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Preface

This PhD thesis entitled “Impact of Surrounding Environments on Spherical Supra-
molecular Assemblies Resulting from Liquid-Liquid Phase Separation and Aggre-
gation of Globular Proteins” was submitted to the Department of Biological, Chem-
ical and Pharmaceutical Science and Technologies at the University of Palermo to
obtain the PhD degree in "Technologies and Sciences for Human Health". The
project was carried out in the Molecular Biophysics Laboratory, Department of
Physic and Chemistry — Emilio Segre at the University of Palermo, under the super-
vision of Full Professor Valeria Vetri.

During my PhD program, I completed a six-month research visit abroad at the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The research
was carried out under the supervision of Dr. Marco Cammarata (Staff scientist at
ESRF) and in collaboration with Dr. Giorgio Schird (1Ist class Researcher at IBS).

The following review and research papers and manuscripts are the result of the

work conducted during the PhD project:

e Anselmo S, De Luca G, Ferrara V, Pignataro B, Sancataldo G, Vetri V. Insight

into mechanisms of creatinine optical sensing using fluorescein-gold complex.
Methods Appl Fluoresc. 2022 Aug 5;10(4). doi: 10.1088/2050-6120/ac8524.

e Alfano C, Fichou Y, Huber K, Weiss M, Spruijt E, Ebbinghaus S, De Luca
G, Morando MA, Vetri V, Temussi PA, Pastore A. Molecular Crowding: The
History and Development of a Scientific Paradigm. Chem Rev. 2024 Mar
27;124(6):3186-3219. doi: 10.1021/acs.chemrev.3c00615. Epub 2024 Mar
11.

e De Luca G, Sancataldo G, Militello B, Vetri V, Surface-Catalysed Liquid-
Liquid Phase Separation and Amyloid-Like Assembly in Microscale Com-
partments., Journal of Colloids and Interface Science, (under minor revision),
Available at SSRN: https://ssrn.com/abstract=4803885 or
http://dx.doi.org/10.2139/ssrn.4803885

The presented thesis is organised as follows:

e In Chapter 1, a general introduction on the state of the art of the main top-

ics that will be discussed in the following Chapters is reported, focusing on

il
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protein folding, aggregation mechanisms and liquid-liquid phase separation

process.

In Chapter 2, the experimental approaches used to analyse the effects of envi-
ronmental conditions on aggregation and liquid-liquid phase separation phe-
nomena are described, highlighting how combining bulk spectroscopy and
microscopy can comprehensively study spatially heterogeneous processes.

In Chapter 3, the liquid-liquid phase separation of a Bovine Serum Albumin
solution is examined, showing the influence of polyethylene glycol concen-
tration and the impact of chaotropic and kosmotropic co-solutes. Water order-
ing is studied using ACDAN fluorescence as an indicator of solvent dipolar

relaxation.

In Chapter 4, the supramolecular self-assembly of Human Insulin in sub-
microliter aqueous compartments is examined. This process results in the
formation of spherical Human Insulin microparticles. The process is anal-

ysed by a combination of quantitative fluorescence techniques.
In Chapter 5, a summary of the results and conclusions are reported.

In Appendix A, the activity conducted at ESRF in Grenoble is reported. An
introduction to X-ray Photon Correlation Spectroscopy (XPCS) and prelimi-
nary results on the analysis of liquid-liquid phase separation by using XPCS

are described.
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Abstract

Liquid-Liquid Phase Separation (LLPS) and protein aggregation share several fun-
damental features rooted in the principles of macromolecular interactions and phase
behaviour. Both LLPS and aggregation are recurrent phenomena in nature and are
related to the function and dysfunction of living systems and can be interconnected
as they are driven by common general principles. These processes involve the tran-
sition of proteins from a soluble state to a high-density state, regulated by com-
mon dominant intermolecular interactions, such as hydrophobic interactions, elec-
trostatic interactions, and hydrogen bonding. In LLPS, these interactions lead to the
formation of distinct liquid phases within a solution, where one phase is protein-rich
and the other contains a minor amount of protein molecules. In addition, polyvalent
interactions may also coordinate phase transition leading to protein aggregation,
which involves the formation of stable intermolecular bonds and resulting in stable
solid soluble or insoluble supramolecular assemblies. These phenomena are highly
sensitive to environmental conditions such as pH, temperature, ionic strength, the
presence of crowding agents, and surface and excluded volume effects, all of which

influence the stability and dynamics of protein-protein interactions.

This PhD thesis focuses on the analysis of the supramolecular assembly mech-
anisms of globular protein in conditions where micron-scale spherical particles are
formed both in the liquid state and in the solid state. The analysis of LLPS phe-
nomena of Bovine Serum Albumin is presented in bulk with the aim of highlight-
ing the role of solvent in orchestrating phase transition and how factors such as
polarity and molecular order of the medium may affect the formation of protein
coacervates. Then the supramolecular assembly of Insulin was studied within sub-
microliter scale aqueous compartments. A new experimental setup was developed
allowing the revealing of a surface-catalysed LLPS triggered by nucleation mecha-
nisms. The presented studies are performed by means of a combination of classical
spectroscopic techniques and quantitative fluorescence microscopy. The combina-
tion of these techniques with highly sensitive and specific dyes enables the visu-
alization and analysis of characteristic features of the samples under investigation.
In particular, Thioflavin T fluorescence lifetime was used to gain information on
the molecular structure of supramolecular protein assemblies with high spatial res-
olution, and ACDAN fluorescence signal was used to probe molecular order and

polarity during phase transition. At the end of the thesis, work in progress and

vii
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preliminary results of experiments performed using X-ray photon correlation spec-
troscopy are presented. Although challenging to use in biological samples, this
technique may provide unique and valuable information on the microscopic dy-
namics of density fluctuation and global diffusive motions occurring during LLPS.
Beyond the specific results of individual studies, the experimental approaches de-
scribed in this thesis may also constitute an important outcome. The feasibility of
establishing ad hoc conditions to study these phenomena from multiple perspectives
could potentially lead to a more comprehensive understanding of these complex and

still not fully understood processes.
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CHAPTER 1

Introduction

This chapter provides a brief general introduction on the basic concepts and the state
of the art of the mechanisms and processes useful to underlie the scientific issues
and the experimental conditions depicted in this thesis. Protein folding and aggre-
gation in the energy landscape perspective are briefly described, with a particular
focus on amyloid self-assembly. Liquid-Liquid Phase Separation (LLPS) processes

and the molecular crowding effects are described.

1.1 PROTEIN FOLDING

Proteins are fundamental macromolecules that play a vital role in all biological
processes. Proteins are comprised of one or more long chains of amino acids, linked
together by peptide bonds. Amino acids are small organic compounds that represent
the building blocks of proteins. Each amino acid consists of a carbon atom bonded
to an amine group (-NH2), a carboxyl group (-COOH), a hydrogen atom, and a
distinctive side chain, known as the residue. The chain of amino acids without
considering the residues is known as the protein backbone. The side chain gives
each amino acid its specific chemical and physical characteristics. Amino acids can
be hydrophobic, polar charged (positively or negatively), or neutral [1, 2, 3].

The chemical properties of amino acids are crucial for protein structure, as it can
be modulated by specific intramolecular interactions between individual residues
of the amino acid chains, resulting in a functional structure essential for the proper
functionality of living systems. This process, known as folding, has been the subject
of extensive research since the 1970s. Folding involves molecular interactions such
as electrostatic forces, hydrophobic effects, hydrogen bonding, and Van der Waals
interactions, which drive the protein to adopt a particular shape or conformation
(2, 4].

The main driving interaction regulating protein folding is the hydrophobic in-
teractions, which drive non-polar amino acid side chains to the interior of the pro-
tein structure, away from the aqueous environment. This effect is primarily due to

the entropy gain associated with the release of water molecules from the ordered
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solvation shell around hydrophobic groups, called clathrates. This results in the
hydrophobic compounds sticking to each other, forming clusters that reduce the
surface area available to water molecules and, consequently, the number of ordered

water molecules around them [2, 4, 5].

The hydrophobic interactions are significantly influenced by temperature. At
lower temperatures, water molecules are more structured and form extensive hydrogen-
bonded networks. In such conditions, the entropic gain from releasing these water
molecules is less pronounced, reducing the hydrophobic effect. As temperature in-
creases, the hydrogen-bonded network of water becomes more dynamic and less
structured, increasing the entropy gain when water molecules are displaced from

the hydration shell of hydrophobic residues [2].

Additionally, to the hydrophobic interactions between nonpolar residues, elec-
trostatic interactions, van der Waals forces and hydrogen bonds, further stabilize
the folded conformation. Electrostatic interactions are long-range columbic inter-
actions which arise between charged residues. Van der Waals are weak, short-range
intermolecular forces that arise from interactions between neutral molecules. These
may be attractive or repulsive forces between permanent or transient dipoles of the
molecules. Van der Waals forces, though individually weak, collectively provide
significant stabilizing energy through close packing of atoms in the protein core.
Hydrogen bonds form between polar side chains and backbone atoms, or water
molecules and in general these occur when a hydrogen atom is shared between gen-
erally two electronegative atoms and provide specificity and directionality to the

folding process [2, 6].

Similarly to hydrophobic effects, the strength and behaviour of these interac-
tions are significantly influenced by the conditions of the surrounding solution, such
as solvent, ionic strength, pH, and temperature. For instance, high ionic strength in
a solution, due to high salts concentrations, may shield the electrostatic interac-
tions, reducing the range and strength of these interactions and changes in pH can
alter the charge state of ionizable groups in polar residues, influencing the nature
and strength of electrostatic interactions. Van der Waals forces are influenced by
temperature since high temperatures increase molecular motion, which can weaken
the cumulative effect of van der Waals forces by disrupting the close contacts be-
tween molecules. Hydrogen bonding is highly sensitive to the solution environment
since changes in pH can protonate or deprotonate hydrogen bond donors or accep-
tors, altering their ability to form hydrogen bonds and, as for van der Waals in-
teractions, increased temperature generally weakens hydrogen bonds by increasing

thermal motion, which disrupts the directional and specific nature of these interac-
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tions [2]. Moreover, hydrogen bonding with water molecules is strongly influenced
by specific chemical compounds which are known to disrupt or strengthen the hy-
drogen bonds which are formed in water. These are respectively chaotropic and

kosmotropic agents. More details on this compound will be given in Chapter 3.

Overall, the interplay between these interactions orchestrates the complex and
highly cooperative process of protein folding, ensuring that the protein adopts its

native and functional three-dimensional structure.

Now a brief overview of protein structure will be reported, in order to compre-
hend how these interactions, cooperate to guide a protein towards its native three-
dimensional structure. The structure of protein molecules can be organized into
four levels characterized by increased complexity: primary, secondary, tertiary, and
quaternary [2, 3]. The primary structure is the linear sequence of amino acids in the
polypeptide chain and dictates the subsequent levels of protein structure. The amino
acid sequence is locally folded in specific structures which describe the secondary
structure of the protein. These structures are stabilized primarily by intramolecular
hydrogen bonds between the backbone atoms of the amino acids. The two most
common types of secondary structure are a-helices and S-sheets. In an a-helix,
the backbone of the protein forms a tightly coiled structure resembling a helix,
and the B-sheets consist of extended strands of amino acids aligned side by side,
with hydrogen bonds forming between adjacent strands [2, 3]. These secondary
structures provide stability and rigidity to the protein molecule, contributing to its
overall conformation and function. Additionally, random coil can occur between
secondary structure elements, facilitating changes in direction and connecting dif-
ferent regions of the polypeptide chain, providing flexibility to the overall protein
structure [2, 3]. The three-dimensional spatial conformation of secondary structure
elements is the tertiary structure of the protein. The tertiary structure is stabilized
by interactions that arise between the residues and interactions with the solvent
molecules. This level of structure is stabilized by a variety of interactions, including
hydrogen bonds, hydrophobic interactions, van der Waals forces, ionic bonds (salt
bridges), and disulfide bridges, which occur between cysteine residues. The specific
arrangement of these interactions creates a unique three-dimensional conformation
that is critical for the protein function [2, 3]. Some proteins may further assemble
into polymeric forms which are composed of multiple identical protein monomers,
which is the quaternary structure. The subunits in a quaternary structure are typi-
cally held together by non-covalent interactions, such as hydrogen bonds and ionic
bonds. The spatial arrangement of these subunits is highly specific and determines

the overall geometry and stability of the protein complex. Examples of proteins
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with quaternary structure include haemoglobin, which is composed of four subunits
and insulin, which is commonly found as hexamers where zinc atoms coordinate

six insulin molecules [2, 3].

Proteins that exhibit an ordered and regular structure, composed of 50%-70%
a-helices and S-sheets, are referred to as globular proteins. Globular proteins are
characterized by their compact, spherical shapes, which result from the folding of
polypeptide chains into a tightly packed, three-dimensional structure. They are
typically soluble in water, having a hydrophobic core surrounded by hydrophilic
residues, which form the protein surface. Usually, if these proteins have disor-
der random coil, they are found at the edge of the protein molecule because these
present a higher number of available atoms to create hydrogen bonds with solvent,
with respect to the ordered a-helices and -sheets [2, 3]. This makes globular pro-
teins very stable, still maintaining a good degree of flexibility. For these reasons,
these proteins play crucial roles in numerous biological processes. Examples of
globular proteins include insulin, a peptide hormone necessary in the metabolism

of glucose and Serum Albumins, a family of transport proteins found in blood.

The process of correctly folding a polypeptide chain into its native and func-
tional state (or simply folding) is driven by an interplay of the several interactions
discussed above [2, 4, 5]. The folding process can be described by the energy
landscape, as shown in Figure 1.1. Each point of the energy landscape described
a specific conformational state of the protein. The width of the funnel-shaped en-
ergy landscape is a representation of all the different conformations characterised by
the same free energy, and therefore it is associated with the entropic contributions
to the folding process [2, 7, 8, 9]. During the folding process the protein travels
downhill, decreasing the number of possible conformation state and minimizing the
free energy of the system. The funnel profile of the energy landscape is due to the
enthalpic and entropic contributions arising from both intramolecular interactions
between amino acids, and interactions with the solvent and the overall surround-
ing environment [2, 7, 8]. The valleys in this landscape denote stable states for
the protein molecules. Under specific conditions, it is known that a protein amino
acid chain can spontaneously fold by the intrinsic chemical characteristics of the
amino acid sequence; however, the specific folding depends on the particular en-
vironmental context. The energy landscape facilitates the protein transition into its
native state through numerous pathways and intermediates; a smoother funnel sur-
face typically denotes a faster folding process [7, 8, 9]. Environmental fluctuations
may drive reactions towards native or non-native contacts while the protein is in its

unfolded or partially folded states.
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Ficure 1.1: Energy landscape for protein folding and protein aggregation processes. During the
folding process (shown in green), protein molecules explore various conformations while moving to-
wards the lower part of the “funnel”, i.e. the native and functional state of the protein conformation,
minimizing its free energy. During this process, protein may be trapped in a misfolded or partially
folded state. This may shift the process towards the aggregation pathway, leading to the formation
of aggregate species (shown in red), either amorphous aggregates, oligomers or amyloid fibrils, the
latter being the most thermodynamically stable state of protein conformation. Figure adapted from

[7].

The molecular interactions underlying protein folding and aggregation process
are essentially the same and therefore it is now accepted that the two processes are
governed by the same physical principles. As previously explained, the interactions
governing folding can be strongly influenced by the surrounding environment (tem-
perature, pH, ionic strength, solvent polarity, etc.), therefore affecting whether the
folding process collapses into the formation of the functional state (shown in green)
or if it shifts towards the formation of aggregate species (shown in red). As can
be observed by the energy landscape in Figure 1.1 in fact if the protein molecule

partially folds or misfolds may result in the formation of aggregate species [7, 8, 9].

Moreover, as previously explained, the interactions governing the folding and
aggregation process can be strongly influenced by the surrounding environment
(temperature, pH, ionic strength, solvent polarity, etc.), therefore the balance be-
tween the two processes as well. For instance, the heightened entropic benefit en-
hances the hydrophobic effect, promoting the aggregation of non-polar side chains
and thereby facilitating protein folding. However, if the temperature becomes too
high, the destabilization of the protein structure may occur due to excessive thermal
motion, potentially leading to denaturation. Thus, the hydrophobic effect exhibits

an optimal temperature range where it most effectively drives protein folding.
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1.2  AMYLOID AGGREGATES

In the case of off-pathway folding, which leads to the formation of aggregate species,
the external condition may drift the process towards the formation of amorphous
aggregates or amyloid fibrils. These are known to represent the most thermody-
namically stable state within the energy landscape [10, 11], as it is also visible from

the narrow and deep peak shown in Figure 1.1.

Amyloid fibrils are elongated (several micrometres long), very thin (few nanome-
tres in width) supramolecular assemblies characterized by a peculiar cross-f struc-
ture. The cross-8 structure is a distinctive and highly ordered arrangement of (-
strands (the elemental part of 8-sheets structure). S-strands align perpendicularly to
the fibril axis and form extensive S-sheets that run parallel to the fibril axis. These
sheets are stabilized by a dense network of hydrogen bonds between the peptide
backbones of the -strands, creating a rigid, very stable and insoluble structure.
By x-ray diffraction measurements, the characteristic length of the cross-8 struc-
ture were revealed. The distance between the S-strands is about 4.7 A, whereas the
separation between B-sheets is approximately 10 A [12, 13]. At mesoscopic scale,
amyloid fibrils are formed by the lateral association of few protofibrils characterized

by the same cross- structure.

Due to the high thermodynamic stability, amyloid aggregates exhibit remark-
able mechanical and phisico-chemical properties, such as high young modulus,
high electrical conductivity, resistance to harsh conditions and chemical oxidation
[14, 15, 16]. Amyloid aggregates exhibit a remarkable property of structural uni-
versality, meaning their formation is largely independent of the specific amino acid
sequence of the constituent proteins or peptides. This generic nature of amyloid
fibrils is primarily due to the fundamental biophysical principles governing their
assembly. Although amyloid fibrils represent the most stable state for a protein, al-
tering solution conditions can shift the balance between hydrophobic, electrostatic,
and hydrogen bonding interactions. This, in turn, can induce structural modifica-
tions in protein molecules or aggregates [17, 18, 19, 20]. For example, changes in
the pH, in the solvent properties and more in general in solution and experimental
conditions, may change the intra and intermolecular interactions resulting in differ-

ent species aggregates species and in different assembly kinetics [18, 19, 20, 21].

Due to their dependence on specific experimental conditions amyloid aggre-
gates exhibit a remarkable feature known as polymorphism, despite the generic and
sequence-independent nature. Polymorphism refers to the ability of amyloid fib-

rils to adopt multiple distinct structural forms, even when formed from the same
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peptide or protein sequence [8, 19]. Throughout the process of amyloid forma-
tion, a spectrum of aggregated species may emerge. This is influenced by both the
protein sequence and external conditions, leading to the generation of various inter-
mediate states with distinct structures and specificities. These intermediate states
play a crucial role in governing the kinetics and characteristics of the final aggre-
gates. Amyloid-like fibrils are just one of the many species that arise during the
aggregation process. Amyloid cross-S structures can further assemble in the so-
called three-dimensional superstructure, the most common being particulates and
spherulites. Examples of these structures are shown respectively in Figures 1.2a)
and 1.2b). These structures form under specific, tunable experimental conditions
for various globular proteins.

Protein particulates (Figure 1.2a) are small amyloid-like aggregates. They form
at pH near the isoelectric point of the protein under investigation, that is, under con-
ditions of reduced electrostatic charge on the proteins. Their size is on the order
of a few micrometres, and they were observed for a variety of protein molecules
as B-lactoglobulin, bovine serum albumin, bovine insulin, horse heart myoglobin,
hen egg white lysozyme, human transthyretin, human a-synuclein [22], equine
lysozyme (see Figure 1.2a) [23], a-lactalbumin [24].

Ficure 1.2: Fluorescence microscopy images of amyloid tree-dimensional superstructure: a) equine
lysozyme particulates and b) insulin spherulites. Adapted from [19, 23].

Particulates are very dense and resistant structures and there is no evidence sug-
gesting that these particulates are formed by the specific packing of amyloid fibrils.
In contrary particulates formation seems to be driven by Liquid-Liquid Phase Sep-
aration (LLPS) process [24, 25]. Particulates in fact form at high temperatures at
which protein molecules partially unfold, promoting the hydrophobic interaction
between protein molecules. These interactions are mediated by water molecules,
which may lead to the formation of spherical droplets, which undergo a very fast

liquid-to-solid transition due to the high temperature [25, 26].
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Particulates have a peculiar secondary structure, being in an intermediate state
between native and amyloid structure [22, 24], presenting minor structure reorgani-
zation. This was observed both by Fourier Transform Infrared (FTIR) spectroscopy
and by exploiting the fluorescence property of Thioflavin T. Cross-f structures
have in fact a strong Infrared signal at 1620 cm™! within the Amide I band [27].
Thioflavin T (ThT) is a gold standard fluorescent dye to study amyloid which will
be discussed in the next chapter. In these context, particulates usually present a low,
but visible, amyloid IR peak, and they are positive to ThT, indicating an amyloid
structure. These observations are also confirmed by the x-ray diffraction pattern
which resembles the characteristic distances observed in amyloid-like fibrils [19].
For these reasons, they are often referred to as amyloid-like structures. Another in-
teresting feature of particulates was investigated by Fennema Galparsoro et al. [24]
who analysed particulates of a-lactalbumin. They observed that the physical state
of these structures depends on the incubation time of particulates. In fact, after 5
hours of incubation, upon decreasing the pH of the solution, @-lactalbumin partic-
ulates can be dissolved, in oligomeric species, while at higher incubation time, the

particulates remain stable when exposed to acidic conditions.

Contrarily to particulates which have a homogeneous structure, spherulites present
a highly heterogeneous structure (see Figure 1.2b) as reference). They are structured
in core-corona morphology. The core of spherulites is amorphous and the corona
is composed of amyloid fibrils which grow radially from the core [28, 29, 30] . By
means of Micro-FTIR we were previously able to explore the secondary structure of
insulin within spherulites with micrometric spatial resolution. These measurements
showed that the core of the spherulites present a native structure and the 1620 cm™!
amyloid component increases towards the edges of the spherulites. Similarly, also
the affinity of ThT increase in the same trend. Moreover, the amorphous core of
the spherulites was found to be more densely packed than the fibrillar corona [28].
Spherulites are larger than particulates in fact their size is in the order of tens or even
hundreds of micrometres. Spherulites form during temperature treatment when pro-
teins are highly charged and therefore at pH far from the isoelectric point of the
protein. Moreover, for some proteins, the spherulites coexist with amyloid fibrils,
occurring in similar experimental conditions. However, spherulites occur only at
quiescent conditions [29]. An example of such a process is insulin molecule, which
will be explored in the next chapter. Spherulites present a characteristic pattern,
called Maltese cross, observable by cross-polarized light microscopy. This pattern
indicates that the outer shell is highly ordered, while the core is more disordered,

in line with what was already reported. Spherulite formation and morphology were
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studied under various conditions as the presence of surfaces and in the solution con-
taining Ethanol to change the polarity of the environment. Surfaces were observed
to promote the anisotropic growth of the spherulites [31]. The addition of ethanol
changes the polarity of the environment. This results in a slowdown of the aggre-
gation process and the final physical properties of the aggregate. For instance, the
spherulites formed in presence of ethanol are deformed, if subjected to high pres-
sure, with respect to the control spherulites which are more resistant to pressure

increase [21].

1.3 NUCLEATION MECHANISMS

The microscopic mechanism underlying the protein self-assembly, and the growth
of amyloid aggregates will be now discussed. This is of particular interest for the
study reported in Chapter 4. The main models to describe amyloid aggregation take

into account amyloid fibrils, being the “standard” amyloid aggregate.

Nucleation mechanism Fibril mass growth at early times
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Ficure 1.3: Representation of the two nucleation mechanisms: A) primary nucleation mechanism, B)
secondary nucleation mechanism. The aggregation kinetics regulated by primary nucleation follow
a quadratic trend while the one regulated by a secondary nucleation mechanism is exponential.
Adapted from [32].

Aggregation kinetics describes the rate and pathway through which proteins
or peptides transition from soluble monomers to insoluble aggregates, including
oligomers, protofibrils, and mature amyloid fibrils. This process typically involved
different mechanisms: the nucleation, the growth of the aggregate and the equilib-
rium process, where the aggregation no longer takes place [33]. Nucleation is a
critical initial step in the aggregation process of amyloid fibrils, playing a pivotal
role in determining the kinetics and pathway of amyloid formation. This process
involves the formation of a small, unstable cluster of misfolded protein or peptide

molecules, known as a nucleus, which acts as a template for further aggregation.
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This process is responsible for increasing the number of aggregates. Two types
of nucleation processes exist, primary nucleation, also known as homogeneous nu-
cleation, and secondary nucleation, also known as heterogeneous nucleation. A
representation of these two nucleation mechanisms is shown in Figure 1.3. Primary
nucleation is the nucleation which arises from the monomers in solution. These
interact forming oligomers and more complex species from which the aggregation
occurs (Figure 1.3a). The polymerization of various functional filaments, such as
actin [34] and tubulin [35], has been shown to proceed through primary nucleation.
The secondary nucleation indicates an auto-catalytic process, where the nuclei, from
which an aggregation event begins, form on the surface of a preexisting aggregate
or the fragment of larger aggregates (Figure 1.3b). This process was found to be
main mechanism of aggregation in many systems [32, 36, 37, 38, 39, 40]. More-
over, all the aggregation processes where different aggregates species occurs can
be considered heterogeneous. Clearly, each aggregation process has to start from
a primary nucleation, but during the aggregation, the two nucleation mechanisms
may coexist. Which of the two processes is more predominant depends on the ex-
perimental conditions, such as the identity of the protein, the temperature at which
the aggregation process occurs, the concentrations of protein or solutes, pH, etc.
The nucleation mechanism strongly affects the time dependence of the aggrega-
tion process. The aggregation kinetics where a primary nucleation mechanism is
predominant follow a quadratic time dependency. Secondary nucleation, being an
autocatalytic process, results in a faster process and the aggregation kinetics has an

exponential dependency over [41, 42] (shown in Figure 1.3b).
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Ficure 1.4: Effects of microscopic mechanism in the aggregation process: numerical simulation
of the aggregation kinetics illustrates how the inhibition of a) primary nucleation, b) elongation
and aggregate growth, and c) secondary nucleation affect the aggregation kinetics shape. a) The
inhibition of primary nucleation leads to an increase in the duration of the lag phase, maintaining
the growth phase unaltered. b) A reduction of the elongation process results in the increase of the lag
and reduction of the growth phase. c) The reduction of the secondary nucleation rate changes the
shape of the kinetics from sigmoidal to concave, while the lag phase remains unaffected. Adapted
from [41]
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By studying the aggregation kinetics, it is possible to gain important informa-
tion on the underlying mechanisms of the aggregation process [41, 43, 44, 45]. The
shape of the kinetics may explicit the mechanisms which drive the aggregation pro-
cess. If a process is dominated by a single nucleation mechanism the shape of the
kinetics may be different. In bulk, if the aggregation process is dominated by sec-
ondary nucleation, the kinetics has a sigmoidal shape, while if it is dominated by
secondary nucleation mechanism, the kinetics has a concave shape, as shown by the
Figure 1.4a) and 1.4c) [41]. In any case, the aggregation kinetics is composed of
three phases: lag phase, growth phase, and equilibrium phase. During the lag phase,
the system undergoes a period of minimal observable aggregation as nuclei slowly
form and small aggregate growth as well. Once the majority of nuclei are formed,
the process transitions into the growth phase, characterized by a rapid increase in
aggregate formation. Secondary processes, such as fragmentation and secondary
nucleation, further accelerate this phase by generating additional nucleation sites.
Finally, the system enters the equilibrium phase, where the rate of monomer addi-
tion balances with the rate of fibril dissociation. In this phase, the concentration of
monomers and fibrils reaches a dynamic equilibrium, and the overall level of ag-
gregation stabilizes. Even if many processes occur in the lag phase, in first approx-
imation, it can be associated with the primary nucleation rate, therefore a decrease
of the lag phase mainly indicates an increase of the lag phase, as shown by Figure
1.4a). The elongation and the secondary nucleation strongly affect the growth phase

of the aggregation kinetics.

1.4 LIQUID—LIQUID PHASE SEPARATION

Liquid-Liquid Phase Separation (LLPS) is a fundamental biophysical process whereby

a homogenous solution of biomacromolecules separates into two distinct liquid
phases, a diluted phase and a concentrated or condensed phase [26, 46, 47, 48].
These two phases coexist and are in dynamical equilibrium with each other. The
concentrated phase which results in a LLPS occurs in the form of spherical liquid
droplets. LLPS is responsible for the formation of many structures within the cell
which are not bound by a membrane. These are called membrane-less organelles
and are involved in a variety of cellular processes, playing a critical role in cellular
organization, biochemical reaction regulation, and signal transduction [46, 48, 49].

