle with radius

equal to 9.65 nm is seen in this measurement. Correlation functions are reported

in Fig. 16. The signal is clear, there is no noise and the fit gives low residue. Four

graphs are reported describing correlation function after 2, 6, 10 and 14 minutes

from the start. Radius trend is reported in Fig. 17. Letting the solution cool down

in time, we saw bigger radius. The smallest radius seen is about 9.65 nm. The

hypothetical radius was 7.8 nm.

For reference, we here analyze measure number 9 and 11 because they describe the

other two different particles’ sizes we have: 6.8nm and 5.8nm. For measure number

9, results are reported in Fig. 18 describing correlation functions after 5, 11, 17 and

21 minutes from the start. A particle with radius equal to 6.72 nm is seen in this

measurement. For measure number 11, results are reported in Fig. 20 describing

correlation function after 2, 8, 12 and 13 minutes from the start. A particle with

radius equal to 4.98 nm is seen in this measurement. For each measurements,
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radius trends are reported (Fig. 19 and Fig. 21).

Finally, in Fig. 22 all the results are reported, in order to compare graphically

hypothetical radius and experimental radius. We added error bars equal to 10% of

radius values. Statistically it is not physically significant to evaluate errors because

exponential fit residues are about 10−5 and 10−6 and the related error propagation

would give an error equals to 0.0001 nm. On the other hand, we didn’t evaluate

deviation standard for the measure for the same particles’ radius because we had

not too many data. We chose to take into account the 10% of radius value as a

good error approximation.

In conclusion, our technique is feasible to measure AuNPs of few nanometers radius.

In the future it will be possible to continue the experimentation and try different

types of particles. There are good chances to improve furthermore the technique.

The fact that we obtained results both greater and lower than the hypothetical

radius leads us to exclude instrumental problems.
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(a) Correlation Function at diluition 1:5

(b) Radius Trend at diluition 1:5

Figure 15: (a) One of the correlation functions is reported: data are reported with

a solid blue line, exponential fit is reported in red solid line. Characteristic time is

about 0.01 s, so the particle seen is too big. (b) Radius trend during measurement

is also reported. There is no increase because we were not measuring particles’ size.

We skip failed measurements and go directly to the number 5.
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(a) Correlation Function after 2 minutes (b) Correlation Function after 6 minutes

(c) Correlation Function after 10 minutes (d) Correlation Function after 14 minutes

Figure 16: Correlation functions for measurement number 5, dilution at 1:40,

temperature at 90◦C. Hypothetical radius: 7.8 nm. Experimental radius: 9.65

nm.
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Figure 17: Radius trend during measurement number 5.
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(a) Correlation Function after 5 minutes (b) Correlation Function after 11 minutes

(c) Correlation Function after 17 minutes (d) Correlation Function after 21 minutes

Figure 18: Correlation functions for measurement number 9, dilution at 1:40,

temperature at 90◦C. Hypothetical radius: 6.8 nm. Radius obtained: 6.72 nm.

Figure 19: Radius trend during measurement number 9.
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(a) Correlation Function after 2 minutes (b) Correlation Function after 8 minutes

(c) Correlation Function after 12 minutes (d) Correlation Function after 13 minutes

Figure 20: Correlation functions for measurement number 11, dilution at 1:24,

temperature at 90◦C. Hypothetical radius: 5.8nm. Radius obtained: 4.98nm.

Figure 21: Radius trend during measurement number 11.



Conclusions 113

Figure 22: All results about the second campaign are reported. Blue dots represent

hypothetical radius, green dots represent experimental radius measured. Vertical

bars represent relative error about 10% of radius values.





Appendix B - Fibrils formation in hypergravity

Introduction

Fibrils have been introduced in Section 1.4. As we said before, amyloids fibrils

seem to be a precursor of Alzheimer’s disease and diabetes type-2. The role

of intermolecular interaction in fibril-forming protein solutions and its relation

with molecular conformation is a crucial aspect for the control and inhibition

of amyloid structures. The amyloid formation occurs after a long lag time and

is preceded by the formation of oligomers, which seems to be off-pathway with

respect to fibrillation. By measuring the osmotic isothermal compressibility and

the collective diffusion coefficient of lysozyme in solution (Raccosta et al., 2012),

the monomeric solution has been observed to be kept in a thermodynamically

metastable state by strong electrostatic repulsion, even in denaturing conditions.

