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by Dr. Tilo Seydel and Dr. Olga Matsarskaia at the ILL, Dr. Christoph Grapentin at
Lonza and by Prof. Dr. Frank Schreiber and Prof. Dr. Martin Oettel at the Institut für
Angewandte Physik of the University of Tübingen.
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Abstract

Proteins are biomolecules crucial for life, present in all organisms. They differ in size, shape, struc-
ture and functionality. Proteins in vivo are normally in contact with other biomolecules in a naturally
crowded milieu or with solvent molecules. In both cases they are immersed in an aqueous environ-
ment, which makes the understanding of their behaviour in solution essential in biological, physico-
chemical, clinical and pharmaceutical research.

In particular, this thesis focuses on blood serum proteins, which fulfil fundamental bodily func-
tions such as immune response, nutrient transport, osmotic pressure regulation. One of the proteins
investigated is bovine serum albumin (BSA), a globular protein responsible of regulating osmotic
pressure, transporting fatty acids, bilirubin, minerals and hormones, and functioning as anticoagu-
lant and antioxidant in blood. BSA is a well-established standard model in protein science. Neverthe-
less, the main focus of the thesis is on monoclonal antibodies (mAbs). Antibodies, or immunoglobu-
lins, are the first line of defence of mammal organisms and thus a fundamental part of the immune
system. MAbs are proteins designed and manufactured to bind to specific targets to fight a broad
spectrum of diseases, such as cancers, autoimmune disorders and viral infections. The possibility
of self-administration motivates the formulation of products for subcutaneous (SC) administration
over other delivery routes. The pharmaceutical challenge associated with is to formulate highly con-
centrated antibody solutions to achieve a significant therapeutic effect with a minimum number of
injections, while limiting their viscosity and preserving their colloidal and physico-chemical stability.

The investigation of highly concentrated monoclonal antibody (mAb) solutions is crucial to avoid
unwanted behaviour in the formulation, e.g. aggregation, phase separation or high viscosity, which
do not permit painless injections. It is known that reversible self-association (RSA) of proteins is
the underlying mechanism of high solution viscosity and it is typically driven by electrostatic or
hydrophobic interactions between monomers. Protein aggregation starting at a molecular level can
irreversibly form growing domains and lead to macroscopic phase separation. This phase transition
has been extensively studied by various disciplines, such as physics, chemistry, biology and engineer-
ing. In recent years it was discovered that phase separation is ubiquitous in cells, plays an essential
role in biological organisms and lies behind protein pathological misfolding and malfunctioning.

In this thesis, protein microscopic diffusion in aqueous solutions is addressed at different time
scales, by different points of view and by means of neutron scattering techniques. By interacting with
nuclei, neutrons are non-disruptive probes particularly suited to study the matter in general. Cold
neutron scattering matches length and time scales in soft and biological systems, such as protein
solutions. Concerning immunoglobulin (Ig) proteins, the self- and collective diffusion of an unprece-
dented series of pharmaceutically relevant mAbs in a formulation-like buffer were investigated for
this thesis. The influence of crowding, temperature and antibody variant was monitored.

In the first study, the short-time self-diffusion of 5 mAbs was studied with quasielastic neutron
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scattering (QENS) at different protein concentrations, to assess the effects of crowding, observe an-
tibody self-association and how those relate to solution viscosity. Measurements were collected at
temperatures varying from fridge-storage to physiological temperature, to monitor cluster dissoci-
ation. In the same study, small angle neutron scattering (SANS) was employed to probe structural
features and solution organization of the samples at a relatively high concentration. The work is also
enriched by molecular dynamics (MD) simulations.

The second study presented focuses instead on the collective dynamics and intermolecular inter-
actions of a larger series of mAbs. To this purpose, neutron spin-echo (NSE), SANS and dynamic
light scattering (DLS) experiments were conducted at different concentrations and in the temperature
range aforementioned, but in the opposite direction, to monitor self-association almost in real-time. A
slowdown in the diffusion is observed in the most viscous mAbs in solution, indicating the presence
of a stronger self-association, i.e. formation of bigger clusters. The mechanism is more enhanced at
storage temperature, which acts as a upper critical solution temperature (UCST) for two of the most
viscous mAbs, leading to liquid-liquid phase separation (LLPS). SANS and computation of antibody
normal modes (NM) also helped in assessing the molecular flexibility in the different protein variants
and isotypes studied.

Neutron scattering results were enriched with a detailed computational analysis of the mAb se-
quences and the extraction of useful parameters to predict their solution behaviour. Moreover, sev-
eral laboratory techniques like dialysis, centrifugation, ultraviolet-visible (UV-Vis) spectroscopy and
viscometry were employed as essential supports for sample preparation and biophysical characteri-
zation.

The third study reported in this work aims to elucidate the role of short-time dynamics studied via
QENS upon entering the LLPS regime for a quite known protein-salt system, that is BSA in solution
with different concentrations of LaCl3. This system exhibits a opposite mechanism with respect to
antibody proteins within a similar temperature range, with LLPS being driven by a lower critical
solution temperature (LCST). The remarkable observation is that the microscopic environment in the
nanosecond scale remains highly dynamic, even while crossing the LLPS regime, so even when the
solution macroscopically splits in two phases, a protein-rich one and a protein-poor one.

In conclusion, short-time self- and collective diffusion of proteins in solution was accessed by dif-
ferent neutron spectroscopy techniques in order to elucidate its role in protein aggregation and phase
separation mechanisms. In the case of mAbs, we observed that protein self-association results in the
formation of small oligomers composed by a higher number of monomers for the proteins exhibiting
higher viscosities. Those solutions also display a UCST-LLPS behaviour in the temperature range
studied. By studying a simpler protein-salt system with a LCST-LLPS behaviour, we reveal a conti-
nuity of the short-time dynamics upon entering the phase separation region, despite the macroscopic
phase-splitting. Although a lot of questions in protein and formulation science remain still open, we
strongly believe that we closed an important knowledge gap in this field and that our results can
serve as starting points for future studies.
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Zusammenfassung

1 Proteine sind lebenswichtige Biomoleküle, die in allen Organismen vorhanden sind. Sie unterschei-
den sich in Größe, Form, Struktur und Funktionalität. In vivo sind Proteine normalerweise in Kontakt
mit anderen Biomolekülen in einem natürlich belebten Milieu oder mit Lösungsmittelmolekülen.
In beiden Fällen sind sie in eine wässrige Umgebung eingetaucht, was das Verständnis ihres Ver-
haltens in Lösung in der biologischen, physikalisch-chemischen, klinischen und pharmazeutischen
Forschung unerlässlich macht.

Diese Arbeit konzentriert sich insbesondere auf Blutserumproteine, die grundlegende Körper-
funktionen wie die Immunantwort, den Nährstofftransport und die Regulierung des osmotischen
Drucks erfüllen. Eines der untersuchten Proteine ist Rinderserumalbumin (BSA), ein globuläres Pro-
tein, das für die Regulation des osmotischen Drucks, den Transport von Fettsäuren, Bilirubin, Min-
eralien und Hormonen sowie als Antikoagulans und Antioxidans im Blut verantwortlich ist. BSA ist
ein etabliertes Standardmodell in der Proteinforschung. Der Schwerpunkt dieser Arbeit liegt jedoch
auf monoklonalen Antikörpern (mAbs). Antikörper oder Immunglobuline sind die erste Verteidi-
gungslinie von Säugetierorganismen und damit ein grundlegender Bestandteil des Immunsystems.
MAbs sind Proteine, die so konzipiert und hergestellt sind, dass sie an spezifische Ziele binden, um
ein breites Spektrum von Krankheiten wie Krebs, Autoimmunerkrankungen und Virusinfektionen zu
bekämpfen. Die Möglichkeit der Selbstverabreichung motiviert die Formulierung von Produkten für
die Verabreichung von subkutane (SC) Injektion gegenüber anderen Verabreichungswegen. Die phar-
mazeutische Herausforderung besteht darin, hochkonzentrierte Antikörperlösungen zu formulieren,
um eine signifikante therapeutische Wirkung mit einer minimalen Anzahl von Injektionen zu erzielen
und gleichzeitig die Viskosität zu begrenzen und die kolloidal und physikalisch-chemische Stabilität
zu erhalten.

Die Untersuchung hochkonzentrierter mAb-Lösungen ist von entscheidender Bedeutung, um
unerwünschtes Verhalten in der Formulierung zu vermeiden, wie z.B. Aggregation, Phasentrennung
oder hohe Viskosität, die eine schmerzfreie Injektion verhindern. Es ist bekannt, dass die reversible
Selbstassoziation von Proteinen der zugrundeliegende Mechanismus für eine hohe Lösungsviskosität
ist und in der Regel durch elektrostatische oder hydrophobe Wechselwirkungen zwischen den Mono-
meren hervorgerufen wird. Eine Proteinaggregation, die auf molekularer Ebene beginnt, kann irre-
versibel wachsende Domänen bilden und zu einer makroskopischen Phasentrennung führen. Dieser
Phasenübergang wurde von verschiedenen Disziplinen wie Physik, Chemie, Biologie und Ingenieur-
wissenschaften eingehend untersucht. In den letzten Jahren wurde entdeckt, dass Phasentrennung in
Zellen allgegenwärtig ist, eine wichtige Rolle in biologischen Organismen spielt und die Grundlage
für pathologische Fehlfaltungen und Fehlfunktionen von Proteinen ist.

In dieser Arbeit wird die mikroskopische Diffusion von Proteinen in wässrigen Lösungen auf

1The author acknowledges Dr. Tilo Seydel and Dr. Christian Beck for their assistance with the German translation.
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verschiedenen Zeitskalen, aus verschiedenen Blickwinkeln und mit Hilfe von Neutronenstreutech-
niken untersucht. Da Neutronen mit Kernen wechselwirken, sind sie als nicht-störende Sonden für
die Untersuchung von Materie im Allgemeinen besonders geeignet. Kalte Neutronenstreuung eignet
sich für Längen- und Zeitskalen in weichen und biologischen Systemen, wie z.B. Proteinlösungen. In
dieser Arbeit wurde die Selbst- und Kollektivdiffusion einer beispiellosen Reihe pharmazeutisch rele-
vanter mAbs in einem formelähnlichen Puffer für IgG-Proteine untersucht. Der Einfluss von Crowd-
ing, Temperatur und Antikörpervariante wurde beobachtet.

In der ersten Studie wurde die Kurzzeit-Selbstdiffusion von 5 mAbs mit QENS bei verschiede-
nen Proteinkonzentrationen untersucht, um die Auswirkungen des Crowding zu bewerten, die Selb-
stassoziation der Antikörper zu beobachten und den Zusammenhang mit der Viskosität der Lösung
zu untersuchen. Die Messungen wurden bei verschiedenen Temperaturen durchgeführt, von der
Lagerung im Kühlschrank bis hin zu physiologischen Temperaturen, um die Dissoziation der Cluster
zu beobachten. In der gleichen Studie wurde SANS verwendet, um die strukturellen Eigenschaften
und die Lösungsorganisation der Proben bei relativ hohen Konzentrationen zu untersuchen. Die
Arbeiten wurden auch durch MD-Simulationen ergänzt.

Die zweite vorgestellte Studie konzentriert sich dagegen auf die kollektive Dynamik und die inter-
molekularen Wechselwirkungen einer größeren Anzahl von mAbs. Zu diesem Zweck wurden NSE-,
SANS- und DLS-Experimente bei verschiedenen Konzentrationen und im oben genannten Temper-
aturbereich, jedoch in entgegengesetzter Richtung durchgeführt, um die Selbstassoziation nahezu in
Echtzeit zu verfolgen. Eine Verlangsamung der Diffusion wird für das viskosere mAbs in Lösung
beobachtet, was auf eine stärkere Selbstassoziation, d.h. die Bildung größerer Cluster, hinweist. Der
Mechanismus verstärkt sich bei Lagertemperatur, die für zwei der viskosesten mAbs als UCST wirkt
und zu LLPS führt. SANS und die Berechnung von Antikörper-Normalmoden (NM) halfen ebenfalls
bei der Bewertung der molekularen Flexibilität in den verschiedenen untersuchten Proteinvarianten
und Isotypen.

Die Ergebnisse der Neutronenstreuung wurden durch eine detaillierte rechnerische Analyse der
Sequenzen und die Extraktion nützlicher Parameter zur Vorhersage ihres Lösungsverhaltens ergänzt.
Darüber hinaus wurden verschiedene Labortechniken wie Dialyse, Zentrifugation, UV-Vis-Spektros-
kopie und Viskosimetrie als wesentliche Hilfsmittel zur Probenvorbereitung und biophysikalischen
Charakterisierung eingesetzt.

Die dritte Studie, über die in dieser Arbeit berichtet wird, zielt darauf ab, die Rolle der Kurzzeit-
dynamik, die mit QENS untersucht wird, beim Eintritt in das LLPS-Regime für ein gut bekanntes
Protein-Salz-System, nämlich BSA in Lösung mit verschiedenen Konzentrationen von LaCl3, zu klären.
Dieses System zeigt einen umgekehrten Mechanismus in Bezug auf Antikörperproteine, wobei LLPS
durch LCST angetrieben wird. Die bemerkenswerte Beobachtung ist, dass die mikroskopische Umge-
bung im Nanosekundenbereich sehr dynamisch bleibt, auch wenn das LLPS-Regime durchlaufen
wird, d.h. auch wenn sich die Lösung makroskopisch in zwei Phasen teilt, eine proteinreiche und
eine proteinarme.

Zusammenfassend wurde die kurzzeitige Selbst- und Kollektivdiffusion von Proteinen in Lösung
mit verschiedenen neutronenspektroskopischen Techniken untersucht, um ihre Rolle bei der Pro-
teinaggregation und den Phasentrennungsmechanismen zu klären. Im Fall von mAbs haben wir
beobachtet, dass die Selbstassoziation von Proteinen zur Bildung kleiner Oligomere führt, die aus
einer größeren Anzahl von Monomeren bestehen, wenn die Proteine eine höhere Viskosität aufweisen.
Diese Lösungen zeigen auch ein UCSTLLPS-Verhalten. Bei der Untersuchung eines einfacheren
Protein-Salz-Systems mit LCST-LLPS-Verhalten zeigen wir eine Kontinuität der Kurzzeitdynamik
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beim Eintritt in den Bereich der Phasentrennung trotz makroskopischer Phasentrennung. Obwohl
es noch viele offene Fragen in der Protein- und Formulierungswissenschaft gibt, sind wir fest davon
überzeugt, dass wir eine wichtige Wissenslücke auf diesem Gebiet geschlossen haben und dass un-
sere Ergebnisse als Ausgangspunkt für zukünftige Studien dienen können.
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Chapter 1

Introduction

1.1 Proteins in aqueous solutions and concepts from colloid physics

The dynamics of proteins in solution includes a variety of processes, such as backbone and side-chain
fluctuations, interdomain motions, as well as global rotational and translational (i.e. center of mass)
diffusion. Since protein dynamics is related to protein function and essential transport and signalling
processes, a detailed mechanistic understanding and monitoring of protein dynamics in solution is
highly desirable. A quantitative characterization of protein dynamics is also essential to unveil life
at a molecular level and identify mechanisms leading to protein malfunction. In addition, protein
internal dynamics allows for molecular flexibility and plays a role in the protein binding affinity with
other molecules, e.g. potential drugs. The hierarchical character of protein dynamics requires several
experimental tools addressing a broad range of time- and length scales [1].

The synergy between experiments and simulations or a theoretical interpretation of experimental
observations are often required. A common and useful framework to describe the global center-of-
mass protein diffusion in solutions is provided by colloid physics, which predicts a short-time regime
on which only hydrodynamic interactions induce a simple diffusive behavior [2–4].

The present work focuses in particular on neutron spectroscopy and the reasons why it is impor-
tant to investigate soft and biological matter, e.g. protein solutions. The results are interpreted in
terms of a colloid physics framework, for which a detailed description is provided. In the following
chapters, the mathematical framework of neutron scattering, the principles of neutron spectroscopy
and the instruments employed are presented in detail. Furthermore, the research on monoclonal an-
tibody solutions for therapeutic purposes is reviewed. The final chapters describe the results of the
experimental work done on the systems, along with the data analysis performed.

1.2 Diffusive dynamics in the nanosecond timescale and neutron
spectroscopy

Neutron spectroscopy offers a powerful tool to explore nanosecond and sub-nanosecond diffusive dy-
namics in soft matter, and more specifically, in protein solutions. Neutron spectroscopy translates into
several techniques, which differ in the instrumental setup used and consequently in the experimental
quantity measured. For instance, neutron backscattering spectroscopy (NBS) is an energy-resolved
technique that measures the protein self-diffusion; thanks to the Stokes-Einstein relation, it is possi-
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ble to retrieve the hydrodynamic size of the observed particles and thus gaining information on the
potential clustering of proteins. Neutron spin echo (NSE) spectroscopy is instead a time-resolved
technique that further complements the picture rendered by NBS, by accessing the collective diffu-
sion function. This quantity connects to the hydrodynamic function via the static structure factor of
the system.

These insights help elucidate how short-lived protein clusters form and evolve under different
conditions, e.g. pH and temperature variations, impacting solution stability and therapeutic effi-
cacy. It should be noted that these clusters are dynamic/transient, meaning that the proteins are kept
assembled in an oligomer for a short time, which is basically the time window accessed by the in-
strument. The cluster formation is therefore reversible and dynamic, meaning that the proteins can
associate, dissociate and re-assemble in different ways. The mechanism is driven by protein mutual
interactions, caused by the vicinity of charged or hydrophobic patches.

1.3 Dynamic cluster formation and liquid-liquid phase separation
in protein solutions

Dynamic cluster formation in protein solutions, particularly for monoclonal antibodies, is a criti-
cal area of research for the developability and manufacturability of pharmaceutical products. This
phenomenon could also be a precursor of liquid-liquid phase separation (LLPS), another significant
process in protein solution phase-behavior. LLPS, which has been observed in both general protein
systems and mAbs specifically, is driven by electrostatic interactions and can be tuned and adjusted
by charge modulation. The microscopic onset of this phenomenon leads to an increase in the cor-
relation length, until it becomes macroscopically visible in terms of increased solution turbidity and
opalescence.

The protein BSA is commonly used as model system in protein science in general, but also studied
as reference in LLPS studies due to its availability and relevance as a serum protein. BSA also shares
conceptual similarities with mAbs, as both exhibit charge-driven interactions that can lead to LLPS
under certain conditions. One remarking difference between these proteins is their opposite mecha-
nism driving LLPS in the temperature range explored in this thesis. In fact, while BSA shows a LCST
of ≈ 40◦C above which the onset of phase-separation can be observed, the IgG antibodies studied in
this thesis are typically characterized by a UCST falling in the range (7-15)◦C, below which the system
de-mixes in a protein-rich phase and a protein-poor one.

Nevertheless, studying LLPS in a BSA model system aids in understanding protein-protein inter-
actions and aggregation processes that are universal in protein science in general and that are critical
for biopharmaceutical formulation.
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2.1 Biophysics of crowded protein solutions

Inside living cells, macromolecules are densely packed, often occupying 25-40% of the cellular vol-
ume with concentrations in the range 90-450 g/L. This state, referred to as macromolecular crowding,
was described for the first time by Minton [5–7] and it is still a very hot topic for interdisciplinary re-
search [8–12]. The limited amount of free water and the reduced amount of unoccupied space deeply
influence the physical and chemical behaviors of molecules in crowded media, altering protein fold-
ing, stability [13, 14], aging [15], viscosity, diffusion [16, 17], and reaction kinetics [6, 18, 19].

Expanding the microscopic knowledge on the crowding of macromolecules, especially of protein
solutions, is crucial for a complete understanding of how cellular environments differ from dilute lab-
oratory settings. Unlike dilute solutions where molecules interact mostly through brief and stochastic
collisions, crowded solutions mimic the highly interactive environment inside cells, where space is
limited, and molecular encounters are frequent and prolonged. As already stated, one significant ef-
fect of crowding is on protein stability. In a crowded environment, proteins are more likely to adopt
and maintain their folded states due to the excluded volume effect [5, 20]. The high concentration of
molecules in close proximity reduces the available free volume for proteins to unfold, thereby favour-
ing compact, stable configurations over extended or denatured states. This effect enhances protein
stability and can influence the balance between folded and misfolded forms, potentially leading to
pathological protein aggregation [21]. Besides volume exclusion, soft interactions and solvation con-
tribute to macromolecular crowding [22–24]. The crowded cellular environment is not a passive “bag
full of macromolecules”, but an active participant in biochemical processes essential for life [9].

Crowding also affects protein-protein interactions (PPIs), favouring the formation of molecular
complexes and assemblies [25]. When proteins are surrounded by many other macromolecules, they
are more likely to encounter one another and form transient or stable complexes, a process crucial
for signaling and metabolic pathways. Crowded environments can enhance the likelihood of specific
interactions and change binding affinity [26]. This aspect is particularly relevant for understand-
ing cellular processes such as the formation of protein complexes, multi-protein signaling pathways,
and even the assembly of intracellular structures, such as ribosomes [27]. Macromolecular crowd-
ing has also been identified as the driving force for liquid-liquid phase separation (LLPS) [28], it-
self considered as the mechanism behind the formation of membraneless organelles in the cellular
medium [29, 30] and its consequent microcompartmentation [31].

Besides influencing steady-state properties, crowding also significantly affects the diffusion and
transport of macromolecules. Protein diffusion in a crowded milieu is generally slower and less
predictable [32, 33], with some exceptions that concern short-time diffusion [11, 34]. Its complexity
arises from the interplay of several factors, including the size and shape of the macromolecules [35,
36], the nature of the crowding agents [37] and the resulting mutual interactions [35]. For instance,
smaller proteins may diffuse faster in heterogeneous and poly-disperse mixtures compared to self-
crowded solutions, while larger proteins exhibit the opposite behavior [38, 39]. Crowding-induced
sub-diffusive regime [17, 40], anomalous diffusion [41–43] and microviscosity [44] can alter reaction
kinetics, sometimes increasing reaction rates by keeping molecules close together [44], sometimes
slowing them down with consequent “noise” reduction in some processes, e.g. gene expression [45].
Again, some biological processes are triggered by crowding and enhanced at very specific crowding
conditions depending on the size of the macromolecules involved [46].

Investigating macromolecular crowding is also essential for improving drug delivery technolo-
gies, as it impacts drug behavior within densely packed cellular environments. It is often the case that
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highly concentrated biopharmaceuticals, with special consideration of mAbs, are required for specific
routes of administration. In such instances, changes in viscosity and diffusion may occur as a result
of crowding, which can have a significant impact on drug transport, release, and pharmacokinetics.
In a recent review, Singh et al. provide a comprehensive overview of the latest experimental findings
and theoretical models in the field, along with application opportunities and open challenges [47].

2.2 Biophysics of antibodies

The immune system in vertebrates is subject of continuous evolution in order to protect itself from
a range of intruding pathogens. The immune response arises from a number of innate and adaptive
mechanisms representing the body’s first line of defence [48]. The most significant process is the pro-
duction of antibody molecules that are capable of recognizing harmful pathogens (bacteria, viruses,
fungi, and other parasites) with exquisite specificity, neutralizing them and remembering them for
faster response in future infections [48, 49].