The molecular driving mechanisms underlying the formation of membrane-less
organelles within the cellular environment are often studied in vitro using model

systems to control and selectively manipulate the experimental condition. This al-
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lows for a detailed analysis of the fundamental principles governing phase separa-
tion, free from the complexities of the cellular milieu. By investigating this process
in vitro, it was observed that, similarly to aggregation processes, LLPS is a general
process which can occur for many if not all proteins [49, 50]. Both intrinsically
disordered proteins and well-structured proteins as globular proteins were observed
to undergo LLPS process, resulting in the formation of spherical liquid coacervates.
Moreover Wang et al. [51] have more recently reported that even oligomeric pep-
tides may undergo LLPS in vitro in specific experimental and solution conditions,
further suggesting the generality of this process. In particular, this phase separation
is stimulated by factors such as low temperature, crowding agents like polyethylene
glycol (PEG), and pH levels close to the isoelectric point. Depending on the solu-
tion conditions, coacervates may be composed of one molecular species (homotypic
coacervation) or two or more molecular species (heterotypic coacervation). The
sample coacervation occurs through the self-association of the protein upon varia-
tion of the environmental conditions such as temperature, pressure, pH [50, 52, 53].
Protein association is regulated by the same interactions which regulate the aggrega-
tion process, but to a different extent, since the interactions within a liquid phase are
weaker and transient. This is an indication of the strong dependence of LLPS pro-
cesses by the environmental conditions. Contrarily to aggregation processes, LLPS
is a reversible phenomenon allowing phase-separated droplets to dynamically form

and dissolve in response to changes in the environmental surroundings.

LLPS is driven by a balance of enthalpic and entropic contributions [47, 48].
Enthalpic contributions arise from favourable intermolecular interactions, such as
hydrogen bonds, van der Waals forces, and electrostatic interactions, between the
aggregated molecules. These interactions lower the overall enthalpy of the system,
stabilizing the dense phase. The entropic contribution to LLPS is more difficult to
evaluate because the process creates two phases with markedly different entropic
characteristics. In the dense phase, water molecules are more bound and restricted
due to their interactions with the concentrated protein molecules, resulting in lower
entropy with respect to the homogeneous [54]. Conversely, in the dilute phase,
water molecules are freer and behave more like bulk water, contributing to higher
entropy [55]. This significant difference in water molecule behaviour between the
two phases complicates the accurate assessment of the overall entropic contribution

to the phase separation process.

Nevertheless, enthalpically favourable multivalent protein-protein interactions
and protein-water interactions are necessary for LLPS to occur [48, 55]. In particu-

lar, the coacervation process takes place when protein-protein interactions become
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more favourable than protein-water interactions, resulting in protein association.
Thus, as already mentioned all the main interactions which occur between protein
molecules and between protein and solvent discussed above are involved in the pro-
cess. For this reason, LLPS is often described to be driven by multivalent interac-
tions [26, 48]. Importantly, whether a solution undergoes phase separation strongly
depends on the environmental conditions and the concentration and identities of the
protein. Factors such as temperature, salt type and concentration, co-solutes, pH,
and the volume excluded by other molecules play crucial roles in determining phase

separation [26].

In this context, the contribution from hydration water to the LLPS is essential
to study but nevertheless, it is largely unanalysed. The contributions of local hy-
dration water to the thermodynamics of protein interactions are challenging to map
accurately. Hydrophilic and hydrophobic hydration water populations have dis-
tinct thermodynamic properties that are difficult to isolate and measure. Standard
calorimetry approaches, which are typically used to study these interactions, cannot
provide the detailed local mapping required to understand these contributions fully
[56, 57]. Additionally, the local hydration environment around proteins is influ-
enced by numerous factors, making it a complex system to study. In a recent study
by Pezzotti et al. [54] THz spectroscopy was used to explore the role of hydration
water in LLPS, showing the entropic gain from realizing bound-water during LLLPS

process undergone by a-elastin.

The main model assessing the role of water in LLPS is the Flory—Huggins theory
[58]. According to this theory whether the phase transition of a polymer or protein
solution occurs is dictated by the water-water, water-protein, and protein-protein
interaction. The theory introduced a parameter y to quantify the energetic cost as-
sociated with polymer chain sites being occupied by solvent molecules rather than
interacting with another chain. When y < 0, the interactions between the protein
and water molecules are energetically favourable, causing the polymer to dissolve,
resulting in a homogeneous solution regime. Conversely, when y > 0, interac-
tions between protein molecules are energetically favoured over interactions with
the solvent, leading to the polymer adopting a compact conformation, indicating
that the proteins are not soluble in water, i.e. hydrophobic protein. Ultimately, as
x reaches critical values (y > 0), enthalpic changes become dominant over the
entropy of mixing, resulting in a positive contribution to the free energy of mix-
ing. As a consequence, the solution separates into two phases, a protein-rich phase
and a protein-depleted phase, and therefore LLPS occurs. This theory is simpli-

fied, considering just one protein but it can be adapted to systems containing more
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than one component. Remarkably, recent studies have utilized this model to predict
the phase diagrams of intracellular proteins [59, 60, 61]. However, the limitation
of this theory is that it considers proteins/polymers as neutral homogeneous chains
and therefore cannot account for electrostatic interactions.

An important aspect that was not discussed until now is the effect of macro-
molecular crowding on LLPS [47]. Macromolecular crowding can induce LLPS
of proteins by strengthening intermolecular interactions. Crowding agents can in-
fluence the formation and composition of the dense phase. The role of molecular
crowding in the context of LLPS is complex and not fully understood yet. Certainly,
it implies a combination of forces and interaction that occur between molecules,
which usually promote LLPS. Synthetic crowding agents, such as PEG, Ficoll or
dextran, are commonly added in studies of protein LLPS in vitro [62, 63]. The
presence on PEG and other synthetic crowding was reported to induce phase sepa-
ration in conditions where phase separation does not occur and to reduce the con-
centration of protein needed for phase separation. Park et al. [64] observed how
the addition of PEG to a solution containing poly-lysine and hyaluronic acid, which
undergoes phase separation already, led to an increase of the coacervates volume
fraction and to a decrease of the transition temperature. This result was attributed to
the dehydration of the other components of the samples induced by PEG. However,
the interactions between PEG or the other synthetic crowders and protein molecules
depend on the specificity of the proteins.

The general mechanism to explain why molecular crowding promotes the LLPS
is the excluded volume. The excluded volume is the reduction of available volume
for protein molecules. This primarily stabilizes the folded state of the protein, by
reducing the conformational entropy. This was for the first time proposed by Minton
[65] in 1981 and more recently it was also observed experimentally [66, 67]). The
excluded volume effect is also expected to favour protein association [65], due to
the depletion interactions. These are attractive interactions which arise from the
entropically-driven reduction of excluded volume which occur if two single protein
molecules combine, as the associated state of protein molecules is more compact.
The overall effect is a non-specific attraction between the protein molecules, which

result in the increase of protein-protein interactions.



CHAPTER 2

Experimental approaches

This chapter provides a brief overview of the experimental techniques employed in
this thesis, along with a summary of the methods utilized in the conducted exper-
iments. The main aim of this chapter is to highlight how the combination of bulk
spectroscopy and microscopy techniques may give a comprehensive framework for
spatial heterogeneous processes as LLPS phenomena. The presented approach al-
lows to monitor the time evolution of the involved events, since the early stages at

different spatial scales.

2.1 UV-VIS ABSORPTION SPECTROSCOPY

Ultraviolet-visible (UV — Vis) absorption spectroscopy is used to measure the con-
centration of molecules which have an intrinsic chromophore, such as proteins and
fluorescent dyes. The concentration is measured by means of the Lambert-Beer
law:

A=€-C-d 2.1

where A is the absorption, € is the molar extinction coefficient, C is the concentra-
tion and d is the optical path of the sample. The extinction molar coefficient € is
an intrinsic characteristic of the chromophore and it is the absorbance per unity of
concentration and optical path. In particular, the aromatic amino acids in protein

(tryptophan, tyrosine and phenylalanine), absorb radiation at about 280 nm.

Molecular concentrations were measured by UV — Vis spectroscopy using a
Jasco — V770 spectrophotometer. The molar extinction coefficient used for Human
Insulin is € = 1 at 276 nm for 1.0 mg/ml, for Bovine Serum Albumin is € = 0.667 ml
mg~' em™" at 280 nm, for ThT is € = 36,000 M em™ at 412 nm, for Alexa647 is €
= 270,000 M~" cm™" at 650 nm, for ACDAN is € = 18,400 M~ cm™" at 360 nm.
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2.2 SCATTERING AND TURBIDITY MEASUREMENTS

Turbidity measurements were performed to monitor the protein assembly in solution
during the LLPS processes. The increase in turbidity of a sample is due to the
increase of elastic scattering in parallel to the formation of protein coacervates in
the solution [68, 69].

Scattering intensity was acquired at the same wavelength used to illuminate the
sample and at 90° with respect to the illumination beam to be sure that scattering
light is the only contribution to the detected light. These are the same experimental
conditions wherein fluorescence measurements are performed. The growth of the
Rayleigh scattering peak allows to follow molecular self-assembly kinetics.

Scattering intensity may also provide information on the number and the size
of the scatterer species in solution. In fact, according to Rayleigh’s law, which
describes the angular distribution of scattering for not absorbing spheres that are

significantly smaller than the wavelength, the scattering intensity Iy is:

I < N-V? (2.2)

where N is the number of scatterers and V is the volume of each scatterer. To obtain
detailed information on the size and number of scatterers more accurate analysis has
to be carried out (Dynamic Light Scattering), which is however outside the aim of
this thesis. Moreover, the conditions of incident wavelength greater than the object
in solution is expected to be satisfied only in the early stage of protein self-assembly
during the LLPS process.

Turbidity measurements were acquired using a Jasco-FP-8500 spectrofluorom-

eter equipped with a Jasco ETC-815 peltier as temperature controller.

2.3  FLUORESCENCE SPECTROSCOPY

Fluorescence spectroscopy is a widely used technique in biophysics. Fluorescence
is extremely sensitive to the modifications of the fluorophore, and this makes it
a powerful tool to study many biological systems and their temporal evolution
[70, 71, 72, 73]. Fluorescence may be exploited in combination with microscopy
techniques, to obtain quantitative data to understand the phenomenon under inves-
tigation.

Fluorescence spectroscopy and many fluorescence microscopy techniques make
use of fluorescence intensity to gather information about the composition of the

sample, concentration, and molecular changes in the microenvironment. In addition
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to intensity, fluorescence lifetime is another crucial feature, which depends solely
on the intrinsic properties of the fluorophore. It is independent of factors such as
concentration, scattering, and other mechanisms that can affect fluorescence inten-
sity. The combined study of both features allows for a comprehensive framework
of the system.

By means of specific extrinsic fluorescent probes, fluorescence may provide in-
formation about different and specific aspects of the system study. In this thesis
were used three different fluorescent probes: Thioflavin T, to investigate Human
Insulin amyloid-like supramolecular self-assembly, Alexa 647 to label Human In-
sulin and explore its dynamics, and ACDAN to study the molecular ordering and
the dipolar relaxation of Bovine Serum Albumin coacervates in LLPS processes.

Fluorescence spectra in bulk were acquired using a Jasco-FP-8500 spectrofiu-

orometer equipped with a Jasco ETC-815 peltier as temperature controller.

2.3.1 THiorLaAviN T

Thioflavin T (ThT) is a fluorescent dye used to study the amyloid aggregates in vitro
and ex vivo. ThT was used in the context of amyloid studies for the first time in 1959
by Vassar and Culling. By means of fluorescence microscopy, they reported how
ThT specifically adheres to amyloid deposits increasing fluorescence intensity and
marking an important development in amyloid-specific staining techniques, high-
lighting the advantages of using ThT with respect to more diffuse dyes as Congo
red or methyl violet, which require a complex staining protocol. Since then, the
popularity of this fluorescent probe has continued to increase, eventually becoming
a gold standard in the study of amyloid aggregates and their formation [74]. Figure
2.1a) shows a fluorescence microscopy image of glucagon amyloid fibrils stained
with ThT, highlighting the elevated sensitivity and specificity of ThT for amyloid
fibrils.

In Figure 2.1b) the molecular structure of ThT is reported. ThT is a molecule
composed of three molecular moieties: 1) a benzothiazole ring, 2) a benzene ring,
and 3) a dimethylamine group. These three moieties are rigid, but they can rotate
along the same axes: from now on, the rotation between the first and the second
group will be denoted by the angle ¢, and the rotation between the second and the
third group will be denoted by the angle . The ThT molecule adopts a nearly pla-
nar conformation at its minimum energy state, with the energy minimum occurring
at ¢ = 37° and ¢ = 0°. The angle ¢ = 37° seems to arise from steric interactions
between the methyl group of the benzothiazole (group 1) and the hydrogen atoms of
the benzene (group II) [76, 77]. The photophysical properties of ThT are predom-
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FiGure 2.1: a) TIRF microscopy image of branched glucagon amyloid fibrils stained by ThT [75].
Chemical structure of ThT molecule: I) benzothiazole ring, I1I) a benzene ring, and IIl) a dimethy-
lamine group. Carbon atoms are coloured in cyan, Hydrogen in white, Nitrogen in blue and Sulphur

in yellow. The three moieties can rotate with respect to each other as highlighted by the angles ¢
and Y [76].

inantly influenced by the rotation of these three moieties, and for this reason, ThT
molecule is considered a molecular rotor. Moreover, it has been demonstrated that
the more crucial of the two rotations for explaining the photophysical properties of
ThT is the one defined by ¢, as the energy barrier to rotate the dimethylamine group
is much higher.
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Ficure 2.2: Jablonski Diagram for Thioflavin T molecule: upon excitation, ThT transitions from
the planar ground state Sy to the planar locally excited (LE) state S|. From the LE state, ThT can
follow either a radiative or a non-radiative pathway. If the ¢ rotation is allowed, a charge transfer
occurs in ThT, resulting in a change of ThT conformation to the twisted internal charge-transfer
(TICT) state, which is non-fluorescent, and the molecule returns to the ground state through internal
conversion. If the rotation is forbidden, ThT emits a photon through fluorescence and returns to the
ground state Sy from the LE state [76].

The molecular functioning of ThT is reported in Figure 2.2. Upon excitation,
ThT goes from the planar ground state S, to the planar locally excited (LE) state S;.
Following a charge transfer, which causes ag rotation, ThT conformation changes
from the LE state to a T-state known as the Twisted Internal Charge-Transfer (TICT)

state. The TICT state is non-fluorescent and the ThT molecule returns to the ground
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state Sy through internal conversion. If the rotation is hindered by the environment,
the charge transfer cannot occur and therefore ThT cannot transition to the TICT
state. This results in an increase of ThT quantum yield and in the emission of a

photon through fluorescence process [76].

Thus, this mechanism highlights how molecular rotors are sensitive to the vis-
cosity of the environment. In fact, in a low-viscosity environment (i.e., water) the
transition from the LE state to the TICT is possible and ThT does not fluoresce,
since the absorbed energy is dissipated through the rotation of the moieties. Con-
trarily, when ThT experiences a rigid environment, such as amyloid structures, the
rotation is hindered, and the molecule can return to the ground state preferentially
emitting a photon since the rate of the non-radiative pathways is strongly decreased
[76].

The binding of ThT on amyloid structures was extensively investigated. It was
observed how ThT binds to amyloid fibrils formed from different proteins, regard-
less of the specific amino acid sequences, secondary structure, and/or tridimensional
organization of the examined native proteins. On the other hand, the quantum yield
of ThT can vary significantly depending on the morphology of the amyloid [78].
Moreover, a slight increase of ThT fluorescence is observed in presence of proteins
with a large amount of S-sheets structure. All these observations combined with
the notion that amyloid structures are exclusively formed by S-strands, lead to the
conclusion that ThT recognizes a structural feature common among fibrils. The
most widely accepted model for the ThT binding sites of amyloid structure is the
so-called “channel model”, shown in Figure 2.3. ThT binds on the S-strand surface,
formed by the S-sheets stacking [74]. Specifically, the side chain of the residues
which form the S-strands creates a channel wherein the ThT places. This channel
is parallel to the axis of the fibrils and is exposed to the solvent, allowing ThT to
enter. For ThT to bind, the channel must consist of at least 5 consecutive S-sheets.
[74, 79].

For these reasons, ThT is highly sensitive to differences in the S-structure within
amyloid aggregates [80], allowing to investigate it by exploiting its spectroscopic

properties.

Naiki et al. [81] and Levine III [82] were among the first who characterized the
absorption and fluorescence spectra of ThT upon binding to amyloid. Nowadays,
since ThT is considered a gold standard in amyloid studies, ThT spectroscopic prop-
erties was extensively studied: Figure 2.4a) report the differences between fluores-
cence and absorption (in the inset) spectra of bound (in red) and unbound (in blue)

ThT. Upon binding the quantum yield of ThT increase dramatically and its absorp-
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Ficure 2.3: Channel binding model of ThT to amyloid structures. ThT binds along the axis of the
fibrils into the channel formed by the side chain of the residues which form the [-strands on the
B-sheets surface [74].

tion spectrum is red-shifted, as shown in Figure 2.4a). In Figure 2.4b) time-resolved
fluorescence measurements are shown: the fluorescence decay of bound ThT is re-
ported in red, the fluorescence decay of unbound ThT is reported in blue and the
instrumental response function is reported in black. ThT in water has a very short
fluorescence lifetime in the picosecond range (1-10 ps) [77, 83], and therefore is
very difficult to detect. For instance, in Figure 2.4b) it is overlapped with the instru-
mental response function which in this experimental setup corresponds to 100 ps
decay. Contrarily when ThT is bound to an amyloid structure, its fluorescence life-
time strongly increases to the nanosecond scale with average lifetime which ranges
from 1 ns to 2 ns [24, 28, 77, 84, 85].
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FiGcure 2.4: Spectroscopic properties of ThT in presence of amyloid fibrils (shown in red) and in
water (shown in blue). a) fluorescence spectra of ThT: ThT quantum yield dramatically increase in
presence of amyloid fibrils. In the inset, the absorption spectra of ThT are shown. The absorption
spectrum of bound ThT is red-shifted with respect to the absorption spectrum of unbound ThT. b)
The fluorescence lifetime of bound ThT is longer than the lifetime of unbound ThT, which is almost
overlapped with the instrumental response function (shown in black). Figure adapted from [84]

The fluorescence decay of bound ThT is not a single exponential decay and the
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most common model used to fit the data is a double exponential decay [77, 85]. This
model is supported by the analysis of ThT lifetime by means of the phasor approach
(see below for details) [24, 28, 86, 87, 88]. By means of this analysis method it was
possible to determine the two single-exponential components: the short lifetime
component ranges from 0.4 ns to 0.7 ns and the long lifetime component ranges
from 2.4 ns to 2.7 ns. The short lifetime component is associated with non-specific
binding sites in amyloid structures, which exhibit greater flexibility. Thus, it is
linked to the overall protein density within the aggregate and the overall viscosity
of the environment. On the contrary, the long lifetime component is attributed to
highly specific binding sites of the amyloid structures, characterized by the specific
arrangement of the S-strand architecture. Tightly packed -sheets in amyloid fibrils
results in longer ThT lifetime.

The combination of high specificity for amyloid structures, its sensibility, and
the fact that the fluorescence contribution from unbound ThT is basically zero,

makes ThT a perfect probe to investigate amyloid aggregates.

2.3.2 ACDAN

ACDAN (6-acetyl-2-dimethylamino naphthalene) is a fluorophore from the DAN
family, synthesized by Gregorio Weber in the late ‘70s and introduced for the first
time together with PRODAN and LAURDAN, in an important paper in 1979 [89].
In this paper, these dyes were reported to be useful tools to study the nanosecond

relaxation processes in biological systems.

CH;
N | R | Name |
\CH3 CHis ACDAN
0 Rl PRODAN
CH3-(CH,)10- LAURDAN

FiGure 2.5: Chemical structure of ACDAN, PRODAN and LAURDAN. The common structure is the
naphthalene moiety, modified on the 2,6 ring positions with an amine group (electron donor) and a
carbonyl group (electron acceptor), which generate dipole moments. They differ by the R group, as
shown in the table. ACDAN is the most hydrophilic, having the modified naphthalene moiety linked
to a methyl group, and LAURDAN is the most hydrophobic, presenting a lipid tail (chain of lauric
fatty acid). PRODAN stands in between the two with an ethyl group.

Figure 2.5 shows the chemical structure of ACDAN, PRODAN and LAURDAN.

These three dyes have a naphthalene moiety modified on the 2,6 ring positions with
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an electron donor group (the amine) and an electron acceptor group (the carbonyl
group), which generate a dipole moment. The difference between ACDAN, PRO-
DAN and LAURDAN is in the terminal R-group next to the carbonyl group, as
shown by the table in Figure 2.5. In the ACDAN molecule the modified naphtha-
lene moiety is linked to a methyl group, in PRODAN it is linked to an ethyl group,
while in LAURDAN it is linked to a lipid tail, specifically the chain of lauric fatty
acid. Due to the different R-groups, ACDAN, PRODAN and LAURDAN have dif-
ferent chemical properties and in particular different hydrophilicity/hydrophobicity:
among them, ACDAN is most hydrophilic, while LAURDAN is the most hydropho-
bic, and PRODAN stands in between the two. For this reason, these three dyes
can be used to study different systems yet providing similar information about the
solvent dipolar relaxation that translates into specificity, depending on the system.
LAURDAN partitions exclusively to membranes, inserting between lipid molecules
and more in general in hydrophobic environments, PRODAN is found in both mem-
branes and water (hydrophobic and hydrophilic domains) and ACDAN exhibits the
greatest preference for aqueous phases with negligible partition to hydrophobic en-

vironments.

Since their introduction in 1979, LAURDAN and PRODAN have been exten-
sively used for the study of various systems [90], while before 2015 ACDAN was
used in very few papers. Among them, one paper in 1995 investigates the effect
of ethanol-induced lipid interdigitation on the solubility of ACDAN, PRODAN and
LAURDAN in dipalmitoylphosphatidylcholine (DPPC) membranes [91]. In 2015
PRODAN and ACDAN were proposed as tools to measure water dipolar relaxation
in highly crowded environments, such as the cell cytosol, providing information on
the dynamics of water molecules within crowded environments, similar to LAUR-
DAN in membrane studies [92]. In particular, employing PRODAN and ACDAN,
the authors were able to monitor the metabolic oscillation of the glycolysis pro-
cess. In suspensions of Saccharomyces cerevisiae, a species of yeast, they observed
that the fluorescence oscillation of the DAN dyes has the same frequency as the
metabolic oscillation of NADH and ATP. This coupled with additional experiments
on model crowded systems, supports the idea that the DAN fluorescence oscilla-
tions arise from periodic changes in the dipolar (rotational) relaxation of water, and
not from further interactions with other suspension components. Therefore, the
metabolic processes influence and are influenced by the physical properties of the

intracellular environment, highlighting the role of water in the entire process.

ACDAN spectroscopic properties were recently used to study in vivo the devel-

opment of macromolecular crowding in the ocular lens of a zebrafish [94]. Authors
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FiGure 2.6: a) Simplified Jablonski diagram for ACDAN: the absorption transition between the
ground state and the excited state is shown by a purple arrow. b) Figurative sketches of the ACDAN
fluorescence spectra [93]. In the excited state, ACDAN has a higher dipole moment with respect to
the ground state, which reorganizes the dipoles in solution, leading to their dipolar relaxation. The
dipolar relaxation lowers the energy of the ACDAN excited state. When the dipolar relaxation is low
(cyan arrow), the energy lost by ACDAN is low and the fluorescence spectrum is blue-shifted, while
when the dipolar relaxation is high (green arrow), ACDAN loses more energy and the fluorescence
spectrum is red-shifted.

observed that ACDAN is sensitive to macromolecular crowding both in vitro and
in vivo, validating its utility as a nano-environmental sensor for measuring water
dynamics. Dipolar relaxation is in fact responsive to macromolecular crowding be-
cause of ACDAN sensitivity to the water molecules hindered mobility and to their
number with respect to the solute concentration. From a spectroscopic point of view,
the increase of the macromolecular crowding translates in a spectral blue-shifted of

the ACDAN fluorescence spectrum.

To better explain the action mechanism of ACDAN dye, a simplified Jablonski
diagram for the probe is reported in Figure 2.6a) and the sketches of two figurative
ACDAN fluorescence spectra are shown in Figure 2.6b). In the ground state, AC-
DAN molecules present a dipole moment, due to the presence of the carbonyl and
amine group linked to the naphthalene moiety. As usual for many dyes, ACDAN
dipole moment increases when the molecule is excited following an absorption tran-
sition, shown as a purple arrow in Figure 2.6a). The higher electric field, resulting
from the increase of the dipole moment in the excited state, may reorganize sol-
vent dipoles or more in general, other dipoles present in the solution. Specifically,
this results in the orientation of the solvent dipoles in the same direction as the flu-
orophore dipole, leading to the solvent dipolar relaxation. The dipolar relaxation
lowers the energy of the excited state and shifts the fluorescence spectrum to longer
wavelengths. If the rotational degree of freedom of the solvent molecules is higher,

the solvent dipoles can reorient in the same direction as the fluorophore dipole, and
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so it is solvent dipolar relaxation (green arrow in Figure 2.6). This results in the red-
shift of ACDAN fluorescence spectrum, as shown in Figure 2.6b). On the contrary,
a hindered rotation translates into a lower reorganization of the dipoles and sol-
vent low dipolar relaxation (shown as a cyan arrow), and the ACDAN fluorescence
spectrum blue-shifts.

To quantify ACDAN spectral shift Generalized Polarization (GP) is commonly
used. GP is a spectroscopic parameter in the 1990 [95] by Parassi and Gratton for
LAURDAN fluorescence to reveal phase fluctuation in phospholipid membranes

and is now used for all DAN probes. GP is defined as:

Ig—1
GP: B R
IB+IR

(2.3)

where Iz and I are the fluorescence intensity measured respectively at a chosen
short (blue) and long (red) wavelength (or band of wavelengths) of the fluorescence
spectrum. GP is a weighted difference, therefore its value ranges from -1 to +1, the
lower the value the greater the extent of dipolar relaxation. In studies using AC-
DAN, it is possible to exploit GP to distinguish between the two different “states”
of the solvent: relaxed (freer to rotate and more disordered) and unrelaxed (less free
and more ordered). This is of course a simplified description which has to be used
taking into account the specificity of the system in analysis.

ACDAN is used to investigate the molecular ordering of a physical phase, by the
dynamics of the water dipoles in solution [92, 93, 94, 96, 97]. Molecular crowd-
ing implies the high concentration of macromolecules and high excluded volume
effects. This translates to a lesser amount of bulk water and more water “bound”
to the hydration shell of the macromolecules (both crowding agents and protein).
Numerous experimental and theoretical studies have confirmed that the mobility of
water molecules is significantly decreased near other molecules [98, 99]. In this
regard, it is possible to correlate the macromolecular crowding to the reduced dy-
namic of water molecules [94]. Indeed, from a thermodynamical point of view, in
an ordered phase the water diffusion is reduced, and the hydrogen bonds are more
stable in clathrate-like structures. This is expected to reduce the solvent dipolar re-
laxation since the dipoles are less able to move and orient towards the electric field.
On the contrary, in a disordered phase, the hydrogen bonding is less stable, allow-
ing for a higher dynamic of the dipoles in the solution, resulting in higher dipolar
relaxation.

The solvent dipolar relaxation is more pronounced when the probe experiences
a solvent with a higher polarity [72]. From a microscopic point of view, a polar sol-

vent has a high dielectric constant and therefore the single dipoles, which constitute
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the solvent, have a higher dipole moment, so in this regard, ACDAN is also a sensor
for the solvent polarity.

In particular, when the fluorescent probe experiences a more polar solution the
fluorescence spectrum is red-shifted, while in a less polar solution, the fluorescence
spectrum is blue-shifted. Despite the solvent polarity and its dipolar relaxation are
linked, being two faces of the same coin, in solution containing other compounds,
the link between these two concepts is not always so simple. The polarity of the
overall solution and the solvent dipolar relaxation depends on the solution condi-
tion, which may modify the viscosity and other physico-chemical properties of the
solution. For instance, simply the addition of solute may increase or decrease the
viscosity of the solution, shielding charges, etc.

ACDAN being highly hydrophilic presents a high quantum yield in aqueous me-
dia with respect to other dyes sensitive to dipolar relaxation and polarity, such as the
already mentioned LAURDAN, or for instance, Nile Red and 8-anilinonaphthalene-

1-sulfonic acid (ANS), which are poorly soluble in water.