The measured repulsive interaction between monomers is satisfactorily accounted

for by classical polyelectrolyte theory. There is also a slow conformational change

involving both secondary and tertiary structure, which drives the proteins toward a

more hydrophobic conformation. Denatured proteins are driven out of metastability

through conformational substates, which are kinetically populated and experience

a lower activation energy for fibril formation.

Lysozyme has been found to form amyloid fibrils, so we performed measurements in

hypergravity in order to simulate this formation in not-normal conditions (assumed

1g to be the normal condition). Hypergravity offers a different point of view

in analyzing processes: the time-line could vary, process could not happen. On

the other hand, in hypergravity the clusters that are already present in solution

will sediment and can be excluded from the observed volume. This offers the

opportunity to study the generation of new clusters and understand if clusters can

lead to fibrils formation. Hypegravity experimentation has been developed during

years. For examples, how hypergravity promotes cell proliferation has been studied
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in 1983 (Tschopp and Cogoli, 1983) and a study of the effects of hypergravity on

the cell shape and on the organization of cytoskeleton and extracelluLar matrix

molecules of in vitro human dermal fibroblasts has been performed in 1995 (Croute

et al., 1995).

There are, also, previous research group that are investigating how Gravity may

strongly influence the structural properties of growing structures.

• The group of S. Durrance performed a microgravity experiment in which they

grew lysozyme fibrils in the ISS (SABOL: Self-Assembly in Biology and the

Origin of Life). They concluded that microgravity affected the morphology

in an unexpected way: the microgravity-grown fibrils were very short and

much thicker (Bell et al., 2020).

• The GRADFLEX experiment proved the existence of long range/long lived

density fluctuations in space (Hirtz et al., 2005).

• Recent unpublished studies performed at the Université Libre de Bruxelles

(ULB) provide evidence that these density fluctuations should have an impact

on nucleation and on the dense liquid clusters.

• The COLLOID experiment brought strong evidence that convection drama-

tically alters the kinetics of colloidal aggregation (Moncho-Jorda, 2004).

During February 2019, a campaign of hypegravity measurements of lysozyme so-

lutions were performed at LDC facility (Large Diameter Centrifuge) at ESTEC

(European Space Research and Technology Centre) in Noordwijk, the Netherlands.

In the following days, data collected have been analyzed at VUB (Vrije Universiteit

Brussel) in Bruxelles using AFM (Atomic Force Microscope). In the following

sections, AFM techique and LDC facility will be describe and, finally, experimen-

tation and results will be presented.

AFM Technique

The atomic force microscope (AFM) is a scanning probe microscope capable of

resolving surface detail down to the atomic level. The potential of these microscopes

for revealing subtle details of structure is illustrated by atomic resolution images

including graphite, an organic conductor, an insulating layered compound, and

individual adsorbed oxygen atoms on a semiconductor. The potential of the AFM,

which does not require a conductive sample, is shown with molecular resolution

images of a nonconducting organic mono-layer and an amminoacid crystal that

reveals individual methyl groups on the ends of the amminoacids. Applications of
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Figure 23: Examples of AFM analysis: a polymer, a semiconductor, a thin-film

magnetic recording head and graphene. Image taken from Hansma et al. (1988)

these new microscopes to technology are demonstrated with images (Fig. 23) of

a polymer, a semiconductor, a thin-film magnetic recording head, graphene and

proteins’ images ((Gratz et al., 1991), (Hansma et al., 1988)).

The AFM principle is based on the cantilever/tip assembly that interacts with

the sample; this assembly is also commonly referred to as the probe. The AFM

probe interacts with the substrate through a raster scanning motion. The up/down

and side to side motion of the AFM tip as it scans along the surface is monitored

through a laser beam reflected off the cantilever. This reflected laser beam is

tracked by a position sensitive photo-detector (PSPD) that picks up the vertical

and lateral motion of the probe. The deflection sensitivity of these detectors has

to be calibrated in terms of how many nanometers of motion correspond to a unit

of voltage measured on the detector (Fig. 24).