2.2.1 Immunoglobulin classes and functions

Antibodies are antigen-reactive proteins produced by B-cells present in the plasma and in extracel-
lular fluids, referred to as immunoglobulins (Igs). They represent the main component of immune
serum obtained after exposure of the host to a given antigen. In humans, five classes of immunoglob-
ulins, also referred to as isotypes (IgG, IgM, IgA, IgD and IgE), have been identified. They differ in
terms of their physicochemical and serological properties, as well as in the amino acid sequence of
their constant regions [50].

IgM

IgA
IgG

IgD

IgE

Fig. 2.1. Different classes or isotypes of human Igs. From left to right: IgM, in which monomers
associate to form pentamers; IgA, characterised by its dimeric form and shown here with its secretory
component (light blue filament); IgG, IgD and IgE, consisting in single monomeric units. Figure
created using Biorender.

Figure 2.1 depicts the structure of the different human Ig isotypes. While IgG, IgD and IgE consist
of a single monomeric unit, the IgM and IgA classes are composed of monomers that associate to form
pentamers and dimers, respectively. Their structural organization translates into different functions.
For instance, IgM is the first antibody produced in response to an infection and is primarily found in
blood and lymphatic fluid. In fact, due to its pentameric structure, IgM is highly effective at binding
antigens and initiating complement activation [50, 51]. The second phase of the immune response is
managed by IgG, the most abundant antibody in blood and extracellular fluids and the only antibody
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that can cross the placenta, providing passive immunity to the fetus [52]. In this context, IgA is instead
present in breast milk and therefore provides passive immunity to newborns. IgA is mainly found in
mucosal areas and secretions and defends against pathogens by preventing their attachment to and
invasion of mucosal cells [53,54]. IgE is instead associated with protection against parasitic infections
and allergic responses, due to its binding to allergens that triggers histamine release and eventually
causes inflammation [50, 55]. IgE is also responsible for mast-cell and basophil function [56]. The
least abundant antibody in blood is IgD, mainly present on the surface of immature B cells (or B
lymphocytes) and potentially involved in the initiation of immune response and in the regulation of
B cell function. The role of IgD still has to be fully defined [57].

Regardless of their isotype, antibody specificity, adaptability, and versatility make them founda-
tional in both natural immunity and important applications in medicine, including diagnostics and
targeted therapies for diseases such as cancer, autoimmune disorders, and infectious diseases. A re-
cent review by Daëron provides a comprehensive overview of the diverse range of antibody functions
from an immunological perspective [58].

2.2.2 Structure of immunoglobulin G

In their monomeric form, all Ig classes exhibit the same basic Y-shaped structure composed of two
heavy chain (HC) and two light chain (LC) units, held together by covalent (disulphide) and non-
covalent bonds [59–61]. While IgE and IgD monomers have a molecular-weight (MW) of ∼ 188 kDa
and ∼ 184 kDa, respectively [50], IgG has a lower MW of ∼ 150 kDa. In this latter case, the molecular
weight of each HC and LC is 50 kDa and 25 kDa, respectively. Given that the majority of mAb
therapies are predominantly based on IgGs, the focus of this work will be entirely on these antibodies.

A detailed representation of an IgG antibody with its domains and relevant regions is reported
in Figure 2.2. The basis of this Y-shaped protein is the so-called crystallisable fragment/domain (Fc),
formed by two CH2 and two CH3 subdomains. The Fc region is essential in immune response modu-
lation, pathogen elimination, determination of antibody class and function, prolongation of antibody
half-life thanks to the binding to the neonatal Fc receptor (FcRn). This makes the Fc region essential
for both natural immunity and therapeutic antibody development [62, 63].

The hinge region is a flexible linker between the Fc and two “arms” of the protein are called
antigen-binding fragment (Fab). It allows antibodies to adjust their binding sites to an antigen or
receptor. The hinge is typically formed by 12 to 15 residues, depending on the Ig class and isotype;
for further details, see paragraph 6.1 - ‘IgG1 and IgG4 antibodies’ in Chapter 6.

The lower part of the Fab, next to the hinge region, is formed by CH1 and CL subdomains.
The upper part of Fab domain is instead the antibody variable fragment/domain (Fv), as opposite
to the constant part of the molecule (C-domains). Fv is in turn formed by VH and VL domains
(where V stands for variable). The loop structures located on the Fv upper part are called hypervari-
able or complementarity determining regions (CDRs), which form the antigen-binding surface. The
complementarity determining region (CDR) loops are normally six: CDR loop 1/2/3 in the heavy
chain (CDR-H1/H2/H3) and CDR loop 1/2/3 in the light chain (CDR-L1/L2/L3).
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antigen-binding
fragment Fab

crystallisable
fragment Fc

variable
domain Fv

hinge

VH

VL

complementarity
determining
regions (CDRs) 

heavy chains
light chains

Fig. 2.2. Structure of an IgG1 antibody monomer with its domains and subdomains. The protein is
formed by four polypeptide chains, two heavy ones (HC, depicted in grey and blue) of ∼ 50 kDa
each, and light ones (LC, depicted in orange and red) of ∼ 25 kDa each. The two heavy chains are
held together by disulphide bonds forming the so-called hinge region. The “stem” of the Y-shaped
molecule is the Fc, while the two “arms” of the protein are called antigen-binding fragments (Fabs).
The upper part of Fab domains is referred to as Fv, since it is the part where differences between
antibody variants are generally located. Fv is formed by two subdomains VH and VL. The upper
loop structures are called hypervariable or CDRs, which form the antigen-binding surface.

2.2.3 Polyclonal versus monoclonal antibodies

Polyclonal antibodies (pAbs) are a heterogeneous mix of antibodies (of the same class, mostly IgG)
produced by multiple B cell clones in response to an antigen [64–66]. Each type in the mixture targets
a specific epitope on the same antigen. This multiple-epitope binding is useful for broad target recog-
nition, e.g. to identify complex antigens, such as proteins with several structural variations. More-
over, it ensures a high sensitivity, especially in applications like diagnostic assays, where pAbs can
yield stronger signals and adapt to variations in antigen structure, making them useful for detecting
pathogens or antigens with slight mutations.

Conversely, monoclonal antibodies (mAbs) are produced by a single B cell clone and recognize
only a single epitope [64–66]. They are generated using specialized techniques, such as hybridoma
technology, in which a single antibody-producing B cell is fused with a cancer cell to create a cell
line that continuously produces identical antibodies [67]. The extremely high specificity of mAbs
is a widely exploited feature in targeted therapies. In fact, they allow for precise intervention with
minimized off-target effects. They typically address particular molecules, e.g. receptors, enzymes or
proteins responsible for diseases like cancer, autoimmune disorders and inflammatory conditions.
Unlike polyclonals, monoclonals provide uniform results across different batches, thus ensuring con-
sistency and reproducibility [66]. Although pAbs may still be a useful tool for specific applications
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and not easily replaceable by mAbs [68], the latter are undoubtedly a valuable asset in research and
clinical applications where consistent dosing and targeted effects are paramount.

2.3 Monoclonal antibodies in therapeutics

After Köhler and Milstein developed the Nobel prize-winning hybridoma technology in the ‘70s [67,
69], monoclonal antibodies (mAbs) started to become the most popular class of biopharmaceuticals.
This technology was employed to develop Orthoclone OKT3® (muromonab-CD3), which became
the first monoclonal antibody approved by the U.S. Food and Drug Administration (FDA) [70]. Since
that time, antibody therapeutics research and development have experienced a surprising growth,
especially in the last two decades. Moreover, antibody-based products far exceed small-molecule
drugs in terms of approval success rates. Until the end of 2023, nearly 200 mAbs in total have re-
ceived approval in the U.S. or other countries, with 13 new ones in 2023 [71], 21 in 2024 [72, 73], and
more were forecast to be either approved or to enter regulatory reviews by the end of 2025 [73]. The
already broad spectrum of clinical applications of these biopharmaceuticals is currently expanding
and includes several types of cancers [74–76], infectious and autoimmune diseases [77, 78], multiple
sclerosis [79], kidney diseases [80] and migraine [81, 82]. In the last two decades, the development
of mAbs for the treatment of neurodegenerative pathologies such as Alzheimer’s disease has been
the object of an extensive research [83–85], but still a lot of work has to be done for substantial steps
forward in this field [86, 87].

Antibody-based drug products are mostly administered via intravenous (IV) or SC injections.
A more detailed examination of the different administration routes for mAb-based drug products
will be provided in Section 2.3.1. In the last years, pharmaceutical research has been focused in
engineering antibody formulations for SC injection [88, 89], so that patients could benefit from self-
administration and flexibility [90–92].

Since the amount of antibody needed is around hundreds of mg and the injectable volume in the
subcutaneous space is in the range 0.5-2 mL, this administration route requires high concentrations,
potentially leading to viscosities exceeding a tolerance threshold of ∼ 15-20 mPa·s [93, 94] and trans-
lating into high injection forces or long injection times [88,95]. Besides rendering the drug administra-
tion difficult (and sometimes impossible), high viscosity may also compromise the physicochemical
stability and manufacturability of these pharmaceuticals [96, 97]. To this end, lots of studies on the
microscopic origin of macroscopic viscosity of highly concentrated mAb solutions have been con-
ducted to optimize their design and manufacturability [98, 99] by attempting to reach a fundamental
understanding of this phenomenon.

One of the main reasons for high viscosity [100,101] in mAb solutions is RSA, which can be influ-
enced by multiple parameters, including concentration, pH, ionic strength [100], or specific interac-
tions between domains of monomers [102,103]. Both electrostatic and hydrophobic interactions seem
to play a role in driving this mechanism [104] and affecting solution viscosity. Moreover, the peculiar
shape and structure of antibodies – non-globular, multi-domain and flexible proteins – significantly
influences their viscosity in solution [105].

2.3.1 Routes of drug administration

Regarding the administration of mAb-based drugs, it is important to choose the most appropriate
route in terms of drug absorption, onset, and comfort of administration. The unique properties of
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mAbs – large, complex and sensitive proteins – make this choice quite challenging. Although typi-
cally convenient, oral administration is not suitable for mAbs . In fact, the acidic environment of the
digestive system can denature mAbs , and yet their large size prevents absorption [106].

Parenteral administration, referring to any non-oral method of delivering drugs directly into the
body, bypasses the gastrointestinal tract being the most preferred delivery route for mAbs . This cate-
gory includes intravenous (IV), subcutaneous (SC), intramuscular (IM), intradermal (ID), intrathecal,
and intravitreal injections. Intrathecal and intravitreal routes are specialized methods for delivering
mAbs to specific areas, like the central nervous system and the eye, respectively. While effective, these
routes are invasive, generally reserved for severe conditions related to the targeted area and therefore
require skilled administration [107, 108]. Injections entering the body via the skin barrier are referred
to as percutaneous and are depicted in Figure 2.3. IV, IM, ID and SC are part of this subgroup and
differ in terms of injection area and angle. Intravenous (IV) administration delivers drugs directly
into the bloodstream and allows precise control and a fast drug release and absorption. However,
it requires specific clinical settings with skilled personnel, often complicating long-term treatment.
Intramuscular (IM) and intradermal (ID) routes are less common for mAbs due to issues with injec-
tion volume and the viscosity of mAb formulations. Still, research is exploring ways to make these
methods more feasible for biologics, e.g. with micro-needling and transdermal patches [109–111].

Fig. 2.3. Percutaneous routes of drug administration with specific injection angles, suited for the
targeted area. For intramuscular delivery, the drugs are injected directly into the muscular tissue with
the needle entering the skin barrier at 90◦. For subcutaneous injections, the needle penetrates the skin
at 45◦ and injects the drug in the fatty subcutaneous tissue – or hypodermis. For intradermal ones,
the injection angle is 10-15◦ and the drug goes straight in the dermis. In intravenous administration,
the drug is injected in a blood vessel with an angle of 25◦ and enters the bloodstream, ensuring a
faster release. Figure adapted from template [112] and modified using Biorender.

The SC route, involving injection into the fatty tissue just beneath the skin, provides a middle
ground between the rapid onset of IV delivery and the slower absorption of some other methods.
Since SC injections are typically administered in areas with a layer of subcutaneous fat, such as the
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abdomen, thigh, or upper arm, this route is very popular for mAbs due to the convenience of self-
administration. Many mAbs for autoimmune diseases, such as adalimumab for rheumatoid arthritis,
utilize this route [113]. Formulations for SC use must minimize injection site reactions while control-
ling absorption and especially minimize the viscosity of these highly concentrated protein solutions.
To optimize delivery, manufacturers may adjust the formulation by adding stabilizers or altering the
injection volume and concentration to reduce injection pain and control the absorption rate [114].

The preferred administration route for mAbs depends on the treatment needs, patient comfort,
and logistical feasibility. Nevertheless, IV and SC administration remain the most common deliv-
ery routes. The substantial difference between the two lays in their pharmacokinetics; IV typically
reaches peak blood levels immediately, thus being beneficial for high doses, rapid action, and high
bioavailability and widely used in oncology or acute-care settings [115]. On the other hand, SC in-
jections ensure a more controlled release and are thus commonly used for chronic conditions that
require long-term management, where convenience and reduced frequency of clinic visits are impor-
tant for patient adherence [114]. Of course, both routes of administration present advantages and
disadvantages depending on the patient condition [116–118]. However, when SC formulations are
optimized, no remarkable differences were observed between the two delivery methods in terms of
drug efficacy [115, 119–121].

Ultimately, there is no definitive criterion for preferring SC over IV injection. However, the poten-
tial for self-administration undoubtedly makes the first option more appealing and patient-friendly,
which is the reason why research in recent decades has been so focused on this goal. In this direction,
the SC Drug Development & Delivery Consortium, recognising the factors creating pain or discom-
fort, is working to advance the development of patient-focused and well-tolerated high-dose/high-
volume SC drug delivery solutions [122].

2.3.2 The role of excipients

As introduced in Section 2.3, counteracting the mechanism of RSA is of crucial importance in the
manufacturability of mAb-based drug products. Since the pH of these formulations must remain in
the physiological range and the temperature at which they must be stabilised is body temperature,
the only way to tune intermolecular interactions is through the use of excipients.

Excipients are typically small molecules included in protein biotherapeutic formulations in solu-
tion to improve colloidal and conformational stability without compromising their injectability and
pharmacokinetics [123]. Although they are not generally designed for the specific purpose of prevent-
ing aggregation, this function is fulfilled by the majority of them due to the reduction of the solvent
accessible area on the surface of proteins in the presence of these other molecules. Based on their
chemical structure, they can modify inter-protein interactions by shielding hydrophobic or charged
patches, thus preventing self-association and aggregation and thereby reducing the solution viscos-
ity [124]. A recent work by Kumar et al. [123] reviews all the excipients approved by U.S. FDA used
in parenteral peptide and protein formulations from an industrial perspective, explaining in details
their general purposes and disadvantages.

Among the most employed excipients in mAb formulations with the purpose of reducing their vis-
cosity, one can find salts (NaCl, Na2SO4, NaOAc) [125], amino acids (proline or its analog forms [126])
or their salt forms (arginine-HCl, histidine-HCl, lysine-HCl, ornithine-HCl) [125, 127–131], and also
in combination, e.g. Arg/Cl and Na/Glu [132]. Arg and its salts have been successfully employed in
> 20 approved protein injectables, as viscosity reducers and protein stabilizers in high concentration
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formulations [133]. Other molecules with analogous effects are hydrophobic salts [134], caffeine [135],
amino acid derivatives [136] and even aminoacid polymers [137]. Moreover, the combination of some
viscosity-reducing agents (e.g. amino acid + anionic excipient) has also been observed to enhance the
performance of the excipients alone [131]. Although the addition of viscosity-reducing excipients to
mAb formulations is by now a common practice in pharmaceutics, it is also the subject of continuous
research [122, 138–141]. In order to prevent surface-adsorption and denaturation, polyoxyethylene-
based surfactants such as polysorbates and poloxamers [142, 143], amphiphilic copolymers [144] and
surfactants like Tween20® and Tween80® are used [123]. Excipients are also widely used as cryo- or
lyoprotectants to preserve the proteins in freeze-dried and lyophylized products, which is the case
of sugars and carbohydrates like sucrose, glucose, lactose, fructose, trehalose, sorbitol, mannitol, also
acting as general stabilizers again temperature and tonicity adjusters [123]. Some of these sugars,
along with glycine and succinic acid, have been studied with nuclear magnetic resonance (NMR)
spectroscopy and computational methods to rank their interactions with mAbs in biologics formula-
tions [145]. Sucrose is the only one displaying a specific binding site on the mAb surface, making it a
better stabilizer than the others [145].

Of all the excipients mentioned, histidine certainly stands out for its versatility. In fact, due to
its unique physicochemical properties among amino acids, histidine has been widely used as an ef-
fective excipient in protein-based biopharmaceutical formulations for its multi-faceted effect [146].
With a pKa of ∼ 6.0 at the side chain, histidine has been primarily employed as a buffering agent,
especially in the pH range 5.5–6.5. Since it displays properties analogous to those of carbohydrates
(such as sucrose or trehalose), it can substitute them in stabilizing the formulations. It may also serve
as a cryo-/lyo-protectant, antioxidant, viscosity and aggregation reducer via shielding hydrophobic
regions [147, 148], and solubilising agent. More details on the importance of this excipient and on its
specific use in the experiment described in this work are reported in Chapter 4.

2.4 General concepts of colloid physics

While inertia plays a crucial role in the macroscopic world, its effects become essentially negligible
in the microscopic world of molecules. The opposite applies instead to friction and viscous forces
arising from it. Indeed, whereas friction has far less impact than inertia in the macroscopic world, it
assumes a pivotal role in the microscopic one. Each molecule, with particular focus on proteins, is
subjected to friction due to the solvent and other neighbours, giving rise to a very diverse dynamics.
To explain this concept, Callaway et al. produced a very powerful image stating that “the environ-
ment of a protein has more in common with playing badminton at the bottom of a swimming pool
full of molasses than a cruise ship crossing the Atlantic Ocean” [149].

A central concept in both macroscopic and microscopic world of molecules moving in a medium is
diffusion. Diffusion governs the transport of molecules through fluids and plays a fundamental role
in pharmaceutical sciences [150], e.g. in formulation stability of drug products and in drug release
mechanisms driven by concentration gradients. Although mAbs are complex proteins with a high
degree of shape and diffusion anisotropy, they can be treated as (soft) colloidal suspensions in order
to evaluate their diffusion behaviour and molecular interactions in solution in a simpler way. Despite
its limits, a colloid approach to protein solutions still has an enormous potential in many areas [151],
in particular providing a useful framework for understanding the dynamic, thermodynamic, and
stability properties of mAb solutions.

Diffusion of charge-stabilized colloid suspensions has been extensively studied by theoretical ap-
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proaches [3, 4, 152–155]. Due to the large size and mass disparity between colloidal particles and
solvent molecules, diffusion can be understood by treating its simpler limit cases, namely the short-
time and long-time diffusion [4]. A threshold is set by the time τB , above which the particles and
solvent basically move inertia-free. The time t ≫ τB characterizes the so-called Brownian dynamics
regime. Following the random walker formalism, the mean squared displacement (MSD) of each
particle experiencing Brownian motion – measuring how it explores its surroundings over time t –
can be expressed as:

r2(t) = 2nD t = 6D t , if n = 3 . (2.1)

n is the dimensionality of the system – in this case, n = 3. So, for Brownian/free diffusion, the MSD
increases linearly with time. Within this regime, which is the one accessed by all the experimental
techniques employed in this work, one can distinguish between short-time dynamics, characterized by
τB ≪ t ≪ τI and long-time dynamics, instead defined by t ≫ τI . Short-time diffusion thus occurs be-
fore hydrodynamic interactions and long-range collective effects dominate, while long-time diffusion
describes hydrodynamic, electrostatic and direct interactions with other particles [4].

The diffusive behaviour of the system under study therefore depends entirely on which regime is
accessed by the instrument used and on the measurement time.

2.4.1 Diffusion tensor, self- and collective diffusion

The study of particle diffusion in many-body colloid suspensions spans multiple scales and requires
descriptions of both individual and collective particle dynamics. At the heart of these descriptions is
the diffusion tensor D, a fundamental quantity that encodes the anisotropic nature of particle motion.
The diffusion tensor is a mathematical representation of the microscopic, directional and complex
diffusion of particles under the influence of thermal motion and interactions with the surrounding
medium and serves as the starting point for deriving macroscopic diffusion properties.

From the generalized diffusion described by D, two specific cases can be derived [3, 34]:

• the self-diffusion or tracer diffusion, describing the motion of individual particles over time;

• the collective diffusion, representing the time-evolution of density fluctuations in a system.

These quantities are interrelated and form a coherent framework for understanding particle behaviour
in complex systems. More details on these two distinct concepts and how the quantities can be
probed with neutron scattering techniques are presented in the next paragraph and further discussed
in Chapter 3, Section 3.1.4.

In 1905, Einstein [156] demonstrated that the diffusion of non-interacting particles in a viscous
medium can be well described by the following Fick’s law [157] and is denoted as “free diffusion”:

J = −D · ∇ρ . (2.2)

Here, J is the diffusion flux vector (amount of substance per unit area per unit time, mol · m−2 ·
s−1), ∇ρ is the concentration gradient (spatial rate of change of concentration, mol · m−4), and D is
the aforementioned diffusion tensor, defined as a symmetric, positive-definite 3×3 matrix. Diffusion
is thus mathematically described as the tendency of the system to return to an equilibrium state
characterized by a uniform concentration of particles, also being the state of maximum entropy and
a thermal equilibrium [158]. The direction of the diffusion is from high to low concentrations, hence
the negative sign in 2.2. From equation 2.2 and the following principle of mass conservation

∂ρ(r⃗, t)

∂t
+ ∇⃗ · J⃗(r⃗, t) = 0 , (2.3)
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the diffusion equation or second Fick’s law can be obtained [157]:

∂ρ(r⃗, t)

∂t
= D · ∇2ρ(r⃗, t) , (2.4)

In isotropic systems, D instead simplifies to:

D = Dij = D δij , (2.5)

where D is a scalar diffusion coefficient, and δij is the Kronecker delta. In this case, the Fick’s law
therefore reads as follows:

∂ρ(x, t)

∂t
= D

∂2ρ(x, t)

∂x2
. (2.6)

The solution of equation 2.6 can be written as

Gs(r⃗, t) =
1

(4πD|t|)3/2 exp

(
− r2

4D|t|

)
, (2.7)

a correlation function describing the correlation of a particle with itself over time, also referred to as
self-correlation. This solution in the reciprocal space reads as

Is(q⃗, t) =

∫
Gs(r⃗, t) exp(iq⃗ · r⃗) d3r⃗ = exp(−i q2D |t|) (2.8)

and it is defined as the self- (or incoherent) intermediate scattering function. Writing this in the (q⃗, ω)-
space, it gives the incoherent dynamic structure factor

Ss(q⃗, ω) =
1

2πℏ

∫
Is(q⃗, t) exp(−iωt) dt =

1

πℏ
Dq2

(Dq2)2 = ω2
=

1

πℏ
γ

γ2 + ω2
= Lγ(ω) . (2.9)

So, in a system of many non-interacting particles diffusing freely, the scattering function can be essen-
tially described by a Lorentzian function with a half width at half maximum (HWHM) γ(q) = Dq2.