2.4 FLUORESCENCE MICROSCOPY

Fluorescence microscopy is a widely used technique to visualize and analyse in
real-time and with spatial resolution many biophysical phenomena on the nano, and
microscale, such as the protein supramolecular assembles. The coupling of optical
microscopy with fluorescence allows to exploit the high sensibility and specificity
of the fluorescence as contrast method. Fluorescence microscopy was extensively
used for the acquisition of measurements reported in this thesis. Details of each

technique will be reported below.

2.4.1 SPATIAL RESOLUTION

The spatial resolution is one of the most important characteristics of a microscope.
It is the minimum distance measured between two objects in the image such that
they can be distinguished as separate objects [100]. In the 19th century, the Ger-
man physicist and astronomer Ernst Abbe theorized that the resolution limit for an
optical microscope is imposed by diffraction of light, and he defined an expres-
sion that has become a fundamental law for the development of optical microscopy
[100, 101]:

Ax=—— (2.4)
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where Ax is the minimum distance (or resolution limit) between two points in the
image, A is the wavelength collected by the microscope objective and NA is the

numerical aperture of the used objective, and it is defined as:

NA = nsinf (2.5)

with n being the refractive index of the surrounding medium and 6 being half of
the angle of the aperture of the objective. The numerical aperture NA describes the
ability of a convex lens to collect light: a high numerical aperture allows it to gather
more light, resulting in a stronger signal, and since it can capture more refracted
rays, it thus enhances the resolution. Thus, the resolution limit depends on the ge-
ometrical characteristic of the objective and on the nature of the light collected by
the objective. The spatial resolution for a fluorescence microscope is about 200 nm.
For instance, one of the most used objectives for acquiring measurements reported
in this thesis is a 63x/1.40-0.60 oil objective, where 63X is the maximum magnifi-
cation, 1.40 is the numerical aperture and 0.60 is the iris diaphragm. The resolution
limit for such an objective, collecting 550 nm light, is about 196 nm.

The image of an object through an optical instrument is the collection of image
points formed by the interference of light which comes from every source point of
the object [100, 101]. Each image point is actually a diffraction figure called an
Airy disk, which is simply a diffraction pattern with a cylindric symmetry, shown

in Figure 2.7.
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FIiGUuRe 2.7: Representation of the Airy disk. It is a diffraction pattern with cylindrical symmetry:
the light intensity is highest at the centre and decreases in the radial direction. The central peak is
surrounded by concentric rings with lower intensity.

The bi-dimensional image of an object is the convolution of the real object and
the Airy disk [101]. The size of the Airy disk is related to the wavelength of the
radiation and the numerical aperture NA and in particular the radius of the first
maximum (4;) is determined by the equation:

A

TAiry = 061m (26)
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When an object is smaller than the resolving power of the instrument, its image
will consist of an Airy disk. In an image, two points are distinguishable if the
diffraction figures that constitute their images are also distinguishable, that is when
the central maxima of the Airy disks are at a distance greater than their width.
Contrarily if the central maxima of the Airy disks are overlapped, the points are
not distinguishable. The size of the Airy disk sets therefore an upper limit for
the resolution of an optical instrument [100, 101], which can be quantified by the

following expression:

A
AXpin = 0.61 — 2.7
X NA 2.7)

where Ax,,;, is the resolution limit of the microscope. This expression is the
Rayleigh limit and according to it, two adjacent points are resolved if the centre of
the Airy disk of the first point lies at the same position as the first minimum of the

Airy disk associated with the second point [101], as shown in Figure 2.8.
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Ficure 2.8: Graphical representation of the Rayleigh limit. a) Two adjacent points are resolved if
the distance between them is higher than the radius of the Airy disk. b) The Rayleigh limit is satisfied
when the distance between the points and the size of the Airy disk size is the same. c) Below that
limit the two points are not resolved anymore. [https:[fwww.olympus-lifescience.comfes/microscope-
resource/primer/digitalimaging/deconvolution/deconresolution/].

Everything described so far applies to two dimensions but can be easily extended
to three dimensions: the image of a point source through an optical system is a
three-dimensional diffraction figure called the Point Spread Function (PSF). In the
absence of aberrations in an aligned system, PSF describes a rotational ellipsoid
whose dimensions depend on the wavelength of the radiation conveyed by the lens
and the numerical aperture of the lens. Thus, the Airy disk is the projection of the
PSF onto the focal plane of the lens of the optical system. The image of an object
is the convolution of the real shape of the object with the PSF. Similarly to the Airy
disk, the extension of the PSF in three dimensions constitutes the resolution limit
along the three dimensions [100]. Therefore, analogous to the definition of lateral
resolution Ax,,;,, it is possible to define an axial resolution Az,,;, using the following

expression:
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n-A
Azpin = 1.67 — 2.
Znin = 167 25 2.8)

where Az, is the position of the first diffraction minimum on the z axis.

2.5 CoNFocAL LASER SCANNING FLUORESCENCE MICROSCOPY
(CLSM)

The evolution of fluorescence microscopy has led to the development of Confocal
Laser scanning fluorescence microscopy (CLSM). This technique has pushed the
resolution achievable by a microscope up to the theoretical limit proposed by Abbe,
by optical sectioning the sample and selectively accessing the fluorescence signals
from different focal planes within the sample. As a consequence, CLSM allows for
generation of three-dimensional images.

In a conventional widefield fluorescence microscope, the light source is a lamp
which emits a continuous spectrum, and single specific regions of the spectrum are
selected through a filter. The source radiation uniformly illuminates a large por-
tion of the sample, limited by the objective numerical aperture. At this region, the
sample absorbs the radiation and emits fluorescence. The fluorescence is then col-
lected to reconstruct the image in a single acquisition. In the image reconstruction,
contributions from out-of-focus planes are included. This causes a decrease in the
signal-to-noise ratio of the image and a drastic reduction in its resolution [100].

CLSM is designed to address the several limitations of traditional widefield flu-
orescence microscopy. The radiation source in a confocal microscope is a laser,
therefore there is no need for a filter to select a specific spectral range. The radia-
tion is diffracted by a pinhole and after going through a dichroic mirror, it is focused
by the objective on the sample [100, 101]. The radiation illuminates a double opti-
cal cone with its vertex at the focal point. At this region, the radiation is absorbed by
the sample and it emits fluorescence. The fluorescence is collected by the objective,
and it is acquired by the photomultiplier. The greatest difference between the CLSM
and the widefield microscopy is as simple as revolutionary in its effects: the pres-
ence of a second pinhole in front of a photomultiplier, which allows to shield all the
contributions from the out-of-focus planes and only allowing the contribution from
the focal plane to pass through. The absence of overlapping contributions from the
out-of-focus planes of the sample makes the resulting image sharper. The acquired
fluorescence is therefore only emitted by a small region of the sample (the vertex of

the double focal cone). This localized collection results in a reduced signal, which
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is basically offset by using a laser as the radiation source because it is significantly
brighter than a conventional lamp. Additionally, since the signal originates from a
small illumination volume within the sample, reconstructing an image of the sample
requires multiple acquisitions from different points of the sample, by scanning the
sample and capturing photons emitted from each point. For this reason, confocal
microscopy is defined as a scanning microscopy technique [100].

Another advantage of CLSM over widefield microscopy, also due to the small
volume of illumination, is the ability to perform optical sectioning of the sample
by acquiring images at different depths along the z-axis. This allows for the re-
construction of a three-dimensional model of the sample. By means of CLSM it is
also possible to acquire spectral (x, y, 4) or temporal (x, y, f) information for each
pixel of the image, enabling the discrimination of different species or studying the
progression of evolving processes over time [100].

The experiments were performed using a Leica TCS SP5 confocal laser scan-
ning microscope, with a 63x/1.40-0.60 and 40x/1.25-0.75 oil objective, and a scan-
ning frequency 400 Hz (Leica Microsystems, Germany). The laser source is Leica
Supercontinuum White Light Laser (WLL). The analysis of the microscopy data was
performed by the open-source software ImagelJ Fiji (https./fimagej.net/software/fiji/).

2.6  FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING (FRAP)

Fluorescence Recovery After Photobleaching (FRAP) is a microscopy technique
used to obtain information on the dynamics and mobility of the fluorescent molecules
in a system. If the molecular species under analysis are not fluorescent, the stud-
ied molecules can also be labelled with a fluorescent probe. FRAP is based on a
phenomenon which is usually avoided in any fluorescence-based technique: pho-
tobleaching [102]. Photobleaching is the irreversible loss of fluorescence by a
molecule, due to prolonged exposure to high-intensity light. This loss of fluo-
rescence is caused by photochemical alterations of the fluorophore itself or of its
surroundings, which prevents it from emitting light [102].

In a FRAP experiment (see Figure 2.9 as reference), a region of interest within
the sample is photobleached using a high-intensity laser beam. Following the pho-
tobleaching process, it is possible to observe a fluorescence recovery This recovery
occurs as unbleached fluorescent molecules from surrounding areas diffuse into the
bleached region and as photobleached molecules within the bleached zone diffuse
out of the bleached region. The recovery of fluorescence is therefore monitored

over time by capturing images at set intervals. Thus, the recovery rate provides in-
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formation on the molecular diffusion and mobility of the fluorescent species within
the sample, which are also indicative of the viscosity of the sample environment.
After enough time the equilibrium is reached, and the fluorescence recovery
arrives at the plateau. In general, the fluorescence does not reach its initial value
and the difference between the final and the initial fluorescence value denotes the

percentage of the immobile fraction within the region of interest.
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F1GURE 2.9: FRAP experiment: a-d) Fluorescence microscopy images of the sample during different
phases of a FRAP experiment and e-h) illustration of the same process at the molecular level. a), e)
fluorescence of the sample before the photobleaching (t < 0); b), f) the sample is photobleached in a
region of interest (t = 0); c), g) fluorescence recovery in the region of interest after photobleaching
due the diffusion of the bleached molecules out of the bleached region and the unbleached molecules
in the bleached region.; d), h) the equilibrium is reached and the fluorescence recovery stops. i)
profile of fluorescence recovery: the difference between the final and initial value provides the per-
centage of the immobile fraction of the sample. Figure adapted from [103]

In this thesis FRAP was used to investigate the mobility of Human Insulin
molecules labelled with Alexa 647 within different regions of Insulin coacervates.
FRAP experiments were performed using FRAP wizard of the Leica TCS SP5

confocal laser scanning microscope control software and WLL as an excitation/bleaching

30



2.7. Two-PHoTON EXCITATION PROCESS

source. The 256 X 256 pixels images were acquired with a 63%/1.4 oil objective, and
scanning frequency 400 Hz. The analysis of the microscopy data was performed by
the open-source software ImageJ Fiji (https:/imagej.net/softwareffiji/).

2.7 Two-PHOTON EXCITATION PROCESS

The Two-photon excitation (2PE) process, or more in general the multi-photon ex-
citation (MPE) process, is a nonlinear optical process that involves the simultaneous
absorption of two or more photons by a fluorophore. From the excited state, pho-
tons are then emitted through fluorescence with higher energy than the absorbed
photons.

This phenomenon was first theorized by Maria Goppert-Mayer in 1931 in her
PhD thesis, while the first experimental observation of a two-photon excitation pro-
cess occurred in 1961 by Wolfgang Kaiser and C. G. B. Garrett in a CaF2:Eu2+
crystal [100].

So

Ficure 2.10: Simplified Jablonski diagram showing a single-photon excitation process (in blue) and
a two-photon excitation process (in red). On the right, the fluorescence process is reported in green.

Figure 2.10 displays the Jablonski diagram of a system with two energy levels:
Sy is the ground singlet state, and S; is the first excited singlet state. The electronic
levels are illustrated by thick black lines, while the vibrational states are shown as
grey lines. The blue arrow represents a linear single-photon absorption transition
from the S, state to the S; state. For a photon to induce this transition between S
and S;, the photon’s energy must match the energy difference between these two
levels. The red arrows represent the transition from the ground state to the excited
state via a two-photon excitation process. This transition occurs when the combined
energies of two photons, which are absorbed simultaneously by the same system,
equal the energy required for the transition in the case of single-photon absorption

[72]. Therefore, the energy of a single photon is half of the energy needed for
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the transition to occur. In principle, the photons absorbed during a two-photon
excitation may be different since the important factor is the sum of the energies.
However, from an experimental point of view, a fluorophore is always excited by a
laser source, which emits coherent photons at the same energy, so the energies of
the photon used for a two-photon excitation are always the same [72].

The fluorescence process is depicted by a green arrow. This illustrates how flu-
orescence is independent of the type of absorption transition, whether it is linear
(single-photon) or two-photon. The fluorescence occurs regardless of how the exci-
tation was achieved and the emitted radiation exhibits the same properties in terms
of the shape of the emission spectrum and lifetimes [72].

In the case of a linear excitation, the transition probability depends linearly on
the intensity of the incident radiation, therefore each point of the sample which is
illuminated (even in the non-focal planes) has a non-zero probability of absorbing
a photon and consequently emitting another one. Instead, the transition probability
for a 2PE process depends on the square of the radiation intensity. This, coupled
with the fact that 2PE processes have a cross-section several orders of magnitude
smaller than the cross-section of linear processes, ensures that the absorption and
subsequent fluorescence occur only at the focal point of the objective (where the
intensity of the laser beam is maximized), and drop to zero almost immediately as
one moves away from the focal point. Therefore, for 2PE to occur, it is necessary
that the excitation beam incident on the sample has a high photon flux and that it is
confined both spatially and temporally [72].

From a practical point of view, these experimental conditions are achieved using
pulsed lasers as radiation source. Typically, the laser frequency is between 80 and
100 MHz and the maximum power of each pulse is about 100 kW and their duration
is about 100 fs [104].

2.8 Two-PaoroN Microscopry (2PM)

Two-photon Microscopy (2PM) is a fluorescence microscopy technique where the
fluorescence is obtained by 2PE of the sample. Similarly to CLSM, 2PM is also a
scanning microscopy technique. In both techniques, the radiation is focused on a
specific point of the sample, and therefore multiple acquisitions are needed to re-
construct a single image. This also results in the acquisition of images at various
depths, allowing for the reconstruction of a three-dimensional model of the sample
[100, 101]. As already described, in the 2PM the excitation process occurs solely

at the focal plane of the objective, within a volume on the order of the femtoliter.
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This results in a fundamental difference between Confocal Laser scanning fluores-
cence microscopy (CLSM) and 2PM: whilst in the former the optical sectioning is
achieved by the presence of a pinhole in front of the detection system, which does
not let the emission from the out-of-focus planes to pass through, in the 2PM it is
an intrinsic property of the excitation process. Thus, the pinhole loses its function,
and if present, must be completely open.

As already mentioned, the 2PE is experimentally achieved using an infrared (IR)
pulsed laser source. Typically, the laser source used is a titanium-sapphire laser
(Ti:Sa) which may be tuned to emit radiation between 700 nm and 1050 nm [101].
[Iluminating the sample with IR radiation offers the important advantage of per-
forming less invasive measurements. IR radiation is in fact less energetic than UV
radiation and for this reason, it is ideal for biological samples which are often prone
to photo-degradation processes which may cause the deterioration of the whole sam-
ple. Examples include photo-oxidation and photobleaching which are phenomena
often observed in samples irradiated by high energy radiation as UV light [105].
Moreover, even if the power of the single pulse is quite high, the average energy de-
posited on the sample is critically lower compared to using a continuous-wave laser.
The radiation-matter interactions for IR radiation are lower than the interactions for
UV and visible light. In fact, in any medium, longer wavelength radiation is less
scattered, as demonstrated by the fact that Rayleigh scattering intensity depends on
the radiation wavelength as (1-4). This results in higher penetration into the sample
and in the reduction of unwanted scattering contributions.

In this thesis, two-photon excitation is used to measure the fluorescence emitted
by ThT and ACDAN, since it enables the UV excitation of the dyes, reducing the
scattering contribution which is higher in confocal microscopy.

The experiments were performed using a Leica TCS SP5 confocal laser scan-
ning microscope, with a 63x/1.40-0.60 and 40x/1.25-0.75 oil objective, and a scan-
ning frequency 400 Hz (Leica Microsystems, Germany). The laser source is a
Spectra-Physics Mai-Tai Ti:Sa ultra-fast laser. The analysis of the microscopy data
was performed by the open-source software ImageJ Fiji (https:/fimagej.net/software/fiji/).

2.9  FLUORESCENCE LIFETIME IMAGING Microscory (FLIM)

Fluorescence lifetime imaging microscopy (FLIM) is a microscopy technique where
the contrast of an image is not provided by the fluorescence intensity as it is usual,
but by its lifetime. A FLIM measurement contains information about the fluores-

cence decay of the molecular species in each pixel of the image. Two methods
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exist to measure the fluorescence lifetime: the time domain and the frequency do-
main. The measurements reported in this thesis were acquired using the time do-
main methods and therefore only the time domain will be explained in this chapter.
The time domain method is based on the Time-Correlated Single-Photon Count-
ing (TCSPC) method [72]. Using a pulsed laser source, the detector measures one
fluorescence photon for each pulse of the laser and measures the acquisition delay
with respect to the laser pulse. This results in a histogram of the detected photon

distribution over time [72].

The measured decay profile is influenced by the Instrumental Response Func-
tion (IRF), which collects the effect due to the excitation source, the response of the
detector, and the electronic components [106]. The IRF represent the lower detec-
tion limit of a FLIM system because it is the fastest signal that the system can detect
[106]. Since the measured signal is the convolution of the real fluorescence decay
and the IRF, this also implies that shorter lifetimes are more strongly affected by

the IRF than longer decays.

FLIM measurements were acquired in the time domain by means of a Leica
TCS SPS5 confocal laser scanning microscope coupled with picoHarp 300 TCSPC
module (Picoquant, Germany). 256 X 256 pixels FLIM images were collected with
a 63x%/1.4 oil objective and scanning frequency 400 Hz. The laser source are Leica
Supercontinuum White Light Laser (WLL) and Spectra-Physics Mai-Tai Ti:Sa ultra-

fast laser.

2.9.1 PHASOR APPROACH TO ANALYSE FLLIM DATA

In 2008 a new method for the analysis of FLIM data was introduced by Michelle
Digman and Enrico Gratton [107] to overcome the difficulties which arise from the
fit-based analysis of complex fluorescence decays. This method is based on the
Fourier transform of fluorescence lifetime decay and it is called Phasor approach.
The phasor approach implies a graphical representation of the fluorescence life-
time decays, allowing the visualisation of the lifetime distributions in a polar plot,
known as phasor plot. Through the Fourier transform, each fluorescence decay I(¢)
is mapped to a point (phasor) in the phasor plot. The coordinates of the phasor
correspond to the real part and the imaginary part of the Fourier transform I(w) of
decay I(7):

[(w) = f ” I[(t)e'™ dt (2.9)

[ee)
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where w is the laser frequency [107, 108]. By rewriting the complex exponential
using trigonometric functions, it is possible to get the real and imaginary parts of
the function /(w). The real part, g(w), represents the x-axis on the phasor plot, while

the imaginary part, s(w), represents the y-axis:

[ 1(r) cos(wr)dt
g(w) = = (2.10)
|, Iyt
[ 1(0) sin(wn)dt
s(w) = == (2.11)
|, Iyt

where the integral in the denominator serves as a normalization factor for g(w) and
s(w) [108]. By solving the previous integral, the following expressions for g(w) and

s(w) are derived:

=

g(w) = 2—1 +]2)2 . (2.12)
s(w) = ZI{ ‘;’;T (2.13)

where the summation runs over all components of the exponential decay, 7; is the
lifetime of the i-th component, and f; is the weight of the i-th component. The
weight f; is defined as follows:

;T

fi= =—— (2.14)
S

The a; terms in the previous expression are the weight of the single components
of the multi-exponential decay. The sum of all f; is normalized to one.

In cases where the decay has only one component, the expressions for g(w) and

s(w) simplify as follows:

8w =13 (2.15)
wT
s(@) = 77— (2.16)

By combining the previous equations for g(w) and s(w), a simple expression for

the lifetime as a function of g(w) and s(w) is obtained:
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ls
T=—— (2.17)

wg
It is worth noticing that the fluorescence lifetime 7 is zero when s = 0 and it
tends to infinity when g = 0. Moreover, substituting 7 in the equation for g(w) and

s(w) as the expression just found the following equation is obtained:

(g-0.5?%+s>=025 (2.18)

This equation describes the “universal circle”, which is the region of the phasor
plot, where the phasors associated with single-exponential lifetime decays lie. It is
a circumference centred at the point (0.5; 0) with a radius of 0.5. The functions for
g(w) and s(w) are defined for values greater than zero, thus this expression is defined
for the upper half of the circumference. On the universal circle, short lifetimes are
mapped close to the point (1; 0) and long lifetimes near the origin (0; 0), as shown

in Figure 2.11.

FiGure 2.11: The semicircumference centred in the point (0.5; 0) with a radius of 0.5 is the “uni-
versal circle”, which is the region of the polar plot where the phasors associated with the single-
exponential lifetime decays lie. Short lifetimes lie near the point (1; 0) and long lifetimes lie in
correspondence of the origin (0; 0). Figure adapted from [108].

Fourier transform is a linear operator, therefore the phasors are linear as well.
This implies that the values of the coordinates g(w) and s(w) of a multi-exponential
fluorescence decay may be expressed as the linear composition of the coordinates
of its components which are single-exponential decay. This linear property is high-

lighted by the following expressions:
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g =) fie (2.19)
l;l

s@w) =) fis (2.20)
i=1

An important consequence of the linearity property of the phasors is that multi-
component decays on the phasor plane fall within the universal circle. In particular,
a two-component lifetime decay aligns with a straight line that connects the two
individual lifetime components of the complex decay. Furthermore, the distance
of a phasor point on the line from one of the two single components (normalized
to the total length of the chord) is the weight of the other single component in the
complex lifetime, and vice versa. The weights are often referred to as a fraction.
See Figure 2.12 as a reference. This approach allows for the accurate identification
of the components in a multi-exponential decay [107, 109]. Therefore, data itself
indicates the most suitable model to use, eliminating the need to arbitrarily impose

one.

A Phasor

t2 Experimental point

L

g 1

FiGure 2.12: Single-exponential decays lie on the universal circle, and multi-exponential decays lie
within the circle. The phasor associated with a two-component decay (tl and t2) lies on the straight
line connecting the two components. The distances (fl and f2) between the experimental point and
the components are proportional to the weights of the components themselves. Figure adapted from
[110].

Experimentally, FLIM data in the phasor plot appear as clouds of points which
are the fluorescence lifetime distributions. To spatially localize the fluorescence
lifetime distributions obtained in the phasor plot, phasor distributions can be se-
lected using coloured cursors. As result, all the pixels of the original image, associ-
ated with the phasors selected by the cursor, will be coloured with the same colour of

the used cursor (Figure 2.13a), obtaining a new image in false colour called “phasor
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map” (Figure 2.13b) [109]. For a two-components lifetime, known the two single
components, it is possible to analyse the data and to obtain the map of the fraction
of the first component, therefore providing overall information of the lifetime with
a higher spatial resolution. The resulting image has a continuous colour code, and

it is called “fraction map” [109].

a) b)

g Phasor plot Phasor—mapped FLIM image

Ficure 2.13: Cursor analysis of FLIM data. a) Lifetime distributions may be selected by cursors
with different colours. b) The pixel corresponding to the distribution selected by a cursor will be
marked with the same colour as the used cursor. Figure adapted from [109].

2.10 MODEL PROTEINS

This experimental study is carried out using model globular proteins. The use of
model protein to investigate aggregation and LLPS phenomena offers several ad-
vantages in elucidating the underlying mechanisms of these complex biophysical
processes. Firstly, model proteins allow for precise control over experimental con-
ditions, including protein concentration, sequence, and post-translational modifi-
cations, facilitating systematic studies to dissect the key factors influencing aggre-
gation and LLPS. Secondly, model proteins have a specific and well-known struc-
ture enabling easier identification of critical molecular interactions and structural
features driving aggregation and LLPS. In this study Bovine Serum Albumin and

Human Insulin were used.

2.10.1 BoviNE SERUM ALBUMIN

Bovin Serum Albumin (BSA) is a well-known globular protein characterized by
high structural stability. Serum Albumin proteins are derived from blood serum, and

they are widely utilized in various biochemical applications due to their stability.
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Serum albumin proteins mainly serve as carriers for several small molecules, such as
hormones, fatty acids, peptides, etc., which must be delivered within the organism.
Serum Albumin proteins also play a role in the regulation of the oncotic pressure
and the blood pH.

The amino acids sequence of BSA is composed of a single polypeptide chain
of 583 residues, with a molecular weight of approximately 66.5 kDa. It has three
homologous domains (I, II, and III), each formed by two subdomains (A and B),
as shown in Figure 2.14. The organization in three domains forms its characteristic
heart shape. These domains are arranged to create two hydrophobic pockets, which
serve the role of binding sites for many ligands, located in the subdomains IIA and
A [111, 112].

Ficure 2.14: BSA tridimensional conformation. BSA is organized into three domains (I, Il and I1I)
which form its characteristics heart shape. Each domain is divided into two sub domains (A and B)
[113].

BSA contains 17 disulfide bridges, which stabilize its tridimensional structure
providing a degree of rigidity within each domain yet permitting considerable alter-
ations in the BSA shape in response to solution conditions as temperature and pH
fluctuations. The secondary structure of BSA consists primarily of alpha-helices
and turns. It has been reported that BSA contains approximately 67% alpha-helices,
which are crucial for the stability and flexibility of the entire molecule [114]. The
alpha-helical content helps in maintaining the structural integrity of BSA under
varying experimental conditions. From a thermodynamical point of view, the high
stability of BSA translates into a high denaturation temperature of about 60°C. Its
isoelectric point is about 4.5 — 5.0 indicating that in acidic pH, BSA is positively
charged while at alkaline pH, it is negatively charged.

Being a transport protein, the binding ability is crucial for the function of BSA.

These pockets are characterized by their nonpolar environment [115], which al-
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lows hydrophobic interactions with various lipophilic compounds. The flexibility
of the loop regions around these pockets allows BSA to accommodate ligands of
various sizes, enhancing its binding versatility. The presence of non-specific and
flexible biding sites permits BSA to easily interact with multiple molecular species.
This makes BSA a useful model system to characterize how intermolecular inter-
actions, are affected by macromolecular crowding and LLPS processes [116]. For
this reason, in the recent years, many papers on the LLPS of BSA were published
[53, 116, 117,118, 119].

In the context of this thesis BSA was used to investigate LLPS processes and

how the molecular ordering affects this phenomenon.

2.10.2 HuwmanN INSULIN

Insulin is a protein hormone produced in the islets of Langerhans in the pancreas and
it plays a crucial role in the metabolism of carbohydrates. Its amino acid sequence is
well known (Figure 2.15): itis a dipeptide of 51 amino acids (MW 5808 Da) divided
into two chains, A-chain (21 amino acids) and B-chain (30 amino acids), linked by
two disulfide bridges (CysA7-CysB7 and CysA20-CysB19). A-chain contains an
additional disulfide bridge between cysteine 6 and 11.

A-chain

B-chain

FiGure 2.15: Amino acid sequence of Human Insulin. The letters above each amino acid indicate

the residues involved in the association of the molecule: D, dimer formation; H, hexamer formation.
[120]

The secondary structure of the A-chain consists of two alpha helices, and the B-
chain is composed of a combination of an alpha helix and a beta sheet (Figure 2.16).
In solution, Insulin is organized as monomers, dimers, tetramers, and hexamers, de-

pending on the solution conditions as revealed for the first time in 1969 by Dorothy
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Crowfoot Hodgkin through X-ray crystallography. The physiological predominant
form is the hexamer, wherein three insulin dimers are coordinated by zinc ions. At

low concentrations and low pH, Insulin is found as dimers and monomers.

a)

FiGure 2.16: Tertiary and quaternary structure of Human Insulin: a) monomer, b) dimer, and c)
hexamer. The molecules are coloured according to the secondary structure: a-helix in pink, B-sheet
in yellow and random coil in green.

For the context of this thesis, it is important to note that insulin forms as a
monomer in solutions with low pH and acetic acid. Conversely, in the presence
of HCI, a prevalence of dimers is observed. The tertiary structure of the monomer
is stabilized by hydrogen bonding, hydrophobic, van der Waals, and electrostatic
interactions between residues from both chains. In particular, the Insulin monomer
presents a hydrophobic core with polar residues positioned on the outer surface.

Human insulin is considered a model protein to study amyloid aggregation. The
mechanism underlying the formation and the growth of amyloid aggregates was
observed to be common to many other proteins [121], which for instance may be
involved in the onset of neurodegenerative pathological conditions as a-synuclein
for Alzheimer disease.