For our purpose, AFM has been used to record fibrils eventually contained in our

disks. In the following Section, AFM results are reported.
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Figure 24: AFM setup: AFM tip scans along the surface is monitored through a

laser beam reflected off the cantilever. Image taken from Hansma et al. (1988)

Large Diameter Centrifuge facility

A Large Diameter Centrifuge (LDC) has been developed by ESA allowing the

acquisition of measurement points in the range from 1 to 20 g in order to understand

and describe the influence of gravity in systems. This instrument can provide

a hypergravity environment for cells, plants (Herranz et al., 2015), physiology

(Herranz et al., 2008) and small animals, as well as physical science and technological

experiments (Loon et al., 2008). Large Diameter Centrifuge, LDC, has a maximum

diameter of 8 meters (Fig. 25). On its four arms a total of 6 free swinging gondola

can be accommodated. Each gondola has a capacity of an 80 kg. payload that

can be exposed to 20g. Each gondola is equipped with a series of utilities for the

payloads. It provides a 220V power line, data communication for both monitor

and commanding based on RS-232 serial connection, Ethernet or USB protocols.

Each gondola has a video connection and sensors for temperature and acceleration.

Different gasses can be supplied to each gondola. The gondola can house various

instruments such as furnaces or modules for combustion sciences, fluid or plasma

physics studies. The facility is also outfitted for long duration animal studies for

basic research and in preparation for long duration space flight / microgravity

experiments. Therefore each gondola is provided with potable water and air lines

and is draft and light tight. In addition, a central, on-axes, gondola is foreseen

to serve as rotation control for the hypergravity animals. The facility is fully
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Figure 25: LDC setup: our arms and a total of 6 free swinging gondola. It allows

the acquisition of measurement points in the range from 1 to 20 g. Image taken

from www.esa.int

programmable.

Experimentation and Results

Samples

For the pilot experiment we choose lysozyme as the model protein. Lysozyme

solutions were prepared with 2 different destabilizing agents: ethanol (EtOH)

and a combination of guanidinium chloride (GdnHCl) and urea, at 2 different

concentrations. For one condition, salt (NaCl) was added to the solution in order

to change the ionic strength. The 5 conditions, summarized in Table 5, were

repeated 3-4 times and put in the gondolas of the LDC at temperatures 37◦ C, 45◦

C and “room temperature” (RT).

In situ monitoring

The different steps in the fibrillation process can be monitored by different techniques.

During the first step of the fibrillation process lysozyme undergoes conformational
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Lysozyme Concentration Destabilizing Agent Salt Concentration

mg/ml mg/ml

30 15% vol EtOH -

30 15% vol EtOH 10

60 15% vol EtOH -

30 GdnHCl 3 M; Urea 2.5 M -

60 GdnHCl 3 M; Urea 2.5 M -

Table 5: The conditions studied during the pilot experiment. EtOH concentration

is expressed in volume percentage. GdnHCl and urea concentrations are expressed

in molarity

changes that can be monitored by Fourier-transform infrared spectroscopy (FTIR);

in the next step β-sheet rich oligomers are formed. This step can be studied by

FTIR but most commonly Thioflavin T (ThT) fluorescence is used. ThT is a

dye that specifically binds to the β-sheet conformations. An increase in ThT

fluorescence is indicative of an increase in β-structure and/or its assembly. As

such it provides information on the initial stages of the fibrillation process. In

the next step, the elongation phase, protofibrils and fibrils grow to sizes that are

large enough to scatter 600 nm light. As such, the optical density of the solution

increases in the presence of fibrils and protofibrils and this step can be monitored

by optical density measurements (UV-Vis).

For the in situ detection a UV-Vis spectrophotometer HACH LANGE DR3900

was installed in one gondola at 20 g and at 1 g in the LDC room, both at room

temperature. For the fluorescence detection a Cool Led pE-4000 lamp with narrow

emission spectrum and a maximum at 580 nm was used. For the detection a black

and white camera was bolted to the optical table at 90◦ angle to the illumination

beam. A cut off filter (Thorlabs 610 nm long pass filter FFL610) for the removal of

scattered illumination light was placed in between the cuvette and camera. During

our pilot experiment a fluorescence set-up was installed in one gondola running at

20 g. ThT at a final concentration of 0.1 mM was added to the protein solution

studied with this diagnostic. Temperature incubators were used in 2 gondolas: one

at 37◦C and one at 45◦C. The 1 g controls for temperatures were places in the

LIS lab incubators. We noticed that the temperature in the LDC room increased

from 28.5◦C to 30.5◦C; the temperature in the incubator set at 45◦C oscillated

between 38◦C and 43.5◦C during the first 2 hours of the run and was stable at

41◦C ±0.5◦C for the rest of the run; the temperature in the incubator set at 37◦C
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Figure 26: Temperature oscillations during fibrils formation and measurements.

oscillated between 35◦C and 39◦C in the first 5 hours of the run and was stable at

37◦C ±0.5◦ C for the rest of the run. All data about temperature are collected in

Fig. 26. The runs were stopped at specific time points and at the end of the run

i.e. 172 h to collect samples from the different solutions in the gondolas. In total

82 samples were immobilized on mica disks for Atomic Force Microscopy (AFM)

analysis at VUB.