In anisotropic systems, the diffusion tensor contains off-diagonal terms, reflecting coupled motion
along different axes, e.g. when a concentration gradient along the x-axis induces a flux on the z-axis.
Being the most general descriptor of how particles diffuse microscopically, D contains both trans-
lational and rotational contributions coupled together. To calculate D for known biomolecules, the
software HYDROPRO [159, 160] can be employed. It requires the Protein Data Bank (PDB) structure
as input, which is assumed to be rigid, and accounts for the full shape anisotropy [159, 160].

2.4.2 Viscosity, diffusion and cluster formation

As already mentioned, years later after Fick’s laws, Einstein found the link between the diffusion co-
efficient of non-interacting spherical particles performing the so-called “Brownian molecular motion”
with the medium viscosity and the size of the suspended particles [156]:

D =
kBT

6πηRH
. (2.10)

The diffusion coefficientD is directly proportional to the temperature T and inversely proportional to
the viscosity of the surrounding medium and the the hydrodynamic radius of the particles RH . The
validity conditions of the Stokes-Einstein (SE) relation 2.10 are that the medium is homogeneous and
isotropic, the system is at thermal equilibrium, the particles are large compared to solvent molecules
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and the particle concentration is in the dilute limit. Equation 2.10 thus holds for the translational
diffusion coefficient at the dilute limit Dt0:

Dt0 =
kBT

6πηRH
. (2.11)

A particle with a radius RH can also rotate around its origin generating a rotational component con-
tributing to the scattering function. This rotational component can be described by a rotational diffu-
sion coefficient Dr0 that can be linked to the hydrodynamic radius at the dilute limit, leading to the
Stokes-Einstein-Debye (SED) relation:

Dr0 =
kBT

8πηR3
H

. (2.12)

Both translational and rotational components of the diffusion Dt and Dr slow down as long as the
particle concentration increases. For hard spheres, the volume fraction scaling can be written as:

Dt(φ) = Dt0 · ft(φ) (2.13)

Dr(φ) = Dr0 · fr(φ) (2.14)

for translational and rotational diffusion, respectively. The scaling factors ft(φ), fr(φ) are described
by expressions given in refs. [4, 161] and can further change if the particle shape varies or any inter-
action is taken into account [4, 162].

If the translational diffusion contribution to the scattering function is a single Lorentzian function
(Equation 2.9), the incoherent scattering function for rotations is an infinite sum of Lorentzians:

Ss(q, ω) =

∞∑

l=0

Bl(q)Lγr(ω) , (2.15)

γr = l(l + 1)Dr ; Bl(q) = (2l + 1)

∫
ρH(r)j2l (qr)dr , (2.16)

with ρH(r) and jl(qr) being the hydrogen distribution of the particles investigated and the l-th or-
der spherical Bessel functions. When both translations and rotations are taken into account, as in
real samples, the QENS spectra obtained can be perfectly fitted with one or a sum of Lorentzian
functions, based on the different motions occurring in the system. Nevertheless, the signal contains
coupled information on both translations and rotations. Assuming to fit a QENS spectrum with a sin-
gle Lorentzian, its HWHM would be linked to an apparent global diffusion coefficient Dapp fulfilling
the condition [163]

∞∑

l=0

Bl(q)
l(l + 1)Dr + q2(Dt −Dapp)

l(l + 1)Dr + q2(Dt +Dapp)
= 0 . (2.17)

Furthermore, the classical relation 2.10 could be extended to more complex systems, e. g. non-
Newtonian fluids, crowded or non-homogeneous or out-of-equilibrium systems, leading to several
generalized forms. In real – non-model – systems, the viscosity is and hence the diffusion coefficient
changes with the applied shear rate:

D(ω) =
kBT

6πη(ω)R
(2.18)

Banchio et al. derived the viscoelasticity and generalized Stokes-Einstein (GSE) relations in hard-
sphere and charge-stabilized colloidal suspensions [164]. Moreover, there is a close connection be-
tween the SE relation and the more general fluctuation-dissipation theorem (FDT), proven by Callen
and Welton in 1951 [165] and expanded in the following decade by Kubo [166]. The FDT states that
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the response of a system to an external perturbation is the same as that of its spontaneous thermo-
dynamical fluctuations. It follows that in a system at its equilibrium the ratio of the correlation and
response functions is constant, with (inverse) temperature being the proportionality constant. In this
sense, the Stokes relation B = 1/6πηR – related to the SE one D = B kBT (with B being the particle
mobility) [167] – can be interpreted as a manifestation of the FDT in colloidal particles [167,168]. Any
deviations from the SE in nonequilibrium systems can therefore be described in terms of an effec-
tive thermodynamic temperature in the FDT framework [167]. The limits of the validity of the SED
relation for the rotational diffusion in colloid suspensions were discussed by Könderink et al. [169].

In the specific case of protein solutions, the condition that most compromises the validity of SE is
the high concentration/crowding and this is particularly relevant for the scientific case presented in
this work. Rothe et al. used pulsed-field gradient (PFG)-NMR to demonstrate apparent violation of
GSE in crowded protein solutions and linked it to transient binding [170].

2.4.3 Simulations, in silico predictions and scattering experiments on mAb solu-
tions

In the last decades antibody solutions have been the subject of a huge number of studies, which in
most cases tend to combine experimental and computational/predictive approaches. In the following
paragraphs an overview of a few significant works on the topic will be given. This excursus is not
intended to be completely exhaustive on the subject.

Several studies have successfully investigated the link between viscosity, RSA and cluster forma-
tion using small angle X-ray scattering (SAXS), microrheology and coarse-grained simulations, and
employed cluster theory to predict structure factors of highly concentrated mAb solutions [171, 172].
The same systems have also been investigated using again SAXS, viscometry, static light scatter-
ing (SLS) and DLS, in combination with other analytical techniques [173] and again coarse-grained
modeling [174]. Kumar et al. unveiled the underlying mechanism of anomalous diffusion [43] in
bulk of highly-concentrated mAb solutions using coarse-grained simulations. The same computa-
tional method was applied to investigate the adsorption of mAb fragments at the oil-water inter-
face [175], to shed light on the molecular mechanism behind the stabilizing effect of histidine in mAb
solutions [148], and again to investigate the effect of glycosylation on PPIs in these systems.

Atomistic simulations have been widely employed to predict the viscosity of high-concentration
mAb solutions [176]. Molecular simulations can significantly contribute in fitting small angle scatter-
ing data for a comprehensive biophysical characterization of these samples [177]. Both atomistic and
coarse-grained simulations are essential to assess mAb colloidal stability on a multi-scale level [178]
and can quantitatively predict protein-protein interactions [179].

The complementary approach to viscosity reduction via mAb formulation optimization is protein
engineering. This method consists in predicting how viscosity is affected by small modifications in
the primary sequence, especially in the Fv of the antibody [180]. Different viscosity trends depend
on how the mAb Fab and Fc contribute to aggregation, so PPIs and viscosity are perfectly tunable
by modifying specific sites or patches of the protein [181]. Viscosity prediction and minimization can
be done via machine learning (ML) or deep-learning algorithms [182, 183], and also using artificial
neural networks (ANNs) based on experimental and simulation-derived parameters for rational drug
design [184]. For instance, antibody sequence mutations aiming to reduce hydrophobic patches seem
to reduce significantly mAb solution viscosity, whereas mutations altering only electrostatic patches
were insufficient to influence viscosity [185].
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Beyond computational studies, experimental techniques based on scattering are extremely useful
for a biophysical characterisation of mAbs in solution on multiple length and time scales. Light
scattering is undoubtedly one of the first analytical approaches to monitor aggregation, often along
with size-exclusion chromatography (SEC) [186]. Using DLS, the long-time diffusion of the particles
can be measured and the presence and the size of potential aggregates can be assessed [187]. Colloidal
interactions and formulation stability [102, 188–190] can also be investigated. In some cases, DLS can
be used to study antibody-antigen dynamics [191]. The useful parameter that can be extracted from
DLS is the diffusion-interaction parameter kD, defined as the slope of the linear fit performed on
Dlong

c vs protein concentration/volume fraction. Analogously, the second virial coefficient A2, can be
extracted from the slope of a linear fit of the scattered intensity obtained from SLS plotted vs protein
concentration (source: Malvern Panalytical). These two parameters arising from the combination
between DLS and SLS information are typically very important to establish the formulation stability
of mAb solutions [184, 192–194]. Moreover, their behaviour at high concentrations can be predicted
from the conditions of the dilute solutions [195–197].

Besides light scattering, higher energy photons and neutrons are effective probes for the study of
soft and biological matter. For example, SAXS is a classical tool to study proteins in solution [198–201],
often combined to atomistic and coarse-grained simulations [202, 203]. In antibody solutions it is es-
sential to link macroscopic viscosity to biophysical and structural properties like the size of potential
aggregates, the intensity of their PPIs and their flexibility [204–210]. This enables the assessment
of their formulation stability upon variation of environmental conditions like pH, temperature, and
buffer composition [128, 211–215].

The neutron analogue for this technique is SANS, which will be presented in detail in Chapter 3.
This experimental tool can benefit from the intrinsic non-disruptiveness and isotopic sensitivity of
neutrons to carry out contrast variation studies in biological systems [216, 217] – and specifically for
mAbs [216] – and measure hydrogen-deuterium exchange (HDX) [218]. In order to study mAb solu-
tion, SANS is often used in combination with SAXS [219–222], light scattering [192, 223], chromatog-
raphy [224–226], rheology [223, 227–230], atomistic and coarse-grained modeling [224, 230], colloid
theory descriptions [231, 232] and dynamic techniques like NBS [194] and NSE [233–235], which will
be further explained in the next paragraph. A comprehensive overview of the utilisation of neutron
scattering in general for the investigation of mAb solutions can be found in the review by Wang et
al. [236].

2.4.4 The unique capabilities of spectroscopy

Spectroscopy is a powerful and versatile analytical technique that involves the interaction of a probe,
e.g. electromagnetic radiation, neutrons, electrons, with matter to study its properties. By analysing
the energy and momentum variation of the probe after its interaction with matter, spectroscopic tech-
niques based on scattering typically offer simultaneous access to spatial and time correlations. This is
the reason why spectroscopy in general represents a fundamental pillar of scientific research, offering
unparalleled insights into the structure, dynamics, and interactions of matter.

For instance, NMR spectroscopy detects the spin relaxations of nuclei subjected to a magnetic
field. This non-destructive technique is able to access solid-state and biological materials. In contrast
to scattering techniques, which access spatial correlations, NMR provides information on angular
correlations [237]. It can probe molecular dynamics over a wide time window (from nanoseconds
to second) and it allows real-time monitoring of specific chemical reactions and precise location of
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their sites, e.g. bonding between two molecules. The numerous possibilities in designing the mag-
netic fields and their time dependencies for NMR are beyond the scope of this paragraph. Antibody
pharmaceutical formulations have been extensively studied via NMR spectroscopy for a comprehen-
sive biophysical characterization [238], e.g. to assess their viscosity [239–241], protein-protein inter-
actions [242], and excipient-driven LLPS [243].

Another powerful technique that gained interest and success in the last decades is X-ray pho-
ton correlation spectroscopy (X-ray photon-correlation spectroscopy (XPCS)), which employs a trans-
versely coherent X-ray synchrotron or free-electron laser (FEL) beam to measure the slow dynamics
of matter, in particular of soft and disordered systems with dynamics on timescales ranging from
microseconds to seconds [244]. XPCS is the X-ray equivalent of dynamic light scattering (DLS), the
latter using visible photons. As DLS, XPCS probes long-time collective diffusion. Protein solutions
have been the subject of numerous experiments using this technique. For instance, XPCS was em-
ployed to probe molecular dynamics and aggregation of concentrated mAb solutions [245]. Two
model proteins, e.g. BSA and lysozyme (LYS) were also investigated upon entering LLPS triggered
by charge-decoration or pressure [246, 247]. This technique is also useful to access long-time cage
relaxations and anomalous diffusion [248,249]. Although very powerful, XPCS on biological samples
can be potentially destructive due to radiation damage. It is thus necessary to find strategies to obtain
analysable speckles, without altering the sample structure and chemical composition [250, 251].

Of the various spectroscopic techniques available, neutron spectroscopy is undoubtedly central
to the study of soft and biological matter. With its wide range of possible configurations and the in-
trinsic property of neutrons as a non-invasive probe, neutron spectroscopy is a versatile tool for the
investigation of dynamic and structural properties of matter, with a special mention for biological
systems like pharmaceutically relevant mAb solutions. Its ability to probe protein-protein interac-
tions, hydration dynamics, and conformational motions under various conditions makes it invalu-
able for optimizing formulation stability, reducing aggregation, and improving the overall design of
therapeutic proteins. In the simplest case, diffusion results in overdamped harmonic oscillations or
Debye-relaxations that gives rise to a so called quasi-elastic scattering (QENS) [252,253]. These diffu-
sive motions can be probed using spectrometers with different energy resolutions and hence different
configurations. The design concept for spectrometers always constitutes a compromise between neu-
tron beam intensity on the sample and the coherence volume Vc of the interaction of this beam with
the sample [254–256].

For example, NBS is an energy-resolved technique that measures the dynamic structure factor (or
scattering function) S(q, ω) of the sample (cf. Section 3.1.4 in Chapter 3). In this case, the QENS signal
shows itself as a broadening around the elastic peak, signature of the presence of one or diffusive
motions/relaxations. On the other hand, NSE spectroscopy is time-resolved counterpart measuring
the sample intermediate scattering function (ISF) I(q, t), which is basically a correlation function in
the reciprocal space. In this other case, diffusive motions with different rates result in slower or faster
exponential decays and their coexistence gives rise to non-single or stretched exponentials. Both tech-
niques can access the center-of-mass (COM) dynamics of potential protein aggregates and also their
internal and sub-domain motions. For this reason, both NBS and NSE have been extensively em-
ployed in protein solutions. The main difference between these two spectroscopic techniques is that
while NSE mainly probes short-time collective diffusion, NBS accesses the short-time self-diffusion
of the particles in the sample.

General reference works on protein solutions studied with NSE are the ones by Liu [257, 258] and
Callaway et al. [149, 259], but also pivotal studies on several proteins, e.g Taq-polymerase [260], fer-
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ritin [261], hemoglobin and myoglobin [262, 263], mammalian Na+/H+ exchange regulatory factor
1 (NHERF1) [264], β-lactoglobulin (BLG) [265], phosphoglycerate kinase (PGK) [266], alcol dehy-
drogenase (ADH) [267, 268], multi-domain flexible proteins [269, 270], intrinsically disordered pro-
teins (IDPs) and unfolded proteins [271]. Recently, Callaway et al. [272] used NSE to reveal the ac-
tivation of nanoscale dynamics in the cell–cell adhesion cadherin–catenin complex upon binding to
vinculin, relevant for adherens junction functioning. NSE is also confirmed as an essential technique
to investigate nanoscale dynamics of antibodies [233,235,273,274], in order to access their internal and
domain dynamics in aqueous solutions [235, 274] and to probe them in an arrested phase, e.g. in the
presence of PEG [273]. A milestone work employing NSE on two National Institute of Standards and
Technology (NIST) mAbs is the one conducted by Yearley et al. [234], where they revealed formation
of small clusters of few monomers as the underlying mechanism of high solution viscosity.

A richer body of literature on NBS applied in protein solutions is available and provided by an
excellent review by Grimaldo et al. [1]. More recent works on this topic involve model proteins
like BSA alone [275, 276] and in a bidisperse solution with Ig [38], hemoglobin [277], myelin basic
protein (MBP) [278], LYS and tau protein and their pathological aggregation [279, 280], and histatin5
as an intrinsically disordered protein (IDP) model [281]. The sub-ns diffusive dynamics of other
proteins like the core domain of the cardiac protein troponin (Tn-CD) [282, 283] and Lv18 (squid-
inspired protein from Loligo vulgaris) [284] was also studied, along with the effect of the solvent or
other molecules on protein solution behaviour [285,286]. NBS is also an excellent technique to access
short-lived clusters and their behaviour upon temperature variation [194, 287] and the microscopic
picture of proteins when the enter the LLPS regime [273,288]. The significant use of this technique for
the systems under consideration has led to the development of increasingly advanced frameworks
for data collection, interpretation and analysis [289–292].

We note that our work [194], presented in detail in Chapter 5, is to our knowledge the first ap-
plication of NBS to a series of mAbs. The NSE-SANS study in Chapter 6 is instead the first study
employing those techniques on an unprecedented set of pharmaceutically relevant antibodies.
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Chapter 3

Neutron scattering

In the present chapter, the theory of neutron scattering is presented starting from the basics – neutron
radiation and production – , building the mathematical framework behind it step by step, ultimately
focusing on the physical quantities that are actually probed in the experiments conducted, on the
techniques employed and, eventually, on the specific instruments. The main sources of this chapter
are: “Theory of neutron scattering from condensed matter” by S. W. Lovesey (1984) [293], “Introduc-
tion to the Theory of Thermal Neutron Scattering” by G. L. Squires (3rd ed. Cambridge University
Press - 2012) [294] and “Neutron Scattering” by F. Fernandez-Alonso and D. Price [295]. The content
is shaped from Ref. [296] and expanded.

3.1 Theoretical framework

3.1.1 Neutron radiation, production and properties

When the physicist Sir James Chadwick discovered the neutron in 1932, no one could imagine that
this groundbreaking achievement, for which he was awarded the Nobel prize in 1935, would have a
high significance even beyond the understanding of atomic and nuclear structure. The neutron is a
subatomic particle with no electrical charge, with a mass m = 1.67492735× 10−27 kg (1839 times the
electron mass) or analogously m = 939.565 MeV and spin-parity Jπ = 1

2

+. The neutron decays via
β-decay as it follows:

n→ e+ + e− + νe , (3.1)

so to a proton e+ by emitting an electron e− and an electron anti-neutrino νe, with a mean lifetime
τ = (881.5 ± 1.5) s. Having no electrical charge, neutrons have a low interaction probability with
matter and a high level of penetration in matter. For this reason, they are a good probe for bulk
properties of condensed matter. Since the neutron possesses a magnetic moment µN = −1.913 µB , it
is also useful to probe magnetic features.

Neutrons can be produced using either spallation or nuclear fission. Spallation reaction is an in-
elastic nuclear interaction induced by incident high-energy particles, like accelerated protons, hitting
target nuclei, e.g. mercury and tungsten. The impact causes the disintegration of the target nuclei,
which produces several secondary particles, including neutrons [297]. These neutrons can be col-
lected, moderated in energy and delivered to different instruments. The importance of spallation
sources for the design of specific instruments, e.g. operating on time-of-flight (TOF) technique, has
been widely discussed in numerous works [298, 299]. Since each proton impact causes a spallation
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event localized in time, neutrons are ejected from the target in bursts. Using a continuous beam of
protons could compromise the synchronization between neutron production and experimental de-
tection. If a pulsed proton beam is employed instead, neutron bursts are well-defined in time, which
is essential for many measurements. Some sources operating on this principle are the Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL) and Los Alamos Neutron Science
Center (LANSCE) in the US, ISIS at the Rutherford Appleton Laboratory in the UK, China Spalla-
tion Neutron Source (CSNS), Japan Proton Accelerator Research Complex (JPARC), Swiss Spallation
Neutron Source (SINQ) at Paul Scherrer Institute (PSI) in Switzerland and the European Spallation
Source (ESS) in Sweden (currently under construction).

Attention should now be directed towards the other mode of neutron production: nuclear fission.
In simple words, nuclear fission is the process by which an unstable heavy atomic nucleus divides
into two or three fragments – lighter nuclei – with a massive energy emission in the form of heat and
radiation. This exothermic reaction can occur spontaneously in nature, but it can also be artificially
triggered by the collision with other particles, like neutrons. This is the case of all nuclear power
plants and research reactors in the world. The commonly used fuel elements are uranium-235 (235U,
with 143 neutrons in its nucleus) and plutonium-239 (239Pu, with 145 neutrons), with the first being
the most employed one. After an initial collision with a thermal neutron (see Table 3.1), 235U absorbs
it becoming 236U and then splits into lighter nuclei by releasing neutrons. The reason why thermal
neutrons are preferred to trigger this reaction in 235U lies in their fission cross section of 584.1± 3 bn,
significantly higher than the one for fast neutrons being ≈ 1 bn. One of the many fission reactions
that 235U can undergo is the following:

n+ 235
92 U→ 236

92 U→ 146
56 Ba + 92

36Kr + 3n (3.2)

In this specific case, with a neutron absorption process (left side of reaction 3.2), 235U becomes 236U,
which then splits into barium 146

56 Ba and krypton 92
36Kr, emitting 3 neutrons. Neutrons are thus the

final products of this reaction and can trigger further processes in a so-called “nuclear chain reac-
tion”. Several research facilities are operating based on this principle, including the high flux isotope
reactor (HFIR) at ORNL and the National Center for Neutron Research (NCNR) at NIST in the US,
Forschungsreaktor München II (FRM-II) in Germany and the high-flux research reactor at the Institut
Laue-Langevin (ILL) in Grenoble, where the majority of the experiments presented in this work was
conducted. At present, the ILLcan provide the most intense continuous neutron flux in the world,
namely up to 1.5 × 1015 neutrons per second per cm2, with a maximum thermal power of 58.3 MW.
Its core is formed by a single highly enriched uranium fuel element (10 kg) that is cooled by heavy
water. The high-energy neutrons produced are slowed down by the heavy water both to trigger
further fission events in order to sustain the chain reaction and to supply neutrons to the different
instruments.

For a better understanding of how the neutron speed can affect its properties and its consequent
scientific relevance, one can start by considering the kinetic energy E of a free neutron of mass m
travelling with velocity v, which can be written as it follows:

E =
1

2
mv2 . (3.3)

Note that the formula just written is valid in the classical approximation, which applies in the case of
cold neutrons [300]. In agreement with the wave-particle picture, neutrons are also plane waves with
a wavevector

k⃗ =
m

ℏ
v⃗ (3.4)
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and a De-Broglie wavelength

λ =
2π

|⃗k|
=

h

mv
, (3.5)

with h and ℏ being the normal and the reduced form of Planck’s constant, respectively. So, for a given
kinetic energy E of the neutron, there is a De-Broglie wavelength λ obeying the following relation:

E =
ℏ2k2

2m
=

h2

2mλ2
= kBT . (3.6)

According to equation 3.6, a thermal neutron with T ∼ 300 K, corresponding to an energy E =

25 meV, has a wavelength λ = 1.81 Å, which is compatible with atomic spacings in condensed matter.
This fact suggests that one can probe structure and dynamics in matter at different levels through
changing the incident neutron energy. At the facilities mentioned above, neutrons can be produced
at various energies, depending on the moderator used (Table 3.1). Depending on the temperature T
of the moderator, the flux velocity density distribution ϕ(v) of the moderated neutrons is sufficiently
well described by a Maxwell distribution:

ϕ(v) ∝ v3 exp
(
− mv2

2kBT

)
, (3.7)

with kB being the Boltzmann constant and m the mass of the neutron. In particular, cold neutrons
match the energies encountered in proteins and nucleic acids, providing access to both spatial and
temporal information. Cold neutrons also have the advantage of preserving chemical bonds due to
their low energy, spanning from 0.1 to 10 meV (see Table 3.1). In reactors, a first moderator is typically
used to cool down the neutrons until thermal energies and temperatures. To obtain cold neutrons, one
has to shift the energy of the thermalized reactor-neutrons to even lower temperatures. Therein the
need of a second moderator, consisting of 2.5 l of liquid deuterium at a temperature of 25 K. The liquid
deuterium is confined in an aluminium sphere immersed in the D2O of the first moderator near the
uranium core. Subsequently, the cold neutrons are delivered to the instrument by zigzagging through
the neutron guide by means of total external reflections on nickel-titanium multilayers. In an actual
scattering experiment the key variables are the change in neutron energy ℏω and the corresponding
change in neutron momentum Q⃗. Being E, k⃗ the energy and the momentum of the incident neutron
and E′, k⃗′ the ones of the scattered neutron, the energy transfer between the probe and the sample
reads as:

ℏω = E − E′ =
ℏ2

2m
(k2 − k′2) , (3.8)

while the momentum transfer (or scattering vector) is

Q⃗ = k⃗ − k⃗′ . (3.9)

Source Energy [meV] Temperature [K] Wavelength [Å] Velocity [m/s]
Ultra-cold < 3× 10−4 ∼ 3.5× 10−3 > 500 < 7.575

Cold 0.1− 10 1− 120 30− 4 138.3− 1383

Thermal 25− 100 60− 1000 4− 1 2185− 4373

Hot 100− 500 1000− 6000 1− 0.4 4373− 9779

Epithermal 500− 107 > 6000 0.4− 0.03 9779− 1.38× 106

Table 3.1. Energy, temperature, wavelength and velocity for five types of neutron sources [293, 301].
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The spectrum of the scattered neutrons is solely a function of Q⃗ and no other functions of k⃗ and
k⃗′, because the scattering of low-energy neutrons is a weak process and can can be described using
quantum mechanical perturbation theory, as further explained in Sec. 3.1.2.