Insulin is highly amylogenic at acidic pH and high temperature, in presence of
elevated salt concentration [40, 122]. In vitro insulin aggregation may result in the
formation of different amyloid structures, characterized by specific morphologies.
In Figure 2.17a) a representative TEM image of amyloid fibrils is reported: they are
the most common and they occur at the solution condition just mentioned, both in
quiescent and shaking conditions. At quiescent conditions insulin amyloid fibrils
coexist with spherulites as shown in Figure 2.17b). Spherulites are tridimensional
amyloid superstructures constituted by an amorphous core from which a corona of
fibrils develops radially. If the aggregation process is carried out at a pH near the in-
sulin isoelectric point which ranges between 4.5 and 5.0, insulin particulates occur,
shown in Figure 2.17c). Particulates are micrometres size homogeneous aggregates,

which exhibit a molecular structure that falls between the native and amyloid struc-
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tures, often called amyloid-like.

FiGure 2.17: Structural polymorphism of Human Insulin aggregates which occur in different solution
conditions. a) TEM image of human insulin amyloid fibrils [122], b) CLSM image of human insulin
spherulites and fibril bundles stained by ThT [28], c) CLSM image of human insulin particulates
stained by ThT.

Thus, Insulin aggregation strongly depends on the solution conditions, such as
pH, temperature, ionic strength, and protein concentration, which dictate the mor-
phology of the aggregate species that occur, and the formation of amyloid super-
structure 1s primarily controlled by electrostatic interactions [18].

Human insulin aggregation takes place in three phases: nucleation phase, growth
phase and equilibrium phase [42, 123, 124, 125, 126]. During the nucleation phase
(also known as lag phase) the protein undergoes conformational and structural changes
which lead to the formation of oligomeric species. The association of oligomers
produce the nuclei from which the growth of the aggregates starts. After the for-
mation of the nuclei, more oligomers start to interact, and the aggregates start to
grow: this is the beginning of the growth phase. Depending on the forming species
the oligomers in solution self-assemble around the nuclei with different geometry:
elongation along an axis in the case of fibril [74, 126], radial growth from centre
point (nuclei) in the case of particulates or spherulites [31, 121, 127]. Finally, in the
equilibrium phase, all the mature aggregates are formed and the process ends.

In 2008 Fodera et al. [40] studied the amyloid aggregation of insulin by means
ThT fluorescence intensity. They observed how the thermally induced aggregation
kinetics at low pH and high ionic strength did not show the same results. This
translates into a higher variability of the aggregation kinetics both in terms of final
ThT fluorescence intensity, and duration of the entire kinetics. This effect is more
pronounced at lower protein concentrations, and it was associated with the stochas-
tic origin of insulin aggregation at its early stages. The stochastic behaviour was
attributed to the heterogeneous nucleation that insulin undergoes upon aggregation
[42]. The aggregation process was found to be autocatalytic since the formation

of fibrils promotes the formation of new nucleation points and new fibrils growth.
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This can occur by two main mechanisms: fragmentation of pre-existing fibrils, or
nucleation on the surface of the fibrils which results in their branching. The conse-
quence of this autocatalytic process is that the growth phase of insulin aggregation
is exponential since after the formation of the first nuclei (primary nucleation), the
secondary nucleation takes over.

Many studies reported that insulin aggregation may be promoted by the presence
of solid hydrophobic surfaces [128, 129, 130, 131]. Sluzky et al. showed that insulin
aggregation begins with conformational alterations of the monomer at hydrophobic
interfaces, specifically at the aqueous-solid interface [128, 131]. The initiation of
this process occurs through the diffusion and adsorption of protein molecules to the
interface. The primary driving force behind this process is the hydrophobic interac-
tion between the monomer and the hydrophobic interface. Following this, the pro-
tein molecules within the boundary layer associate with these exposed hydrophobic
regions, leading to the formation of aggregates. Eventually, these aggregates may
desorb from the surface into the aqueous solution and act as nuclei for subsequent
fibrillation. Sluzky et al. also reported that the addition of non-ionic surfactants
or other additives to the solution may stabilize the native conformation state of in-
sulin. This was observed to prevent the fibril formation of insulin at hydrophobic
interfaces [128, 131]. In contrast to hydrophobic surfaces, a significantly longer lag
phase for insulin aggregation has been noted in the presence of highly hydrophilic
surfaces. This observation is likely attributable to the reduced extent of conforma-
tional changes induced in insulin by the hydrophilic surface [132].

For the aim of this thesis, another interesting aspect to discuss is what happens to
insulin at the interface between water and a non-miscible liquid such as oil, being a
liquid-liquid hydrophobic interface. Kwon et al. [133] monitored by means of spec-
troscopy techniques the aggregation of insulin at the interface between an aqueous
solution and an organic solvent [133]. They found out that the insulin aggregation
rate at the interfaces dramatically increases with respect to the aggregation process
which occurs in solution. This phenomenon is likely due to the increased mobility
of the liquid-liquid interface compared to a solid-liquid interface. Insulin can move
more freely through the interface, to a certain degree. This promotes the unfolding

and the fibril formation.
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CHAPTER 3

Ordering of water molecules in

Liquid-Liquid Phase Separation

In this chapter, the liquid-liquid phase separation of a Bovine Serum Albumin so-
lution was studied in the presence of polymers as crowding agents and salts. These
additives are crucial for the occurrence of LLPS phenomena in multicomponent
protein systems. The first part of this study consists of assessing experimental con-
ditions where LLPS occurs in the presence of PEG as crowding agent and in the
following section the effect of chaotropic and kosmotropic co-solute to the LLPS.
In the third section water ordering on the observed phenomenon is investigated and
analysed using 6-acetyl-2-dimethylamino naphthalene fluorescent dye, more com-
monly known as ACDAN. ACDAN is described in literature as sensitive to the
dipolar relaxation of the surrounding environment, particularly to water, given its
abundance and strong dipole. For this reason, ACDAN is used to probe variations in
the rotational degrees of freedom of water due to interactions with resulting macro-

molecules. Analysing the model system can greatly enhance understanding.

3.1 INTRODUCTION

In this study LLPS of BSA was induced by the addition of polyethylene glycol
(PEG). PEG is often used for this porpoise in protein system [50, 53, 63, 64, 116,
134, 135]. This hydrophilic non-ionic polymer stands out among various additives
its low impact on the biological activity of cellular components. In protein crys-
tallography, PEG emerges as the premier precipitating agent for generating protein
crystals. It is widely used to mimic crowding effects in vitro so that understating
the thermodynamic properties of protein-PEG aqueous solutions holds fundamen-
tal significance [136]. In general, its effects on proteins are summarized as mutual
volume exclusion on the entropy of the system.

In order to gain information on the role of molecular ordering in LLPS we anal-
ysed BSA condensation in the presence of non-ionic kosmotropic and chaotropic

agents. This is aimed at the idea of controlling water dynamics and hydrogen bond
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network and observing the resulting effects in phase separation. Entropic contri-
butions are indeed fundamental to favour the separation of liquid phases where the
component of the solution is differently organized. In a simplified description it is
possible to think that in the condensed phase, proteins become close to each other
inducing modification in the hydration water ordering. Water molecules experience
confinement induced by high density of proteins in the condensate, or they can be
replaced by sidechain [137]. LLPS is favoured in solution conditions where the
entropy gain induced by water molecules release in the condensed phase and the
free-energy gain from the formation of weak attractive intermolecular interactions
are sufficient to offset the entropy loss due to molecular condensation. The subtle
balance between hydrophobic and hydrophilic solvation contributions allows tun-
ing different events and the final equilibrium state of the solution [138] and drives
the reversible formation of protein compartments. To have direct experimental evi-
dence on laws regulating this delicate equilibrium is difficult and the pivotal role of

protein-solvent solvent-solvent interaction regulating is to be explored yet.

The terms "kosmotrope" and "chaotrope" emerged in the context of solvent
properties referring to chemical compounds with the ability to increase or decrease,
the structuring of water, respectively. The term "kosmotrope’ also denotes salts that
promote the stabilization of protein structures, whereas ’chaotropes’ are salts that
induce a destabilization of protein structures. The term chaotropicity for the first
time was used to describe the destabilization effects on DNA molecules in presence
of saltions (NaClOy, KI, LiCl, etc.) [139]. The authors discussed the possibility that
the observed effects were the result of changes in the thermodynamic activity of wa-
ter, pointing out the role of water in regulating the stability of the macromolecules
structure. However, they did not exclude that the salt ions interact directly with
DNA molecules. About twenty years later, in the 80s, attention shifted to the effect
of these compounds on water organization rather than to their direct effects on or-
ganic macromolecules such as proteins and nucleic acids, and since then, scientific

research has focused on this aspect.

Nowadays, a large part of the literature agrees that chaotropic and kosmotropic
compounds have effects on macromolecules and that these effects are mediated by
water. In general, kosmotropic agents tend to stabilize proteins. These compounds
are preferentially solubilized within the bulk of the solution and excluded from the
hydration shell of the protein. This reduces the diffusion of water within the re-
gion near the protein, making its surface less flexible and thus stabilizing the native
state of a protein [140]. On the contrary, chaotropic agents destabilize proteins by

displacing water from the hydration shell [141]. In this way, the network of wa-
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ter molecules is perturbed due to the disruption of hydrogen bonds between water
molecules and to the formation of weaker hydrogen bonds between the chaotropic
agent and water, leading also to an increase of water diffusivity. This increases the
flexibility of proteins, thereby facilitating their denaturation.

Importantly, both ionic and non-ionic kosmotropic and chaotropic compounds
exist. lonic compounds include salts from the Hofmeister series, whose ordering
or disordering power is mainly ascribed to the polarization they induce on water
molecules in their solvation shell. Their influence on protein aggregation [142] and
on LLPS has been investigated [117, 143]. Non-ionic compounds are highly sol-
uble organic compounds with little or no tendency to aggregate, such as trehalose,
glycerol (kosmotropic), urea, ethanol (chaotropic).

Both ionic and non-ionic kosmotropic compounds show analogous chemical
behaviour when considering their interactions with proteins. Instead, ionic and non-
ionic chaotropic compounds show profound different behaviour in protein solutions.
Ionic compounds tend not to interact with proteins, acting only on water structure,
non-ionic compounds, have been shown to directly interact with protein molecules
due to their smaller hydration shell [144]. For example, non-ionic compounds,
such as urea or acetone, can interact with hydrophobic patches and suppress native
folding [145, 146].

3.2 EXPERIMENTAL RESULTS AND DISCUSSION

3.2.1 Liouib-Liouib PHASE SEPARATION OF BSA INDUCED BY THERMAL

TREATMENT

The dynamic processes during a LLPS of a BSA solution were investigated, by us-
ing temperature as a triggering physical parameter for phase transition, since it is
one of the most easy-to-access experimental conditions to modify. After screen-
ing several experimental conditions, the optimal ones were selected. The solution
consists of 25 mg/ml BSA dissolved in 100 mM Acetate buffer at pH 4.6 in the
presence of PEG-4000, as a molecular crowding agent. PEG is commonly used in
literature to induce LLPS in protein and in biomacromolecules solution [47, 147],
and therefore to modulating the phase behaviour of biomolecular systems. Being an
inert biocompatible polymer, generally, its interaction with protein is minimal and
its main effect on protein solution is due to exclusion volume effects [147, 148]. The
specific effects of PEG on protein LLPS depends on the concentration and molecu-

lar weight: in particular higher concentration and higher molecular weight favours
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the LLPS process [50, 147, 149, 150], without altering the propensity of protein

phase separation under identical solution conditions.

35°C Temperature 0°C
Sa Mz w3
v W &
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FiGure 3.1: BSA 5 mg/ml (shown as green molecules in the sketch) is dissolved in 100 mM acetate
buffer at pH 4.6 and 68 mg/ml PEG-4000 (blue waves) is added as crowder agent. At 35°C the
solution is clear, indicating the homogeneity of the solution. Upon decreasing the temperature, the
solution becomes turbid and white. This indicates the formation of BSA coacervates afterwards
LLPS occurs, reported as green circles in the right part of the sketch.

In Figure 3.1 photographs of the sample prior to and after the occurrence of
LLPS and a schematic representation of the process are reported. The sample con-
sists of 5 mg/ml BSA and 68 mg/ml PEG-4000 dissolved in 100 mM acetate buffer
(pH = 4.6). The photo on the right shows the appearance of the solution at 35°C:
the solution is clear, indicating a homogeneous solution as shown by the schematic
representation, where the PEG-4000 molecules, shown as blue waves, and the BSA
molecules, shown in green, are homogeneously distributed over the entire volume.
Upon decreasing the temperature, the solution becomes turbid and white, indicat-
ing the formation of coacervates. These are represented as circles containing BSA
molecules. According to literature [26, 47, 48], the diluted phase is depleted from
protein molecules, which are thus sequestered by the formed coacervate.

BSA is known to undergo LLPS in presence of multivalent cations [53, 118,
151], or in presence of PEG with different molecular weight and in different solution
conditions [50, 116, 117, 134, 152, 153]. The study reported in this thesis is focused
on the LLPS induces by PEG.

It is known that BSA molecules in general exhibit a poor affinity for PEG
[154, 155]). However, by increasing PEG molecular weight the molecular affin-
ity between BSA and PEG increases as well mainly due to hydrophobic interactions
[155]. For instance, having a compact structure, PEG 8000 was found to perturb the
protein surface, interacting with the tyrosine and tryptophan residues [154]. Simi-
lar results were also reported for PEG with higher molecular weights (PEG 10000
and PEG 20000) which were observed to bind to BSA surface [155]. The extent

of these interactions depends on the PEG concentration. PEG with lower molecular
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weights, being more flexible and less compact, cannot penetrate the hydration layer,
resulting in a lower interaction with BSA surface [154]. To reduce the PEG-BSA in
the study here reported, PEG 4000 was used.

As mentioned above the main reason why PEG induces LLPS of BSA solution
is the excluded volume effect. Excluded volume induces depletion interactions be-
tween BSA molecules [134, 147]. These are entropic interactions which result in
attractive forces between large colloidal particles (as protein) and arise to reduce
the excluded volume for arise to decrease the excluded volume for the molecular
crowders. Depletion interactions are the main driving forces for coacervates for-
mations [147]. This leads to phase separation into a protein-rich phase and a PEG-
rich phase when the temperature is lowered [134]. At higher temperatures, thermal
motion contributes to keeping protein molecules dispersed. When the temperature
decreases, the reduced kinetic energy favours the formation of more stable inter-
actions between protein molecules, promoting LLPS. Moreover, another factor to
keep in mind is that upon decreasing the temperature, the solubility of BSA in wa-
ter decreases, leading to enhanced protein-protein interactions over protein-solvent
interactions. PEG amplifies these effects by promoting closer proximity of protein
molecules, by means of the exclusion volume effects, further favouring LLPS of the

BSA solution at low temperature [147].

The sample was then investigated by means of fluorescence microscopy to anal-

yse the coacervates at the microscale level.

Four representative two-photon microscopy fluorescence images are reported
in Figure 3.2. ACDAN was used as a fluorescent probe to image the coacervate
since ACDAN fluorescence arises mainly from the coacervates. Specific details and
uses of this fluorescent dye will be investigated below. The sample presents several
spherical BSA coacervates which are the green circles in the images. The coacer-
vates have different sizes ranging from a few micrometres to about ten micrometres,
and they are dispersed in all the solution volume. The coacervates are highly dy-
namic and coalesce when they encounter and touch each other. This indicates their
liquid behaviour. Moreover, the coacervates tend to sediment to the bottom of the

glass coverslip.

To gain information on the PEG concentration effects on BSA LLPS, the scat-
tering intensity of the solution throughout the transition was monitored as a function
of temperature. The sample underwent a heat treatment consisting of a temperature
ramp from 35°C to 0°C (scan rate is 15°C/hour) and elastic scattering was mea-
sured at 650nm i.e. where no absorption or fluorescence signal is expected from the

sample.
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FiGure 3.2: 1024x1024 pixels representative two-photon microscopy fluorescence images of a sam-
ple consisting in 25 mg/ml BSA, and 76 mg/ml PEG 4000 dissolved in 100 mM acetate buffer at pH
= 4.6. At this PEG concentration the solution the BSA coacervates are present at room temperature
23°C. The sample is stained with 30 uM ACDAN (A,x. = 780 nm, detection range = 450 - 600 nm).

In Figure 3.3a), the scattering intensity as a function of temperature is reported
for BSA samples containing increasing concentrations of PEG (ranging from 60
mg/ml to 76 mg/ml). At each PEG concentration, an increase in scattering intensity
is observed below a certain temperature. At temperatures lower than this thresh-
old, a relatively linear growth in signal intensity is observed until reaching a certain
point, after which the intensity begins to decrease due to sample sedimentation (data
not reported). Specifically, when the solution is in a single phase, it remains homo-
geneous and transparent, leading to negligible scattering intensity. When cooled
below the transition temperature, the solution begins to separate into two phases.
At the macroscopic level, the phase separation is evident as at low temperatures
the samples become turbid (as shown in Figure 3.1) and afterwards the samples
separate in two distinct phases, as a consequence of coacervates coalescence and
sedimentation. Even after sedimentation of the dense phase has occurred, the LLPS
process can be reversed bringing back the sample to 35°C and agitating it to mix the

two phases.
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Ficure 3.3: a) Scattering intensity of the sample (BSA 25 mg/ml, PEG-4000, in acetate buffer 100
mM at pH 4.6) was measured at 650 nm as a function of temperature. The scan temperature is
15°C/hour. The black dashed line is a representative linear fit of the growth phase of the scattering
data. When the solution is homogeneous the scattering intensity at this wavelength is negligible,
but it dramatically increases when the sample undergoes a phase separation. With increasing PEG
concentration, the LLPS in the sample occurs at increasing temperatures. b) Phase Transition tem-
perature from the temperature scans at different PEG concentrations measured as the x-intercept of
the linear fit (black dashed line). The transition temperature increases with increasing PEG concen-
tration.

The scattering intensity measurements in the growth region were fitted using
a straight line, and the transition temperature was determined as the resulting x-
intercept at each PEG concentration. These data are reported in Figure 3.3b), repre-
senting a branch of the phase diagram of the sample. Above the experimental points
depicted, the solution is homogeneous, while below these points, the solution sepa-
rates. Notably, as the PEG concentration increases, the temperature transition tem-
perature also rises. This observation is in agreement with what is already present
in literature [117, 134, 147]. The excluded volume effect which induces LLPS, de-
pends on the concentration of the crowding agent in solution. In this context, the
transition temperature is the temperature at which the depletion forces between BSA
molecules overcome the repulsive interactions which governate the homogeneous
phase. This translates into the occurrence of LLPS. Increasing the PEG concen-
tration, the excluded volume effects are greater and therefore the depletion forces
overcome the repulsive interaction at higher temperatures. The fact that the tem-
perature transition depends on the PEG concentration is an indication that, in the
analysed concentration range, LLPS is induced mainly by the exclusion volume ef-
fects, and not by other specific interactions (e.g., between PEG and BSA) which
could arise within the solution [147]. This is further suggested by the fact that the
scattering data at different PEG concentrations present linear regions with similar
slopes. This indicates that the same LLPS process occurs in each sample, and that

the PEG concentration does not affect the propensity of BSA to undergo LLPS.
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3.2.2 PHASE STABILITY ALTERATION INDUCED BY NON-IONIC KOSMOTROPIC

AND CHAOTROPIC AGENTS

The main aim of the study is to analyse the role of water and in general molecular
order in the LLPS process. For this reason, the impact of both chaotropic and
kosmotropic compounds on the LLPS process under examination was investigated.
In particular, non-ionic disordering and ordering compounds were selected. Ethanol

(EtOH) was used as a chaotropic agent and Glycerol as a kosmotropic one.

Other studies on protein LLPS were conducted using salts from the Hofmeis-
ter series [143, 156]. These salts induce significant modification in water structure
and ordering at quite high concentrations (hundreds of millimolar/molar). Strong
intermolecular electrostatic interactions may induce changes in the analysed system
which can overshadow the possibly weaker contributions of water ordering, medi-
ated by transient hydrogen bonds and interactions with lower potential, such as Van
der Waals effects, and so forth. In order to reduce electrostatic long-range inter-
actions effects, all the experiments were performed in solution at pH close to the

isoelectric point of BSA which is reported to range from pH 4.5 to 5.0.

Analogous measurements to the ones reported above were performed keeping
PEG 4000 concentration at 68 mg/ml in the presence of EtOH and Glycerol. These
experiments are aimed at evaluating whether and how different concentrations of
these additives impacted LLPS. PEG concentration was selected to optimise mea-
surement conditions allowing having similar dynamical ranges both above and be-
low the transition temperature. From now on the 68 mg/ml PEG sample will be
called the standard sample. In Figure 3.4 the results of the experiments using so-
lution containing EtOH are reported: Figure 3.4a) shows the scattering intensity as
a function of the temperature at various concentrations of EtOH. In Figure 3.4b)
the transition temperatures for each temperature scan are reported. The transition
temperatures are obtained as described above. The temperature scan presents an
analogous profile to the one in the absence of EtOH in the temperature range ex-
plored revealing that EtOH affects the LLPS occurrence. Specifically at increasing
EtOH concentration the transition temperatures shift to higher values. At concentra-
tions higher than 4% v/v the sample undergoes to LLPS at a higher temperature than
35°C. Our experimental setup therefore did not allow us to detect if at higher EtOH
concentrations the observable effect changes or if it reaches a plateau at a certain
concentration. From data reported in Figure 3.4b) it is evident that in the concen-
tration range under analysis, the transition temperature depends on EtOH Concen-

tration. All these observations indicate that the LLLPS process is promoted by the
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addition of EtOH to the solution, with the effectiveness increasing in correlation
with higher EtOH concentrations. It cannot be excluded that the described effects
are not due to a direct interaction between EtOH and BSA molecules. However,
EtOH is known to induce modification in the hydration shell of protein molecules.
It is reported that the presence of EtOH induces the exclusion of water molecules
from the protein hydration layer causing its thinning. This significantly destabilizes
the protein conformational state, leading to a loss of its three-dimensional structure,
and a looser structure. This, in turn, modifies protein-protein and protein—water in-
termolecular interactions, and it was described for many proteins, including BSA
[157, 158, 159]. In particular, larger surfaces enable a greater number of protein-
protein interactions, that therefore facilitate LLPS. This effect is known to be con-
centration dependent, in line with the presented results [21, 157, 160, 161].
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Ficure 3.4: Effect of non-ionic chaotropic agent on LLPS process. a) Scattering intensity measure-
ments as a function of the temperature of the standard sample (BSA 25 mg/ml, PEG-4000 68 mg/ml,
in acetate buffer 100 mM at pH 4.6, scan rate 15°C/h) at different EtOH concentration. Increasing
the EtOH concentration, the LLPS occurs at higher temperatures indicating the process is favoured.
b) Transition temperature increases linearly with the ethanol concentration.

Figure 3.5 shows the effect of Glycerol on the BSA LLPS. Similarly to what re-
ported above, Figure 3.5a) shows scattering measurements as a function of temper-
ature at various concentrations of Glycerol. In Figure 3.5b), the transition temper-
atures obtained from each temperature scan, as described above, are reported. All
the temperature scans are similar to each other, including the one measured with-
out Glycerol, in the examined temperature range. Glycerol affects the occurrence
of LLPS, similarly to EtOH. However, contrarily to EtOH, LLPS in these samples
occurs at lower temperatures, i.e., the transition temperature decreases at increasing
Glycerol concentration. This indicates that the addition of Glycerol to the sample
makes LLPS process less energetically favourable and at even higher concentra-

tions, it completely inhibits the phase separation. Glycerol concentrations higher
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than 8% v/v were not investigated, since the sample undergoes LLPS at a tempera-
ture below the investigated temperature range. Data reported in Figure 3.5b) show
that in the concentration range, under analysis, the transition temperature depends

on Glycerol concentration.

a) 140 ———F———F—————————— b) 20 — . . . .
= Glycerol 0% = M
1200 - Glicerol 2‘%: A 7 )
« A Glycerol 4% = Yo %
31000 v Glycerol 6% = 4 0 5L %
> * Glycerol 8% n " 3
= ©
% 800 - . il 3 }
< 600} « |1 5
g, ] ~ 9 ~ 10+ %
" =
S 400} . s, 4 S
® . A _ o Q %
& 20l P 5
n A v - 5+ 4
*
O sesessssssssssasssdostosdnse® .
1 1 L 1 1 1 1 1 1 1 1 1 1

35 30 25 20 15 10 5 0 0 2 4 6 8
Temperature (°C) [Glycerol] (%)

Ficure 3.5: Effect of non-ionic kosmotropic agent on LLPS process. a) Scattering curves of the
standard sample (BSA 25 mg/ml, PEG-4000 68 mg/ml, in acetate buffer 100 mM at pH 4.6, scan
rate 15°C/hour) with different concentration of glycerol as kosmotropic agent. LLPS occur at lower
temperatures as the glycerol concentration increases, denoting that glycerol stabilizes of sample. b)
Transition temperature decreases linearly with the glycerol concentration.

As expected, the influence on the addition of glycerol to the solution has the
opposite result to what was observed for EtOH. It has been demonstrated that glyc-
erol enhances protein structure and protein stability [161, 162]. Being strongly
hydrophilic, glycerol molecules strongly bind from 2 to 4 water molecules and its
hydration has been determined to be about 5.58 water. Conversely, its affinity for
polar residues on the protein surface is weaker. Therefore, glycerol molecules are
thermodynamically favoured to be preferentially excluded from the hydration shell
of protein molecules. This leads to a more ordered and stable hydration shell of
protein molecules. As a result of increased stability of protein structure, the in-
termolecular protein interactions are diminished, and therefore LLPS and more in
general all the supramolecular assembly processes are reduced. From a microscop-
ical point of view, this reflects also an overall increase in solution viscosity, which
results in a reduction of the dynamic of molecules. This provides a heuristic expla-

nation for which glycerol prevents LLPS from occurring at higher concentrations.

3.2.3 PRrOBING WATER USING ACDAN FLUORESCENCE

To evaluate the overall molecular ordering of the system during LLPS process, and

its possible modifications, we exploit the spectroscopic properties of the fluores-
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cent molecule ACDAN (6-acetyl-2-dimethylamino naphthalene). This molecule is
a probe from the DAN family and among LAURDAN and PRODAN it is the most
hydrophilic. ACDAN fluorescence depends on both the dipolar relaxation and the
polarity of the solution. The dipolar relaxation is the ability of the dipoles in solu-
tion to rotate and to be re-oriented by ACDAN molecules. Higher dipolar relaxation
indicates a freer molecule and a more disordered state, while low dipolar relaxation
indicates that the rotation of the molecules is hindered and a more rigid and or-
dered state. For this reason, in literature, it is often used to explore the order of
water molecules and to thus probe the crowded milieu both in vitro and in vivo
[92, 94, 96]. When ACDAN experience a higher dipolar relaxation of the solu-
tion, its fluorescence spectrum is red-shifted, while if the dipolar relaxation is lower
ACDAN fluorescence is blue-shifts. Similarly, when the dye experiences a polar
solvent the fluorescence red shifts, otherwise it blue shifts. More details on the

functioning of the ACDAN and its fluorescence properties are reported in Chapter

6000 T T T T 7000

a) 35°C "»\6000—b) 13
r 1 > 7 S /f\

5000

o
S
3
S
N
S
1S3
S)
O
-~

u

IS
Q
S
S
@
S
o
[}

N
S
S
S

3000

N
Q
S
=]

o

S

S

1000 -

Fluorescence Intensity (a.u.)

Fluorescence Intensity (a
N w
1<)
3
o
Fluorescence Intensity (a
8
o
o

1000 -

=)
o
S

0 . . P _ . . . h 0 , \ , n
400 450 500 550 600 650 400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Ficure 3.6: ACDAN fluorescence spectra of three samples: a) 68 mg/ml PEG in 100 mM acetate
buffer pH 4.6, b) 25 mg/ml BSA in 100 mM acetate buffer pH 4.6, c) standard sample. 30 uM ACDAN
was added to each sample. The spectra were acquired during a temperature scan from 35°C to 0°C,
with a scan rate of 15°C/hour. The trend of the ACDAN fluorescence spectra for the standard sample
is different from the others, which do not undergo LLPS, being non-monotonic. The fluorescence
spectra are corrected for instrumental response. A, = 390 nm, Excitation bandwidth = 2.5 nm,
Emission bandwidth = 2.5 nm, scan speed = 100 nm/min.