Results and discussion

The mica disks with the immobilized samples were analyzed with AFM at VUB.

Results obtained by other measurement techniques are not debated in this work.

The samples consisting of 30 mg/ml lysozyme with 3 M GdnHCl and 2.5 M Urea

at pH 4 kept at 20 g at 41◦C for 7 days showed fibrils in both repetitions of the

same condition (Fig. 27). No fibrils were detected for all repetitions of the same

condition kept at 1 g.

No fibrillation was detected for all the other samples. This was a consequence of

the pH that was erroneously kept at 4. In-house experiments at VUB confirmed

the absence of fibrils in identical conditions at pH 4. The ThT assay did not

detect fibrillation after 6 days. A decrease in pH to 2.5 resulted in an increase in

fluorescence reminiscent for fibril formation.
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Figure 27: AFM height profiles of lysozyme “fibrils” after a 7 days run at a,b) 20g

and c) 1g. No fibrils were detected for 1 g samples.

The above result might be surprising. Based on the results of the GRADFLEX

experiment, showing the existence of larger density fluctuations in space, one might

be inclined to conclude that density fluctuations are more damped in hypergravity

resulting in less nucleation. Moreover, if we compare our results with the results

of the SABOL experiments, the fibrillation at 20 g would be expected to lead

to longer and thinner fibrils. As such, our preliminary results indicate that the

results from microgravity and 1 g cannot be extrapolated to hypergravity. The

physical phenomena that determine the effect of mass transport on the fibrillation

process are still poorly understood. More research needs to be done to get a

full experimental picture of the fibrillation behavior at different g-levels. In situ

diagnostics will be crucial in the understanding of the effect of hypergravity in the

different phases of the fibrillation process.

The preliminary data obtained in the LDC and in a table top centrifuge prompt

further investigation. Future fibrillation measurements at the LDC will enable

us to fine tune the above measurements and to complement them with valuable

information on the fibrillation process. After the pilot experiment, we plan to study

the fibrillation of lysozyme, a folded protein requiring an “unfolding” step, and of

the intrinsically disordered pathological Aβ-peptide. In order to conduct future

hypergravity experiments in an efficient manner, we fine-tuned the conditions to

get mature fibrils in approximately 6 hours. An added value of the use of the LDC

will be the availability of in situ diagnostics. As such we can monitor the fibrillation

process inline and distinguish between the different fibrillation phases.
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Ravasio, Llorenç Cremonesi, Chloé Minnai and Mirko Siano. Thank you for being

there for me, for ourselves. Time spent together was precious. I will miss our lunch

break, our conversations, our craziness. I am not so sure that you will miss me and

how many words I can say in so little time. I love you.

Then, I would like to thank theoretical boys for the time they let me spend in

their office. Actually, the place where I spent much of my time during this PhD.

Thank you Riccardo, Alessandro, Andrea, Vittorio, Pietro and Mauro for taking

me seriously, even if I am blonde.

Finally, a special and heartfelt thanks to Pobri, Rupert and Matteo. Even if you

swear to have two-three lysozyme crystals in your pocket, even if you swear blind

to have DLS in the company laboratories, even if you ask repeatedly where the

fibrils are and you want them, I can’t help being without you.

133


	List of Figures
	List of Tables
	Introduction
	Thesis overview

	Protein fundamentals
	Building protein structures
	Crystalization Process
	Nucleation: two-steps mechanism
	Case study: Lysozyme

	Scattering fundamentals
	Scattering amplitude
	Extinction, scattering and absorption
	Rayleigh scattering
	Depolarized scattering
	Diffusion

	Experimental Setup
	Principles of DLS
	Principles of DDLS and cDDLS
	Correlation Functions
	Uses and Applications of DLS
	Uses and Applications of cDDLS

	Nucleation measurements: analysis and results
	Conditions and Samples
	High Salt Concentration Measurements
	Low Salt Concentration Measurements
	Results Discussion

	Conclusions
	Appendices
	Appendix A - AuNP measurements
	Appendix B - Fibrils formation in hypergravity
	Bibliography

	Acknowledgements