The motion of atoms and their spatial correlations are revealed in a neutron scattering experiment
when the energy and momentum transfer ℏω, Q = |Q⃗| accessible by the instrumental setup match
the corresponding energies and momenta involved in the sample structure and dynamics. The Q⃗ and
ω-dependence of the scattered intensity can often be ascribed to the conservation of energy and wave-
vector in the scattering process; for example, scattering from a lattice vibration with a long lifetime
occurs only when the neutron energy and wave-vector coincide with the energy and the wave-vector
of the vibration.

Furthermore, Equations 3.8 and 3.9 show that ω and Q⃗ are related and this relation imposes kine-
matic constraints on the scattering experiments. Therefore, not the entire (Q⃗, ω)-space is accessible
in a neutron scattering experiment. The kinematically allowed region is a function of the neutron
incident energy E and lies between the (Q⃗, ω)-loci corresponding to forward and back-scattering
configurations. For example, in order to access the domain of large ω and modest Q⃗ it is necessary to
use incident neutrons with high energies and to measure at small scattering angles.

3.1.2 Neutron scattering cross-section

In the following paragraph, a mathematical description of the neutron scattering cross-section will be
presented. Please note that magnetic scattering will be neglected and only nuclear scattering will be
taken into account in the following calculations.

When a neutron passes near a nucleus there are two possibilities translating into two different
neutron-nucleus interactions. One option is neutron absorption by the nucleus. A compound nucleus
in an excited state is formed and it decays into its ground state. In most cases this decay occurs by
γ-emission or α-emission, which is used for instance in 3He neutron detectors. Finally, the compound
nucleus can decay by fission, like uranium in a reactor core. The other possible scenario is neutron
scattering by the nucleus, therefore its direction as well as its energy and momentum may change
after the collision with the target. The energy of thermal neutrons is too small to create internal
excitations in the nucleus or in its outer electronic shell. However, the atomic motions that the nucleus
experiences and which correspond to much smaller energies can be “felt” by the neutron and give
rise to inelastic scattering. Assuming a flux of incident neutrons Φ on a sample, the quantities Ia
and Is, which are the number of absorption and scattering events occurring per second per squared
centimetre, read as:

Ia = σa Φ , (3.10)

Is = σs Φ , (3.11)

where σa and σs are the absorption cross-section and the scattering cross-section, respectively. Both σa

and σs have the dimension of a surface and their usual unit is the barn (bn), defined as it follows:

1 bn = 10−24 cm2 . (3.12)

At low energies, such as few meV, σa is a smooth function of the incident neutron energy, so

σa ∼ λ ∼
1

υ
. (3.13)
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Fig. 3.1. Geometry of a neutron scattering experiment. The incoming neutron with scattering vector
k aligned along the z-axis hits the target sample. It is then scattered along the direction r̃ (at an angle
θ with the z-axis and an angle ϕ in the (x, y)-plane) with a scattering vector k′ and falls onto the
detector. The two angles θ and ϕ define the scattering geometry and determine the solid angle r2 dΩ.
Image from Ref. [293].

Having now established the role of absorption cross-section, the scope of next paragraph will be to
evaluate the neutron scattering cross-section σs. Figure 3.1 depicts the geometry of a neutron scatter-
ing experiment. An incoming neutron with wave-vector k⃗ and energy E = ℏω is scattered into a state
with wave-vector k⃗′ and energy E′ = ℏω′ after hitting the target sample; the neutron exchanges en-
ergy and momentum with the sample, as defined in Equations 3.8 and 3.9. The quantity measured in
a neutron scattering experiment is the double differential cross-section, which represents the fraction
of neutrons with incident energy E scattered into an element of solid angle dΩ = sinθ dθ′ dϕ with a
final energy between E′ and E′ + dE′. The cross-section is denoted by d2σ

dΩdE′ and has the dimension
of [area/energy*solid angle].

For simplicity, an expression for the differential cross-section is first obtained for the special case
of elastic scattering, namely when no energy is exchanged between the neutron and the sample.
The expression will be then generalized to the partial differential cross-section that includes inelastic
events. The free incident neutron is well described by a wave function ψk⃗, while the scattered one is
represented by ψk⃗′ . The direction of propagation of the scattered neutron with respect to the incident
one is defined by the polar angle θ and the azimuthal angle ϕ. If the flux of incident neutrons (number
of neutrons per unit area per unit time) is N , then the number of the scattered neutrons per unit time
into an element of solid angle dΩ is

N
( dσ
dΩ

)
dΩ , (3.14)

with dσ/dΩ being the differential cross-section. It follows that dσ/dΩ and the total cross-section σ

have the dimensions of an area. If the kinetic energy of the incident neutron is conserved after the in-
teraction with the sample, it means that the neutron does not transfer any of its energy to the sample;
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Fig. 3.2. Visual aid for the calculation of the density of final scattering states per unit energy range
ρk⃗′(E). The small dots represent the values of the final momentum transfer k⃗′ permitted by box
normalisation. The two spheres delimited by solid lines with radii k′ and k′ + dk′ correspond to
neutron energies E′ and E′ + dE′, respectively. Among all the accessible k⃗′ values, the interest is in
the ones falling into the element of volume k′2dk′dΩ. Image from Ref. [293].

instead, it is merely deflected by the nuclei within the sample without causing any internal excitations
or changes in the internal energy states of the nuclei. The scattering process is therefore elastic. For
simplicity, this special case can be considered to evaluate the scattering cross-section. The transition
probability Wk→k′ – from ψk⃗ to ψk⃗′ – is needed and it is given by Fermi’s golden rule:

Wk→k′ =
2π

ℏ

∣∣∣
∫
dr⃗ψ∗

k⃗′ V̂ ψk⃗

∣∣∣
2

ρk′(E) , (3.15)

where V̂ is the interaction potential that leads the transition and ρk′(E) is the density of final states
with momentum k⃗′ and energy E′ = E. ψk⃗ and ψk⃗′ are plane waves which describe the incident
and the scattered neutron, respectively. Assuming to delimit the scattering geometry in a large box of
volume L3, the normalized incident and scattered wave functions can be written as:

ψk⃗ =
1

L3/2
eik⃗·r⃗ , ψk⃗′ =

1

L3/2
eik⃗

′·r⃗ . (3.16)

At this point, the density of final scattering states per unit energy range ρk⃗′(E) can be evaluated as it
follows:

ρk⃗′(E) =
( L
2π

)3 dk⃗′
dE

, (3.17)

where the two momentum and energy differentials dk⃗′, dE are:

dk⃗′ = k′2dk′dΩ = k2dkdΩ , dE =
ℏ2k
m

dk . (3.18)

The density of final scattering states per unit energy range is therefore

ρk⃗′(E) =
( L
2π

)3mk
ℏ2

dΩ . (3.19)

A visual representation of the calculation in Equations 3.17, 3.18, 3.19 is reported in Figure 3.2 as
aid for the reader. To obtain the cross-section we have to determine the incident flux of neutrons
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classically:

Φ =
υ0
L3

=
ℏ

mL3
, (3.20)

where υ0 is the velocity of the incident neutrons; the following quantum mechanical expression for
the probability current density ȷ⃗ can also be used:

ȷ⃗ = − iℏ
2m

(
ψ∗∇ψ − ψ∇ψ∗

)
. (3.21)

Both expressions lead to the same results. Hence, from Equations 3.15, 3.19 and 3.20:

dσ =
Wk→k′

Φ
= L6

( m

2πℏ2
)2∣∣∣
∫
dr⃗ψ∗

k̃′V̂ψk̃

∣∣∣
2

dΩ . (3.22)

One can use the Dirac (or “bra-ket”) notation, namely:

L3m

2πℏ2

∫
dr⃗ψ∗

k⃗′ V̂ ψk⃗ = ⟨k̃′|V̂|k̃⟩ , (3.23)

to have the following expression for the differential cross section:

dσ

dΩ
=
∣∣∣⟨k⃗′|V̂|⃗k⟩

∣∣∣
2

=
∣∣∣f(Q⃗)

∣∣∣
2

. (3.24)

The quantity f(Q⃗) is defined as scattering amplitude and it can be expressed as:

f(Q⃗) = −⟨k⃗′|V̂|⃗k⟩ , (3.25)

where the negative sign is arbitrarily chosen (so the scattering amplitude has a negative phase) and
not determined by the previous expressions; the reasons of this choice are explained in detail in
Sec. 3.1.3. Moreover, note that with the definition 3.23, the matrix element ⟨k̃′|V̂|k̃⟩ has the dimension
of a length.

The concept of differential cross-section can now be generalized by including inelastic scatter-
ing events and evaluate the partial differential cross-section d2σ/dE′dΩ. In such events the neutron
exchanges a finite amount of energy ℏω with the sample, causing a rearrangement of its states. As de-
fined in equation 3.8, the frequency transfer ω is ω > 0 for neutron energy loss and ω < 0 for neutron
energy gain.

By labelling the sample initial states with the wavelength index λ, the corresponding eigenvector
is |λ⟩, so that the initial state of the system, composed of neutron and target, is described by the
product function

|⃗k⟩|λ⟩ ≡ |⃗kλ⟩ . (3.26)

The states |λ⟩ form a complete set and we assume that they are normalized so that the closure relation
is ∑

λ

|λ⟩⟨λ| = 1 . (3.27)

The energy associated with the target state |λ⟩ is denoted byEλ. If the response of the target sample to
the neutron interaction is to change from state |λ⟩ to the state |λ′⟩, then conservation energy requires
that

ℏω = Eλ − Eλ′ . (3.28)

With the notation in Equations 3.23 and 3.26, the associated cross-section is therefore

( dσ
dΩ

)λ
λ′
=
k′

k

∣∣∣⟨k⃗′λ′|V̂ |⃗kλ⟩
∣∣∣
2

, (3.29)
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where the factor (k′/k) derives from the ratio between the density of final states and the initial flux
of incident neutrons. If inelastic processes are also taken into account, the conservation of energy in
equation 3.29 must be incorporated to obtain the partial differential cross-section. This requirement
is accomplished with the aid of a δ-function:

δ(E + Eλ − E′ − Eλ′) = δ(ℏω + Eλ − Eλ′) , (3.30)

which vanishes unless the condition 3.28 is satisfied. Therefore, the partial differential cross-section
for specific initial and final target states has the following expression:

( dσ

dΩdω

)λ
λ′
=
k′

k

∣∣∣⟨k⃗′λ′|V̂ |⃗kλ⟩
∣∣∣
2

δ(ℏω + Eλ − Eλ′) . (3.31)

In general, instead of having a unique couple of accessible initial and final states (|λ⟩, |λ′⟩), there
would be a range of accessible initial and final target states |λ⟩i and |λ′⟩i. The probability to reach
an initial state |λ⟩ can be described with a weight pλ that can be the product of a thermo-dynamical
factor e−Eλ/kBT (where T is the sample temperature) and a degeneracy factor; a normalization for pλ
is also chosen: ∑

λ

pλ = 1 . (3.32)

Conversely, if the final target states are not selected by some sort of constraint, they can all be observed
and accessible. So, the partial differential cross-section must contain the sum upon final states and
the average of the initial ones:

( dσ

dΩdω

)λ
λ′
=
k′

k

∑

λλ′

pλ|⟨k⃗′λ′|V̂ |⃗kλ⟩|2δ(ℏω + Eλ − Eλ′) . (3.33)

The horizontal bar in equation 3.33 stands for any other relevant averages not included in the weights
pλ, e.g. the distribution of isotopes, the nuclear spin orientations, the precise positions of the nuclei in
the sample. So, the cross-section in equation 3.33 is clearly spin indipendent. In addition, the reader
may observe that, since expression 3.15 for the transition probability is derived from perturbation
theory, the expression for the neutron scattering cross-section including inelastic events derived above
and reported in equation 3.33 is approximate; the nature of this approximation will be exhaustively
discussed in Sec. 3.1.3.

The final step of this section is to introduce spin dependence in scattering cross-section calcula-
tions. Assuming that the spin states are labelled by an index σ, the corresponding eigenvector will be
|σ⟩. A complete initial state of the neutron-target system is described by the product function

|⃗kλ⟩|σ⟩ (3.34)

and a complete final state is described by

|k⃗′λ′⟩|σ′⟩ . (3.35)

If the initial spin state |σ⟩ occurs with a weight pσ , when the neutron spin is incorporated in the
cross-section formula, the squared matrix element is replaced as it follows:

∣∣∣⟨k⃗′λ′|V̂ |⃗kλ⟩
∣∣∣
2

⇒
∑

σσ′

pσ

∣∣∣⟨σ′|⟨k⃗′λ′|V̂ |⃗kλ⟩|σ⟩
∣∣∣
2

. (3.36)

Whether and when the interaction potential V̂ is completely independent of the neutron spin:

⟨σ′|V̂ |σ⟩ = ⟨σ′|σ⟩V̂ = δσσ′ V̂ , (3.37)
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where the δ-function is a consequence of the orthogonality of the spin states. Thus, the expression
in 3.33 is valid when V̂ is independent of the neutron spin. For the opposite case in which V̂ is a
function of the neutron spin, it is useful to simplify the right hand side of equation 3.36 by using the
closure relation for the spin states |σ⟩: ∑

σ

|σ⟩⟨σ| = 1 . (3.38)

For example, for a non polarized incident neutron beam pσ = 1
2 , since there is 50% possibility for the

incident neutron to hit the sample with a spin up or a spin down.

3.1.3 Born approximation and nuclear potential

The expression for the differential cross-section is derived using Fermi’s golden rule 3.15, which is
equivalent to the Born approximation in the quantum theory of scattering. A simple system consisting
of an incident neutron and a target nucleus can be analyzed by separating its dynamics into two
components: center of mass motion and relative motion. Assuming that the scattering arises from
an interaction potential V̂ , which depends solely on the coordinate of the relative motion and is
non-vanishing only within a limited spatial region |r⃗| ≤ d, the Schrödinger equation for the neutron-
nucleus system in the center of mass frame reads as:

(∇2 + k2)ψsc(r⃗) =
2µV̂ (r⃗)

ℏ2
ψsc(r⃗) , (3.39)

where µ is the reduced mass of neutron-nucleus system, namely

µ =
mnmN

mn +mN
(3.40)

and

k2 =
2µE

ℏ2
. (3.41)

The asymptotic solution for equation 3.39 corresponding to an outgoing wave can be expressed as:

ψsc(r⃗) = eik⃗·r⃗ − µ

2πℏ2

∫
dr⃗
eikr

r
e−ik⃗′·r⃗V̂ (r⃗)ψsc(r⃗) , r ≫ d . (3.42)

The expression for ψsc has been formulated in its integro-differential form, and the resolution of
equation 3.42 is iterative, referred to as the Born series. The process can be approximated by stopping
at the first order of the expansion, substituting the plane wave into ψsc. This is known as the Born
approximation:

ψsc(r⃗) = eik⃗·r⃗ − µ

2πℏ2

∫
dr⃗
eikr

r
e−ik⃗′·r⃗V̂ (r⃗)eik⃗·r⃗ , r ≫ d . (3.43)

The Born approximation is a method of perturbation theory applicable when the interaction potential
V̂ causing the diffusion process is weak. In this context, the potential coupling the incident neutron
and the nucleus is the nuclear potential, which is known for its high intensity. However, the range
of this interaction is extremely small (≃ 10−15 m) compared to the wavelength of the incident neu-
tron, resulting in the neutron perceiving the nucleus as a point. The scattered wave in equation 3.43
can therefore be written as a superposition of the incident wave and an outgoing spherical wave
(Figure 3.3):

ψsc(r⃗) = eik⃗·r⃗ + f(Q⃗)
eikr

r
, (3.44)
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Fig. 3.3. Two-dimensional graphical representation of equation 3.44, showcasing the scattered wave
in the (x,y)-plane as a superposition of the incident plane wave with momentum k⃗ and an outgoing
spherical wave with momentum k⃗′. Figure adapted from Ref. [302] and rendered with Canva.

where f(Q⃗) is the scattering amplitude which modulates the outgoing spherical wave. The expression
for this quantity in Born approximation can be obtained by comparing (3.43) and (3.44):

f(Q⃗)
∣∣∣
Born

= − µ

2πℏ2

∫
dr⃗ e−ik⃗′·r⃗V̂ (r⃗)eik⃗·r⃗ = − µ

2πℏ2

∫
dr⃗ V̂ eiQ⃗·r⃗ . (3.45)

This formulation is identical to that in equation 3.25, where f only depends on the scattering vector
Q⃗ = k⃗− k⃗′. That expression for f(Q⃗) with an arbitrary negative sign introduced in Sec. 3.1.2 has thus
been justified.
Assuming V̂ as a spherically symmetric potential, the angular momentum L⃗ becomes an integral of
motion and allows the Schördinger equation to be written in spherical coordinates, with a framework
chosen such as the ẑ-axis lies along the momentum of the incoming plane wave k⃗. Then the incoming
plane wave can be written as a superposition of an infinite number of states with a defined angular
momentum:

ψsc(r⃗) = eik⃗·r⃗ =
1

kr

∞∑

ℓ=0

(2ℓ+ 1)iℓRℓ(r)Pℓ(cos θ) , (3.46)

where the spherical harmonics do not depend on the anomaly ϕ, so they are proportional to Legendre
polynomials Pℓ(cos θ), and Rℓ(r) are the radial functions which satisfy the equation that follows:

R′′
ℓ (r) +

2

r
R′

ℓ(r) +
[
k2 − 2µV̂ (r)

ℏ2
− ℓ(ℓ+ 1)

r2

]
Rℓ(r) = 0 . (3.47)

It can be observed that the centrifugal barrier depends on the scattering channel. At distances larger
than the interaction range (r ≫ d) the potential effects can be neglected and one obtains the asymp-
totic equation:

R′′
ℓ (r) +

2

r
R′

ℓ(r) +
[
k2 − ℓ(ℓ+ 1)

r2

]
Rℓ(r) = 0 , (3.48)

whose asymptotic solution reads as:

Rℓ(r) = jℓ(r) ∼
Aℓ

kr
sin
(
kr − ℓπ

2
+ δℓ

)
, kr →∞ . (3.49)
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In fact, for very large distances (r → ∞) the centrifugal term can also be neglected and the radial
function Rℓ(r) reduces to its asymptotic form, that is the zero-order Bessel spherical function. The
expression forRℓ(r) can now be entered in equation 3.46 and the latter be compared with relation 3.44,
leading thus to the following expression for the scattering amplitude:

f(θ) =
1

k

∞∑

ℓ=0

(2ℓ+ 1) eiδℓ sin δℓ Pℓ(cos θ) , (3.50)

where Pℓ(cos θ) are Legendre polynomials and δℓ is the phase-shift between scattered and incident
wave. The reader may have noticed that the scattering amplitude now solely depends on the scatter-
ing angle θ, more specifically on its cosine function.

For distances r > d the centrifugal force is the only force acting upon the neutron and therefore
the motion is restricted to a region of space such that:

ℏ2k2

2µ
⩾

ℏ2ℓ(ℓ+ 1)

2µr2
, (3.51)

which also gives the condition to have a scattered wave. At this point, a distance of closest approach
can be defined by considering equation 3.51:

r0ℓ =

√
ℓ(ℓ+ 1)

k
. (3.52)

This distance changes as long as the scattering channel – and so the angular momentum ℓ – does. An
outgoing scattered wave is only present only when

r > r0ℓ ⇒ kr >
√
ℓ(ℓ+ 1) , (3.53)

which becomes kr > 0 for ℓ = 0. In the interesting case of slow neutrons, since k ∼ 1010m−1 and
d ∼ 10−15m, kd≪ 1 which is still > 0. Therefore

r0ℓ > d , ∀ℓ ̸= 0 , (3.54)

which means that merely s-waves participate to the scattering and that the latter is isotropic and well
describable by a single parameter b, the scattering length. b can be a complex parameter, whose real
part can be positive or negative depending on the incident neutron energy and the type of nucleus
involved. The imaginary part of b represents absorption (mostly radiative capture of slow neutrons)
and in most cases it is small compared to the real counterpart. In general we can have different
scattering lengths not only for each atomic type, but also for each isotope. Furthermore b can also
depend on the relative orientations of the neutron spin and the nuclear spin.