Here ACDAN is used to probe in bulk how the molecular environment of the so-
lution changes when it undergoes a LLPS process, by monitoring the modifications
in its fluorescence spectra. In Figure 3.6 the ACDAN fluoresce spectra during the
temperature scan in three samples are reported. The samples consist in: a) 68 mg/ml
PEG, b) 25 mg/ml BSA, and c) a standard sample which is the combination of the
two. All the samples were dissolved in 100 mM acetate buftfer pH 4.6 and 30 uM
ACDAN was added to the solutions. The temperature scan is measured from 35°C
to 0°C and the scan rate is 15°C/hour. The first two measurements are used as a ref-
erence for taking into account the effect induced by the thermal treatment on single

components of the standard sample. Figure 3.6a) shows the ACDAN fluorescence
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spectra measured in the PEG sample. The first spectrum measured at 35°C (shown
in red) is centred at about 520 nm. During the temperature scan, the fluorescence
intensity increases while the temperature decreases. In Figure 3.6b) the ACDAN
fluorescence spectra are reported for the BSA sample. The spectrum acquired at
35°C is centred at 480 nm. Similarly, to the PEG experiment, the fluorescence in-
tensity increases while the temperature decreases. Moreover, the spectra measured
at lower temperatures are blue-shifted. It is possible to speculate that the increase of
the fluorescence intensity at lower temperatures is solely induced by thermal effects

since these two samples do not change and do not undergo LLPS.

Figure 3.6¢) show the ACDAN fluorescence spectra of the standard sample.
The first spectrum measured at 35°C is centred at about 490 nm. It is evident how
the fluorescence spectra acquired during the temperature ramp do not monotoni-
cally increase while the temperature decreases, as it is reported for ACDAN spectra
measured in the PEG sample and in the BSA sample. This is probably due to the
phase transition which occurs in the standard sample. By lowering the temperature,
the overall fluorescence intensity increases and the spectral shape changes, towards
shorter wavelengths. At about 20°C the fluorescence intensity starts to decrease
while continuing to blue-shift, until about 8°C. At this temperature, until the end of
the temperature ramp, the fluorescence intensity increases again. Changes in flu-
orescence spectra clearly indicate a non-monotonic decrease of dipolar relaxation
during the temperature scan. The observed spectral changes certainly result from
the combined effects of changes in the molecular environment experienced by AC-
DAN and the intrinsic effects of temperature. Indeed, at lower temperatures, the rate
of the radiative pathway is higher. Moreover, at low temperatures, the solvents usu-
ally become more viscous, and the time for solvent reorientation increases, resulting
in the lowering of dipolar relaxation [72]. This would translate into an increase in
fluorescence intensity and a blue shift. It is reasonable to speculate that in the tem-
perature range between 35°C and 20°C the spectra modifications are dominated by
the thermal effects since macroscopic effects of LLPS are not observed (as shown
in Figure 3.3a). On the opposite, in the range between 20°C, and 8°C the fluores-
cence modifications are strongly affected by LLPS as the fluorescence intensity is
observed to decrease. Similarly, below 8°C the fluorescence intensity starts to in-
crease suggesting that modifications due to phase transition are ended. In this case,
it is not possible to rule out further evolution of the sample, due for instance to the

maturation of the protein coacervates.

In order to quantify ACDAN fluorescence spectra changes as a function of tem-

perature, Generalized Polarization (GP) was calculated at 450 nm and 560 nm:
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Figure 3.7shows that ACDAN GP changes as a function of temperature for the
same three samples in which ACDAN fluorescence was measured: 25 mg/ml BSA

(blue squares), standard sample (green circles), and 68 mg/ml PEG (yellow trian-

gles).
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Ficure 3.7: GP of ACDAN fluorescence spectra for three samples: 25 mg/ml BSA (blue squares),
standard sample (green circles), and 68 mg/ml PEG (yellow triangles). All the samples were pre-
pared in 100 mM acetate buffer pH 4.6 and 30 uM ACDAN was added to each sample. The spectra
were acquired during a temperature scan from 35°C to 0°C, with a scan rate of 15°C/hour. GP was
calculated at 450 nm and 560 nm. GP of the standard sample shows a binodal trend, highlighted by
the blue and red dashed lines. The slope change occurs at about the transition temperature of the
standard sample.

GP measured in the BSA sample start from a positive value at 35°C and in-
crease almost linearly. Contrarily the GP measured in the PEG sample starts from
a negative value and slightly decreases linearly as well. The standard sample starts
from a positive value between the BSA sample the initial value and the PEG sam-
ple’s initial value, indicating that ACDAN is sensitive to both the BSA and the PEG
environment. Overall, the GP measured for the standard sample increase. Impor-
tantly, it presents a present a biphasic behaviour, highlighted by the blue and the red
dashed lines shown in Figure 3.7. The blue dashed line corresponds to the slope of
the initial growth of the GP measured in the standard sample. The blue dashed line
is parallel to the GP data calculated in the BSA sample, denoting that the variation
of GP value and more in general of the fluorescence spectra are caused by the same
thermal effects. A change of the slope is observed at about 20°C, which is the same

temperature at which the trend inversion of ACDAN fluorescence spectra intensity
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is observable, as shown in Figure 3.6c). This temperature is also compatible with
the transition temperature for this sample. The slight difference between the two
obtained temperatures might be due to the fact that fluorescence processes are more
sensitive to modification in the micro-environment than scattering. After 20°C the
slope of the GP data increases as shown by the red dashed line, indicating that a
new process (LLPS in this case) is taking place in the sample. Both the GP and the
overall fluorescence spectra suggest that ACDAN fluorescence is sensitive to the
variation of the micro-environment caused by LLPS process.

The variations in the environment which ACDAN experiences in the different
samples are then investigated. Figure 3.8 shows a comparison between normalized
ACDAN fluorescence spectra at 35°C (reported in panel a) and at 0°C (reported
in panel b) for the same three samples: 68 mg/ml PEG (yellow), 25 mg/ml BSA
(blue) and standard sample (green). As described above, data reported in Figure 3.7
show that the ACDAN fluorescence spectrum measured in the BSA sample present
a pronounced blue-shift with respect to the ACDAN fluorescence acquired at the
same condition in the PEG sample. The ACDAN fluorescence measured in the
standard sample stands in between and its spectrum is a linear combination of the
PEG and BSA spectra.
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Ficure 3.8: Normalized fluorescence spectra of ACDAN in three samples: of the 25 mg/ml BSA
(blue), standard sample (green), and 68 mg/ml PEG (yellow). All the samples were prepared in
100 mM acetate buffer pH 4.6 and 30 uM ACDAN was added to each sample. a) Spectra acquired
at 35°C and b) spectra acquired at 0°C, after the temperature ramp. A, = 390 nm, Excitation
bandwidth = 2.5 nm, Emission bandwidth = 2.5 nm, scan speed = 100 nm/min.

Figure 3.8b) shows that at 0°C, after LLPS occurs, the ACDAN fluorescence
spectrum in the standard sample almost overlaps with the ACDAN fluorescence
spectrum in the BSA sample measured at the same experimental condition, having,
in addition, a small red component at the same position of ACDAN fluorescence
spectrum in the PEG sample. The fact that the ACDAN fluorescence measured in

the standard sample resembles the ACDAN fluorescence measured in the BSA sam-
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ple may be an indication of a higher affinity of ACDAN for the BSA environment
with respect to the PEG environment. This is also suggested by the fact that the
standard sample GP value is similar to the BSA GP value. To explore the origin
of the blue shift in the BSA with respect to the PEG sample and the reason behind
which the ACDAN fluorescence in the standard sample at 0°C strongly resembles
the fluorescence in the BSA sample, some observation from the measurements re-

ported above must be highlighted.

As shown by the fluorescence microscopy images reported in Figure 3.2, af-
ter LLPS takes place, the ACDAN fluorescence signal mostly arises from protein
condensates. The diluted phase presents a diffuse fluorescence signal, in line with
the fact that ACDAN is highly hydrophilic, but it is much lower than the fluores-
cence intensity detected within the coacervates. This may denote either an increase
of ACDAN concentration within the dense phase or a modification of the micro-
environment experienced by the dye or both. However as shown in Figure 3.6,
when comparing ACDAN fluorescence intensity measured in the BSA sample with
the one measured in the PEG sample, in the BSA sample it is always higher, even
if non phase separation occurs. The fact that the ACDAN fluorescence intensity is
higher even in this case, suggests that the dye preferentially partitions to the BSA

molecules and therefore when LLPS takes place, it partitions to the coacervates.

Being highly soluble, ACDAN is used in literature to investigate the dipolar
relaxation of water in crowded solution [92, 93, 94, 96, 97, 163], connecting it to

the rotational dynamics of water.

For instance,Ambroggio et al. [163] observed the LLPS of the capsid proteins of
the Dengue virus and the Zika virus and reported how the water relaxation sensed by
ACDAN within the coacervates of these two proteins were different and how their
structure may therefore impact on the structure of water. Thoke et al. [92], reported
how ACDAN fluorescence can probe in vitro the water dynamics in yeast cells
(Saccharomyces cerevisiae) during the metabolism of glucose, detecting a strong
coupling between ACDAN fluorescence intensity and the concentration of both ATP
and NADH. They moreover highlighted how ACDAN does not partition in cellular
membranes, being highly hydrophilic. Vorontsova et al. [94] used ACDAN as a
tool to quantitively monitor the water activity to study in vivo the macromolecular

crowding in a zebrafish ocular lens.

The presented results highlight a direct interaction between the BSA and AC-
TAN dye. BSA is a transport protein renowned for its binding capabilities, attributed
to its hydrophobic pockets. These pockets make BSA able to interact with a wide

variety of molecules also thanks to the structural flexibility of these binding sites.
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This has certainly to be taken into account for the interpretation of fluorescence ex-
periment results. The interaction between a dye of the same family (PRODAN) and
BSA was previously described. This interaction results in a spectral blue-shift and
in an increase of fluorescence intensity, in line with what was reported before [89].
PRODAN and ACDAN are two similar molecules only differing by the presence of
an ethyl group (PRODAN) instead of a methyl group (ACDAN), making PRODAN
slightly more hydrophobic and therefore increasing its binding ability to hydropho-
bic pockets of BSA. ACDAN is sensitive to water dipolar relaxation, but it is not
possible to exclude that the signal reflects the properties of hydration water protein.
The spectral blue shift indicates that either ACDAN experiences a more hydropho-
bic environment or a lower dipolar relaxation or both. Therefore, it is reasonable to
speculate that some ACDAN molecules enter within the BSA pockets, sensing its
hydrophobic environment. This results in a spectral blue shift due to the restricted

mobility of the molecules within the pockets.

All the measurements reported so far are bulk measurements obtained in cu-
vette. Bulk measurements provide averaged data over large sample volumes, which
is ideal for obtaining representative and statistically significant information about
the overall properties of a sample. These measurements do not allow to discern spe-
cific fluorescence features of the different phases formed following a LLPS. More
detailed information can be obtained taking advantage of the spatial resolution that
microscopy can offer. Moreover, and more importantly, for the aim of the study
reported in this chapter, microscopy techniques provided quantitative information

using smaller sample volumes.

Two-photon microscopy was used to analyse and compare the ACDAN fluo-
rescence in the homogeneous phase before LLPS occur, and in the diluted and
concentrated phase of the samples. The normalized ACDAN fluorescence spectra
in the homogeneous phase (green squares), in the diluted phase (magenta circles)
and in the concentrated phase (cyan triangles) are reported in Figure 3.9a). Figure
3.9b) shows a table reporting the GP values for the homogeneous, diluted and con-
centrated phases. GP were calculated using the same wavelength of the previous

analysis (450 nm and 560 nm).

ACDAN fluorescence reported in Figure 3.9a) was excited at 780 nm and the
fluorescence signal was acquired in the range between 400 nm and 650 nm. The
fluorescence spectra were acquired at pixel resolution within the image, using a 15
nm bandwidth and 5 nm step size. The sample used for the homogeneous phase is
the standard sample (68 mg/ml PEG) which has a transition temperature below room

temperature, and the sample used for the diluted and concentrated phase contains 76
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Ficure 3.9: a) Normalized fluorescence spectra of homogeneous phase (green squares), diluted
phase (magenta circles) and concentrated phase (cyan triangles), acquired by two-photon mi-
croscopy (Aexe = 780 nm, bandwidth = 15 nm, step size = 5 nm). The homogeneous phase is the
standard sample (68 mg/ml PEG) and the concentrated phase and diluted phase are obtained from a
sample containing 76 mg/ml PEG and 25 mg/ml BSA. The concentrated phase spectrum and the di-
luted phase spectrum are respectively blue-shifted and red-shifted with respect to the homogeneous
phase. b) GP of ACDAN fluorescence spectra showed on the left calculated at 450 nm and 560 nm.
The higher GP indicates a more ordered phase.

mg/ml PEG, which is already separated at room temperature. As already mentioned,
it is reasonable to compare processes at different PEG concentrations, because the
LLPS process is the same and what changes is the fraction of the dense phase that
separates from the rest of the solution. The concentrated phase and the diluted
phase were physically separated by centrifugation (10*xg for 10 min at 20°C) since
the protein coacervates which occur following LLPS are highly dynamic, and it
could not be possible to perform long measurements as the one needed to acquire
the fluorescence spectrum. However, the use of microscopy techniques was still
necessary since the volume fraction of the dense phase is very small, being 20 ul

for 1 ml of the total solution volume.

To compare the microscopy results to the bulk reported above the ACDAN flu-
orescence spectra were corrected for instrumental response using the bulk spectra
as a reference. The normalized fluorescence spectrum of the homogeneous phase
sample is centred at 490 nm, in line with the data reported in Figure 3.6c). The
spectrum is composed of two components; the blue component is centred at about
475 nm, and it is slightly more intense than the green component which is centred
at about 500 nm. This results in a positive GP value GP = 0.339 + 0.008 in line with
the GP value reported in Figure 3.7. The concentrated phase spectrum has a higher

blue component and a lower green, revealing a lower solvent dipolar relaxation and
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a higher molecular order. The GP value for the concentrated is 0.539 + 0.005. On
the contrary the diluted phase spectrum is very similar to the homogeneous phase,
indicating that the composition and the order degree of the diluted phase following
the LLPS do not differ much from the ones of the homogeneous phase. However,
it is possible to observe a slight but significant increase in the green component of
the diluted phase with respect to the homogeneous phase. In accordance with this,
the calculated GP value for the diluted phase is 0.280 + 0.014. This can be ratio-
nalized as many molecules (both protein and crowding agents) are segregated in the
concentrated phase and therefore the molecular crowding and the excluded volume
effects are decreased with respect to the initial homogeneous phase. This results
in the increase of solvent dipolar relaxation and thus in the decrease of the overall

molecular order of the phase.

To explore whether these modifications are detectable by the ACDAN fluores-
cence lifetime, FLIM measurements were performed on the concentrated phase and
diluted phase. The concentrated and the diluted phases are obtained, as explained
above, from a sample containing 76 mg/ml PEG and 25 mg/ml BSA, after a cen-
trifugation to separate the two phases. ACDAN fluorescence lifetime has not been
explored in any published paper, and only an abstract is available on this topic [164].
Therefore, the results will be interpreted and discussed on the basis of another DAN
fluorescent probe, whose lifetime is much more studied, i.e. LAURDAN. LAUR-
DAN is a hydrophobic dye which mainly partitions in the lipid membrane and sim-
ilarly to ACDAN, it is sensitive to the polarity of its environment and to the dipolar
relaxation of water molecules around the LAURDAN molecule. FLIM analysis of
LAURDAN fluorescence lifetime, allows disentangling these two properties, eval-
uating them separately, selecting the detection range properly. The blue channel
allows to investigate the polarity effects of the environment and the green channel
allows to investigate the dipolar relaxation of water molecules in the proximity of

the fluorescent molecule.

In analogy with LAURDAN fluorescence, two acquisition ranges were selected
to perform FLIM measurements. The blue channel was set as 430 nm — 460 nm and
the green channel was set as 550 nm — 580 nm. FLIM data are analysed by means
of the phasor approach, which provides a graphical representation of the data and
does not require to impose an a priori model, which on the contrary the fit analysis

need. More details on this analysis method are provided in Chapter 2.

In Figure 3.10 the phasor analysis of FLIM measurements on the diluted and
concentrated phase in the blue channel is reported. FLIM measurements of homo-

geneous samples are intended to provide a graphical representation of the data. As
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Ficure 3.10: FLIM data of ACDAN fluorescence analysed by means of the phasor approach: a-b)
phasor maps of the a) concentrated phase and b) diluted phase acquired in the blue channel (430
nm — 460 nm) associated with the polarity of the micro-environment experienced by the ACDAN. c)
Phasor plot shows two lifetime distributions that are selected by a magenta and green cursor. The
phasor maps are coloured according to the colour of the cursors.

expected, the images do not show any structure over the diffraction images and only
diffused ACDAN fluorescence is observed. Figure 3.10a-b) shows the phasor maps
of respectively the concentrated phase and diluted phase obtained from the phasor
analysis. In Figure 3.10c) the phasor plot is reported, where it is shown two life-
time distributions (clouds of points), selected by two coloured cursors. The green
cursor was used to select the longer lifetime distribution and the magenta was used
to select the shorter lifetime distribution. The phasor maps highlight that both the
concentrated and diluted phase images are uniformly coloured respectively in ma-
genta and green. This suggests that each phase is homogeneous, as expected, and
that ACDAN experiences slightly different polarity within the concentrated and di-
luted phase. In particular, the diluted phase presents a lower molecular crowding
and therefore the water-protein ratio is higher. For these reasons, within the diluted
phase (shorter lifetime) ACDAN is expected to experience a more polar environ-
ment, with respect to the concentrated phase (longer lifetime). Moreover, if a high
contribution of ACDAN fluorescence derives from the ACDAN molecules which
sense the hydration of BSA both outside and within the pockets, it is reasonable to
assume that ACDAN molecules within the dense phase experience a less polar and
more rigid environment. This is in line with the ACDAN spectral red-shift observed
within the diluted phase.

Figure 3.11 shows FLIM measurements analysed by phasor on the diluted phase
and concentrated phase in the green channel. Figure 3.11a-b) shows the phasor
maps of the concentrated and diluted phases respectively. In Figure 3.11c¢) the pha-
sor plot is reported, showing two well-distinct lifetime distributions. In line with
the analysis reported above, the two lifetime distributions are selected by two cur-

sors: the shorter lifetime distribution is selected by a magenta cursor and the longer
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lifetime distribution is selected by a green cursor. Looking at the phasor maps is
evident that the lifetime distribution selected by the magenta cursor is associated
with the concentrated phase (panel a) and the lifetime distribution selected by the

green one is associated with the diluted phase (panel b).

a) b) c) 0.5 e
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Ficure 3.11: FLIM data of ACDAN fluorescence analysed by means of the phasor approach: a-b)
phasor maps of the a) concentrated phase and b) diluted phase acquired in the green channel (550
nm — 580 nm) associated with the solvent dipolar relaxation. c) Phasor plot shows two lifetime
distributions which are selected by a magenta and green cursors. The phasor maps are coloured
according to the colour of the cursors.

Also in this case, the phasor maps are homogeneously coloured by single colours,
denoting that the dipolar relaxation of water is quite different in the two phases. The
water dipolar relaxation within the concentrated phase is higher because the envi-
ronment is more crowded. Moreover, since less water molecules are presented with
respect to the BSA molecules, as discussed above, BSA molecules are more dehy-
drated and the overall environment more rigid. This results in an increase in AC-
DAN fluorescence lifetime. In contrary, the diluted phase which presents a shorter
ACDAN fluorescence lifetime, shows a higher dipolar relaxation, in line with the
data reported in Figure 3.9.

FLIM data for the homogeneous phase were not reported for a higher clarity.
However, it is worth mentioning that the ACDAN fluorescence lifetime for the ho-
mogeneous phase lies between the concentrated phase data and the diluted phase

data, being located nearer the latter, in line with the spectra shown in Figure 3.9a).

3.3  CONCLUSIONS

In this chapter, the liquid-liquid phase separation process of a BSA and PEG solu-
tion was investigated. The PEG was used as a crowding agent and the LLPS was
induced by thermal effects. The main aim of the study is to explore the role of water

in LLPS processes.



3.3. CONCLUSIONS

The first part of the study focused on establishing the experimental conditions
under which LLPS occurs with PEG as the crowding agent. PEG, a widely used
polymer, is known for its ability to induce phase separation through volume exclu-
sion effects, which effectively increase the local concentration of proteins by reduc-
ing the available volume in the solution. The systematic variation of PEG concentra-
tion led to the notable observation that higher concentrations significantly promoted
phase separation, consistent with findings in the literature. This was demonstrated
by an increase in scattering intensity at lower temperatures, suggesting the forma-

tion of BSA-rich coacervates and subsequent phase separation.

In the second part of the study the impact of two ordering and disordering co-
solutes were explored. By monitoring the scattering intensity, it was also possible
to show the effects of non-ionic kosmotropic, compounds, as glycerol, and non-
1onic chaotropic compounds, as ethanol, on LLPS. The reported results showed that
Ethanol promotes the LLPS increasing the transition temperature, while glycerol,
suppresses the process, acting as a stabilizing agent. This is probably due to the
effects of the two compounds on the hydration shell of BSA, but effects due to

viscosity and direct interaction with the protein molecules cannot be excluded.

In the third part of the study, the effect of water ordering on LLPS was ex-
amined by using the ACDAN dye. ACDAN fluorescence properties allowed us to
gain insights into the molecular ordering changes occurring during phase separa-
tion. This dye was observed to be sensitive to the LLPS as its fluorescence signal
critically changes within the different environments within the concentrated phase
(BSA coacervates) and the diluted phase. A global view of the data may also sug-
gest that the ACDAN fluorescence signal could be sensitive to BSA-bound water.
By monitoring the fluorescence spectra of ACDAN in solutions of BSA and PEG,
we observed significant variations in fluorescence lifetime between the condensed

and diluted phases.

Moreover, ACDAN fluorescence lifetime was analysed for the first time by
means of phasor approach. In line with what was reported for LAURDAN fluo-
rescence, FLIM measurements were acquired in two detection ranges. By means of
this method, it was possible to disentangle the two factors which affect its fluores-
cence, being polarity and solvent dipolar relaxation. Overall, the diluted phase was
observed to be more polar and with a higher dipolar relaxation with respect to the

concentrated phase.

This method will allow for a qualitative exploration of water dynamics in highly
crowded environments, without the risk of experimental artefacts arising from changes

in medium polarity. Furthermore, it is our future interest to investigate the LLPS
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process of other globular proteins, characterized by different conformations and
structures to study the behaviour of ACDAN in different experimental conditions,
with a lower protein affinity. This could potentially make ACDAN even more sen-
sitive to subtle changes in water. This comprehensive investigation contributes to
a deeper understanding of the molecular mechanisms underlying LLPS in protein
solutions, by elucidating the roles of crowding agents and water dynamics. Under-
standing the significance of water ordering is crucial as it provides another piece
to the puzzle of LLPS. Additionally, this enables easy tuning of LLPS for potential

biomedical applications, as biosensing.

3.4 SAMPLE PREPARATION AND PARAMETERS USED FOR MEA-

SUREMENTS

3.4.1 SAMPLE PREPARATION

Stock solutions of 50 mg/ml BSA and 500 mg/ml PEG 4000 (purchased by Sigma-
Aldrich) were prepared in 100 mM acetate buffer (pH 4.6). Upon 1:10 dilution of
the BSA stock, BSA concentration was measured by UV — Vis spectroscopy by
means of a Jasco — V770 spectrophotometer using the molar extinction coefficient
€ = 0.667 ml cm™! mg~! at 280 nm. Sample is prepared mixing BSA and PEG
at room temperature to reach the same desired concentration: 25 mg/ml BSA and
PEG concentration may vary between 60 mg/ml and 76 mg/ml. Sample is always
prepared by adding the buffer, PEG 4000 and BSA in this order. Before adding

BSA to the mixture, PEG and buffer are mixed until the solution is homogeneous.

For the chaotropic and kosmotropic experiments, 50% (v/v) glycerol and 20%
(v/v) EtOH stock solution were prepared in the same acetate buffer and then added
to the sample at the desired concentration (EtOH final concentration ranges between

1% - 4% (v/v) and glycerol final concentration ranges between 2% - 8% (v/v)).
For ACDAN experiments in bulk, ACDAN is added to a final concentration

of 30 um. The concentrated and the diluted phases are obtained from a sample
containing 25 mg/ml BSA, 76 mg/ml PEG 4000, 30 um ACDAN in 100 mM acetate
buffer (pH 4.6). The two phases were physically separated by centrifugation of this
sample (10*xg for 10 min at 20°C). The homogeneous phase consists of a sample
containing 25 mg/ml BSA, 76 mg/ml PEG 4000, 30 um ACDAN in 100 mM acetate
buffer (pH 4.6).
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3.4.2 SCATTERING MEASUREMENTS

Scattering measurements were acquired using a Jasco-FP-8500 spectrofluorometer
equipped with a Jasco ETC-815 peltier as temperature controller. The acquisition
range is 630 nm — 670 nm and the excitation wavelength is 650 nm to monitor
Rayleigh scattering. A 1 cm path length quartz cuvette. The response time was set
to 1 s, data interval to 0.1 nm, scan speed to 100 nm/min, and excitation and emis-
sion bandwidths to 2.5 nm. Spectra were acquired at each decree Celsius during a

temperature ramp of 15°C/hour.

3.4.3 ACDAN FLUORESCENCE MEASUREMENTS IN BULK

Fluorescence spectra in bulk were acquired using a Jasco-FP-8500 spectrofluorom-
eter equipped with a Jasco ETC-815 peltier as temperature controller. ACDAN
fluorescence spectra were acquired in 1 cm path length quartz cuvettes. The re-
sponse time was set to 1 s, data interval to 0.5 nm, scan speed to 100 nm/min, and
excitation and emission bandwidths to 2.5 nm. The acquisition range is 380 nm —
650 nm and the excitation wavelength is 390 nm. Spectra were acquired at each

decree Celsius during a temperature ramp of 15°C/hour.

3.4.4 2PM MEASUREMENTS

The experiments were performed using a Leica TCS SP5 confocal laser scanning
microscope, with a 63x/1.40-0.60 oil objective, and a scanning frequency of 400
Hz (Leica Microsystems, Germany). ACDAN fluorescence was excited at 780 nm
(Spectra-Physics Mai-Tai Ti:Sa ultra-fast laser). All the images were acquired at a
resolution of 1024 x 1024 pixels and the detection range was 450 — 600 nm. The flu-
orescence spectra were permed acquiring 256 X 256 pixels and the detection range
was 400 — 650 nm. The fluorescence spectra were acquired in the same range with a
15 nm bandwidth and 5 nm step size. The analysis of the microscopy data was per-

formed by the open-source software ImageJ Fiji (https://imagej.net/software/fiji/).

3.4.5 FLIM DATA ANALYSED BY PHASOR APPROACH

FLIM measurements were acquired in the time domain by means of a Leica TCS
SP5 confocal laser scanning microscope coupled with picoHarp 300 TCSPC mod-
ule (Picoquant, Germany). 256 X 256 pixels FLIM images were collected with a
63x%/1.4 oil objective and scanning frequency 400 Hz. ACDAN fluorescence was
excited at 780 nm (Spectra-Physics Mai-Tai Ti:Sa) in two channels: 430 — 460 nm
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(blue channel) and 550 — 580 nm (green channel) FLIM analysis was performed
by the SimFCS4 software developed at the Laboratory of Fluorescence Dynam-
ics, University of California at Irvine (http://www.lfd.uci.edu). The fluorescence
lifetime of Alexa 405 (r = 3.6 ns, single exponential) was used to calibrate FLIM
data in the blue channel. The fluorescence lifetime of fluorescein (7 = 4 ns, single

exponential) was used to calibrate FLIM data in the green channel.



CHAPTER 4

Liquid-Liquid Phase Separation
mediated by surfaces in microscale

aqueous compartments

In this chapter results on the supramolecular self-assembly of Human Insulin (HI)
within sub-microliter aqueous compartments cast on a glass coverslip are shown.
This process leads to the formation of spherical HI microparticles, which are formed
from fixed nucleation points at the water-glass surface around which HI molecules
condensate. This peculiar supramolecular assembly process leads to the formation
of hybrid structures with a solid dense core and a liquid-like corona. The first part
of the study focuses on the analysis of the morphology of these newly formed mi-
croparticles. In the second deals with the formation kinetics of the microparticles,
exploring the nucleation mechanism. Finally, in the third part the effect of the com-
partment size is investigated, showing how this is a crucial factor regulating the
entire process. This study has revealed a new process of supramolecular associa-
tion of insulin that cannot be observed at volumes above the microliter scale. To
achieve this, an experimental setup was developed that allows for the creation of
stable aqueous compartments in a hemispherical shape injected into an oil droplet
over a glass coverslip. The experimental approach design allows for quantitative flu-
orescence microscopy experiments, providing the capability to track the evolution
of the process in real-time, define the physical state of the particles, and determine

the molecular structure with pixel resolution.

4.1 INTRODUCTION

In the presented study HI is used as a model protein to study. This choice is mo-
tivated by the extensive number of articles in the literature that have investigated
a plethora of different aggregation mechanisms, particularly in the field of amy-
loid formation. HI is a peptide hormone composed of two polypeptide chains, an

A chain with 21 amino acids and a B chain with 30 amino acids, linked by disul-
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fide bonds. It adopts a secondary structure characterized by an a-helix in the A
chain and a -sheet conformation in the B chain. HI monomers can organize into
dimers, tetramers, and hexamers depending on solution conditions at room temper-
ature. Under the conditions of this experiment, HI remains in monomeric form.

This makes it less stable and more prone to self-assembly.

It is known that HI forms amyloid aggregates at acidic pH, high salt concen-
trations, and high temperatures (above 60°C). The study of HI aggregation process
was widely conducted in bulk with typical volumes from tens or hundreds of micro-
liters up to millilitres at temperatures well [87, 121, 165]. Under these conditions,
the formation of amyloid fibrils and superstructures like spherulites has been ex-
tensively investigated. After aggregation, HI samples are extremely heterogeneous
with variations on the nano, micro, and mesoscales. For this reason, recent studies
on HI aggregation have employed optical microscopy techniques, such as confocal
laser scanning fluorescence microscopy, Fluorescence lifetime imaging microscopy
(FLIM) and Fourier Transform Infrared (FTIR) microscopy to highlight structural
and morphological spatial heterogeneity of the aggregates at different space scale
level [28]. As reported in the introduction insulin may form amyloid structures
that self-assemble in higher-order assemblies at a macroscopic or mesoscopic scale
They may occur in various forms and sizes, including elongated fibrils, homoge-
neous spherical microparticles (particulates), and core-shell superstructures with a
dense, amorphous core surrounded by a fibril-like corona (spherulites). Notably, it
was reported by numerous studies that insulin aggregation can be promoted by the
presence of solid hydrophobic surfaces [128, 129, 130, 131]. Surfaces are reported
to promote monomer conformational changes supporting the aggregation rate at in-
terfaces. In particular, this effect was found to be obtained when the solid surface is

hydrophobic.

In this study, we demonstrate a process driven by Liquid-Liquid Phase Separa-
tion (LLPS), coupled with a liquid-to-solid phase transition, leading to the sponta-
neous formation of amyloid-like self-assemblies at room temperature. The chosen
experimental conditions allow for the observation of the supramolecular assem-
bly process within aqueous compartments ranging from nanolitres to hundreds of
nanolitres. Monodisperse spherical particles with amyloid properties form at the
solution-glass interface through homogeneous nucleation, originating from a spa-
tially heterogeneous distribution of similar nuclei. These structures exhibit a solid
core and a liquid-like corona, displaying characteristics that lie between protein

particulates and spherulites.

Using quantitative fluorescence microscopy techniques, we elucidated the dif-
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ferent phases of these unique supramolecular assemblies. Employing Thioflavin
T (ThT), a standard fluorescent marker in amyloid research, we investigated the
formation and growth of aggregates within sub-microliter compartments. Analysis
of ThT fluorescence lifetime using the phasor approach revealed distinct structural
characteristics of the newly formed species. Coupled with FRAP experiments, this
method allowed us to thoroughly describe the entire process, highlighting homo-
geneous primary nucleation as a fundamental step in the formation. This study
emphasizes the impact of surface-to-volume ratio on LLPS-driven processes within
microscale compartments at interfaces, revealing a supramolecular assembly phe-

nomenon that remains undetected in large-scale samples.

4.2  EXPERIMENTAL RESULTS AND DISCUSSION

4.2.1 MORPHOLOGY OF THE INSULIN MICROPARTICLES

Figure 4.1 illustrates a three-dimensional schematic side-view representation of the
experimental setup. An aqueous solution drop (depicted as a light green hemi-
sphere) was injected into a 100 ul mineral oil drop (depicted as a grey hemisphere)
cast on a microscopy-grade glass coverslip. The aqueous solution has a sub-microliter
volume. At the water-oil interface, yellow molecules are drawn to depict Tween-20,
a surfactant, used to stabilize the oil-water interface. Human Insulin microparticles
(shown as bright green hemispheres) grow on the interface between the glass cover-
slip and the aqueous drop. The sample comprises 5 mg/ml Human Insulin in a 20%
Acetic acid solution (pH 1.85), 0.5 M NaCl, and 0.05% Tween 20.

Ficure 4.1: Three-dimensional side-view representations (not in scale) of the experimental setup
diagram: an aqueous solution drop (depicted as a light green hemisphere) is injected into a mineral
oil drop (grey hemisphere) cast on a glass cover slip. Protein microparticles grow at the bottom of
the aqueous drop (small bright green hemisphere within the aqueous drop). The interface between
the aqueous drop and the oil is stabilized by the surfactant Tween-20, depicted as yellow molecules
at the water-oil interface.

The use of this experimental setup allows to monitor the formation and the
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growth of Human Insulin microparticles, within sub-microliter volume aqueous
drop. By means of quantitative fluorescence microscopy techniques, it was possible

to analyse the self-assembly process in real-time and at pixel-size spatial resolution.

As mentioned above, Tween 20 is a non-ionic water-soluble amphiphilic com-
pound. Being an amphiphilic molecule, at a concentration above the critical micelle
concentration (0.09 mM in water at 25°C [166]), tween 20 self-assembles into mi-
celle. It was previously reported that tween 20 places at the water-oil interface,
resulting in the formation of stable water compartments within the oil, character-

ized by a well-defined shape, preventing any water-in-oil leakage.

In Figure 4.2 six images of six distinct samples prepared on different days are
reported. The images are 1024x1024 pixels two-photon microscopy fluorescence
images of the HI microparticles stained by ThT. The excitation wavelength is A,
= 780 nm, and the detection range is 450 — 600 nm. The microparticles are ob-
tained by incubating 5 mg/ml HI in a 20% acetic acid solution (pH 1.85), 0.5 M
NaCl, 0.05% w/v Tween 20, and 40 uM ThT at room temperature for approxi-
mately 5 hours. Moreover, these microparticles grow at the bottom of the aqueous
drops at the water glass interface. During the whole formation kinetics, the rest
of the aqueous drops remain empty and no aggregates form elsewhere. After their
formation, the microparticles remain stable for several days, exhibiting the same
fluorescence intensity without significant modifications. The aqueous drop shown
in Figure 2 presents very similar diameter sizes, ranging from 250 um (panel f) to
270 um (panel e). The remaining drops have a diameter of 260 ym. From now on,

whenever the size of a drop is mentioned, it will refer to the diameter of the drop.

Figure 4.2 highlights the composition and the reproducibility of the sample.
Within each drop, the microparticles are randomly scattered across the surface and
the microparticles are homogeneous in size and shape. The microparticles appear to
be positive to ThT indicating that they present an amyloid-like structure. Comparing
the drops, it is possible to infer that the microparticles present the same spherical
shape and similar sizes (few micrometres), having nevertheless some variability.
For instance, it is evident how the microparticles in Figure 4.2¢) are slightly smaller
than the microparticles in Figure 4.2a-b). On the other hand, the microparticles
in Figure 4.2f) are slightly larger. Moreover, the number of microparticles is not
always the same, showing a similar variability. In particular, it is noticeable how
drops with smaller microparticles have a higher number of them and vice versa
(panels e and f respectively). Therefore, the number and the size of the microparti-
cles seem to be linked. This aspect will be discussed later in this chapter. Another

notable feature is the ring which appears at the edge of some drops, see images c)
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FiGure 4.2: a-f) 1024x1024 pixels representative two-photon microscopy fluorescence images of the
sample. The HI microparticles form by incubating 5 mg/ml HI in a 20% acetic acid solution (pH
1.85), 0.5 M NaCl, 0.05% w/v Tween 20, and 40 uM ThT at room temperature for approximately
5 hours. The microparticles occur at the bottom of the drop at the water-glass interface. The HI
microparticles are positive to ThT staining and present the same spherical morphology. The number
and the size of microparticles are similar but they present a variability. The sizes of the drops range
from 250 um to 270 um. Scale bar is 25 um.

and e) as reference. This is due to the agglomeration of microparticles which oc-
curs at the triple interface water-glass-oil, which could favour their formation. The
ring effect seems to be related to the number of particles, specifically, it occurs in
drops wherein higher number of particles form. This phenomenon could be also
affected by the Marangoni flow which is the movement of fluid caused by gradients
in surface tension along an interface between two fluids. Marangoni flow was ob-
served to be responsible for the formation of a ring at the edges of water drop in oil
[167]. Marangoni flow could therefore cause the movement of insulin molecules or

nucleation sites at the triple interface.

To obtain investigate details of HI microparticles, images at higher spatial res-
olution were acquired. Figure 4.3a-c) are 1024x1024 pixels representative two-
photon microscopy fluorescence images of the HI microparticles in different aque-
ous drops in the same experimental conditions. The images were acquired at in-
creasing spatial resolution. Figure 4.3d) shows the ThT fluorescence intensity pro-
file measured at the yellow dashed line drawn in panel c). Reported data are smoothed

to highlight the average trend of the data, increasing the signal-to-noise ratio. Fig-
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Ficure 4.3: a-b) 1024x1024 pixels representative two-photon microscopy fluorescence images of
the HI microparticles formed by incubating 5 mg/ml HI in a 20% acetic acid solution (pH 1.85), 0.5
M NaCl, 0.05% w)y Tween 20, and 40 uM ThT at room temperature. ThT fluorescence intensity tends
to be lower at the central region of the microparticles. c) Two-photon microscopy fluorescence image
of analogous samples in repeated experiments at higher spatial resolutions. The HI microparticles
exhibit a darker ThT fluorescence spot at the central region of each microparticle. The longitudinal
axis of a microparticle is represented by a yellow dashed line. d) ThT fluorescence intensity profile
measured at the yellow line in panel c). Data show the decrease in ThT fluorescence intensity at the

central region of the microparticle.

ure 4.3a-c) reveals that ThT fluorescence intensity is not homogeneous within the
single microparticle and in particular tends to be lower at the central region of the
microparticles. To quantify the ThT fluorescence reduction within the microparti-
cles, the intensity profile of a microparticle was reported in Figure 4.3d). From the
data it is evident how the central region of the microparticle exhibits a fluorescence
intensity decrease of about 25% with respect to the edges. Moreover, it was ob-
served that this darker is well localized at the core of these structures because it is
not visible if the image is acquired at the equatorial plane of the microparticles (data
not shown). The reduction of ThT fluorescence intensity in the central region of the
can be ascribed to different factors: the presence of a hollow cavity within the mi-
croparticles, restricted accessibility of ThT molecules to the inner regions, or a low
affinity of ThT for the core of the microparticles. In a previous study, we observed
a similar feature for Insulin spherulites, which exhibit a low ThT fluorescence in-

tensity at the core. By means of the combination of fluorescence microscopy and
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Micro-FTIR, we were able to correlate this fluorescence intensity reduction with a
lower density of amyloid structure and therefore a high density of native-like protein

in the core of these spherulites [28].

Unfortunately, Micro-FTIR is not adequate to analyse this system because this
technique has a poor spatial resolution (tens of micrometres) and the sizes of the
microparticles are smaller, with an average of about 5 um. Therefore, to further
investigate the fluorescence decrease at the core of the microparticles, it was de-
cided to exploit the Fluorescence Recovery After Photobleaching (FRAP). This
technique provides information on the mobility of fluorescent molecules within a
sample. Consequently, FRAP also provides information on the physical state of
a sample. To perform FRAP experiments, HI molecules covalently labelled with
Alexa 647 (from now on HI647) were added to the solution. The concentration of
HI647 is 80 nM. The molar ratio between the labelled molecules and the unlabelled
molecules results in about 1:10*. Analogous experiments to the one previously
described were conducted, resulting in the formation of the microparticle with a

double staining.

Figure 4.4 shows representative CLSM fluorescence images of HI microparti-
cles obtained incubating the same HI solution used for the previous freshly prepared
with the addition of HI647. The images were acquired in two channels: the green
channel (Figure 4.4a, d) showing the ThT fluorescence signal (4., = 470 nm, de-
tection range = 485 — 585 nm) and the red channel (Figure 4.4b, ) showing HI647
fluorescence signal (4,,. = 633 nm, detection range = 650 - 750 nm). In Figure 4.4c,
f the merged images of the two channels are reported. The merged images show the
fluorescence of ThT and HI647 in the same colour code. Figure 4.4) shows that the
same spherical microparticles occur at the water-glass interface on the same time

scale.

In Figure 4.4 a, d) the ThT fluorescence images report the same structure already
described above. ThT staining allows the detection of spherical microparticles with
an average diameter of about 5 um, which exhibit a lower fluorescence intensity in
the central region. Contrarily, the intensity of HI647 fluorescence showed in Figure
4.4b, e) is higher in the central region of the microparticles. It is reasonable to think
that the fluorescence intensity of HI647 is proportional to the number of fluorescent
molecules. Alexa 647 is a dye which is part of a family of synthetic fluorescent
probes, which are very photostable and insensitive to many environmental changes
[168, 169]. This observation suggests that HI molecules accumulate within the core
of the microparticles. The microparticles have therefore a heterogeneous structure,

having a higher density at the core of the microparticles, and decreasing radially
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f)

FiGure 4.4: (a-f) 1024x1024 pixels representative fluorescence confocal microscopy images of HI
microparticles acquired in two channel. The microparticles were obtained incubating overnight at
room temperature 5 mg/ml HI and 80 nM HI labelled with Alexa 647 (HI647) in a 20% Acetic acid
solution (pH 1.85), 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT solution in a 300 um (a-c) and
330 um (d-f) aqueous drop. The molar ratio between labelled HI molecules HI647 and unlabelled
HI molecules is 1:10*. a, d) Green channel showing the ThT fluorescence (A, = 470 nm, detection
range = 485 — 585 nm). b, e) Red channel showing HI647 fluorescence (A.x. = 633 nm, detection
range = 650 - 750 nm). c, f) Merged images showing the fluorescence of ThT and HI647 in the same
colour code.

towards the edges. Moreover, from Figure 4.4c, f) it is possible to observe that
there is a spatial overlapping of the region where the ThT fluorescence is lowered

and the region where high HI647 fluorescence intensity is detected.

)
10 pm

FiGure 4.5: (a-c) 1024x1024 pixels representative fluorescence confocal microscopy images of HI
microparticles. The microparticles were obtained incubating overnight at room temperature HI and
HI647 at the same solution conditions of the experiment described above in a 300 um aqueous. The
images are the merged images acquired in the green (ThT fluorescence, Ao = 470 nm, detection
range = 485 — 585 nm) and red (HI647 fluorescence, A... = 633 nm, detection range = 650 — 750
nm) channel.
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This feature is common to each HI microparticles in all the prepared samples, as
shown by the Figure 4.5, wherein three representative fluorescence CLSM images
are reported, showing the microparticles which occur in three distinct aqueous drops
of about 300 um. The samples are prepared incubating overnight at room tempera-
ture HI and HI647 at the same solution condition of the previous experiment. The
images are the result of the merging of the green and the red channels images. All
the microparticles present a bright red region at their respective core which is the

fluorescence signal of the HI647.

FRAP experiments were performed on several HI microparticles in different
aqueous drop. Microparticles were photobleached in two regions of interest (ROIs),
the core and the edges, to study if the difference in density implies a diverse physi-
cal state of the microparticles. Figure 4.6 shows six representatives 256x256 pixels
images, acquired by CLSM. The images are acquired in the red channel, displaying
the HI647 fluorescence (4,,. = 633 nm, detection range = 650 — 750 nm). In Figure
4.6a-c) the ROI wherein FRAP experiment is performed, is at the core of the mi-
croparticle, while in Figure 4.6d-f) the ROl is at the edges of the microparticle. The
size of the ROIs ranges from 2 ym and 2.5 yum. The initial state of the micropar-
ticle is reported in Figure 4.6a, d). As described above, the HI647 fluorescence
intensity decreases going from the core towards the edges of the microparticles.
Figure 4.6b, d) shows the microparticles after the photobleaching of the respective
ROIs. The photobleaching process was set to last 30 seconds. The ROIs appear as
a dark region within the microparticles. FRAP results are reported in Figure 4.6c,
f). In Figure 4.6c) the ROI present an increase of fluorescence intensity, but it is
still well-visible, while after the same time interval, the ROI at the edges in Figure
4.6f) regained most of the fluorescence intensity measured before the photobleach-
ing. This indicates that the mobility of HI within the microparticles is different

depending on the region.

To quantify the results of the FRAP experiments the fluorescence intensity is
monitored within the ROIs. Each microparticle was photobleached both at the core
and at the edges in ROIs of similar size. Whether the photobleaching process oc-
cur first at the core or at the edge of the microparticles, the obtained results are the
same. In Figure 4.7 FRAP results on different HI microparticles are reported. The
fluorescence intensity recovery is reported as a function of time. Four different plots
are reported to highlight the repeatability of the experiments. The fluorescence in-
tensity measured in the core of the microparticles is reported as red squares, and in
the edge is reported as green circles. The fluorescence intensity is normalized to

the initial fluorescence intensity value within the respective ROI before the bleach-
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FiGure 4.6: FRAP on HI microparticles obtained in the same experimental conditions of the previ-
ous experiments. during a FRAP experiment. The images are 256x256 pixels and were acquired
in the red channel by fluorescence confocal microscopy (HI647 fluorescence, A.,. = 633 nm, detec-
tion range = 650 — 750 nm). The photobleaching process is performed at the core a-c) and at the
edge d-e) of the microparticles. a, d) Microparticles before FRAP experiment. b, e) Microparticles
after undergoing photobleaching in small ROIs for 30 seconds. The ROIs appear as dark regions
within the microparticles because the fluorescence intensity decreased. c, f) After 80 seconds the
fluorescence has partially recovered: in c) the ROI where the photobleaching process occurred is
still visible, while in f) the ROI is almost invisible.

ing. The 1nitial value is obtained as the average of three images acquired before the
FRAP experiments are performed. The fluorescence intensity recovery reaches an
equilibrium after about 80 seconds. As can be observed, after photobleaching, the
fluorescence intensity signal measured at the edge of the microparticles (green cir-
cles) increases to a plateau within approximately 80 seconds. The signal recovery
reaches about 60% of the initial signal, indicating an immobile fraction of about
40%. Conversely, the fluorescence intensity recovery detected in the ROI at the
core of the microparticles is below 10%, indicating an immobile fraction of 90% or
above.

These observations suggest that the observed HI microparticles consist of a cen-
tral compact core where proteins are in an immobile, solid state, surrounded by a
region with greater mobility where HI molecules can diffuse in a fluid-like matrix.
The solid core at the centre of the protein condensates exhibits lower affinity for
ThT, indicating a different molecular structure compared to the external part. This
is similar to what has been previously reported for HI spherulites formed at high

temperatures in bulk experiments. The fluid-like state of the outer region, com-
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Ficure 4.7: FRAP experiments on different HI microparticles. For each microparticle the '’FRAP
experiments were performed at two ROIs: the edges, showed in green, and the core showed in red.
Fluorescence intensity was monitored within the ROIs. Fluorescence intensity is normalized to its
value within the ROIs before the FRAP experiments start. After 80 seconds the fluorescence reached
about 60% of its initial value at the edge of the microparticle, while at the core the fluorescence
recovery is under 10%.

bined with the spherical shape of these microparticles, suggests that liquid-liquid
phase separation is the underlying mechanism for the formation of these liquid-like

condensates with a solid core.

4.2.2 FORMATION AND EVOLUTION OF SUPRAMOLECULAR ASSEMBLIES

It is possible to follow and analyse the formation of the HI microparticles within
aqueous drop at pixel size spatial resolution, by collecting images at regular time
intervals after the drop deposition. Representative two-photon microscopy images
showing the main events of the microparticles’ formation process in a 260 um are
reported in Figure 4.8. In the first phase (145 min), no significant ThT fluores-
cence is detected, indicating the lag phase of the process. After about 170 min from
the drop deposition, ThT fluorescence intensity starts to grow from small and fixed
points on the water—glass interface that appear almost simultaneously (within 10
— 15 minutes). These fixed points are the nucleation sites from which the HI mi-

croparticles grow and they correspond to the solid native-like core of the micropar-
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ticles/condensates. Afterwards, ThT fluorescence intensity increases exponentially,
and the microparticles increase their size, growing radially. When the equilibrium
is reached, the microparticles stop growing and the ThT fluorescence intensity re-
mains constant over time. Within the spatial resolution of the measurements, no

diffusion of the nucleation sites or of the mature microparticles is detected.

145 min 170 min 185 min

195 min 220 min 250 min

Ficure 4.8: Representative two-photon microscopy images of the main events occurring during the
formation of the microparticles, obtained incubating 5 mg/ml HI in a 20% Acetic acid solution (pH
1.85), 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT at room temperature for about 6 hours in a 260
um aqueous drop. Images at different time points are shown: a) 145 min, b) 170 min, c) 185 min,
d)195 min, e) 220 min, and f) 250 min.

By measuring the ThT fluorescence intensity over time it is possible to acquire
quantitative information about the time evolution of the HI self-assembly. Through
the use of fluorescence microscopy techniques, the ThT fluorescence kinetics may
be monitored in different regions of the sample, including the whole aqueous drop,
single microparticles or even within single particles, with a spatial resolution limited
only by the pixel size. This approach allows for a detailed examination of how ThT
fluorescence evolves at different spatial scales throughout the assembly process.

Figure 4.9 shows ThT fluorescence kinetics measured during the formation of
the microparticles shown in Figure 4.2d). ThT fluorescence kinetics is obtained
using as ROI the whole drop a) and twenty different HI microparticles, within the
same aqueous drop b). The reported kinetics have a sigmoidal profile, which is
typical of the nucleated process. This was expected since it was observed in the

previous image that the microparticles grow from fixed nucleation points. The ThT
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kinetics presents a lag phase which lasts about two hours, followed by a growth
phase where ThT fluorescence increases rapidly. Finally, after about four hours the

ThT reaches a plateau region which is the equilibrium phase.
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Ficure 4.9: Normalized ThT fluorescence intensity versus time. The kinetics present a sigmoidal
profile. The fluorescence data are obtained by the integration of the value of every pixel within the
ROI, neglecting the one with a value under 5, to eliminate the contributions of free ThT in solution.
ThT fluorescence kinetics is measured taking as ROI a) the whole aqueous drop shown in Figure
4.2d) and b) twenty different microparticles within the same drop.

ThT fluorescence intensity was measured by integrating the intensity value of
every pixel within the ROI. To eliminate the contribution of unbound ThT molecules
in solution, all the pixels with an intensity value below than 5 were neglected. ThT
fluorescence intensity is normalized to the maximum intensity value reached by
the sample at the equilibrium phase. The ThT fluorescence kinetics measured in
the single microparticle present the same shape but also slight variabilities of the
microparticle kinetics. Specifically, a small difference in the lag phase duration is
detectable and it is due to the fact that the nucleation points do not appear perfectly
at the same time but within 15 minutes, as mentioned above. As it is evident the ThT
fluorescence kinetics measured in the whole drop (a) and the kinetics measured in
single microparticles (b) are perfectly overlapped, indicating the ThT fluorescence
intensity increase parallels the growth of the microparticles. This denotes an ergodic
behaviour of the entire process and suggests that the mechanism underlying the
formation of the microparticle is a homogeneous nucleation mechanism.

Figure 4.10a) shows a 1024x1024 pixels two-photon microscopy fluorescence
image of HI microparticles in a 260 um aqueous drop. The image was acquired
after an overnight incubation at room temperature. Magnified areas of the same
sample are reported in Figure 4.10b-c). The ROI where ThT fluorescence spectrum
was measured over time are highlighted by red circles. The ThT fluorescence ki-

netics are reported in Figure 4.10d) for the whole drop, in panel e) for the single
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microparticles, and in panel f) a spot within the microparticle. Fluorescence inten-
sity is normalized to its final value after it reaches the equilibrium. Similarly to the
kinetics reported in Figure 4.9, ThT kinetics have a sigmoidal profile, featuring a
lag phase of about two and a half hours. Afterwards, a growth phase which lasts for

100 minutes, followed by the equilibrium phase.
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Ficure 4.10: (a) 1024x1024 pixels two-photon microscopy fluorescence image of HI microparticles
within a 260 um aqueous drop stained by ThT (Ad.x. = 780 nm, detection range = 450 - 600 nm).
Scale bar is 50 um. The HI microparticles are obtained as usual, incubating overnight at room
temperature a 5 mg/ml HI solution consisting of 20% Acetic acid (pH 1.85), 0.5 M NaCl, 0.05%
Tween 20 and 40 uM ThT. The sample is incubated on a glass coverslip positioned on the microscope
stage during time-lapse measurements. Image stacks are acquired at regular time intervals and ThT
fluorescence intensity is monitored in single ROIs with different sizes highlighted in red. b - c)
Magnification of details in the image in panel (a) The ROl is a single microparticle in panel b) and
a small region within the microparticle in panel c). d - f) Normalized ThT fluorescence intensity
versus time, obtained by integrating in each frame the values of every pixel of the ROI, neglecting
the one with a value under 5, to eliminate the contributions of free ThT in solution. The kinetics has
a sigmoidal profile with a lag phase, growth phase and plateau phase.

Also in this case, the kinetics measured for a single microparticle is very similar
to the ensemble kinetics and interestingly even the kinetics measured within the
microparticle resembles very much both the ensemble and the single microparticle
kinetics. As expected by reducing the area of the ROIs the signal-to-noise ratio
decreases as well. Combining the observations obtained until now, it is reasonable
to speculate that the surface catalyses the formation of the microparticles. The
nucleation points in fact occur at the bottom of the aqueous drop, specifically at the
water—glass interface. These nucleation points then trigger the formation and the

growth of a new liquid-like dense phase. This results in a spatial heterogeneity of
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the sample. Interestingly this is not accompanied by a spatial heterogeneity of the
aggregation kinetics, which instead presents a high degree of homogeneity, dictated
by the fact that within the same aqueous drop, all the fluorescence kinetics resemble
each other independently on the ROI wherein it is measured. Moreover, the HI
microparticles exhibit similar size and shape and same structural features (solid
native-like core and fluid-like edges). All these results suggest that homogeneous
mechanisms are involved.

Interestingly, at acidic pH, high ionic strength and high temperature HI aggre-
gation is known to be regulated by heterogeneous nucleation mechanism [32, 39,
40, 126]. In these experimental condition in fact the aggregation kinetics, moni-
tored by ThT staining, has a sigmoidal profile and in particular the growth phase
follow an exponential law instead of a quadratic law which indicates a homoge-
neous nucleation mechanism. From a microscopic point of view, this is due to the
fact that the presence of fibril auto-catalyses the process resulting in an exponential
increase of the aggregates number. Moreover, HI aggregation kinetics exhibits a
variability. The degree of the variability is controlled by HI concentration, as re-
ported by Fodera et al. [40] in 2008, being higher at lower concentrations. HI is
also well-known for the polymorphism that it exhibits. In fact, the result of the HI
aggregation at these experimental conditions is also heterogeneous in terms of the

formed species, amyloid fibrils and spherulites.

4.2.3 EFFECTS OF AQUEOUS COMPARTMENT SIZE ON SUPRAMOLECULAR AS-

SEMBLY

Given that these structures do not form in bulk, it is reasonable to assume that the
size of the aqueous droplet influences the supramolecular self-assembly process in
some way. To explore this effect, it was decided to compare the ThT fluorescence
kinetics which occur in aqueous drops of different sizes. The results of the experi-
ment are shown in Figure 4.11.

Figure 4.11a) shows five representative ThT fluorescence kinetic in as many
aqueous drops whose size ranges from 130 ym (reported in blue) to 1500 um (re-
ported in yellow). The ThT fluorescence is normalized to the intensity value at the
plateau. All the ThT fluorescence kinetics present a sigmoidal profile. It is easy
to note that the formation of the microparticles is faster in small aqueous drops. In
Figure 4.11b) the same kinetics are reported. The fluorescence intensity values are
reported as a function of scaled time for the lag phase duration. The kinetics profile
reveals a correlation between the aqueous drop size and the microparticle formation

kinetics duration, this being longer in larger drops and, shorter in smaller drops.
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In particular, the most significant difference lies in the duration of the lag phases,
which is very short in small aqueous droplets and gradually increases as the droplet
size increases. ThT fluorescence kinetics measured in drops of similar size present
small variabilities in the duration of the lag phase. The duration of the lag phase
for 250 um drop ranges between 90 min and 150 min, therefore the measured vari-
ability is about an hour. This variability is significantly smaller than the difference
of lag phase duration of the ThT kinetics which occurs between drops of different
sizes, being at least double. The reported kinetics were chosen as the kinetics with
an average lag phase.