The only expression for the potential V̂ (r) giving rise to isotropic scattering in Born approximation
is a δ-function. Therefore, assuming the nucleus is in a position defined by R⃗, the following potential
can be introduced:

V̂ (r⃗) =
2πℏ2

m
b δ(r⃗ − R⃗) , (3.55)

which is referred to as Fermi pseudo-potential. It should be noted that this is not a real potential, but
rather a formal artifice that yields the correct result for scattering in the s-wave; in fact, perturbation
theory is inapplicable to the scattering of a neutron by a nucleus because, although the interaction
potential has a very short range, it is very strong. The Fermi pseudo-potential 3.55 can be substituted
in equation 3.23 with R⃗ = 0 to find the scattering amplitude:

f(Q⃗) = ⟨k⃗′|V̂ |⃗k⟩ = m

2πℏ2
2πℏ2

m
b

∫
dr⃗ e−ik⃗′·r⃗δ(r⃗)eik⃗·r⃗ = b (3.56)
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So, the differential cross-section from equation 3.24 is

dσ

dΩ
= |b|2 , (3.57)

and hence the total cross-section is:
σ = 4π|b|2 . (3.58)

3.1.4 Coherent and incoherent neutron scattering

In this section, the specific case of neutron scattering from a rigid array of N nuclei neutron scattering
is discussed. In the laboratory frame each nucleus is labeled with an index ℓ, its position is denoted
by R⃗ℓ and it has a scattering length bℓ. The incident neutron therefore encounters this potential:

V̂ (r⃗) =
2πℏ2

m

∑

ℓ

bℓδ(r⃗ − R⃗ℓ) . (3.59)

Thus, the matrix element in the cross-section formula 3.33 becomes:

⟨k⃗′|V̂ |⃗k⟩ =
∑

ℓ

bℓ

∫
dr⃗ e−ik⃗′·r⃗δ(r⃗ − R⃗ℓ)e

ik⃗·r⃗ =
∑

ℓ

bℓe
iQ⃗·R⃗ℓ , (3.60)

and the partial differential cross-section reads as:

d2σ

dΩdE′ =
k′

k

∑

λ,σ

pλpσ
∑

λ′,σ′

∣∣∣
〈
σ′λ′

∣∣∣
∑

ℓ

bℓeiQ⃗·R⃗ℓ

∣∣∣λσ
〉∣∣∣

2

δ(ℏω + Eλ − Eλ′) , (3.61)

where Q⃗ = k⃗ − k⃗′. Since the nuclei are rigidly bound, eiQ⃗·R⃗ℓ is not an operator, so it follows that the
matrix element in equation 3.61 is proportional to

⟨λ|λ′⟩ = δλ,λ′ , (3.62)

which means that there is only one term in the sum over λ = λ′. Moreover, the sum over pλ is unity
by definition and the result in equation 3.62 implies that Eλ = Eλ′ and the scattering is therefore
elastic. Considering all of these results, the expression of the neutron scattering cross-section for a
rigid array of N nuclei reduces to:

dσ

dΩ
=
∑

σ

pσ
∑

ℓℓ′

eiQ⃗·(R⃗ℓ−R⃗ℓ′ )⟨σ|b∗ℓ′bℓ|σ⟩ , (3.63)

where the quantity b∗ℓ′bℓ is the product b∗ℓ′bℓ averaged over random nuclear spin orientations and
random isotope distributions, so every σ-dependence must disappear:

dσ

dΩ
=
∑

ℓℓ′

eiQ⃗·(R⃗ℓ−R⃗ℓ′ )b∗ℓ′bℓ . (3.64)

The scattering length density bℓ depends on which isotope is at site R⃗ℓ and what nuclear spin is
associated with it; assuming there is no correlation between site ℓ and site ℓ′, it is clear that:

b∗ℓ′bℓ = b∗ℓ′ bℓ = |b|2 , if ℓ ̸= ℓ′ (3.65)

b∗ℓ′bℓ = b∗ℓbℓ = |bℓ|2 = |b|2 , if ℓ = ℓ′ (3.66)
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In general, the two cases in Equations 3.65, 3.66 can be summarized in the following expression:

b∗ℓ′bℓ = |b|2 + δℓℓ′(|b|2 − |b|2) . (3.67)

Now, substituting expression 3.67 into equation 3.61 yields:

dσ

dΩ
=
∑

ℓℓ′

eiQ⃗·(R⃗ℓ−R⃗ℓ′ )|b|2 +
∑

ℓℓ′

eiQ⃗·(R⃗ℓ−R⃗ℓ′ )δℓℓ′(|b|2 − |b|2) . (3.68)

The scattering cross-section for a rigid array of N nuclei has thus two components:

dσ

dΩ
=
( dσ
dΩ

)
coh

+
( dσ
dΩ

)
inc

, (3.69)

where the coherent cross-section is
( dσ
dΩ

)
coh

= |b|2
∣∣∣
∑

ℓ

eiQ⃗·R⃗ℓ

∣∣∣
2

(3.70)

and the incoherent cross-section is
( dσ
dΩ

)
inc

= N(|b|2 − |b|2) = N |b− b|2 . (3.71)

These two formulas differ fundamentally. Coherent scattering involves significant interference be-
tween waves scattered by each nucleus. This interference is so pronounced that coherent scattering
from a crystal occurs only under strict geometrical conditions. Conversely, incoherent scattering lacks
interference entirely, resulting in a completely isotropic cross-section. In essence, incoherent scatter-
ing examines correlations between the positions of the same atom at different times (self-motion),
while coherent scattering investigates correlations between the positions of different atoms at differ-
ent times (collective motion). [303] A visual representation of the two processes in a group of ran-
domly distributed particles is reported in Figure 3.4.

Fig. 3.4. Graphic representation of the difference between self and collective dynamics within the
same group of randomly distributed particles from a time t = t0 (light-grey spheres) to a time
t = t0 +∆t (dark-grey spheres). Self dynamics refers to the correlation between a single particle at
time t = t0 and itself at a later time t = t0 +∆t. Collective dynamics defines instead the correlation
between a single particle at time t = t0 and all the particles in the system (including itself) at a later
time t = t0 +∆t. Figure rendered with Canva.
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These two types of scattering can be interpreted physically as follows: since b varies between
isotopes and depends on nuclear spin orientations, the neutron perceives a crystal with a non-uniform
scattering potential, changing from site to site. Only the average scattering potential can produce
interference effects, leading to coherent scattering. This average scattering potential is proportional
to b and the coherent cross-section is proportional to |b|2. Deviations from the average scattering
potential are randomly distributed and do not produce interference effects; thus, incoherent scattering
involves the mean-square deviation, represented by |b− b|2. To determine the values of b and |b|2, the
mere variation of isotopes is initially taken into account, assuming that b and |b|2 are independent
of spin orientations. Let the isotopic species in the sample be labeled with the index x, with cx and
bx being the isotopic concentration and the scattering length of isotope x, respectively. It therefore
yields:

b =
∑

x

cxbx (3.72)

and
|b|2 =

∑

x

cx|bx|2 . (3.73)

The problem can be oppositely approached by assuming that b and |b|2 depend on the relative spin
orientations of the neutron and the nucleus, without considering the target isotopic distribution.
When an incident neutron interacts with a nuclear spin i it can create states of spin (i + 1

2 ) with
multiplicity 2(i + 1

2 ) + 1 = (2i + 2) and states of spin (i − 1
2 ) with multiplicity 2(i − 1

2 ) + 1 = 2i.
Accordingly, the scattering lengths b(+) and b(−) are associated with these two states. The probability
of forming states with parallel or anti-parallel spins (p↑↑,↓↓ and p↑↓,↓↑, respectively) is given by the
ratio of the multiplicity of these states to the total number of states:

(
i+

1

2

)
→ p↑↑,↓↓ =

2i+ 2

4i+ 2
=

i+ 1

2i+ 1
, (3.74)

(
i− 1

2

)
→ p↑↓,↓↑ =

2i

4i+ 2
=

i

2i+ 1
. (3.75)

b is thus a linear combination of b(+) and b(−) weighted with the their probabilities:

b =
( i+ 1

2i+ 1

)
b(+) +

( i

2i+ 1

)
b(−) (3.76)

and the same applies to |b|2:

|b|2 =
( i+ 1

2i+ 1

)
|b(+)|2 +

( i

2i+ 1

)
|b(−)|2 . (3.77)

Moreover, accounting for the presence of various isotopic species leads to the more general expres-
sions:

b =
∑

x

cx
2ix + 1

[
(ix + 1)b(+) + ixb

(−)
]
, (3.78)

|b|2 =
∑

x

cx
2ix + 1

[
(ix + 1)|b(+)|2 + ix|b(−)|2

]
. (3.79)

By inserting these two expression in Equations 3.70, 3.71, the coherent and the incoherent scattering
cross-sections are obtained.

The very same result can be achieved by introducing a scattering length operator b̂ acting on the spin
state of the system; for a single neutron the above-mentioned operator can be written as:

b̂ = A+
1

2
B(σ̂ · î) , (3.80)
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where î is the nuclear spin, σ̂/2 is the neutron spin and A and B can be obtained by imposing that
b̂ has eigenvalues b(±) for the two possible states of the total spin (i ± 1

2 ). In the end, the following
expressions for A and B are obtained:

A =
1

2i+ 1
[(i+ 1)b(+) + ib(−)] , (3.81)

B =
2

2i+ 1
(b(+) − b(−)) . (3.82)

The particular case of hydrogen should be mentioned. For neutron-proton scattering, specifically a
neutron hitting a 1H nucleus, the following scattering lengths are measured:

b(+) = 1.04× 10−12 cm (triplet) , (3.83)

b(−) = −4.74× 10−12 cm (singlet) , (3.84)

which give average values:

b =
3

4
b(+) +

1

4
b(−) = −0.38× 10−12 cm , (3.85)

|b|2 =
3

4
|b(+)|2 + 1

4
|b(−)|2 = 6.49 bn . (3.86)

In terms of cross-section, it yields:
σcoh = 4π|b|2 = 1.8 bn , (3.87)

σinc = 4π(|b|2 − |b|2) = σ − σcoh = (81.7− 1.8) bn = 79.8 bn . (3.88)

It is recalled that b(+) and b(−) typically have opposite signs, so their average b is small, while their
fluctuation around it, namely the quantity (|b|2 − |b|2), is higher; it translates into a poor σcoh and a
considerable σinc, as seen in Equations 3.87, 3.88.

However, the situation is completely different for deuterium D (2H), which has spin i = 1; for
neutron-deuterium scattering process the following scattering lengths were measured:

b(+) = 0.95× 10−12 cm , b(−) = 0.10× 10−12 cm . (3.89)

These values are used to obtain b e |b|2:

b =
2

3
b(+) +

1

3
b(−) = 0.67× 10−12 cm , (3.90)

|b|2 =
2

3
|b(+)|2 + 1

3
|b(−)|2 = 0.61 bn (3.91)

and then to evaluate the coherent and incoherent contributions to the cross-section:

σcoh = 4π |b|2 = 5.6 bn , (3.92)

σinc = σ − σcoh = (7.6− 5.6) bn = 2bn . (3.93)

This substantial difference between the two hydrogen isotopes can be exploited in the investigation
of biological samples, which are particularly rich in hydrogen and thus they mainly experience inco-
herent neutron scattering; this topic will be further discussed in following chapters.

It is also useful to remind neutron scattering and absorption cross-sections (see Table 3.2) for other
constituting elements in biomolecules, such as carbon (C), nitrogen (N), oxygen (O) and phosphorus
(P). Other interesting elements when neutron scattering is concerned are aluminium (Al) and vana-
dium (V). The former has a small neutron cross-section and it is commonly used to produce sample
holders for neutron spectroscopy, while the latter has a quite intense neutron cross-section and it is
therefore used for calibration scopes.
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Element σcoh [bn] σinc [bn] σtot [bn] σabs [bn]
Hydrogen H 1.7568 80.26 82.02 0.3326
Deuterium D 5.592 2.05 7.64 0.000519
Nitrogen N 11.01 0.5 11.51 1.9
Oxygen O 4.232 0.0008 4.232 0.00019
Carbon C 5.551 0.001 5.551 0.0035

Phosphorus P 3.307 0.007 1.026 0.172
Aluminum Al 1.495 0.0082 1.503 0.231
Vanadium V 0.0184 5.08 5.1 5.08

Table 3.2. Coherent and incoherent neutron scattering cross-sections σcoh, σinc, total scattering cross-
section σtot and absorption cross-section σabs for 2200 m/s (300 K) incident neutrons of the most
common elements in biomolecules (H, N, O, C, P) and of other relevant elements in neutron scat-
tering (D, Al, Va). Cross-section are commonly measured in barn (bn), defined as it follows: 1 bn =
10−24 cm2. Source: NIST Center for Neutron Research (NCNR).

3.1.5 Correlation and response functions

The general form for the interaction potential between the neutrons and the target for purely nuclear
scattering is:

m

2πℏ2
V̂ (r⃗) =

∑

i

V̂i(r⃗ − R⃗i) , (3.94)

where R⃗i is the position vector for the i-th scattering nucleus. Substituting this potential in the cross-
section formula for non-polarised neutrons 3.33 yields:

( dσ

dΩdω

)λ
λ′
=
k′

k

∑

λλ′

pλ|⟨λ′|
∑

i

V̂i(Q⃗)eiQ⃗·R⃗i |λ⟩|2δ(ℏω + Eλ − Eλ′) , (3.95)

where

V̂i(Q⃗) =

∫
dr⃗ eiQ⃗·r⃗V̂i(r⃗) , (3.96)

so that

⟨k⃗′|V̂ |⃗k⟩ =
∑

i

V̂i(Q⃗)eiQ⃗·R⃗i . (3.97)

The δ-function in equation 3.95 can be thus expressed as it follows:

δ(ℏω + Eλ − Eλ′) =
1

2πℏ

∫
dt e−

it
ℏ (ℏω+Eλ−Eλ′ ) , (3.98)

where t has obviously the dimension of time. In the end, the calculations lead to the form

( d2σ

dΩdω

)λ
λ′
=
k′

k

1

2πℏ

∫ +∞

−∞
dt e−iωt

∑

jj′

〈
e−iQ⃗· ˆ⃗Ri(0)V̂ †

i (Q⃗)V̂j(Q⃗, t)eiQ⃗· ˆ⃗
Rj(t)

〉
, (3.99)

with the following notation representing the thermal average:

⟨(...)⟩ =
∑

λ

pλ⟨λ|(...)|λ⟩ . (3.100)
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The development now proceeds for the case where the average over spin orientations and isotopic
distributions (represented by the horizontal bar) is independent of the thermal averaging. In this
instance: ( d2σ

dΩdω

)λ
λ′
=
k′

k

1

2πℏ

∫ +∞

−∞
dt e−iωt

∑

ij

V̂ †
i (Q⃗)V̂j(Q⃗)Yij(Q⃗, t) , (3.101)

where the quantity

Yij(Q⃗, t) =
〈
e−iQ⃗· ˆ⃗Ri(0)eiQ⃗· ˆ⃗

Rj(t)
〉

(3.102)

can be referred to as correlation function in the (Q⃗, t)-space.
From equation 3.67 it follows that the average of the product of the potentials in equation 3.101

for a monoatomic sample can be written as:

V̂ †
i (Q⃗)V̂j(Q⃗) = |b|2 + δij(|b|2 − |b|2) =

σcoh
4π

+ δij
σinc
4π

. (3.103)

It could be now useful to introduce the intermediate scattering function

I(Q⃗, t) =
1

N

∑

ij

Yij(Q⃗, t) =
1

N

∑

i=1

N∑

j=1

〈
e−iQ⃗· ˆ⃗Ri(0)eiQ⃗· ˆ⃗Rj(t)

〉
(3.104)

and the corresponding “self” component

Is(Q⃗, t) =
1

N

∑

i=1

〈
e−iQ⃗· ˆ⃗Ri(0)eiQ⃗· ˆ⃗Ri(t)

〉
=
〈
e−iQ⃗· ˆ⃗R(0)eiQ⃗· ˆ⃗R(t)

〉
, (3.105)

which refers to incoherent scattering. Operating the time Fourier transform on Equations 3.104, 3.105
leads to the so called dynamic structure factor, which separates into a coherent component

Scoh(Q⃗, ω) = S(Q⃗, ω) =
1

2πℏ

∫ +∞

−∞
dt e−iωtI(Q⃗, t) (3.106)

and an incoherent component

Sinc(Q⃗, ω) = Ss(Q⃗, ω) =
1

2πℏ

∫ +∞

−∞
dt e−iωtIs(Q⃗, t) . (3.107)

These quantities are thus the coherent and the incoherent response functions of the system and have
the dimension of (energy)−1. At this point, the partial differential cross-section can be expressed by
taking into account Equations 3.103, 3.106 3.107:

d2σ

dΩdω
=
k′

k

[σcoh
4π

S(Q⃗, ω) +
σinc
4π

Ss(Q⃗, ω)
]
. (3.108)

The terminology used for S(Q⃗, ω) deserves some explanations. Since S(Q⃗, ω) is also called response
function, it contains information on the spontaneous dynamical fluctuations in the target sample. The
intimate relation between the response and the spectrum of spontaneous fluctuations arises from the
fact that neutron scattering is a weak process; the response of the sample to an external solicitation is
linear and can thus be described using perturbation theory. It follows that the cross-section, which is a
measure of the response of the sample, is determined by the spectrum of the spontaneous fluctuations,
as reported in equation 3.108. It can therefore be stated that the neutron cross-section measures the
undistorted properties of the sample. The formal theory that relates linear response to spontaneous
fluctuations of the sample is embodied in the fluctuation-dissipation theorem, for the first time presented
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by H. Callen and T. Welton in 1951 [165] and later expanded by R. Kubo. The derivation of the
aforementioned theorem will not be presented in this work.

In order to complete this scenery, another physical quantity is now introduced: the pair correlation
functionG(r⃗, t). It is defined as the space and time Fourier transform of the response function S(Q⃗, ω):

G(r⃗, t) =
1

(2π)3

∫ +∞

−∞

∫ +∞

−∞
dQ⃗dω e−i(Q⃗·r⃗−ωt)S(Q⃗, ω) (3.109)

=
1

(2π)3

∫ +∞

−∞
dQ⃗ e−iQ⃗·r⃗I(Q⃗, t) (3.110)

=
1

(2π)3

∫ +∞

−∞
dQ⃗ e−iQ⃗·r⃗ 1

N

∑

ij

Yij (3.111)

=
1

(2π)3

∫ +∞

−∞
dQ⃗ e−iQ⃗·r⃗ 1

N

∑

ij

〈
e−iQ⃗· ˆ⃗Ri(0)eiQ⃗· ˆ⃗Rj(t)

〉
, (3.112)

which can be written in the form

G(r⃗, t) =
1

N

∑

ij

∫
dr⃗′⟨δ(r⃗′ − r⃗ + ˆ⃗

Ri(0))δ(r⃗′ − ˆ⃗
Rj(t))⟩ . (3.113)

In order to be able to apply classical statistics, one can assume that the following conditions on
the energy and the momentum transferred in the scattering process are true:

ℏω ≪ 1

2
kBT ,

(ℏQ)2

2M
≪ 1

2
kBT , (3.114)

where M = atomic mass, kB = Boltzmann constant and T = temperature. In fact, the conditions for
the validity of the classical approximation are that the energy and momentum transfer must be much
smaller than the thermal energy. The pair correlation function is thus related to the probability that,
given a particle at the origin at time t = 0, any particle is found at the position r⃗ at time t. In order to
better explain this concept, a microscopic particle density operator is introduced:

ρ̂(r⃗, t) =
∑

j

δ(r⃗ − ˆ⃗
Rj(t)) , (3.115)

which can be used to express the pair correlation function from equation 3.113:

G(r⃗, t) =
1

N

∫
dr⃗′ ρ̂(r⃗′ − r⃗, 0)ρ̂(r⃗′, t) . (3.116)

The function has the following normalization:
∫
dr⃗ G(r⃗, t) = N . (3.117)

A self correlation function can also be defined as the space and time Fourier transform of Ss(Q⃗, ω):

Gs(r⃗, t) =
1

(2π)3

∫ +∞

−∞

∫ +∞

−∞
dQ⃗dω e−i(Q⃗·r⃗−ωt)Ss(Q⃗, ω) (3.118)

=
1

N

∑

i

∫
dr⃗′⟨δ(r⃗′ − r⃗ + ˆ⃗

Ri(0))δ(r⃗′ − ˆ⃗
Ri(t))⟩, . (3.119)
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This function is related to the probability that, given a particle at the origin at time t = 0, the same
particle is found at the position r⃗ at time t. In analogy with equation 3.117 for G(r⃗, t), Gs(r⃗, t) is
normalized as it follows: ∫

dr⃗ Gs(r⃗, t) = 1 . (3.120)

The information about the sample dynamics can therefore be probed in the frequency domain, through
S(Q⃗, ω), and in the time domain, by studying the pair correlation function G(r⃗, t). This direct con-
nection between correlation functions and scattered intensities is made crystal-clear by the use of Van
Hove formalism, namely embodied by the mathematical relations 3.109 and 3.118.

Actually, for many complex systems it is more convenient to deal with the intermediate scattering
function I(Q⃗, t) introduced in equation 3.104, which is also the spatial Fourier transform of G(r⃗, t):

I(Q⃗, t) =

∫
dr⃗ eiQ⃗·r⃗G(r⃗, t) . (3.121)

At this point, two limit cases that are of particular interest will be considered: t→ 0 and t→ +∞. In
the first case, since the operators involved in the definition of G and Gs commute at equal time, the
pair correlation functions become:

Gs(r⃗, t = 0) = δ(r⃗) and G(r⃗, t = 0) = δ(r⃗) + ρg(r⃗) , (3.122)

where g(r⃗) is the static pair-distribution function and gives the average particle-density about a given
particle.

Another important special case concerns the behaviour of the correlation functions at very long
times. In this instance there is no correlation between the two terms on the right-hand sides of Equa-
tions. 3.113 and 3.119; considering equation 3.116, the pair correlation function in the limit of t → ∞
becomes:

G(r⃗,∞) =
1

N

∫
dr⃗′⟨ρ(r⃗ − r⃗′)⟩⟨ρ(r⃗′)⟩ . (3.123)

For a particle diffusing in a space which is very large if compared to interatomic distances, the self-
correlation function reads

Gs(r⃗, t) = 0 , t→ +∞ , (3.124)

whereas, for a particle bound to a finite volume (i.e. as a part of rotating molecule fixed in a crystal),
it approaches a finite value:

Gs(r⃗, t) = Gs(r⃗,∞) , t→ +∞ , (3.125)

for r⃗ varying in the interior of this volume. We shall notice that G and Gs possess a pronounced
local structure for t = 0, but as t increases it dies away, and in the limit of t → +∞ the functions are
independent of r⃗. In general, the pair correlation function can be split into its asymptotic value in the
long-time limit and a time-dependent term yielding:

G(r⃗, t) = G(r⃗,∞) +G′(r⃗, t) , (3.126)

so that
lim
t→∞

G′
s(r⃗, t) = 0 . (3.127)

The same form can be used for the self-correlation function

Gs(r⃗, t) = Gs(r⃗,∞) +G′
s(r⃗, t) , (3.128)
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so that
lim
t→∞

G′
s(r⃗, t) = 0 . (3.129)

By applying the spatial Fourier transform to this expression, the intermediate scattering function can
be obtained, which is divided into two contributions:

Is(Q⃗, t) = Is(Q⃗,∞) + I ′s(Q⃗, t) . (3.130)

By operating the time Fourier transform on the intermediate scattering function, the incoherent dy-
namic structure factor is obtained:

Ss(Q⃗, ω) =
1

2π

∫ +∞

−∞

∫ +∞

−∞
ei(Q⃗·r⃗−ωt)

[
Gs(r⃗,∞) +G′

S(r⃗, t)
]
dr⃗dt , (3.131)

which gives
Ss(Q⃗, ω) = Sel

s (Q⃗) δ(ω) + Sinel
s (Q⃗, ω) . (3.132)

The incoherent scattering function is thus decomposed into a purely elastic line, whose intensity is
the integrated dynamic structure factor, and a nonelastic component. The elastic line is the result of
the neutron diffraction on the “infinite time” distribution in space of a single nucleus spread over
a finite volume by its motion [304]. In terms of cross-section, the decomposition in equation 3.132
translates into: ( d2σ

dΩdE′

)
incoh

=
( d2σ

dΩdE′

)el
incoh

+
( d2σ

dΩdE′

)inel
incoh

. (3.133)

The elastic contribution to the incoherent cross-section is:
( d2σ

dΩdE′

)
incoh

= N
σinc
4π

δ(ℏω)Is(Q⃗,∞) = N
σinc
4π

δ(ℏω)
∫
dr⃗ eiQ⃗·r⃗ Gs(r⃗,∞) . (3.134)

Since after an infinite time positions of the same atoms become uncorrelated, the intermediate self-
scattering function reads:

Is(Q⃗,∞) =
1

N

∑

j

⟨e−iQ⃗·R⃗j ⟩⟨eiQ⃗·R⃗j ⟩ , (3.135)

giving the following expression for the incoherent scattering cross-section:

( dσ
dΩ

)
incoh

=
σinc
4π

∑

j

|⟨eiQ⃗·R⃗j ⟩|2 . (3.136)

It is crucial to remember that the variables are operators, so this applies to the position R⃗j , which is

in reality ˆ⃗
Rj . This operator can be written as the sum of an equilibrium position operator ˆ⃗reqj and a

displacement (from the equilibrium position) operator ˆ⃗uj :

ˆ⃗
Rj = ˆ⃗rj + ˆ⃗uj . (3.137)

Assuming that the equilibrium position operator is ˆ⃗reqj =0, equation 3.136 becomes:

( dσ
dΩ

)
incoh

=
σinc
4π

∑

j

|⟨e−iQ⃗·u⃗j ⟩|2 , (3.138)

which can also be written as it follows:
( dσ
dΩ

)
incoh

=
σinc
4π

∑

j

|⟨e−W (Q⃗)⟩|2 . (3.139)
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The quantity just introduced is referred to as the Debye-Waller factor (DWF)

e−W (Q⃗) = e−i
ˆ⃗
Q·ˆ⃗uj , (3.140)

and it represents a fundamental quantity in elastic incoherent neutron scattering that can be evaluated

by means of an expansion into a series of powers of ˆ⃗
Q with the aid of a parameter x and then making

the assumption of an harmonic oscillator motion [293], leading to this expression:

W (Q) =
1

2
⟨( ˆ⃗Q · ˆ⃗uj)2⟩ . (3.141)

Moreover, assuming Gaussian approximation to be valid and after further considerations (see Lovesey,
1984 [293]), the DWF will be given by:

W (Q) =
1

6
Q2⟨û2⟩ , (3.142)

allowing us to write the dynamic structure factor in case of elastic scattering as it follows:

Ss(Q,ω = 0) ∝ 1− 1

6
Q2⟨û2⟩ ≃ exp

(
−1

6
Q2⟨û⟩2

)
. (3.143)

In the equation, ⟨û⟩2 are the mean squared displacements (MSDs) of the atoms in the system from
their equilibrium positions, due to thermal vibrations. Equation 3.143 clearly shows the departure
from elastic behaviour, corresponding to Ss(Q,ω = 0) = 1, caused by this kind of phenomena. It
is important to distinguish between the just introduced vibrational mean-squared displacement con-
tained in the DWF and the diffusive mean-squared displacements arising from different motions of
groups of atoms in the sample, also often abbreviated with MSD.

3.2 Quasi-elastic neutron scattering (QENS)

As discussed in previous sections, in a neutron scattering experiment, the neutron intensity scattered
into a solid angle is measured after energy exchange with the sample. If the exchanged energy is zero
or smaller than the energy resolution of the spectrometer, the scattering event is referred to as elastic;
ideally, the scattered intensity would be a delta function. Elastic scattering arises from objects that
are immobile in the energy window explored by the instrument, meaning that their motions are too
slow to be detected. Conversely, if the exchanged energy is non-zero and leads to an excitation in
the sample, the scattering is inelastic and it would correspond to a sharp peak at a specific energy
transfer in the measured spectrum. If the scattering arises from a diffusive or overdamped motion,
the scattering is denoted quasi-elastic and it translates into a broadening of the signal around the
elastic line. These scattering events are schematized in Figure 3.5 and will be further explained from
a mathematical point of view in the following lines.

In Section 3.1.5, the self-correlation function and its space and time Fourier transforms were de-
composed into their constant limit at infinite time and its time-dependent parts. In the quasi-elastic
regime, inelastic scattering events are not considered, so equation 3.132 for the incoherent scattering
function can be written as follows:

Ss(Q⃗, ω) = Sel
s (Q⃗)δ(ω) + Sqe

s (Q⃗, ω) , (3.144)

where
Sqe
s (Q⃗, ω) =

1

2π

∫ ∞

−∞

[
I(Q⃗, t)− I(Q⃗,∞)

]
e−iωt dt . (3.145)
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Fig. 3.5. Sketch of the scattering function of elastic, quasi-elastic and inelastic neutron scattering, in
the absence of so-called detailed-balance effects. While elastic scattering gives a sharp peak centred at
ω = 0, QENS yields a broader peak always centred at ω = 0; inelastic signal is instead characterized
by peaks centred at ω ̸= 0. Figure adapted from Ref. [1] and rendered with Canva.

The scattering function appears as composed of a purely elastic component superimposed on an-
other, that is Sqe

s (Q⃗, ω) (equation 3.145), which is the time-Fourier transform of a time-dependent
term and then exhibits a non-vanishing broadening [305]. This behaviour of the scattering function is
schematized in Figure 3.5, where the quasi-elastic signal manifests as a broadening around the elas-
tic line placed at zero energy transfer and can reflect a variety of motions [303]. First of all, QENS
is a uniquely powerful spectroscopy in the investigation of motions with characteristic times in the
range 10−9-10−13 s and length scales in the range around 1-30 Å, i. e. local scales around inter- and
intra-molecular distances. In general, QENS is used to probe self motion, so incoherent scattering is
involved. As a consequence, QENS is particularly applicable to hydrogenous systems and, in prin-
ciple, yields characteristic times and diffusion coefficients processes – determined from the width of
the broadened part –, along with the detailed geometry of the dynamical processes underlying in the
investigated system [305]. This allows the study of different dynamical processes, from fast modes
such as vibrations, rotations and localized motions, to slower modes including segmental relaxations,
reorientations and diffusion. However, one cannot precisely define which class of motions contribute
to the quasi-elastic component of the spectrum, because it strongly depends on the system under
study but mainly on the experimental resolution. In the case of macromolecules in solution or – more
generally – of (soft) colloid suspensions, QENS data treatment and analysis can be approached as
established in previous works [163, 290, 306, 307].

Secondly, it is noteworthy that the temporal and spatial ranges covered by QENS fully overlap
with those currently accessible by MD simulations. QENS is thus perfectly suited as a validation
tool for simulations; conversely, MD simulation data aid the interpretation of experimental results.
Moreover, it is known that motions in soft matter systems span a wide dynamic range, so to access
the whole QENS dynamic range it is necessary to combine results from more than one spectrometer.
The comparison and the collaboration with other experimental techniques which show complemen-
tary features with QENS can also be extremely useful and such approach is becoming a common
methodology [303].
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3.2.1 Dynamical independence approximation

In complex systems like biological macromolecules, atomic motion manifests as multiple components
operating across various time scales. These motions can exhibit different degrees of coupling: strong,
weak, or none at all. When strong coupling exists, the computation of Van Hove correlation functions
and scattering functions necessitates consideration of this coupling, while in cases of weak or no
coupling, individual motion types can be treated independently. Assuming, for instance, that vibra-
tional, rotational, and translational motions are dynamically independent, simplifies the calculations
and greatly facilitates the analysis. Consequently, the total intermediate scattering function can be
represented as a product of individual ones:

Is(Q⃗, t) = Ivib(Q⃗, t) Irot(Q⃗, t) Itrans(Q⃗, t) , (3.146)

while the scattering function will be the convolution of the single contributions, as it follows:

Ss(Q⃗, ω) = Svib(Q⃗, ω)⊗ Srot(Q⃗, ω)⊗ Strans(Q⃗, ω) . (3.147)

As long as the study is restricted to the quasi-elastic region, the vibrational term can be represented
by a Debye-Waller factor (DWF), indicated with β(Q⃗) in our analysis framework [290].

3.2.2 Elastic Incoherent Structure Factor (EISF)

An accurate investigation of the exact shape of the quasi-elastic component can provide precise in-
formation about the geometry of the motion of the scatterers [308]. An extremely useful quantity
introduced and defined by Bée, that is the elastic incoherent structure factor (EISF), representing the
fraction of the elastically scattered intensity with respect to the total intensity.

EISF =
Iel

Iel + Iinel
=

ASel
s (Q⃗)[

A
∫∞
−∞ Ss(Q⃗, ω) dω

] , (3.148)

where Iel and Iinel are the integrated intensities corresponding to the elastic and inelastic parts of the
spectra, respectively. Then, it follows that:

EISF = Sel
s (Q⃗) , (3.149)

so the elastic incoherent structure factor (EISF) is exactly the coefficient multiplying the delta-function
in equation 3.132 and so the amplitude of the elastic peak. It should be observed that the EISF in 3.148
is in its most general form and it includes all the possible motions of the diffusing atom. However,
the motions contributing to the elastic component of the total scattering function strongly depend on
the instrument energy resolution. In fact, only the dynamics of the specific motions occurring within
the instrumental energy resolution range are visible, since much slower motions are hidden within
the energy resolution function, whereas much faster motions appear only as a flat background [309].

In the analysis framework established in our group and employed in this thesis [290], the EISF
is usually indicated with A0(Q⃗) and it represents the weighing factor of the first Lorentzian contri-
bution of the scattering function S(Q⃗, ω), which also contains the elastic component. According to
the diffusive motions occurring in the sample, A0(Q⃗) can follow diverse trends in Q⃗ and can thus be
modelled in multiple ways [304]. For further details, see Equation 5.4 in Chapter 5.
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3.3 Neutron spectroscopy

The instrumental configurations that can be employed to perform a QENS study on a sample es-
sentially differ in the way the energy of the incident or scattered neutrons is measured. The TOF,
backscattering and spin-echo techniques are named after three different ways to do it. In TOF in-
struments, the energy of the neutrons is measured by determining its speed via its flight time over a
known distance, whereas in NBS, it is done by measuring its wavelength via Bragg reflection employ-
ing a crystal. In NSE instruments, the neutron energy is measured by inferring the flight time from
the number of its spin precessions while travelling through a magnetic field of known dimensions.
These spectroscopic techniques, along with many other tools to study matter in general, are reported
in Fig. 3.9 in an (energy, wavevector) and (time, length)-plot.

All neutron spectrometers can be divided into two main components: the primary spectrometer,
referring to everything placed before the sample, and the secondary spectrometer, defining every-
thing after it. The design of spectrometers is mainly driven by a desired resolution or coherence
volume Vc [254–256] and its optimal propagation through the primary and secondary spectrometer –
meaning that the primary and secondary resolutions must be identical, i.e. must contribute equally
to the Gaussian error propagation [1]. In the following sections, an overview of the instruments em-
ployed for this work and their operation principles will be given.

3.3.1 Neutron backscattering and time-of-flight spectroscopy

By operating in the so-called “inverse spectroscopy” or “indirect geometry” mode, backscattering
spectrometers achieve particularly high energy resolutions. Inverse spectroscopy, also achievable in
TOF spectrometers, consists in fixing the final energy of the neutron Ef , e.g. by a filter or an anal-
yser crystal, while keeping the incident energy Ei variable. Ei can be determined by measuring the
neutron TOF or by varying the initial energy via a monochromator. In a nutshell, while the primary
spectrometer varies the incoming energy of the neutrons on the sample, the secondary spectrometer
analyses the neutron energy and only detects the neutrons with one specified energy at a time. By
knowing both Ei and Ef , it is possible to measure the energy transfer ℏω = Ei − Ef .

While the layout of secondary spectrometers is very similar among all instruments, the operation
principle and configuration of primary spectrometers can be instead quite different. Moreover, in
some spectrometers the different operation principles can be combined together; for instance, it is
possible to have a TOF primary spectrometer and NBS secondary spectrometer in the same machine
(see paragraph 3.3.1). Below are the various technologies used in neutron spectrometers to vary and
determine the energy of the probe.

(a) NBS crystal monochromator primary spectrometer. The energy of the incoming neutrons is
defined via a monochromator thanks to Bragg reflection from a crystal. The initial neutron
beam hits the monochromator crystal and is reflected with a divergence Θ; the energy resolution
of the reflected beam will depend on Θ and on the crystal lattice constant a, along with their
uncertainties ∆Θ, ∆a:

1

2

∆E

E
=

∆λ

λ
=

∆k

k
=

√√√√
(
∆a

a

)2

+(∆Θ · cot(Θ))2 . (3.150)

At continuous neutron sources, NBS spectrometers use perfect backscattering both in primary
and secondary spectrometers, namely in the monochromator and in the analysers (see item
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(c)). Deviations from perfect backscattering (Θ + ε instead of Θ = 90◦) allow to realize sim-
pler geometries at the expense of the energy resolution. Minimizing ε means that the second
term in Equation 3.150 vanishes and the resolution basically the one reachable with perfect
backscattering (if all the other variables are unchanged); this condition is referred to as “near-
backscattering”.

Besides the energy resolution achievable with this setup, it is important to tune the incident
energy in order to access different energy transfers. When a monochromator crystal is em-
ployed, the lattice spacing should be tuned either by varying the crystal material (obviously
not convenient), or its temperature (as done on the thermal neutron backscattering spectrome-
ter (IN13) spectrometer at ILL [310]). Another effective option consists in mechanically moving
the monochromator along its optical axis to achieve an apparent Doppler shift of the incident
energy, therefore realising an “effective Bragg reflection” in a moving reference frame. Further
details on this technology are given in the paragraph dedicated to the IN16B spectrometer.

(b) TOF primary spectrometer. To obtain neutrons with a desired energy, a first chopper system
is used to obtain a pulsed white neutron beam. Due to the dispersion relation, the neutrons
pass the distance to the second chopper with different flight times. Then, an adapted second
chopper selects only neutrons with a specified neutron energy. Since no monochromator crystal
is used, the energy resolution depends on different flight paths L and different flight times TOF
[311, 312]:

1

2

∆E

E
=

∆λ

λ
=

∆k

k
=

√√√√
(
∆L

L

)2

+

(
∆TOF

TOF

)2

. (3.151)

At spallation sources, the first chopper system is not needed because the beam is already pulsed
from the start. TOF instruments are the most common for the QENS technique. Their typical
energy resolution for cold neutrons at 5 Å is ∼ 90µeV full width at half maximum (FWHM).

(c) Secondary spectrometer. As previously mentioned, the secondary spectrometer detects scat-
tered neutrons with a specified energy at a time, in all angles covered by the optics. To obtain
the angular information and hence the q-dependence of the scattering function, analyser crys-
tals are positioned around the sample on a spherical surface, at an average distance of 2 m,
covering a large fraction of the solid angle. In this way, the backscattering condition can be
achieved. In case of pulsed neutron beams, the backscattering condition can be fulfilled by sep-
arating the neutrons being scattered directly into the detector from the analysed ones by the
time of flight and then discarding them. For continuous neutron beams the analysers can be
positioned in such a way that the neutrons do not pass a second time through the sample. The
energy resolution of the secondary spectrometer can also be described with Equation 3.150. At
pulsed sources, deviations from exact backscattering are sometimes allowed, with consequent
broadening of the resolution with respect to instruments at continuous sources [1].

IN16B: cold neutron high-flux backscattering spectrometer

The cold neutron high-flux backscattering spectrometer (IN16B) at ILL is a sub-µeV energy resolution
backscattering spectrometer (∼ 0.9 µeV FWHM when employing Si(111) crystals associated with an
elastic wavelength of 6.271 Å). The dynamic range of IN16B spans from −30 to +30 µeV. Snapshots
of the path travelled by neutrons inside IN16B are reported in Figure 3.6. First, from the cold-neutron
guide a velocity selector defines a “pink” beam with ∆λ/λ ≈ 12% around the elastic wavelength
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incoming
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(A)
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Fig. 3.6. Operation principles of a backscattering spectrometer. (A) Incoming neutrons are Bragg
reflected by rotating PST disk. A Doppler drive monochromator alters the velocity of the perpendic-
ularly impinging neutrons (red arrow). (B) Neutrons are inelastically scattered by the sample (small
red cube) and reach the analysers. (C) Neutrons fulfilling the Bragg condition at the analysers are
back-reflected towards the detectors placed behind the sample position. (D) Principle of a Doppler
monochromator: An incident neutron beam (red arrow) is backscattered (blue arrow) on a moving
single crystal surface (in yellow). The path of the Doppler monochromator is depicted by the super-
position of the yellow plates in different time snapshots. When vd < 0: The monochromator velocity
is parallel to the incoming beam (red arrow) hence the energy of the reflected neutrons (blue arrow)
is decreased. When vd > 0: The monochromator velocity is antiparallel to the incident beam (red
arrow) therefore the energy of the reflected neutrons (blue arrow) is increased. Note that the length
of the arrows corresponds to the energy of the neutrons. The image is adapted from Ref. [314] and
rendered using Canva.

of 6.271 Å. Neutrons are then transmitted through a quasi-elliptical supermirror focus guide, where
a background chopper is located. The guide focuses neutrons onto the deflector which is made of
PG(002) crystals with a wide mosaic, mounted on a fast rotating phase-space transformation (PST)
chopper (brown disk in Subfigure (A), circumferential speed∼ 230m/s) at the end-of-guide position:
this object aims at increasing the flux to the sample [313]. Moreover, its angular velocity is chosen such
that it optimally accelerates the neutrons with an energy E < E0, and decelerates those with E > E0,
thus “compressing” the neutron energy distribution around E0. The pulsed neutron beam is then
transmitted to the monochromator, consisting in a Si(111) single crystal (450× 250 mm2), from which
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it is reflected with a 90◦ angle (Subfigure (A)). The energy scan is realized through a Doppler drive
where the monochromator crystal is mounted, moving with an oscillating speed vd (Subfigure (D) in
Figure 3.6). The resulting energy shift will then be:

δE0

E0
= 2

vd
v0
, (3.152)

which yields an energy window of δE0 = ±30µeV for maximum speed values vd = ±2.5ms−1. The
pulsed beam from the monochromator is thus directed to the sample, from which it is scattered in all
directions; all flight path are placed in vacuum. Neutrons scattering from the sample reach the anal-
ysers (again Si(111) single crystals) by which they are filtered through backscattering (Subfigure (B)),
before being focused into a set of 18 3He tube detectors (Subfigure (C)). Each of them corresponds
to a certain scattering angle or q-value; the covered solid angle goes from 10◦ to 142◦. The incident
beam is also periodically interrupted by the background chopper: it ensures that only those neutrons
which have been scattered and analysed in energy are detected, rejecting all the others (background).
So the monochromatic neutrons from the oscillating monochromator crystal, falling onto the sample,
being scattered, and finally detected, are individually labelled with the corresponding instantaneous
speed of the Doppler drive. IN16B can also be used with the Doppler drive at rest, in the so-called
elastic fixed window scan (EFWS) mode of operation. In this option, the intensity at ω = 0 for every
q-value is collected. These scans can give a quick overview of the onset of motions faster than the time
scale corresponding to the energy resolution. Moreover, inelastic fixed window scan (IFWS) can be
performed: in this case, the scattered intensity from the sample is recorded at a single energy transfer
value (typically 1.3 and 2.6 µeV), in order to better investigate off-peak regions of QENS spectra. Ad-
ditional information on the instrument, e.g. on its Backscattering Time-of-flight Spectrometer (BATS)
option, can be found in Refs. [311, 315, 316] and at the following page: IN16B @ILL.

In this thesis, NBS was employed to investigate the short-time self-diffusion of a series of mAbs in
order to establish a connection between their microscopic solution behaviour and their macroscopic
viscosity. The experiment carried out on IN16B is described in Chapter 5. The spectrometer was
employed with standard Si(111) crystals as analysers, sample heating and cooling were performed
by a cryo-furnace and samples were sealed in double-well aluminium cylinder cells.

BASIS: the Backscattering Silicon Spectrometer

BAckscattering SIlicon Spectrometer (BASIS) is an indirect geometry spectrometer located on Beam-
Line 2 (BL2) at the SNS at the ORNL. It provides an energy resolution in the range ≈ 3.0 − 3.5µeV
FWHM, a dynamic range of −100µeV ≤ ℏω ≤ 100µeV and a scattering vector range 0.4 Å−1 ≤ q ≤
1.9 Å−1. A long initial guide section of 84 m from moderator to sample is needed in order to achieve
the appropriate timing resolution for the aforementioned energy resolution. BASIS is a combined
TOF-NBS spectrometer, with Si(311) crystal analysers in the second spectrometer and choppers in the
primary spectrometer to select the incident energy based on neutron TOF. Moreover, the backscatter-
ing in the analysers is not perfect (near-backscattering condition) [312, 317]. Additional information
on the instrument can be found in Refs. [312, 317] and at the following page: BASIS @SNS.

For this thesis, BASIS data were collected on the BSA-LaCl3 model system in order to probe the
short-time dynamics upon entering the LLPS regime of the protein phase diagram. Data treatment,
analysis and interpretation are reported in Chapter 7. Sample heating and cooling, necessary to em-
plore the temperature-driven phase transitions, were performed by a cryo-furnace and the samples
were sealed in double-well aluminium cylinder cells.
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3.3.2 Neutron spin-echo spectroscopy

The main references for this section are Mezei’s different works published along the years after his
invention of the first NSE spectrometer in 1972, a high resolution instrument employing the neutron
spin precession [318–320]. As introduced in Section 3.1.5, in inelastic neutron scattering spectroscopy
the spectral response of the sample S(Q⃗, ω) corresponds to the probability of a variation of the neutron
energy during the scattering process (Equation 3.8), which is in turn determined by a change of the
neutron velocity:

ℏω =
1

2
m(v′2 − v2) (3.153)

with v and v′ being the neutron incoming and final velocity, respectively. In conventional spec-
troscopy, neutron final and initial velocities v′ and v have to be determined in two separate steps. The
precision of these calculations determines the resolution of the instrumental setup. The idea behind
NSE technique is to use the neutron spin as an “internal clock” for the particle, allowing to follow the
energy change for each individual neutron in the scattering process. To this purpose, spin manipula-
tion via a magnetic field is necessary. In this way, there is in principle no need of a monochromator
and hence no loss in neutron flux. In Figure 3.7, a sketch of a typical setup of an NSE spectrometer is
shown. The path followed by a neutron beam inside such a machine is presented below.

• A neutron beam with a wavelength distribution P∆λ(λ − λ0) centred at λ0 with a typical di-
vergence of ∆λ/λ0 ≈ 15% is polarized by a mirror magnetized along the propagation direc-
tion (schematically represented by a gray disk). The neutrons exit the polariser with their spin
parallel to the guide field, thus without any spin precessing, which somehow represents their
“internal clock” switched off.

• After a short distance the neutron beam hits a π/2-flipper, a very thin plate with two orthog-
onal coil windings (flat orange rectangle), causing a π/2 spin flip with respect to the guide
field. The spins are now orthogonal to the homogeneous field B1 of the first solenoid (yellow
cylinder with concentric coil), meaning that the “internal clock” of the neutrons is on. While
travelling along the field with a velocity v1, the neutron spin processes about the field lines
with a Larmor frequency ω1 = −γL B1, where γL = 2/ℏ γn is the neutron gyromagnetic ra-
tio – with γn being the neutron magnetic dipole moment. γL is also called Larmor constant
measuring 2.916 kHz/Oe. The π/2 flip thus initiates Larmor precessions that keep track of the
time elapsed since the neutron hit the π/2 flipper. By multiplying the Larmor frequency for an
elapsed time t, the Larmor precession angle ϕ can be obtained: ϕ = −γL B1 t. After crossing the
first solenoid of length l1 at speed v1, the Larmor precession angle is thus ϕ1 = −γL B1 l1/v1.