The growth phases of the five kinetics present similar slopes, and as can be
observed by Figure 4.11b) are almost superimposable within the experimental error.
The only kinetics which deviates from the others is measured in the 130 ym aqueous
drop (reported in blue). However, this kinetics has also a lower signal-to-noise ratio,
due to the fact that the process in such a small drop is extremely fast. The fact
that the slopes of the kinetics are the same suggests that after the formation of a
critical nucleus, the process resulting in the growth of the microparticles is similar

independently of the aqueous drop size.
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Ficure 4.11: a) ThT fluorescence kinetics measured in the whole aqueous drop. The sample is
obtained incubating at room temperature 5 mg/ml HI in a 20% Acetic acid solution (pH 1.85) con-
taining 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT in aqueous drop of different sizes. The drops
sizes range from 130 um to 1500 um. All the fluorescence kinetics have a sigmoidal profile, and
the duration of the lag phase increases in larger drops. b) The same fluorescence kinetics showed

in panel a) reported as a function of a scaled time, to overlap the endpoint of the lag phase. The
kinetics have superimposable profiles, within the experimental error.

As already mentioned, the lag phase and growth phase are associated with dis-
tinct microscopical processes. All the existing models which interpret the aggrega-
tion kinetics in terms of molecular events are created for fibril aggregation, but it is

reasonable to speculate that the main mechanisms are the same also for tridimen-
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sional superstructures, such as the one analyzed in this study. In an aggregation pro-
cess which can be described by sigmoidal kinetics, the lag phase is often interpreted
as the time during which the nucleation points are formed from monomeric species
in solution. This process implies the formation of oligomers and when a critical
dimension is reached, they become nuclei from which the aggregation starts. This
process is called homogeneous or primary nucleation. The growth phase is associ-
ated with the elongation process for fibril aggregation (in this case the radial growth)
and the formation of new aggregates from the existing ones (heterogeneous or sec-
ondary nucleation) [45]. Recently Arosio et al. [43, 44] suggested that lag phase
and growth phase cannot be exclusively ascribed to a single microscopical process.
Rather, according to their model, these are a combination of processes which are
governed by the rate constant of the reactions. For instance, they suggest that dur-
ing the lag phase both the primary nucleation and elongation mechanisms occur
and therefore the duration of the lag phase is the balance of the two mechanisms.
Similar discussion can be done for the growth phase which is a combination of both
elongation and secondary nucleation mechanisms, whose combination changes the
slope of the kinetics. Nevertheless, it is anyway common consensus that the lag
phase is regulated by homogeneous nucleation and the growth phase begins when

the heterogeneous nucleation takes over.
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Ficure 4.12: Aggregation rate, measured as the inverse of the lag phase duration, as a function of
the radii of aqueous drops: the duration of the lag phase was measured as the time for which ThT
fluorescence intensity reached the 2% of the maximum fluorescence (plateau region). Data were
fitted by the function y = A+(B/x). The fit and the associated error are reported in red.

The kinetics reported in Figure 4.11 only differ by the lag phase duration. This

suggests that the size of the aqueous drop mainly affects the homogeneous nucle-
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ation mechanism. Contrarily the growth phase remains unaltered, denoting that the
process at the basis of the growth of the microparticles is not influenced by the size
of the aqueous drop. The studied process occurs within small aqueous drops, which
can be approximated to a hemisphere. The water—glass interface forms the base of
this hemisphere, while the rest of the surface is the water—oil interface, as shown
in Figure 4.1. It was observed that the process takes place only at the water—glass
interface, which can be adjusted and controlled by changing the size of the drop.
This determines to reduce (or increase) the surface area available to the protein.
Therefore, the duration of the lag phase in the kinetics is linked to the accessible
surface area. To investigate this phenomenon, it was decided to study the duration

of the lag phase as a function of the aqueous drop size.

Figure 4.12 shows the aggregation rate, measured as the inverse of the lag phase
duration versus the radius of the aqueous drop. The duration of the lag phase was
quantified as the time needed for the kinetics to reach 2% of the maximum fluores-
cence intensity measured at the plateau. The fit performed on the data is reported
in red. Data highlight that the aggregation rate decreases with the increase in drop
size. In particular, data seem to follow a hyperbolic law. Combining all the infor-
mation obtained so far, it is possible to infer that the nucleation process occurs at
the bottom surface of the hemisphere, which consequently triggers the formation
of the new liquid-like phase around the nuclei. Here, experimental data suggest
that the observed process is regulated by the attachment of the protein molecules
to the interface water — glass interface. This is not unusual since it is known that
protein molecules exhibit the tendency to interact with interfaces, increasing the
aggregation rate at the surfaces with respect to the bulk. This was associated with
a combination of complex mechanisms which may decrease the nucleation energy
barrier [170, 171]. In particular, it was reported by Sluzky et al. [128, 131] that HI
molecules undergo conformational modifications in the proximity of hydrophobic
solid surfaces. Hydrophobic interactions are therefore the main responsible for the
attachment of HI to the interface. The experimental data here reported suggesting
that the supramolecular self-assembly observed is driven by a sort of attachment
nucleation process of the HI molecules to the water—glass interface at the bottom of
the aqueous drop [172]. This results in the formation of the nuclei at the interfaces

around which HI molecules condensate forming the microparticles.

To explain the observed behaviour, it is possible to consider that the formation of
nuclei on the surface is likely influenced by the probability (P) of proteins diffusing
within the aqueous drop and colliding with the surface. Simplifying the model, it is

reasonable to assume HI molecules are evenly distributed within the hemispherical
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drop and freely diffuse with an average free path A. Under these conditions, the
probability is inversely related to the radius of the hemisphere. In an oversimplified
model, where particles travel freely for a distance A before colliding with other
particles, the probability that a particle within a distance y < A from the aqueous
drop surface will hit the surface can be calculated as the ratio of two volumes: the
volume of a spherical cap (V) with height A—y and radius A (representing the region
where the particle ends up after crossing the surface), and the volume of a sphere
(V,) with radius A (representing the region where the particle could end up after

travelling a distance A in any direction). We denote this ratio as P.(y).

Moreover, the probability (P;) of finding a particle within a layer of thickness
dy at a distance y < r from the surface of the aqueous drop can be determined by

the ratio of the volume of the layer (V) to the total volume of the hemisphere (V).

Ve _midy _3dy
CVy 2 2r

3
Integrating the product P, P.(y) over the interval [0, A] the final result is finally

Py

4.1)

obtained:

A A
3
p= f PP, = f = Py 4.2)
0 0o <&
o1 1
P=L - 4.
16r > r “@.3)

As expected from the data reported in Figure 4.12, probability P has an inversely
proportional relation with the radiusr of the drop. The fit reported in Figure 4.12
is a hyperbolic function which has a good agreement with the data. This supports
the idea that the observed phenomenon is nucleated by an attachment nucleation
mechanism, which is favoured in smaller drops, characterized by a high surface-to-
volume ratio. Moreover, the whole phenomenon is regulated by the free diffusion

of HI molecules in drop volume.

As already mentioned in the description of Figure 4.2, within aqueous drop of
similar size the number and the size of microparticles may vary among distinct
drops. To investigate this phenomenon and its causes and implications, two aque-
ous drops with similar size were compared. In Figure 4.13a-b) two 1024x1024
pixels two-photon microscopy fluorescence images of HI microparticles in two 260
pm drops are reported. The microparticles are obtained at usual experimental con-

ditions: incubation overnight at room temperature of 5 mg/ml HI in a 20% Acetic
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acid solution (pH 1.85), containing 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT.
In Figure 4.13c) it is reported the size distribution of the microparticles shown in
panels a) and b) in red and green respectively. The size of the microparticles is
measured when the equilibrium of the kinetics is reached and the size of the mi-
croparticles remains constant over time. The average diameter of the red distribu-
tion is 3.3+ 1.1 ym and the average diameter of the green distribution is 5.1 + 1.0
pm. The error associated with the average measurements is the standard deviation
of the histogram. Figure 4.13d) shows the ThT fluorescence kinetics measured in
the two drops, following the same colour code of the histogram. The images shown
in Figure 4.13a-b) are two representative fluorescence images of two distinct drops
of the same size. The microparticles which occur in the aqueous drop reported in
panel a) are smaller and more numerous with respect to the microparticles which
are formed in the drop shown in panel b). To quantify these differences the size
distribution of the microparticles within each drop was performed (shown in Figure
4.13c). The microparticles in panel a) are almost 2 ym smaller than the microparti-
cles of panel b). Moreover, the counts (i.e., the number of microparticles) of the red
histogram are about double the counts of the green distribution. Interestingly both
fluorescence kinetics measured within the aqueous drop present the same sigmoidal
profile and similar lag phase. As already mentioned, the lag phase duration of ThT
fluorescence kinetics in two similar size drops may show a small variability. This
is due to the intrinsic stochasticity of the attachment nucleation mechanism. The
lag phase is more influenced by the drop size than the intrinsic stochasticity of the

process.

The number of microparticles corresponds to the number of nucleation points
which are heterogeneously distributed at the water—glass surface at the bottom of
the aqueous drops. The higher number of microparticles may therefore be due to a
higher amount of nucleation sites present in the sample from which the micropar-
ticles originate. This could be due to external conditions in the form of impurities
on the glass surface. To test this hypothesis a pattern was imprinted to the glass
surface. Figure 4.14 shows a representative two-photon microscopy fluorescence
images of HI microparticles obtained after an overnight incubation at room tem-
perature of the 250 um aqueous drop (5 mg/ml HI in a 20% Acetic acid solution
(pH 1.85), containing 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT). Differently
from all the other samples reported so far, the microparticles grow on a preferen-
tial direction dictated by a pattern imprinted onto the glass surface. This denotes
that the nucleation points can be externally induced to the surface, still maintaining

the overall process the same unchanged, highlighting the generality of the overall
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Ficure 4.13: (a-b) 1024x1024 pixels two-photon microscopy fluorescence images of HI microparti-
cles incubating overnight at room temperature 5 mg/ml HI in a 20% Acetic acid solution (pH 1.85),
containing 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT in 260+10 um drops (Aex. = 780 nm, de-
tection range = 450 - 600 nm). Scale bar is 25 um. c) Size distributions of microparticles shown in
panels a) and b) in red and green respectively. The measured average diameter results 3.3 + 1.1 um
(red distribution) and 5.1 + 1.0 um (green distribution). The errors were estimated as the standard
deviation of the histograms. Histograms bin size is 0.5 um. d) ThT fluorescence kinetics which occur
in the drop shown in panels a) and b) in red and green respectively.

process.

The fact that the number and size of microparticles are dependent parameters
could indicate that the same fraction of HI molecules is sequestered within the con-
densate regardless of the number of nucleation sites, leading to particles of the same
spherical morphology, denoting that the aggregation process is independent of their
number, as indicated by the fact that the growth phase of all the ThT kinetics are
superimposable.

It was explained as the sizes of the aqueous drops influence the self-assembly
process affecting the time during which the HI molecules hit the bottom surfaces
and attach to hit, therefore affecting nucleation (and aggregation) rate. This trans-
lates into a variation of the lag phase of ThT fluorescence kinetics. Now it will be
discussed how the size of the drops also affects other aspects of the process, start-
ing with microparticle size and then finishing with the structure of these HI self-
assemblies. In Figure 4.15 the size distributions of HI microparticles measured at

the equilibrium phase of the kinetics are reported. Figure 4.15a) shows the size dis-
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Ficure 4.14: 1024x1024 pixels two-photon microscopy fluorescence images of HI microparticles
obtained incubating overnight at room temperature 5 mg/ml HI in a 20% Acetic acid solution (pH
1.85), containing 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT in 250 um drops (Aexe = 780 nm,
detection range = 450 - 600 nm). Scale bar is 25 um. The microparticles grow on preferential
directions due to a pattern imprinted on the glass surface.

tributions of the microparticles, which form in three representative distinct aqueous
drops of same size (270 + 10 um). As described above, depending on the number
of nucleation sites, the number of microparticles may vary among drop of same
size and this results in variation of the size of the microparticles. As can be seen
from the histograms microparticles are characterized by monodisperse size distri-
butions characterized by different average diameters namely 2.9 + 1.1 um (green
distribution), 5.0 = 0.9 um (yellow distribution) and 6.4 + 1.5 um (red distribution).

In Figure 4.15b) it is reported the size distributions of the microparticles which
occur in three representative distinct aqueous drops with an average diameter of
about 1.8 + 0.1 mm. The size distributions in panel b) are centred at 8 + 2 um (green
distribution), 10 + 2 um (yellow distribution) and (9.9 + 1.5) um (red distribution),
so also, in this case, a certain variability in the size of the particles is observed, and
in average the measured average diameters of the particles are significantly larger
than the ones formed in the smaller drops in panel 4.6a). Two black dotted lines
are drawn in correspondence with the centres of the lower diameter distributions
(green) for both samples, to better visualize the difference in size. To highlight that
the difference in size induced by the drop size is higher than the one intrinsic in drop
of similar size, it was decided to report for each drop size, the data of the sample
which showed higher size variability.

Similar to what was observed in Figure 4.13, the measured average size of mi-

croparticles reduces, when the number of the microparticles increases. This relation
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Ficure 4.15: a) Size distributions of microparticles formed by incubating a 5 mg/ml HI in a 20%
Acetic acid solution (pH 1.85), 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT at room temperature
overnight in three distinct aqueous drops with average size of 270 = 10 um. Histograms bin size
is 0.5 um. The measured average diameter results 2.9 + 1.1 um (green distribution), 5.0 = 0.9 um
yellow distribution and 6.4 + 1.5 um (red distribution). b) Size distributions of particles formed
in the same solution condition obtained in three different aqueous compartments with an average
diameter of 1.8 mm. Histograms bin size is 0.5 um. The average measured diameter is 8 + 2 um
(green distribution), 10 + 2 um (yellow distribution) and 9.9 + 1.5 um (red distribution). Black
dotted vertical lines are used as a guide for the eye allowing to qualitatively observe the different
sizes of the particles incubated in aqueous drops with different sizes.

is respected when comparing size distributions of drops of the same size, as it is
shown in Figure 4.15a) (and was previously shown in Figure 4.13). For instance,
taking into account the green and the red histograms, it is evident that the red dis-
tributions, which have an average size of 6.4 + 1.5 um, present a counts number
significantly lower than the one of the green distributions which have an average of
2.9 = 1.1 um. This relation holds true also when considering two size distributions
of two different size drops: the green distribution in Figure 4.15a) is composed by a
more counts than the green distribution in Figure 4.15a) (average size is 8 + 2 um).
Therefore, as the experiments are conducted at constant protein concentration, data
further support the idea that the supramolecular association of HI, in these condi-
tions, ends when the same fraction of HI molecules is recruited in the microparticles
regardless of their number.

In Figure 4.16 it is reported the fraction of occupied area by the microparticles
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Ficure 4.16: Ratio between the number of pixels where ThT fluorescence is detected with respect
to the total number of pixels. The measure is performed at the equilibrium phase of the ThT fluo-
rescence kinetics. This measures the ratio between the surface occupied by the microparticles and
the total accessible area. The ratios were calculated for the same aqueous drops for which the size
distributions were analysed in Figure 4.15: the sample name on the x axis presents the same colour
code of the histograms. The measured ratio is constant at about 17% of the total number of pixels for
the 270 um drops and 45% for the 1.8 mm drop. The same fraction of the glass coverslip is occupied
by the microparticles, independently of their number/size.

for each sample, analysed to obtain the size distribution shown in Figure 4.15. The
sample names are reported on the x axis and are reported using the same colour
code of the size distributions. The fraction of occupied area is defined as the ratio
between the number of pixels where the fluorescent signal is detected and the total
number of pixels in the total accessible area to the nuclei formation, from which the
microparticles grow. This is therefore an estimation of the fraction of the surface
occupied by microparticles with respect to the total attachment-available surface.
It is immediately evident that this parameter is constant for aqueous drop of the
same size resulting in an average value of 17% of the total attachment-available
surface for the 270 um diameter drop and 45% for the 1.8 mm diameter drop. This
further indicates that the same fraction of HI molecules participate in the protein
condensation process and therefore in the growth of microparticles, regardless of
the number and size of the final particles in aqueous drops of the same size.

In larger drops, the fraction of occupied area is higher with respect to smaller
drops, which is dictated by surface-to-volume ratio of the drops. Indeed, at constant
protein concentration, the number of molecules depends on the sample volume (7°),
while the available attached surface depends on (7?). Since the observed association
process occurs at the surface, and the inner volume of the aqueous drop serves

as a reservoir for molecules, the number of molecules that can be recruited in the
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condensation process is linearly dependent on the radius.

N

3 xCr 4.4)
where N is the number of molecules, X is the accessible surface, C is the concentra-
tion and r is the radius of the drop. So, comparing surfaces with the same extension,
in a larger drop the number of molecules available for the growth of the particles
is higher, resulting in larger microparticles and in a higher fraction of the occupied

surface.

At the beginning of this section, it was discussed the possibility of whether
the aqueous drop size, affects the morphology and the structure of the microparti-
cles, besides the nucleation process. Until now the morphological aspect was in-
vestigated. Now the structural aspect will be finally examined. To recapitulate,
the presented experiments allowed us to isolate a supramolecular assembly phe-
nomenon involving HI proteins at the solution-glass interface. It was found that
the proteins associate into dense spherical condensates, which are positive to ThT,
featuring a solid core and a fluid-like corona. The process starts with the forma-
tion of small clusters or aggregates of HI molecules at the solution-glass interface,
acting as nuclei and initiating phase separation. Following the primary nucleation
at the interface, proteins gradually separate from the surrounding solution, leading
to the radial growth of microscale coacervates. Unlike what is typically observed
in LLPS, the newly formed condensates are not dynamic and remain stable in fixed
positions around the solid nuclei, as shown in Figure 4.8. This observation ex-
cludes the formation of other microscale species in the sample. The evolution of
this process leads to hybrid structures, suggesting a liquid-solid state transition and
the formation of intermolecular S-structures typical of amyloid.

To obtain information on inter-molecular amyloid g-structure and the spatial
heterogeneity of the microparticles, by exploiting the spectroscopic properties of
ThT [28], ThT is known for its strong affinity for amyloid fibrils, driven by spe-
cific interactions with intermolecular S-sheet-rich regions. The ThT fluorescence
is influenced by binding site characteristics, such as charge, the presence of spe-
cific residues, or the spacing between the S-strands [74, 173]. Consequently, ThT
fluorescence signals show significant variations in quantum yield and fluorescence
lifetime depending on the structural diversity of the amyloid fibrils it interacts with.
This variability in the ThT signal allows for the exploration of amyloid aggregates

polymorphism and intrinsic heterogeneity.

As mentioned above, we have previously demonstrated a strong correlation be-

tween the molecular organization of the amyloid and amyloid-like structure and the
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ThT fluorescence lifetime by means of Fluorescence lifetime imaging microscopy
(FLIM), analysing by the means of the phasor approach [28]. FLIM allows to ac-
quired images where the contrast is provided by fluorescence lifetime, rather than
its intensity. The phasor approach was developed by Digman et al. [107] and allow
for a graphical representation of the data providing a fit-free analysis. This is a great
advantage because data do not need to be superimposed by an a priori model, rather
the model is provided by data itself (see methodology chapter). through FLIM-
Phasor analysis of ThT-stained samples is possible to achieve the mapping of struc-
tural details at a submicron scale. This technique enables a detailed examination of
the molecular architecture within the samples, providing insights into the packing
density of S-structures (ThT-phasor [24, 28, 86, 87, 88, 174, 175]). This technique
was extensively used to analyse the molecular structure of three-dimensional amy-
loid superstructure, to probe the heterogeneity within aggregation samples and even
to explore the evolution of a supramolecular assembly from condensates to a solid,
amyloid phase.

0

0 0.5 G 1

Ficure 4.17: Phasor analysis of FLIM measurements on microparticles formed by incubating a 5
mg/ml HI in a 20% Acetic acid solution (pH 1.85), 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT at
room temperature. a) 256x256 pixels fluorescent intensity images of HI particles incubated in a 220
um aqueous drop for about 3.5 hours at room temperature. Scale bar 10 um. b) Phasor maps of the
previous intensity images: the pixels are coloured in red according to the red cursor which selects
the single lifetime distribution in the phasor plot (c). c) Phasor plot which shows a single lifetime
distribution.

Figure 4.17a) shows 256x256 pixels representative fluorescence intensity im-
ages of microparticles sample obtained incubating the HI solution at room temper-
ature for about 3.5 hours in a 220 um aqueous drop (scale bar is 10 um). In Figure
4.17b) the phasor maps obtained from the phasor analysis are reported. In Figure
4.17c¢) it is reported the phasor plot where it is shown a single lifetime distribu-
tion (cloud of points) selected by a red cursor. HI microparticles, shown in Figure

4.17a), have a spherical shape and a size of about 5 um. At this spatial resolution
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and because of the colour code used, it is difficult to observe the low ThT inten-
sity region at the core of the microparticles, but looking closely it is present, in
particular in some microparticles in the right image. The phasor analysis reveals
that all ThT molecules experience the same environment in all the microparticles
within the sample. This is indicated by the fact that a single lifetime distribution
is visible in the phasor plot. This distribution is positioned within the universal
circle (the blue semi-circumference) denoting that the ThT fluorescence lifetime is
multi-component lifetime decay [107]. This observation is in line with the literature
which associated two components to ThT lifetime [84]. Moreover, the distribution
lies in a region where ThT lifetime distribution was already found in phasor analysis
[24, 28, 86, 87, 88, 174, 175]. By selecting the lifetime distribution by a red cursor
in the phasor plot, the pixel of the image, which corresponds to the one selected,
are marked by the same colour. This new image is the phasor map which allows to
obtain a spatial distribution of the lifetime. Here all the microparticles within the

images are coloured in red indicating a structural homogeneity of the sample.

Images at higher spatial resolution were acquired to confirm that the low inten-
sity region at the core of the microparticles (see Figure 4.5 as reference) reflect a
structural heterogeneity of the amyloid structure as suggested by FRAP experiments
(Figure 4.7). Moreover, to investigate whether the size of the aqueous drops influ-
ences the structure of the microparticles, these were imaged in two drops of different
sizes. Figure 4.18a-b) shows images of individual particles formed in a 190 um (a)
and 830 um (b) aqueous drop. The microparticles were imaged at the equilibrium
phase of the kinetics to study the stationary state. The microparticles present dif-
ferent sizes as expected, the first being smaller, and in all the microparticles lower
fluorescence intensity is detectable at the central region. Figure 4.18c-d) shows the
phasor maps obtained by the phasor analysis. In Figure 4.18e) the phasor plot is
reported, showing two distinct fluorescence lifetime distributions. The shorter life-
time distribution is selected by a green cursor and the longer lifetime distribution
is selected by a magenta cursor. The phasor maps shown in panel c) highlight how
all the microparticles (which occurred in the 190 um), are uniformly coloured in
green, indicating also in this case a structural homogeneity of the sample. Differ-
ent is the case for the phasor maps of the microparticles which occurred in the 830
pm drop, shown in Figure 4.18d): the phasor maps are mainly coloured in magenta
but the core of the microparticle, in correspondence with the lower ThT intensity,
it is coloured in green, indicating a shorter ThT fluorescence lifetime. The shorter
lifetime indicates a less amyloid structure in line with the FRAP results and low flu-

orescence intensity measured. This result suggests structural differences between

95



CHAPTER 4. LLPS MEDIATED BY SURFACES IN MICROSCALE AQUEOUS COMPARTMENTS

96

0 0.5 G 1

Ficure 4.18: Phasor analysis of FLIM measurements on aggregates formed by incubating a 5 mg/ml
HI in a 20% Acetic acid solution (pH 1.85), 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT at room
temperature. a-b) 256x256 pixels fluorescent intensity images of single HI aggregates incubated
overnight in a 190 um drop (a) and 830 um drop (b). Scale bar 4 um. c-d) Phasor maps corre-
sponding to the respective intensity images. e) Phasor plot showing two different and well-defined
lifetime distributions. Shorter lifetime distribution, selected by a green cursor, is associated with the
aggregates grown in the smaller drop (c). Longer lifetime distribution, selected by a pink cursor, is
associated with the aggregates grown in the larger drop (d). The cores of the aggregates in panels d)
are coloured in green, indicating a shorter lifetime and a different molecular structure with respect
to the surrounding regions, in line with what was shown by the FRAP experiments.

the observed particles at the level of ThT binding sites. Moreover, it is reasonable
to speculate that the cores of the smaller microparticles were not visible (Figure
4.18c) because the core is composed of too few pixels with a too low fluorescence
intensity to be able to create a visible third lifetime distribution in the phasor plot.
Another information to keep in mind is that the spatial resolution is also limited by
the cursor size.

In line with observations in other amyloid-related systems, the lifetime distri-
bution clusters form a straight line in the phasor plot, connecting two points on
the universal circle corresponding to 7; = 0.6 ns and 7, = 2.5 ns. This pattern in-
dicates that the Thioflavin T (ThT) lifetime in both samples can be described by
double exponential decays with two primary components: 7; and 7,. The rapid de-

cay component (7;) is linked to less specific binding sites where Thioflavin T (ThT)
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fluorescence is due to increased environmental viscosity. In contrast, the slower
decay component (1) corresponds to more specific interactions between ThT and
intermolecular S-structures, which impose greater constraints and reduce flexibility
within the ThT-binding site, thereby increasing its quantum yield and lifetime.

A quantitative analysis of the Fluorescence lifetime imaging microscopy (FLIM)
data, employing a double exponential model, is performed using the two principal

lifetime components according to the equation:

-1 -t

(1) =AeTl +Aze™2 4.5)

where A; and A, are the amplitude of the single exponential decays 7 and 7, . In
the phasor plot, the distance between each point of the cloud and the other single-
exponential phasor is related to the fraction F'; and F, of each component which are

proportional to A and A,.
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Ficure 4.19: Phasor analysis of FLIM measurements on particles formed by incubating a 5 mg/ml
HI in a 20% Acetic acid solution (pH 1.85), 0.5 M NaCl, 0.05% Tween 20 and 40 uM ThT at
room temperature. a-b) 256x256 pixels fluorescent intensity images of single HI particles incubated
overnight in a 190 um (a) and 830 um (b) aqueous drop. Scale bar 4 um. c-d) Lifetime fraction
maps of the previous intensity image. e) Phasor plot showing an elongated lifetime distribution that
lies on a straight line between the two lifetime components, highlighted by the red (longer lifetime)
and the blue (shorter lifetime) cursors on the universal circle. The colour code is shown above the
phasor plot, going from red to blue continuously. The colours of the phasor maps (panel c-d) follow
the colour code above the phasor plot.

In Figure 4.19a-b) shows the fraction maps of the same intensity maps shown
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in Figure 4.18a-b) respectively. The images are coloured by the same colour code
obtained from the analysis of the corresponding phasor plot in Figure 4.7h).

The analysis maps the fractions F; and F, in false colour, using a scale from
blue (representing the pure fast component with a short lifetime of 7; = 0.6 ns) to
red (representing the pure slow component with a long lifetime of 7, = 2.5 ns).
This colour-coded representation visually distinguishes and highlights the relative
proportions of these two fluorescence components across the analyzed samples. In
smaller condensates incubated in the 190 yum aqueous drop, the shorter lifetime
component is dominant with ; = 0.71, while in larger condensates incubated in
the 830 um aqueous drop, the longer lifetime component is more prevalent with F;
= 0.62. Both samples show a dominance of the shorter lifetime component, aligning
with FRAP measurements.

This indicates that the fluid-like environment surrounding ThT is characterized
by binding sites with relatively low specificity, suggesting a coacervation nature or
a low presence of S-structures within the observed area. Additionally, the analysis
implies that particles formed in the 190 um aqueous drop have a less densely packed
B-sheet structure or lower viscosity compared to those grown in the larger aqueous
drop, where more densely packed intermolecular S-structures are present.

It is important to note that the use of a continuous colour map in the analysis
allows for greater detail in the lifetime map, as it is not limited by the radius of
the cursors. This enables us to distinguish that in the core of the particles, ThT de-
cays are characterized by a shorter fluorescent lifetime (dark blue) compared to the
edge, confirming a lower affinity of this region for ThT. By examining the phasor
plot and comparing the results with previously reported literature, we can conclude
that the microscale particles observed at the solution-glass interface share structural
characteristics with naturally occurring amyloid superstructures. These particles
are similar in shape and size to other particulates and display a core-shell structure,
which we hypothesize arises from primary nucleation, similar to spherulites. How-

ever, they exhibit relatively weak or sparse intermolecular amyloid S-structures.

4.3 CONCLUSIONS

In this Chapter the supramolecular assembly of HI within sub-microliter aqueous
compartments was investigated. This process leads to the formation of spherical
HI microparticles at the water-glass interface. This highlights the effect of small
volume and presence of interface to the aggregation of HI. In fact, at the same

solution condition aggregation of HI was never reported.
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The first section of this study focuses on the analysis of the morphologies of
these structures. They appear spherical with a micrometre size. By means of FRAP
measurements, the physical state of the microparticle was investigated. These newly
formed supramolecular assemblies present a solid core and a fluid-like corona.
These features make them a middle way between spherulites, which present a sim-
ilar conformation, and particulates, which share their small size. The presence of
their fluid-like edges suggests the possible LLPS-driven origin of the microparticles.
Their formation and growth were explored in the second section of this study. The
microparticles were observed to grow from fixed nucleation points on the water-
glass interface. Around this point, the HI molecules/oligomers condense and grow
until an equilibrium is reached with the species in solution. The aggregation kinet-
ics of the microparticles were studied by monitoring the fluorescence of Thioflavin
T, a gold-standard fluorescent dye in amyloid studies. The ThT fluorescence kinet-
ics were reported to be the same whether if measured in the whole drop, in a single
microparticle or in a single region within the microparticle. This suggests that HI in
these experimental conditions does not undergo a heterogeneous nucleation mech-

anism, contrary to what is always observed in bulk measurements in literature.

Finally, the third section of the Chapter focuses on the impact of the size of the
aqueous compartment on the overall process. This can be summarized in nucleation
effects, morphology effects, and structural effects. The nucleation effect is referred
to the fact that the lag phase of the ThT fluorescence kinetics measured in larger
drops are longer, being dependent on the size of the compartments, without varying
the speed of growth of the microparticles. This suggests that only the primary nu-
cleation on the glass interface is affected by the size of the compartment, while the
condensation process, responsible for the growth of the microparticle is unaltered.
This was rationalized by means of a simplified mathematical model. The nucleation
is therefore driven by the free diffusion of HI molecules within the aqueous com-
partment. The size of the compartments also affects the size of the microparticles,
being larger in larger drops due to the higher number of HI molecules in solution
which can condensate around the solid nuclei. Finally, the molecular structure of
the microparticles is also affected by the compartment size. It was observed that the
drops which occur in smaller compartments present a less amyloid-like structure
with respect to ones which occur in the larger compartments. These observations
show that proteins, when exposed to a range of environmental conditions, exhibit
the ability to form common molecular structures. This suggests a set of univer-
sal rules guiding protein folding and aggregation, regardless of external conditions.

These consistent principles highlight the inherent stability of these biological pro-
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cesses. Recognizing these shared behaviours offers valuable clues to understanding

the basic mechanisms behind protein self-assembly.

4.4 SAMPLE PREPARATION AND PARAMETERS USED FOR MEA-

SUREMENTS

4.4.1 SAMPLE PREPARATION

Human Insulin (HI) was dissolved in a solution containing Acetic Acid 20% and
NaCl 0.5 M (pH = 1.85). When completely dissolved, the solution of HI was fil-
tered by a 0.2 um filter and then diluted to a final concentration of 5 mg/ml. Protein
concentration was measured by UV — Vis spectroscopy by means of a Jasco — V770
spectrophotometer using the molar extinction coefficient € = 1 at 276 nm for 1.0
mg/ml. ThT and Tween-20 to a final concentration of 40 uM and 0.05% w/v, re-
spectively, were added to the solution. The stock concentration of ThT and Tween-
20 are about two orders of magnitude higher (3.36 mM ThT and 5% w/v Tween-20)
with respect to the final concentration, to minimize the dilution effect and to make
it negligible. For the experiment with HI labelled with Alexa 647 (HI647), it was
added at the last step, at a final concentration of 80 nM.

To create sub-microliter scale aqueous compartments a drop of a freshly pre-
pared protein solution was injected in a 100 ul drop of mineral oil deposited on a
glass coverslip using a standard pipette. A glass Hamilton syringe of 1 ul was used
to inject the sample solution into the mineral oil drop. Before using the syringe,
it was thoroughly rinsed with acetone and then with acetic acid. The initial five
drops of the solution dispensed from the syringe were discarded. This procedure
is employed to cleanse the syringe, removing undesired contaminants and any po-
tential residues of acetone that might interfere with the aggregation process. Small
aqueous droplets, with variable size, are immersed in the oil at the interface with
the glass coverslip. Protein microparticles’ formation was observed within the mi-
croliter compartments either during measurements at the microscope stage or when
the sample was incubated in the dark at lab temperature (23°C). All the experiments

were repeated at least three times.

4.4.2 2PM anp CLSM MEASUREMENTS

The experiments were performed using a Leica TCS SPS5 confocal laser scanning

microscope, with a 63x/1.40-0.60 and 40x/1.25-0.75 oil objective, and a scanning
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frequency 400 Hz (Leica Microsystems, Germany). All the images were acquired
at a resolution of 1024 x 1024 pixels. ThT fluorescence was excited at 780 nm
(Spectra-Physics Mai-Tai Ti:Sa ultra-fast laser) and the detection range was 450 —
600 nm for images acquired in two-photon microscopy mode. Kinetics measure-
ments were acquired using two-photon excitation. For images acquired by confocal
microscopy, the ThT fluorescence was excited at 470 nm (Leica Supercontinuum
White Light Laser (WLL)) with a detection range was 485 — 585 nm, and the HI647
fluorescence was excited at 633 nm (WLL) with a detection range is 650 — 750 nm.
The analysis of the microscopy data was performed by the open-source software

Imagel Fiji (https://imagej.net/software/fiji/).

4.4.3 FLIM DATA ANALYSED BY PHASOR APPROACH

Fluorescence lifetime imaging microscopy (FLIM) were acquired in the time do-
main by means of a Leica TCS SP5 confocal laser scanning microscope coupled
with picoHarp 300 TCSPC module (Picoquant, Germany). 256 X 256 pixels FLIM
images were collected with a 63x/1.4 oil objective and scanning frequency 400 Hz,
exciting ThT fluorescence at 470 nm (WLL) and collecting it in the detection range
485 — 585 nm (laser repetition rate is 80 MHz).
FLIM analysis was performed by the SimFCS4 software developed at the Labo-
ratory of Fluorescence Dynamics, University of California at Irvine (http://www.lfd.uci.edu).
FLIM calibration of the system was performed by measuring the fluorescence life-
time of Fluorescein in a basic aqueous solution that is known to be a single expo-

nential of 4.0 ns.

4.4.4 FRAP MEASUREMENTS

FRAP experiments were performed using FRAP wizard of the Leica TCS SP5 con-
focal laser scanning microscope control software and WLL as an excitation/bleaching
source. The 256 x 256 pixels images were acquired with a 63x/1.4 oil objective,
and scanning frequency 400 Hz, on the samples that present a fraction of HI647 (80
nM). HI647 fluorescence was excited at 633 nm (Leica “white light” laser) and col-
lected photons in the range 650 — 750 nm. Bleaching was performed for 20 frames
(1.306 exposure time per frame) with high laser power in a circular region of interest
with a radius of about 1 — 1.2 um. The analysis of the microscopy data was per-

formed by the open-source software ImagelJ Fiji (https://imagej.net/software/fiji/).
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CHAPTER 5

Conclusions

The aim of this thesis is to analyse the formation of spherical microscale supramolec-
ular assemblies from globular proteins and to investigate how their properties and
association mechanisms are affected by the surrounding environment. Various un-
related proteins have been shown to form spherical microparticles with amyloid-
like properties. These gel-like aggregates typically have diameters of hundreds of
nanometres [22, 23, 24] and contain large amounts of non-native intermolecular -
structures [22, 24]. The ability to form these particulates is suggested to be a generic
property of all polypeptide chains, occurring upon partial unfolding of protein na-
tive conformations. This process is mainly driven by weak interactions such as hy-
drophobic forces and hydrogen bonding, leading to the formation of aggregates with
nearly identical properties regardless of the originating protein. Protein LLPS re-
sults in protein coacervates whose size, morphology, and dynamics are determined
by the interplay between the driving force for demixing, interfacial tension, and
material mobility. Increasing evidence suggests that LLPS can be also considered
an intrinsic property of proteins/polypeptides. This phenomenon is favoured when
a protein has sufficient concentration and appropriate interaction strength, resulting
from a complex interplay between entropic and enthalpic interactions. Weak mul-
tivalent interactions sustain the higher-order molecular arrangement within protein

spherical condensates and preserve their liquid-like properties.

The experimental results reported in this thesis focus on the molecular mech-
anisms involved in the analysed phenomena, providing insights into the general

features of LLPS and the aggregation process.
In Chapter 3 the LLPS process of BSA in the presence of PEG as molecular

crowding agent is described. Protein LLPS was induced by subjecting the sample
to a decreasing temperature ramp. This process results in the formation of small
spherical BSA coacervates, with few micrometres diameter. The newly formed
coacervates exhibit liquid behaviour and are highly dynamic. Results indicated that
the transition temperature below which LLPS occurs could be modulated by chang-
ing solution conditions by adding a chaotropic (ethanol) or a kosmotropic (glycerol)

agent. In particular, it was highlighted that reducing the amount of order in the
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structures formed by water molecules leads to an increase in the transition temper-
ature promoting the protein-protein interactions with respect to the protein-water
interaction. Vice versa, a more ordered aqueous phase disfavoured protein-protein
interactions resulting in a decrease of the transition temperature of the process. The
observed changes are consistent with expectations. Ethanol is known to induce a
reduction, while glycerol leads to an increase in the hydration shell of the protein,
consequently affecting its thickness and overall stability [157, 161]. This, in turn,
translates to a higher or lower propensity of the protein molecules to self-assemble,
respectively. This highlights the crucial role of water in the stability, structure, and
dynamic of proteins, as changes in the aqueous environment impact protein ther-
modynamics assisting in the hydrophobic collapse during protein association, and
mediating hydrogen bonding. These effects can also be attributed to changes in
the dielectric constant of the medium, polarity, and viscosity, which all influence
protein behaviour. Variations in these properties can alter the interaction forces
between protein molecules, thereby affecting their folding, stability, and overall

functionality.

To gain further information we decided to exploit the spectroscopic properties
of ACDAN. This dye is emerging as a tool [92, 93, 94, 96, 97, 163] to assess the
changes of structure of water structure in the sample during the LLPS transition.
In recent work, it was used in cellular environment both in vitro [92] and in vivo
[94]. Simpler studies in model systems to the best of our knowledge allowing a
more detailed understanding of its solvatochromic properties are not reported yet.
ACDAN dye fluorescence was used to follow occurring events during the temper-
ature scan giving insight on the role of solvent order. Moreover, the contributions
of the different phases were analysed revealing in line with expectations that wa-
ter order is increased in the concentrated phase. Interestingly it was observed that
even if the volume fraction of the concentrated is very small (about 5% of the total
volume), its contribution is the highest suggesting that LLPS is per se entropically
unfavourable. The presented experiments reveal the quite complex behaviour of this
dye and highlight experimental details to be taken into account during the experi-
ments, specifically, data reveal that protein hydrophobic cavities may sequestrate
dye molecules affecting observed fluorescence signal changes. In line with previ-
ous studies on other DAN dyes like LAURDAN, we decided to analyse ACDAN
fluorescence lifetime by means of phasor approach. Based on the analysis of the
system, we developed a model to interpret changes in fluorescence lifetime. This
model allows us to disentangle the potential contributions of polarity effects, specif-

ically the number of water molecules surrounding the dye, and the effects of solvent



relaxation. This clarified that the primary factor influencing LLPS is solvent relax-
ation and the consequent changes in its structure, rather than the minor variations in

polarity observed during the process.

In Chapter 4, a study on the formation of spherical Human Insulin micropar-
ticles in sub-microliter scale aqueous compartments is reported. An experimental
setup was optimised to analyse protein association phenomena using quantitative
fluorescence microscopy methods in water droplets with hemispherical shapes de-
posited on a glass coverslip. Within aqueous droplets, it was possible to elucidate
the formation of round amyloid-like structures at room temperature catalysed by the
surface upon which they are cast at room temperature. Interestingly these insulin
supramolecular assemblies are characterised by a solid core surrounded by a fluid-
like corona. Their formation is driven by a liquid-liquid phase separation process
and initiated by nucleation occurring at the interface between the aqueous com-
partment and the glass. The analysis of this peculiar assembly phenomena allowed
revealing the effect of sample reduced volume and reduced diffusion effects which
are neglectable in experiments performed in large volume samples above the mi-
croliter scale. Indeed, at the same solution conditions significant aggregation is not
observed. The experimental setup which allows performing fluorescence imaging,
FRAP and FLIM experiments allow determining the physical state of the particles
and details of molecular structures Interestingly these microparticles share some
feature with both the particulates (size and amyloid-like structure) and spherulites
(heterogeneous core-corona structure). The insulin microparticles grow from fixed
nuclei at the glass interface forming the solid core. Then the protein molecules
condensate around these nucleation points heterogeneously distributed at the glass
surface. The observed process was also rationalised by means of a simplified math-
ematical model, which indicates how the nucleation is driven by the free diffusion
of HI molecules within the aqueous compartment. It was observed how the pro-
cess slowed down in larger aqueous compartments. Interestingly according to the
recent model [32, 41, 43, 44, 45? ] this only affect the primary nucleation since
the major observable difference is associated to the duration of the lag phase of the
kinetics measured in aqueous drop with different sizes. The drop size also affects
the size and structure of the microparticles. Larger microparticles form in larger
drops due to the higher volume and therefore to the higher number of molecules in
solution (measurements are performed at constant concentration). Microparticles
which occur in smaller drops are small and present a less affine binding sites for
ThT indicating a more native-like structure, and a lower viscosity and rigidity of

the molecular environment experienced by the fluorophore.
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The observed protein microparticles display amyloid-like properties and inter-
estingly share similarities with amyloid superstructures formed in diverse condi-
tions. These structures have a size and shape that closely match protein particulates,
characterized by a dense solid core surrounded by a fluid-like corona, similar to the
structure of protein spherulites. This demonstrates that proteins have the ability to
form common molecular structures even when exposed to different environmental
conditions. This highlights the existence of general principles that govern these

processes.

In the Appendix A preliminary results from X-ray Photon Correlation Spec-
troscopy (XPCS) data acquired at ESRF, in Grenoble are reported. Data are aimed at
analysing the experiment feasibility replicating a recently published work by Girelli
et al. [176] on the LLPS of y globulin in presence of PEG and under thermal treat-
ment in similar conditions to what was reported in Chapter 3. The preliminary re-
sults are qualitatively in line with the one reported by Girelli et al. [176]. Once the
experimental setup’s reliability is verified, our aim is to investigate the LLPS pro-
cess outlined in Chapter 3. We anticipate that this process will exhibit a dynamic
behaviour distinct from the one described in this appendix, potentially offering in-

sights into various LLPS processes.

In conclusion, in the presented study the importance of environmental condi-
tions has been highlighted. In particular, physico-chemical conditions such as tem-
perature, excluded volume and molecular crowding, the presence of co-solutes, the
presence of surfaces, and the reduction of reaction volume have been reported and
investigated. It has been shown how all these conditions can significantly impact in-
termolecular interactions and, consequently, influence LLPS processes and protein

aggregation.

Aggregation and LLPS are inherently complex phenomena, given that the key
players involved are equally intricate. In this study, we aimed to highlight the sim-
ilarities between these two processes, which ultimately result in similar forms of
molecular association (both morphologically and structurally) under appropriate
experimental conditions, despite being vastly different. As previously noted, this
is believed to be due to the fact that similar interactions govern both processes, al-
beit to varying extents. Having a clear understanding of these interactions allows
us to harness these protein associations for a wide range of purposes, from drug

delivery systems [24, 177] to biosensing applications [153].

An experimental approach based on the findings reported in this thesis could
enable the study of cellular processes and cell compartmentalization using simpler

model systems, gradually increasing their complexity to mimic cellular environ-



ments as closely as possible. This would allow us to tune and manipulate all system

properties according to the experimental conditions required.
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APPENDIX A

Preliminary results of X-ray Photon
Correlation Spectroscopy

measurements

The following work is the result of experiments conducted at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France, during a six-month inter-
national research period undertaken as part of my Ph.D. The research was carried
out under the supervision of Dr. Marco Cammarata and in collaboration with Dr.
Giorgio Schiro. The experiments reported below were performed at the ID10 beam-
line, which is a high brilliance beamline, specialized in coherent Small-Angle X-ray
Scattering (SAXS) and X-ray Photon Correlation Spectroscopy (XPCS). After an
introduction on XPCS, preliminary results of the performed experiments will be

reported.

A.1 INTRODUCTION

X-ray Photon Correlation Spectroscopy (XPCS) is a coherent X-ray scattering tech-
nique used to characterize dynamics of condensed and soft matter in bulk in a spa-
tial scale ranging from nanometres to micrometres and in a temporal scale which
ranges between microseconds to hours [178, 179, 180, 181]. Consequently, XPCS
is perfectly suited for investigating slow nanoscale dynamics within the bulk. It can
access length scales that visible-light probes cannot reach, and time scales beyond
the capability of inelastic X-ray or neutron scattering techniques, which are typi-
cally inaccessible with most scanning probes [178, 179]. An additional advantage
of XPCS is its ability to probe samples characterized by a high number of scatters
and therefore opaque solution.

XPCS is based on the same principle as the more commonly known Dynamic
Light Scattering technique, but it uses coherent X-rays instead of visible light. Fig-
ure A.1 shows a schematic representation of a XPCS experiment.

At a given time, the X-ray beam hits the sample, resulting in the formation of
diffraction patterns. These are acquired by the detector over time. Each diffraction
pattern image is a frame and it corresponds to an image of the sample in the re-

ciprocal space measured over the scattering vector ¢. The unique pattern of peak
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Ficure A.1: Schematic experimental procedure for XPCS measurement. A coherent X-ray source
beam hits the sample. The detector acquires various diffraction patterns (frames) over time in the
reciprocal space. The diffraction patterns have a spherical symmetry, and the speckles are the in-
tensity fluctuation. At is the time between the acquisition of two consecutive frames. Figure adapted
from [178].

positions and intensities acts as a fingerprint of the chemical species. If the sample
is spatially homogeneous the diffraction patterns have a spherical symmetry as the
one shown in Figure A.1. The azimuthal integration of the signal is the average of
the signal in function of the radius, and it gives out the standard SAXS measure-

ment.
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Ficure A.2: X-ray diffraction pattern from a colloidal sample. On the left, it is shown the diffrac-
tion pattern which occurs from a single coherent impulse. The evident intensity fluctuations are the
speckles. On the right, the diffraction pattern from a sum of 50 coherent impulses which are equiv-
alent to an uncoherent beam. The speckles are not visible. The circular shadow at the centre of the
image is the beam stop. Figure adapted from [180].

When a scattering experiment is conducted under coherent conditions, the re-
sulting scattering pattern displays random interferences known as speckles, which
are the intensity fluctuations shown in the left side of Figure A.2. The speckles

are not visible in the diffraction patterns which occur from an incoherent beam (see



A.1. INTRODUCTION

right side of Figure A.2. These are the most important features in a XPCS mea-
surement since the information about the dynamics of the system is obtained by
analysing how the speckles change over time [178, 179, 180, 181]. Also, the linear
size of the speckles is proportional to the distance of the detector from the sam-
ple, and on the radiation wavelength, and it is inversely proportional to the width
of the beam which impinges on the sample. XPCS quantifies the fluctuations of
the speckle intensity in function of time by calculating the intensity autocorrelation

function g,(q, 7):

— <I(q’ t)l(q’ I+ T)>T
gZ(q’ T) <l(q, l‘))%

where 7 is the delay between two consecutive frames (denoted as At in Figure A.1)

(A.1)

and (... )r is the ensemble average over all the acquisition time 7 in a given pixel,
or region of pixels on the detector area. 1(q,?) and I(q, ¢ + 7) are the intensities in
each pixel of the frames, taken at times ¢ and ¢ + 7, respectively, averaged over all

the 7, while keeping the delay time 7 constant. The g,(q, 7) can also be written as:

2(q,7) = 1 +BQlf(q, DI (A2)

The factor B(q) is the speckle contrast expected for a static sample and f(q, ) is
the intermediate scattering function which reflects the time dependence of the elec-
tronic density correlation within the sample. In general, it is exponential decay with
a characteristic relaxation time constant. If the spatial arrangement of scatterers
within the sample varies over time, the resulting speckle pattern will also undergo
changes. By measuring the intensity fluctuations of these speckles, the underlying
dynamics of the sample can be uncovered.

Many XPCS studies are focused on the analysis of equilibrium fluctuation dy-
namics. Recently this technique was also used to investigate the non-equilibrium
dynamics of evolving processes such as phase transitions.

To achieve this, an excellent tool for quantitative data analysis is the Two-Times
Correlation (TTC) function.

Cltotr ) = (I(q,1)I(q, 1)) (A3)
(I(q,1)X1(q, 1))

where (...) is an average over pixels corresponding to a specific ( range in which

the correlation is expected to be equivalent.
From the TTC function, a TTC map can be obtained, providing a graphical vi-
sualization of the data. In Figure A.3 a representative of a TTC map is reported.

The shown TTC is obtained for LLPS of a lysozyme solution induced by pressure.
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Ficure A.3: A representative Two-Times Correlation (TTC) maps of LLPS process undergone by a
lysozyme solution during a pressure jump. The TTC is measured at a single q. Figure adapted from

[52].

The red colour indicates a high autocorrelation value and the blue low autocorrela-
tion value. The TTC is symmetrical with respect to the red diagonal. The thickness
of the red diagonal is an indication of the correlation time, which becomes larger
with time. This denotes the slowdown of the fluctuation and therefore of the sys-
tem dynamics. The broadening of the TTC is a unique fingerprint of the dynamical
slowdown of the process [179, 182].

Some studies have begun to explore the possibility of investigating the changing
dynamics of proteins during LLPS phenomena by means of XPCS. The spatial and
temporal window it covers is indeed ideal for studying LLPS processes [52, 176,
181, 182].

Our work at ESRF in Grenoble has focused on replicating an experiment whose
results were recently published by Girelli et al. [176], in order to demonstrate our
ability to reproduce those findings. It’s worth noting that the original experiment
conducted by Girelli et al. [176] took place at the PETRA III synchrotron.

A.2 EXPERIMENTAL RESULTS AND DISCUSSION

The work by Girelli et al. [176] stands out being among the first studies which
successfully employed XPCS to investigate LLPS. They have demonstrated that a
combination of experimental conditions (scanning techniques, large source beams,
and a long distance between sample and detector) significantly reduces the X-ray
dose, thus preventing sample degradation and allowing for the measurement to be

performed. In particular, they investigated the thermal-induced LLPS of y globulin
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in presence of PEG 1000 as molecular crowder. This paper is based on another work
by Da Vela et al. [53] who investigated the LLPS in the same sample by means
of Ultra Small Angle X-ray Scattering (USAXS) and Very Small Angle Neutron
Scattering (VSANS).
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FiGURE A.4: Scattering intensity as a function of the scattering q, for quench temperature T, = 10°C.
The scattering intensity increases as a function of time. The inset shows the same data in a different
scale to show the shift of the peak towards smaller values of q. Figure adapted from Girelli et al.
[176].

Here, published data from Girelli et al. [176] will be briefly discussed, as a
reference to the preliminary results from the data acquired in ESRF.

The sample consists of 110 mg/ml vy globulin, 90 mg/ml PEG 1000 and 150
mM NaCl. The solution is prepared in 20 mM HEPES at pH 7.0. The sample thus
prepared undergoes LLLPS above room temperature. To avoid the deposition of the
sample during the measurements, the sample was incubated at room temperature
for 24 hours. This allows the dense phase to sediment on the bottom of the vial
and to separate it from the diluted phase. The dense phase is collected in a quartz
capillary (1.5 mm in diameter) and the XPCS measurements were performed on the
dense phase. Aside from the size of the capillary and centrifugation time or speed,
which are not specified in Girelli’s paper, the same procedure was followed. The
measurements were performed rapidly decreasing the temperature of the sample to
inducing LLPS. The effect of the quench temperature T, (the final temperature of
the temperature scan) was analysed as well.

Figure A.4 shows the scattering intensity as a function of the scattering vector q
for the T, = 10°C, and the inset shows the data rescaled. After the T,, scattering in-

tensity increases as a function of time and the peak shifts towards smaller values of
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q. Since in general proteins have a higher cross section for X-ray elastic scattering
the increase of the intensity scattering intensity indicates the presence of concentra-
tion fluctuation of protein molecules in the solution denoting the beginning of the
LLPS process. The shifting of the peak to smaller values indicates the growth of

this protein-rich domain.
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FIGURE A.5: TTC maps measured at g = 0.005 nm™" for three different quench temperatures: a)
15°C, b) 8°C, ¢) 4°C. Blue indicates a low correlation and yellow indicates a high correlation.
Figure adapted from Girelli et al. [176].

Figure A.5 shows the TTC maps measured g = 0.005 nm™~! for three different
quench temperature: a) 15°C, b) 8°C, c¢) 4°C. In these TTC maps is possible to
observe two distinct stages of the protein dynamics during LLPS process. From 0 s
to about 40 s only a thin line is visible in the TTC maps, indicating a fast dynamic.
After this first stage slight slowdown of the system can be observed as the line
begins to thicken and this process culminates in a pronounced slowdown that is
accompanied by the appearance of this square-like feature due to the increase of the
background value. This process appears to be dependent on the quench temperature,
being more prominent for lower temperatures. This is due to an arrested dynamics
which indicates that when the system is deeply quenched, it is in a gel-like state,
causing the arrested dynamics.

Preliminary data acquired at the ESRF will be now reported. Results are qual-
itatively in line with what was shown until now, both by Girelli et al. [176] and
Da Vela et al. [53].

Figure A.6 shows the scattering intensity of the sample reported as a function
of the scattering vector q for two quench temperatures: a) T, = 5°C and b) T, =
0°C. The scattering intensity increases as a function of time for both the quench
temperature. Interestingly, differently to what was reported by Girelli et al. [176],
the scattering intensity reaches higher values for lower quench temperature. This
indicates that at lower quench temperatures, the protein concentration within the

protein-rich domain is higher and therefore the condensates which are forming are
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FiGure A.6: Scattering intensity reported as a function of the scattering q, for two quench tempera-
ture: a) T, = 5°C and b) T, = 0°C. The scattering intensity increases as a function of time.

denser. Moreover, in this case, no shift of the scattering data is visible. This is prob-
ably due to the fact that the experimental setup does not allow for high resolution at
low q, because of the short distance between the sample and the detector, which is

about 7 meters.
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Ficure A.7: TTC maps measured at g = 0.01 nm™" for two quench temperatures: a) 5°C and b) 0°C.
Blue indicates a low correlation and red indicates a high correlation. At 5°C the phase separation
occurs showing a faster dynamic than the one observed at 0°C.

Figure A.7 shows the TTC maps measured at ¢ = 0.01 nm™! for a) 5°C and b)
0°C quench temperature. The results are in line with what was observed by [176].
After about 10 seconds from the start of the experiment, a thin line appears in the
TTC maps, indicating a slight slowdown of protein dynamics and the beginning of
LLPS process. The arrested dynamic of the system occurs at about 50 seconds from
the beginning of the experiment, as evident from the square-like feature presented
in the TTC maps reported. In line with the results reported by [176], the arrested
dynamics obtained for 5°C quench temperature (Figure A.7a) is less pronounced

than the one obtained for 0°C quench temperature (Figure A.7b).
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Differently to the data reported by Girelli et al. [176], the solution does not
undergo LLPS for temperatures above 5°C. This may be due to differences in the
sample preparation or to a slower temperature-quenching system (temperature rate
is about 60°C/min). However, from a qualitative point of view, the built experimen-

tal setup allows for replication of the data.

A.3 CONCLUSIONS

The presented chapter shows some preliminary data acquired at the ESRF (Euro-
pean Synchrotron Radiation Facility). The use of XPCS for investigating LLPS is a
novel approach to analyse this phenomenon, allowing to study the protein dynamic
during LLPS. XPCS is ideal to explore LLPS processes due to its spatio-temporal
scale of acquisition. Moreover, it can investigate opaque samples with a high num-
ber of scatterers that are difficult to probe by optical measurements.

Data published by Girelli et al. [176] about the thermal-induced LLPS of y
globulin solution were replicated in order to assess if the experimental setup built at
the ESRF ID10 beamline yields good results. Our preliminary results from ESRF
align qualitatively with those reported by Girelli et al. [176]. By means of the
TTC function, the same specific protein arrested dynamics were observed during
the LLPS transition. It was also observed that protein dynamic and the overall
process depends on the quench temperature set to the system.

Some differences were also noted. Specifically, our data indicated higher scat-
tering intensities at lower quench temperatures, suggesting that the protein concen-
tration within the dense phase increases as the temperature decreases. However, we
did not observe a shift in the scattering peak, likely due to the limitations of our
experimental setup.

XPCS has the potential to elucidate the intricacies of protein dynamics in crowded
environments and during phase transitions. This technique offers the exciting possi-
bility of time-resolved imaging of functionally significant processes. These include
protein aggregation, self-assembly, and LLPS processes. XPCS may provide valu-

able insights into these complex biological processes.
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