• Neutrons hit the sample and are scattered experiencing energy and momentum transfers (Equa-
tions 3.8, 3.9). Scattering changes the divergence and the energy distribution of the neutron
beam. For a specific momentum transfer value q, the probability density distribution P (q, ω) of
having an energy transfer ℏω reads

P (q, ω) =
S(q, ω)∫
S(q, ω) dω

(3.154)

Soon after the scattering with the sample, neutrons hit a π-flipper resulting in a change in the
Larmor precession of ϕ → −ϕ, meaning that only one of the two components of the neutron
spin in the plane of precession is inverted.
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Fig. 3.7. Sketch of a spin-echo spectrometer, divided into the primary spectrometer (in yellow) and
the secondary one (in green). An incoming neutron beam (from the left side of the image) with
velocity v1 is polarised by a mirror; the neutron spin is parallel to the magnetic guide field B1 (gray
arrow in the middle of the yellow solenoid). When neutrons cross the π/2 spin-flipper, their “internal
clock” is switched on by flipping the spin so that is orthogonal to B1 (first red arrow from the left).
Due to the magnetic field, neutrons transversing l1 undergo Larmor spin precessions (precessing red
arrows). Before hitting the sample, their spin precession angle is thus ϕ1 = −γLB1 l1/v1. The image
inset on the top right visually explains the spin precession due to the presence of a magnetic field B.
After scattered from the sample (small purple cube) the neutron velocity is v2 and the neutron spin
is inverted by a π-flipper, so that the spin component parallel to the field remains unchanged. Then,
the scattered neutron beam enters a second solenoid (green cylinder) with a homogeneous magnetic
field B2, with consequent spin precessions about the field lines. After travelling a distance l2, the
spins are π/2-flipped again parallel to the guide-field and the beam crosses the analyzer and finally,
its intensity is measured by a detector (right side of the image). Image adapted from Ref. [314] and
rendered using Canva.

• After the π-flipper, the neutron beam crosses with a velocity v2 the secondary spectrometer of
length l2, equipped with a solenoid generating a second magnetic field B2, causing another
spin precession and thus resulting in a total precession angle of:

ϕtotal = ϕ1 − ϕ2 = −γL
(
B1 l1
v1
− B2 l2

v2

)
(3.155)

In the case of elastic scattering (v1 = v2 = v) and in the case of identical absolute magnetic
fields (l1 = l2 = l and |B1| = |B2|), ϕ = 0 independently from the incoming energy. However,
field inhomogeneities lead to a decay of the (elastic) scattering signal, resulting in observable
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Fourier times up to several hundred nanoseconds. Since the energy transfers relevant for the
investigation of diffusion processes as the ones described in this thesis are small compared to
the average kinetic energy of the neutrons, we are in the limiting case of small energy transfers.
The magnetic fields can be adjusted such that B1 l1 = B2 l2, so ϕ can be approximated at v1 up
to first order in ℏω:

ϕ ≈ γL
m2λ3

8π3ℏ2
B1 l1 ω . (3.156)

By dividing by ω, we thereby obtain the Fourier time:

τ = γL
m2λ3

8π3ℏ2
B1 l1 , (3.157)

which scales with λ3. After crossing the second spectrometer, the neutrons are π/2-flipped
(orange flat plat), polarized (gray disk) and then hit a detector (blue cylinder) that measures the
intensity of the x-component of the polarization vector of the neutron beam. By averaging all
energy transfers, one obtains:

Px = ⟨cos(ϕ)⟩ =
∫
S(q, ω) cos(ϕ) dω∫

S(q, ω) dω
= S(q, τ) . (3.158)

NSE thus measures directly the ISF depending on the Fourier time. If the neutron polarization
changes during the scattering process, the given equation has to be modified [320] as it follows:

PNSE = PS⟨cos(ϕ)⟩ = PS

∫
S(q, ω) cos(ϕ) dω∫

S(q, ω) dω
= S(q, τ) . (3.159)

Williams [321] demonstrated that for incoherently scattering samples, the scattering-induced change
in polarization is PS = − 1

3P0, where P0 is the polarization of the incoming neutron beam. So, if
P0 = 1, the total scattering signal measured is thus [319]

S(q, τ) =
Scoh(q, τ)− 1

3 Sinc(q, τ)

Scoh(q, τ = 0)− 1
3 Sinc(q, τ = 0)

. (3.160)

To obtain the ISF as a function of the scattering vector q, the secondary spectrometer is rotated around
the sample position, so that any changes in the scattering angle correspond to changes in q. On the
other hand, to study the time-evolution, it is necessary to change the Fourier time τ by changing the
wavelength of the incoming neutrons. For each wavelength, a τ -range can be accessed. In order to
select specific τ values, one has to slightly change the symmetry of the first magnetic field. These
small variations correspond to a few data points in the ISF and form an echo group (usually 3-4
measurements are performed).

IN15: a high-resolution spin-echo spectrometer

The high resolution spin-echo spectrometer (IN15) is a high energy and momentum resolution spin-
echo spectrometer optimised for QENS. Benefiting from a last upgrade in 2014 [322], IN15 is the
highest resolution NSE spectrometer in the world. The incident wavelength can span from 6 Å to
25 Å and is tuned by means of a velocity selector with a monochromatization (FWHM) ∆λ/λ0 ≈ 15%.
The instrument can reach Fourier times up to 1000 ns. The selected wavelengths for the experiment
in Chapter 6 – 6, 8 and 10 Å – allow to explore Fourier times up to 200 ns and a q-range from 0.028

to 0.19 Å−1, which correspond to an accessible length scale of 3.34 − 22.4 Å. Polarizers are Fe-Co-Si
supermirrors on Si substrate, while the analyser is a Fe-Co supermirror. The angular range available
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using the sample changer, as it was done for the experiment described in Chapter 6, spans from 2◦

to 30◦, with an angular resolution of 2 × 10−3 rad. Detectors are placed at a distance of 4.6 m from
the sample and are formed by array 32× 32 pixels (1 cm2 each) of 1 bar 3He and 0.3 bar CF4. Further
details on IN15 spectrometer, Refs. [322–324] and the page IN15 @ILL can be consulted.

In this thesis, NSE measurements performed on the IN15 at ILL were used to access the temperature-
dependence of the collective diffusion of the series of mAbs studied. In contrast with the previous
instruments employed, for the measurements on IN15 the samples were sealed in quartz cells. This
material gives in fact a lower incoherent background and allows for simultaneous sample monitor-
ing via DLS, due to its optical transparency. Details about data collection, analysis and results of the
experiment are described in Chapter 6.

3.4 Small-angle neutron scattering

The use of neutron scattering to study large-scale structures, i.e. supramolecular collections of atoms
of sizes up to several thousand times interatomic distances, has experienced an impressive growth
over the past decades. The origin of the discipline dates back to the ‘70s, when position-sensitive
detector (PSD) became generally available for SANS experiments [325].

First, SANS is an elastic scattering technique, so the incident neutrons exchange no energy with the
sample. The length scale accessible with this technique ideally go from fractions of nm to several µm
(Figure 3.9). In ordinary Bragg diffraction in a lattice, intense coherent elastic scattering is observed
whenever the following Bragg condition is satisfied:

λi = 2 d sin θ , (3.161)

where d is the distance between lattice planes and θ is the neutron incident angle . In the reciprocal
space d = (2π)/Q, so 3.161 can be written as follows:

λi =
4π

Q
sin θ ⇔ Q =

4π

λi
sin θ (3.162)

Q is thus the scattering vector at the Bragg peak. We also recall that the Bragg condition results from
the constructive interference of neutron waves scattered from individual lattice planes. These planes
define a periodically modulated neutron scattering length density (SLD). Practically speaking, a min-
imum scattering angle corresponding to the maximum plane spacing can always be derived from
Equation 3.161. In principle, the SLD can vary with no physical restrictions, so even over several al
interatomic distances. As implied by Equation 3.162, the scattering vector Q is inversely proportional
to the characteristic distance over which the SLD fluctuates. Large objects thus give rise to scattering
at small wave vectors and hence, in general, to scattering at small angles.

Let us consider the differential cross section for coherent neutron scattering from a group of N
atoms introduced in Equation 3.70 in Section 3.1.2. The formula for individual atoms with potentially
different scattering lengths will be:

(
dσ

dΩ

)

coh

=
1

N

∣∣∣∣∣
∑

R⃗

bR⃗ e
iQ⃗·R⃗

∣∣∣∣∣

2

. (3.163)

For scattering at small wave vectors,Q≪ π/d, individual atoms cannot be resolved and the scattering
process is effectively governed by the interference of neutron waves scattered from regions of linear
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dimensions l such that l ≈ π/Q. In this case, the summation over discrete atoms in Eq 3.163 can be
written as a spatial integral as follows:

(
dσ

dΩ

)

coh

=
1

N

∣∣∣∣∣

∫

V

ρb(R⃗) e
iQ⃗·R⃗ dR⃗

∣∣∣∣∣ , (3.164)

where ρb(r⃗) is the local SLD, that is a continuum approximation to the actual SLD at a particular
point. The spatial integration is over the entire volume V of the sample. ρb(r⃗) can be de-composed in
its average value plus fluctuations around the average:

ρb(r⃗) = ρb + δρ(r⃗) . (3.165)

The constant term ρb gives a contribution to dσ/dΩ at Q = 0 only. For Q > 0, the scattering results
from the fluctuation term of the SLD:

(
dσ

dΩ

)

coh

=
1

N

∣∣∣∣∣

∫

V

δρ(R⃗) eiQ⃗·R⃗ dR⃗

∣∣∣∣∣ . (3.166)

For the case of N particles of homogeneous SLD ρp embedded in a matrix of homogeneous SLD ρm,
the scattering signal from Equation 3.166 reads

(
dσ

dΩ

)

coh

= (ρp − ρm)2

∣∣∣∣∣

∫

Vp

δρ(R⃗) eiQ⃗·R⃗ dR⃗

∣∣∣∣∣ . (3.167)

The integral is calculated over the sample region occupied by the particles Vp, where Vp < V . If all
Np particles are identical, the differential cross section becomes:

(
dσ

dΩ

)

coh

= V 2
p

Np

N
(ρp − ρm)2 |Fp(Q⃗) |2 , (3.168)

where the last term |Fp(Q⃗) |2 is the single-particle form factor defined as [295]:

P (Q⃗) = Fp(Q⃗) |2 =
1

Vp

∣∣∣∣∣

∫

Vp

eiQ⃗·R⃗ dR⃗

∣∣∣∣∣

2

(3.169)

In the limit of Q→ 0, P (Q⃗) = 1, therefore
(
dσ

dΩ

)

coh, Q→0

= V 2
p

Np

N
(ρp − ρm)2 . (3.170)

The forms of the differential cross section for particles of different special shapes, such as spheres,
ellipsoids, rods and many more can be found in refs. [295, 325, 326]. In the general case of a single
particle with random shape and anisotropy, the scattering function cannot be expressed by a simple
form. However, SANS data can analysed considering two limiting cases that can still provide useful
information: the Guinier approximation [327] valid at low Q such that Q · l ≪ 1 and the Porod
approximation [328], valid at sufficiently large Q values such that Q · l≫ 1.

Up until now, we have explicitly assumed low particle concentrations so that inter-particle corre-
lations could be safely neglected. However, in many cases the relative arrangement of large structural
units within the sample is important, e.g. in colloidal solutions at high concentrations like the ones
presented in this thesis. To obtain the differential cross section in the more general case, the system
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can be subdivided into Np cells such that each cell contains exactly one particle. The position of the
centre of the j-th cell is given by R⃗j and the position of the k-th particle in the cell relative to the
centre of the cell is denoted by d⃗k. With these definitions and the form factor one, the macroscopic
differential cross section becomes

dΣ

dΩ
=

1

V

〈
Np∑

j=1

Np∑

k=1

Fj(Q⃗)Fk(Q⃗) eiQ⃗·(R⃗j−R⃗k)

〉
(3.171)

For a system of identical particles with the same orientation, or spherical particles, the form factors
are the same for all particles and Equation 3.171 becomes:

dΣ

dΩ
=
Np

V
|F (Q⃗)|2S(Q⃗) =

dΣ

dΩ
=
Np

V
P (Q⃗)S(Q⃗) , (3.172)

where S(Q⃗) denotes the inter-particle structure factor defined as it follows: cross section becomes

S(Q⃗) =
1

Np

〈
Np∑

j=1

Np∑

k=1

Fj(Q⃗)Fk(Q⃗) eiQ⃗·(R⃗j−R⃗k)

〉
(3.173)

So, the SANS intensity from Equation 3.171 is basically proportional to the product of the form factor
and the structure factor of the sample. For further reading, books by Feigin et al. [325], Baruchel et
al. [329] and Kline et al. [330] can be consulted.

3.4.1 SANS instrumentation

Figure 3.8 displays the general layout of a SANS beam line. Thermal neutrons (coming from the left
side of the image) reach the instrument via a curved guide that blocks fast neutrons and γ-radiation
from the reactor core; afterwards, they pass through a chopper series or a velocity selector. The neu-
tron beam is shaped by a collimation system and then guided onto the sample. After being scattered
from the sample, the neutrons travel through an evacuated flight chamber before they hit the detector,
where they are detected. By changing the sample-to-detector distance, the observed q range can be
changed. Detector tanks are usually very long, precisely to achieve the small-angle condition. While
classical SANS measurements are preformed with a relatively well defined energy of the incoming
neutrons (via velocity selection), in some cases short pulses of a white neutron beam can be used to
operate a SANS instrument in a so called TOF mode. In fact, the neutron energy can be determined in
the secondary part of the instrument via the TOF; at each detector pixel, different q values are detected
as a function of time. This mode offers access to larger q ranges without moving the detector.

The SANS instruments employed for collecting the data for this work are showcased below.

D11: a low momentum transfer and low background small-angle neutron scattering instrument

The lowest momentum transfer and lowest background small-angle neutron scattering instrument
(D11) is the archetype of a long, pinhole geometry instrument for SANS, designed for the study of
large scale structures in soft matter systems, chemistry, biology, solid state physics and materials
science. D11 receives neutrons from the vertical cold source of the ILL reactor, which is situated
about 100 m from the first part of the instrument and about 140 m from the sample position. The
detector is hence in a very low background environment. The polychromatic beam from the cold
source is monochromated by a helical slot velocity selector which selects neutrons of ±9% about a
mean wavelength determined by the drum rotation speed. The neutrons are then collimated by a
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Chopper cascade
or velocity selector

curved guide

moderator modulable primary
flight path

modulable secondary
flight path

sample

pinhole

evacuated flight chamber

2D detector on traslational stage

Fig. 3.8. Schematic setup of a SANS instrument. Figure adapted from Ref. [331] and rendered using
Canva.

series of glass guides. The sample position is situated 40 m down-stream from the velocity selector
and may be equipped with various sample environments. Neutrons scattered from the sample are
detected on a 96 × 96 cm2 3He multi-detector mounted on a moveable trolley within the evacuated
detector tube. The detector may be placed at any distance between 1.2 and 39 m from the sample
position, giving a quite wide accessible momentum transfer range of 3 × 10−4 to 1 Å−1. Further
details on the instrument can be found at the following page: D11 @ILL.

In this thesis, SANS measurements performed on the D11 at ILL were used in combination with
NBS data from IN16B. Details about data collection, analysis and results of the experiment are de-
scribed in Chapter 5.

D22: a large dynamic range small-angle diffractometer

Amongst all classical constant-wavelength pin-hole small-angle neutron scattering instruments, large
dynamic range small-angle diffractometer (D22) is the one with the highest flux at the sample posi-
tion in a wavelength range of 0.45 − 4 nm. This is due to the brilliant horizontal cold source, the
short rotor and high transmission of its velocity selector, and the relatively large beam cross-section
(55 × 40 mm). The neutrons leaving the horizontal cold source pass through a velocity selector that
selects a relatively narrow wavelength band (≈ 10 %). Other wavelength resolutions (from 8 to 20%)
can be obtained by manually rotating the selector. The primary neutron guide system is prepared for
a chopper system for potentially running D22 in TOF mode. The sample equipment consists of a re-
motely controlled table and a Eulerian cradle for mounting sample environment devices for working
in air or in vacuum. D22 possesses a large-area multidetector (3He), with a pixel size of 0.8× 0.8 cm,
corresponding to ∼ 16000 resolution elements. The detector consists of 128 linear sensitive tubes ar-
ranged vertically with a spacing of 8 mm. Each tube has a dead time of 2 µs. The detector moves
inside a 2.5 m wide and 20 m long vacuum tube providing sample-to-detector distances of 1.1 m to
17.6 m; the total q-range covered by D22 is thus 4×10−4−0.85 Å−1. Further details on the instrument
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can be found at the following page: D22 @ILL.
In this thesis, SANS measurements carried out on the D22 at ILL complemented NSE data from

IN15 and all the information about the experiment and its results is reported in Chapter 6.
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depending on the energy (left axis) and wavevector q (top axis) probed by the instrumental setup.
In the bottom area of the picture the static scattering techniques are reported. Some examples of
biological and/or soft systems and phenomena accessible at specific length- and time-scales are also
reported. Figure adapted from Ref. [1] and rendered using Canva.
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Chapter 4

Materials and methods

In the present chapter, a detailed description of all the materials and methods employed in this work
will be given. Since the neutron scattering techniques and details about the related instrumentation
employed in this work are widely explained in Chapter 3, the present chapter only showcases the ad-
ditional laboratory and computational methods complementing the neutron experiments. Section 4.1
reports comprehensive information on the proteins investigated in this work, namely the series of
mAbs (Section 4.1.1) and BSA (Section 4.1.2), and on the solvents and chemical compounds used
(Section 4.1.3). Sample preparation and laboratory techniques employed for a biophysical charac-
terization of the samples are reported in section 4.2.2. In silico methods to align protein sequences,
to extract useful sequence parameters and to predict their solution behaviour are presented in Sec-
tion 4.2.1. Results of this computational analysis are also displayed in this chapter, in Section 4.3.2.

4.1 Materials

4.1.1 Lonza monoclonal antibodies

The mAbs employed in this work were manufactured in-house at Lonza AG/Ltd. The whole proce-
dure was done in H2O environment and more detailed information about protein production, purifi-
cation and standard characterization is reported in Sec. 5.2.1 and in Mosca et al. [194]. The mAb H2O
solutions were buffer-exchanged into the formulation buffer (20 mM histidine-HCl buffer at pH 6.0)
by tangential flow filtration, frozen in aliquots of 20, 40 or 150 mL, stored at≤-65◦C, afterwards sent to
Grenoble and slowly thawed prior to use. The concentrations of the solutions were reported on their
labels and were ranging from 10 to 17 mg/mL. All antibodies were manufactured in a human IgG1
isotype framework, except mAb4*, which is an IgG4 isotype. Moreover, most of them are formed by
κ light chain isotype, while a subset – mAb12, mAb15 and mAb16 – contains λ light chains.

The main difference between κ and λ light chain isotypes is that the genes encoding for them
are located on separate chromosomes; in fact, κ gene segments are encoded on chromosome 2 [332],
whereas λ gene segments are encoded on chromosome 22 [333]. In human serum, there are more
κ antibodies than λ ones, with the κ:λ ratio reported to be between approximately 1.5 and 2 [334–
336]. Altered κ:λ ratios can be a signature of certain diseases [337]. Research has shown that κ and
λ light chains have differences in their CDR physicochemical and structural properties, which can
affect antibody specificity and function [338]. In the field of therapeutic antibody development, λ-
antibodies are often considered less developable than κ-ones. However, tools to unbiasedly improve
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the developability of both isotypes are now available [339]. More detailed information about the CDR
of the mAbs investigated is reported in Sec. 4.3.2.

4.1.2 Bovine serum albumin

The protein BSA is the most abundant in bovine blood serum. Due to its high solubility, it serves
as transport protein for molecules such as fatty acids, drugs and hormones but regulates also the
osmotic pressure and the pH [340]. With a MW of 66.43 kDa, BSA has an isoelectric point ranging
from 5.1 to 5.5; thus the protein has an overall negative charge (−18e) at pH 7. Due to its similarity
to the human analogue human serum albumin (HSA) and due to its good availability and low cost,
it is often used as standard test protein. This protein is highly interacting with metal ions and its
behaviour in the presence of multivalent ions like YCl3, HoCl3, LaCl3 has been extensively studied in
our group. A literature overview on this topic is presented in Chapter 7 and for further reading we
refer to Christian Beck’s PhD dissertation [331].

For the research presented in this thesis, BSA (catalog no. A3039, batch no. SLCD4770, lyophilized
powder > 98% purity, heat shock fraction, protease free, fatty acid free, essentially globulin free, pH
7) and LaCl3 (Sigma-Aldrich catalog no. 449830, batch no. 0000088871, anhydrous, 99.9% purity) were
obtained from Sigma-Aldrich of Merck KGaA and used without additional purification. Results of
the study on the BSA-LaCl3 system are presented in Chapter 7.

4.1.3 Solvents

Water H2O and heavy water D2O

Water clearly stands out as one of the most essential molecules in biology, possessing a variety of
remarkable properties that are fundamental to the development of life. Its finite dipole moment,
high dielectric constant, exceptional heat capacity, substantial surface tension, and unusual density
anomaly upon freezing are particularly noteworthy. Most biological processes occur in an aqueous
environment, where water’s solubility facilitates critical functions such as membrane assembly and
molecular mobility.

The current paragraph focuses on the properties of normal water H2O and its heavy variant,
deuterium oxide D2O, which is of interest in a number of applications in physics and engineering. The
isotopic difference in these two special substances leads to distinct physical and chemical properties:
D2O is denser than H2O (1.1 g/cm3 vs. 1.0 g/cm3 at 25◦C), is more viscous (1.25 mPa·s vs. 0.89 mPa·s
at 25◦C) has a higher boiling point (101.4◦C vs. 100◦C at standard atmospheric pressure), and a higher
freezing point (3.8◦C vs. 0◦C) [341,342]. Although H2O and D2O are chemically the same compound,
reactions involving D2O often proceed at slower rates compared to those with H2O due to the kinetic
isotope effect. As far as biological processes are concerned, D2O is non-toxic and tolerated in small
quantities; nevertheless, it can be disruptive in large amounts due to its physical properties which
may affect biochemical reactions and cellular activities.

As mentioned above, another important property of water as a solvent is its viscosity, which
strongly depends on temperature in a solvent-specific manner. Understanding these temperature-
induced changes is crucial for accurately interpreting diffusive motions within our samples. To ad-
dress this, we apply a formula proposed by Cho et al. [342] to account for the temperature dependence
of normal and heavy water viscosity:

η0 = C(∆T + a∆T 2 + b∆T 3 + c∆T 4)−γ (4.1)
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The reason why heavy water is particularly relevant to our work lays in the distinct neutron cross-
sections of hydrogen and deuterium, both in absorption and scattering processes (Table 3.2, Sec. 3.1.4).
Due to deuterium’s lower neutron absorption cross-section, D2O is more transparent to neutrons and
less attenuating to the neutron beam. More relevantly, the difference in H and D scattering cross-
sections provides the significant contrast enhancement necessary for discerning the protein (H-rich
object) signal from the solvent one, which strongly motivates the use of heavy water as a solvent in
our experiments.

Nevertheless, it must be pointed out that the isotopic composition of these two solvents may affect
the behaviour of the solutes, especially in the case of biomolecules. Regarding protein in solutions,
H2O/D2O substitution can modify their thermal and conformational stability [343, 344], structure,
hydration, flexibility, compactness, solubility, self-assembly and aggregation pathways and can cause
shift in their phase diagram [345]. For instance, Braun et al. studied through SAXS the effective
interactions of proteins in the presence of multivalent ions and observed strong differences between
the systems studied in H2O and D2O [346]. The effect was more pronounced upon entering the LCST-
LLPS region, where entropic contributions dominate, indicating that isotopic composition cannot be
neglected when dealing with entropy-driven phenomena.

For all the samples prepared for this thesis, the H2O employed is milli-Q from Merck / Millipore-
Sigma (Darmstadt, DE). Concerning D2O, different batches from different companies were used time
to time. Details on the sample preparation for each experiment are reported in the corresponding
result chapter (5, 6, 7).

Buffer used

The primary reason for using a buffer system in a pharmaceutical product, especially for biologics,
is to control the pH in order to optimize stability during storage and handling [347]. In fact, many
active pharmaceutical ingredients are pH-sensitive and can degrade or lose efficacy if the pH deviates
from their optimal range, leading to reduced drug potency and shelf life. Secondly, buffer usage also
ensures that the drug effectiveness is not compromised and enhances its solubility, absorption, distri-
bution, metabolism, and excretion within the organism. This optimization is crucial for achieving the
desired pharmacokinetic and pharmacodynamic profiles.

Regarding the drug product delivery, one has to distinguish between the different routes of ad-
ministration. For IV administration a drug volume representing a small percentage of the available
blood volume is infused over a typically long time (15-30 minutes and longer); the added volume
is therefore not significant and the body has good measures to react on the infusion and reestablish
a balance. In addition, drug products for IV administration are often diluted in physiological saline
(0.9%) or dextrose solution (5%), so the buffer component is diluted and the solution is iso-osmotic
and well tolerated. The situation is different for SC or intravitreal injection. In this case, the drug is
delivered in a smaller volume of drug as a quick bulk injection and without further dilution, so pH
and buffer type can play a more significant role. Moreover, for formulations administered via injec-
tion, using a buffer and maintaining a pH close to physiological levels is important to avoid irritation
and discomfort for the patient.

In this work, a 20 mM histidine-HCl buffer at pH 6.0 for the samples in H2O and at pD 6.4 for
the deuterated solutions was employed, as for most (> 80%) formulations of highly concentrated
approved mAb drug products [348]. There are several reasons supporting the choice of a histidine
buffer in mAb formulations. Firstly, with a pKa of approximately 6.0 at the side chain, histidine show-
cases an effective buffering capacity in the pH range of 5.5-6.5, optimal for most mAb formulations
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due to its proximity to physiological pH and its compatibility with both IV and SC delivery routes.
This feature helps maintain stability during storage and administration. Furthermore, histidine has
been shown to reduce antibody aggregation and improve overall stability through non-electrostatic,
non-structural mechanisms, likely by shielding hydrophobic regions on the protein surface [147,148]
and rendering the mAb hinge stiffer [148]. Besides this, histidine is compatible with lyophilization
processes that are crucial for many mAb formulations and it also allows for low ionic strength for-
mulations, which further confirms its being one of the most versatile excipient in the protein-based
biopharmaceutical formulations [146].

4.2 Methods

4.2.1 In silico methods: sequence analysis

The PDB files of the antibodies provided by Lonza were used to extract important information through
sequence analysis and MD simulations. The setup, the analysis and the results of the latter are re-
ported in Sec. 5.3.3 and in Mosca et al. [194]. The PDB file format is a textual file format providing
the three-dimensional structure of a molecule and other information including atomic coordinates,
secondary structure assignments, as well as atomic connectivity. The PDB files of the antibodies were
processed with different bioinformatics tools, such as the Biopython package [349], using Bio.PDB
and Bio.SeqUtils modules and ProtParam [350]. Although not directly related to the experimentally
determined quantities, the information accessed has definitely improved the knowledge about the
proteins.

Extraction of parameters In the following lines, the physico-chemical properties extracted from the
PDB files will be listed along with a brief explanation. The computed parameters are: chemical for-
mula, number of residues and their charge, amino acid content, MW, aromaticity, grand average
of hydropathy (GRAVY), aliphatic index, pI, charge at pH 6, instability index, extinction coefficient,
fraction of α-helices, β-strands and β-turns present in the secondary structure.

The aromaticity of a protein is the relative frequency of aromatic amino acids, namely Phenylala-
nine (Phe), Histidine (His), Tyrosine (Tyr), Tryptophan (Trp) [351], with the last two being the ones
determining the absorbance peak at a wavelength of ∼280 nm for proteins.

GRAVY (grand average of hydropathy) is a bioinformatics term that is used to predict the hy-
drophobicity (or hydrophilicity) of a protein. Hydrophobicity refers to the non-polar nature of a
molecule and its tendency to avoid contact with water. The GRAVY score is calculated as the average
hydropathy index of all the amino acids in a protein sequence:

∑N
a=1 h(a)∑N
a=1 a

=

∑N
a=1 h(a)

N
(4.2)

which basically stands for the sum of hydropathy values over all the amino acids, divided by the total
number of residues in the sequence N . The hydropathy index of each amino acid h(a) is determined
based on its physical and chemical properties. A high GRAVY score indicates a hydrophobic (non-
polar) protein, while a low GRAVY score indicates a hydrophilic (polar) protein. Positive GRAVY
values indicate hydrophobic; negative values mean hydrophilic, in fact water-soluble proteins com-
monly report a GRAVY value of -0.4 [352]. GRAVY is used to study the relationship between protein
hydrophobicity and function and is relevant in protein analysis, prediction and design.
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The aliphatic index is another measure of the hydrophobicity (or hydrophilicity) of a protein. It
is defined as the relative volume occupied by aliphatic (non-polar/hydrophobic) residues – Alanine
(Ala), Valine (Val), Isoleucine (Ile) and Leucine (Leu) – divided by the total number of residues in
the protein. A high aliphatic index indicates a higher proportion of hydrophobic residues, which
can influence the stability and folding of a protein. A low aliphatic index indicates a higher propor-
tion of hydrophilic (water-soluble) residues, which can facilitate interactions with other molecules in
aqueous environments.

The pI is the pH at which a protein has a net zero charge. At this pH, the number of positively
charged amino acids is equal to the number of negatively charged amino acids in the protein, leading
to neutral charge overall. The pI is important as it affects the solubility, stability, and interactions
of a protein. In practice, a protein with an excess of basic amino acids will bear an isoelectric point
roughly greater than 7 (basic), while a protein with an excess of acidic amino acids – Aspartic acid
(Asp) and/or Glutamic acid (Glu) – will often have an isoelectric point lower than 7 (acidic). The
further you get from pI by varying the pH of the buffer in which the protein is immersed, the more
the protein gets charged and prone to electrostatic repulsion. Given that, a key quantity to be known
is the monomer charge at the solution pH, in the present case 6. The higher the charge at a given pH,
the higher the electrostatic repulsion between monomers. Conversely, the lower the protein charge at
the same pH, the weaker the repulsion and higher their propensity to form aggregates. However, it
must be emphasised that protein-protein interactions not only depends on the overall net charge, but
also how charges are distributed locally, e.g. forming more or less extended negatively/positively
charged patches. This aspect is crucial for in silico protein rational design.

A protein instability index can be calculated based on the occurrence of 400 distinct dipeptides in
the protein sequence and averaged over it [353]. If this index is smaller than 40 the protein is predicted
as stable, while a value above 40 indicates that the protein may be unstable.

The extinction coefficient of a molecule is a measurement of how strongly it absorbs, and thereby
attenuates, light at a given wavelength. It is an intrinsic property of the molecule and it depends
on the atomic species present in it. For proteins, one can calculate the molar extinction coefficient
at 280 nm (where the main absorbance peak is observed) based on the amino acid sequence, with
reduced cysteines or with disulphide bridges. This quantity is crucial for concentration determination
via UV-Vis spectroscopy; in fact, it enters the Lambert-Beer law which is used for this purpose and
presented in Sec. 4.2.2.

Sequence alignment and amino-acidic composition In order to explore the differences in the pri-
mary structure of the antibodies, sequence alignment was performed with UniProt ‘Align’ mod-
ule [354] with ClustalOmega program and also with VMD (Visual Molecular Dynamics) [355] using
the ‘MultiSeq’ module with ClustalW algorithm [356].

Fv modelling, CDR prediction and therapeutic developability ABodyBuilder-ML is a suite from
SAbPred (‘The Antibody Prediction Toolbox’) [357] that employs machine-learning to model the vari-
able domain (Fv) and predict the complementarity determining region (CDR) of antibodies. Heavy
and light chains were extrapolated from the full sequences via Biopython and separately given as
inputs for ABodyBuilder-ML. The tool returns a Fv model by checking sequence identities of variable
domain of the heavy/light chain (VH/VL) with all the antibodies in the Structural Antibody Database
(SAbDab) [358] and selecting as framework the one giving the highest score for the input chains. VH
and VL are then oriented with respect to each other using ABangle tool [359]. CDRs are predicted
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and the accuracy estimation is done by using the deep-learning tool ABlooper [360]. This estimation
is entrusted to a parameter referred to as CDR diversity score, defined as the root mean square devia-
tion (RMSD) of alignment to crystal structure and benchmarked on a test dataset of over 100 antibody
VH/VL paired sequences. Please note that it only refers to the CDR-H3 loop prediction, due to the
higher variability of this small region compared to the other loops intervening in the CDR formation.
This parameter is reported in column 3 of Table 4.3, where values≤ 1.25 Å indicate a quite good CDR
prediction, while values ≥ 2 Å a less accurate one.

In order to push further the analysis, the tool TAP, the ‘Therapeutic Antibody Profiler’ [339, 361,
362] from Antibody Prediction Toolbox (SAbPred) was employed to determine some other mAb CDR
properties in order to assess their developability as drugs compared to a huge dataset of existing ther-
apeutics. All these parameters are reported in Table 4.3 and constitute the 5 developability guidelines
introduced by Raybould et al. [362] are:

• CDR total length, which has a median value of 48 amino acids based on a dataset of 137 CST
(clinical stage therapeutics) [362];

• Patches of Surface Hydrophobicity (PSH) score, namely the extent and therefore the magnitude
of surface hydrophobicity based on Kyte and Doolittle hydrophobicity scale [352]; this calcula-
tion yields higher scores if hydrophobic residues tend to neighbor one another in the CDR.

• Patches of Positive Charge (PPC) score, meaning the positive charge distribution in the CDR.

• Patches of Negative Charge (PNC) score, meaning the negative charge distribution in the CDR.

• structural Fv charge symmetry parameter (SFvCSP), that is the asymmetry in the net heavy-
and light-chain surface charges. For this evaluation, structural considerations are also taken
into account, therefore only residues that are surface-exposed and not locked in salt bridges are
included in the calculation of the net charge [362].

The colour assigned to the values in Table 4.3 is based on where each antibody sits within the 5
parameter distributions of the latest set of 754 post Phase-I therapeutic Fv domains.

4.2.2 Laboratory methods: buffer exchange, concentration determination, vis-
cometry

Buffer exchange via dialysis and concentration via centrifugation

Since deuterium 2H has a significantly lower neutron scattering cross-section than hydrogen 1H, the
ideal sample composition in order to perform meaningful neutron scattering experiments is having
fully protonated proteins in a deuterated solvent, in order to measure them in their aqueous en-
vironment while minimizing the scattering signal from the latter. To this scope, concentration via
centrifugation and dialysis were employed to buffer exchange the antibodies into 20 mM Histidine
in pure D2O at pD 6.4.

For the dialysis, 3 mL cassettes containing cellulose membranes with 30 kDa nominal molecular
weight cutoff (MWCO) from ThermoFisher Scientific (Waltham, MA, USA) were used. Two baths
of at least 2 hours were performed to obtain a dilution factor of at least 104 of residual H2O in the
samples. A graphical representation of this method is provided in Figure 4.1.

Concerning buffer exchange via centrifugation, 15 mL 30 kDa Amicon®-Ultra concentrators from
Merck / MilliporeSigma (Darmstad, DE) were used. Protein stock solutions in H2O were centrifuged
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Fig. 4.1. Graphical representation of the dialysis method used for exchanging the H2O buffer (coloured
in cyan) of the mAbs into the analogous D2O one (shown in lilac). The first step of the procedure
(upper part of the figure) is to concentrate the mAb stock solutions in H2O until ≤ 60 mg/mL using
ultra-concentrators. Afterwards, the concentrated mAb solution is withdrawn with a syringe and
injected in a previously hydrated 30 kDa MWCO dialysis cassette. The latter is then immersed in
a bath containing the D2O buffer and kept at ambient temperature for some hours to maximize the
buffer exchange in the samples and under stirring all the time. After the long bath in D2O, the protein
solution is withdrawn from the cassette. The figure is created using Biorender and the colors used are
just an aid for the reader and do not refer to any actual differences in the two solvents; objects are not
depicted in real scale.

at 37◦C to concentrate them until ≃ 1 mL and afterwards resuspended in the new D2O buffer and
concentrated again. This step was done 3 times in order to minimize the H2O content in the samples.
After testing both methods, centrifugation was preferred over dialysis because it usually requires less
amount of D2O. A graphical representation of this method is provided in Figure 4.2.

Concentration determination via Ultraviolet-Visible (UV-Vis) spectroscopy

The final concentrations of the samples were determined via UV-Vis spectroscopy by measuring dilu-
tion series of each protein using a Jasco V-630 Spectrophotometer (Tokyo, JP). For each dilution step,
absorbance curves were collected and their peak values at 280 nm were plotted against the sample
reciprocal dilution factor. The datasets obtained were fitted using the Lambert-Beer law, which links
the absorbance A of the sample to its concentration c via the following relation:

A = ε280 c ℓ , (4.3)

with ℓ being the optical path-length, i.e., the thickness of the cuvette, and ε280 the sample extinction
coefficient at 280 nm.
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Fig. 4.2. Graphical representation of the concentration via centrifugation method used for exchanging
the H2O buffer (coloured in cyan) of the mAbs into the analogous D2O one (shown in lilac). The first
step of the procedure (upper part of the figure) is to concentrate the mAb stock solutions in H2O until
∼ 1 mL using ultra-concentrators. Afterwards, the concentrated mAb solution in H2O is resuspended
in the D2O buffer and concentrated again until ∼ 1 mL. This procedure is repeated for three times in
order to maximize the buffer exchange in the samples. In the final step (bottom right) the proteins are
concentrated in the new deuterated buffer. The wide time-span reported for the centrifugation step
strongly depends on the antibody type; in fact, the least viscous ones took ∼ 30 mins, while the ones
exhibiting high viscosities could take some hours. The figure is created using Biorender.

In most experiments conducted for this thesis, polyclonal IgG solutions were measured as refer-
ences and prepared with lyophilized powder of bovine γ-globulin (≥ 95% purity, essentially salt-
free), purchased from Merck / Millipore-Sigma (Darmstadt, DE) and directly dissolved in the 20 mM
Histidine-HCl D2O buffer at pD 6.4.

Viscometry

All the antibodies mentioned in this work have been characterized with viscometry before being
investigated with neutron scattering. Measurements were collected at 25◦C in the antibody original
formulation buffer, that is 150 mM sucrose 20 mM His-HCl aqueous buffer at pH 6. For each antibody
solution, a concentration series from 30 to 180 mg/ml was measured.

In addition, a subset of the antibodies (mAb9, mAb12, mAb16 and bovine γ-globulin) in deuter-
ated solutions was measured. The aim was to collect complementary information on macroscopic
viscosity at the same conditions needed in neutron experiments which included two different buffers
(20 mM His-HCl and 20 mM His-HCl 58 mM trehalose, both in D2O) and three different tempera-
tures, namely 7, 22 and 37◦C (280, 295 and 310 K). The experiments were performed at Lonza AG/Ltd.
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(Basel) in the labs of the Formulation Development division, by using a Rheosense VROC® Initium
rheometer (San Ramon, CA, USA), whose schematic is reported in Figure 4.3. The instrument op-
erates using a viscometer / rheometer-on-a-chip (VROC) technology [363, 364]. The viscosity is ob-
tained by measuring the pressure drop as a test liquid flows through its rectangular slit microfluidic
channel. The sample to be analyzed is drawn from its vial by a syringe, then injected and forced
to flow into a micro-channel, where it encounters a chip with pressure sensors at different positions
(Figure 4.4); here, the pressure drop ∆P as a function of position is measured. The wall shear stress
σw is calculated as a ratio between the ∆P necessary to drive the flow a streamwise distance L and L
itself:

σw = −∆P

L

wh

2 (w + h)
. (4.4)

Equation 4.4 is also known as Hagen-Poiseuille law [365, 366]. For incompressible 2D flow of a con-
stant viscosity liquid in a rectangular channel, the wall shear rate γ̇w is a linear function of the applied
flow rate of the liquid through the channel Q:

γ̇w =
6Q

wh2
, (4.5)

where Q represents the volumetric flow rate, L stands for the flow path length, ∆P is the pressure
drop within the distance L, w and h respectively indicate the flow channel width and height/depth.
The shear stress σw and the shear rate γ̇w are then used to calculate the dynamic viscosity η:

η =
σw
γ̇w

(4.6)

This is no longer valid for flows of non-Newtonian fluids (with a rate-dependent viscosity), for which
the calculation of γ̇w needs to be corrected. This also applies to the highly concentrated mAb solutions
under study. In this case, equation 4.5 gives an apparent shear rate γ̇a and the true wall shear rate can
be found using the Weissenberg–Rabinowitsch–Mooney equation [367, 368]:

γ̇truew =
γ̇a
3

[
2 +

d(lnγ̇a)

d(lnσw)

]
(4.7)

where σw is calculated from equation 4.4. The true viscosity is then computed as it follows:

η(γ̇truew ) =
σw
γ̇truew

= −∆P

L

wh

2(w + h)

1

γ̇truew

(4.8)

To ensure accuracy, the instrument software applies this correction automatically. The instrument can
be loaded with a maximum of 40 samples for each measurement routine. A medical grade viscosity
standard from Paragon Scientific (ISO 17025 & 17034), reporting a dynamic viscosity of 9.994 mPas
and a density of 1.1567 g/mL at 25◦C, is normally used to perform a system suitability test (SST).

All the measurements reported in the present work have been performed using the standard vis-
cosity protocol typically used at Lonza, which is further explained in the following lines. An auto-
matic shear rate is applied to the solution withdrawn from the vial and a viscosity value is recorded;
the viscosity measurement is repeated for nine more times and the output viscosity value is the mean
of the 10 repetitions, with an assigned uncertainty given by the standard deviation of the distribution.
The “automatic measurement” protocol makes an estimation of the viscosity value without a prede-
fined shear rate and then finds an appropriate shear rate to target the 50% of the full scale pressure of
the chip.
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Fig. 4.3. Schematic of a RheoSense VROC® Initium rheometer with detailed explanation of the chip
and the syringe pump. Image source: rheosense.com

After each sample acquisition, the instrument automatically executes a standard cleaning before
the following one through three solvent suppliers (‘Cleaning solutions’ in Figure 4.3). The three bot-
tles are respectively filled with milli-Q water (500 mL), 1% Aquet® liquid detergent (Merck/Milli-
poreSigma, Darmstadt, DE) in milli-Q water solution and 100% isopropanol (250 mL each). A deeper
cleaning procedure is typically required when the samples injected in the setup reach high viscosi-
ties, such as in the case of highly concentrated protein solutions. To do so, 10% Terg-a-zyme® enzyme
detergent (Merck/MilliporeSigma, Darmstadt, DE) dissolved in milli-Q water was employed. In our
specific case, the deep cleaning with Terg-a-zyme® was done after measuring a series of one antibody
with increasing protein concentration before switching to another protein.

Fig. 4.4. Sketch of the rectangular slit, consisting on a glass micro-channel lying on a gold-coated
silicon base with a pressure sensors array, of a RheoSense VROC® Initium rheometer [368]. Q repre-
sents the volumetric flow rate, L stands for the flow path length, ∆P is the pressure drop within the
distance L, while w and h respectively indicate the flow channel width and height/depth. The image
is adapted from Ref. [368] and rendered using Canva.

4.3 In silico protein sequence analysis results

4.3.1 Sequence alignment and amino-acidic composition

In the current paragraph, the results from full-chain and Fv sequence alignment are reported, along
with the amino-acidic composition of the Fv domain of all the mAbs. As already mentioned, the
alignment procedure was carried out using UniProt ‘Align’ module [354] with Clustal Omega [369,
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370]. The results are depicted in the form of a sequence identity matrix and shown in Figure 4.6 for
the antibody full chains and for their Fv domains. From the full chain analysis, mAb16-mAb4* and
mAb12-mAb4* show the lowest sequence identity (∼ 69%), followed by mAb16-mAb24 and mAb5-
mAb16 (∼ 71%). On the other hand, mAb3-mAb25 feature the highest similarity (∼ 97%), followed by
mAb3-mAb19 (∼ 95%), and mAb19-mAb25 (∼ 94%). Performing the Fv domain alignment basically
means looking for discrepancies in the most variable part of the molecules. From the Fv domain
analysis, mAb16-mAb24 and mAb5-mAb16 show the lowest sequence identity (∼ 43%), followed by
mAb16-mAb4* (∼ 45%). On the other hand, mAb3-mAb25 feature the highest similarity (∼ 90%),
followed by mAb3-mAb19 (∼ 84%), and mAb19-mAb25 (∼ 83%).

Fig. 4.5. Full chains of all IgG1 mAbs (left) and the IgG4 mAb4* (right) depicted using the ‘NewCar-
toon’ representation in VMD [355]. The colors used result from the full sequence alignment visual-
ized based on sequence similarity calculated with BLOSUM100 method, and range from blue – 100%
identity – to red – 0% identity. A significant part of the primary sequence of the mAbs can be de facto
superimposable, with the Fc domain being almost identical in all variants. The discrepancies are in-
stead in the Fv domains located in the final part of the two upper lobes, namely the CDR. The same
depiction for mAb4*, the IgG4 variant studied in this work, is reported in Figure 6.1 in Chapter 6.

The same analysis was also realized with VMD (Visual Molecular Dynamics) [355] using the ‘Mul-
tiSeq’ module with ClustalW algorithm [356], in order to qualitatively visualize the alignment results
directly onto the antibody structure. Figure 4.5 shows mAb1 structure as a template to visualize
where the sequence discrepancies among all the IgG1 full chains are located. Blue regions corre-
spond to 100% sequence identity, whereas the red ones indicate 0% identity. The mAbs obviously
differ the most in their Fv domains, especially in the CDR. The alignment and representation using
VMD of Fv domains are reported in Figure 4.7. Focusing on Fv domain, it becomes evident that
the most significant variations are observed in the CDR loops. These differences extend beyond the
amino acid composition, encompassing aspects such as loop length and spatial organization.

Concerning the amino-acidic composition of the Fv of the antibodies, Figure 4.8 reports the rel-
ative abundance of every amino acid on the total Fv sequence for each mAb sequence. The same
information is shown in Figure 4.9, this time sorted by the individual amino acids. The amino acid
with the highest abundance in the variable domain of the mAbs is definitely Ser (serine), with an
average value of ∼ 12%, followed by Gly (glycine) and Thr (threonine), reaching ∼ 8%. The least
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Fig. 4.6. Sequence identity matrices for the full chains (top) and the variable domains Fv (bottom)
of the mAbs, with 100% being perfect identity. This value appears in the matrix diagonal because it
contains the correlations of each mAb with itself. The matrices are by definition symmetric, because
for each element it holds aij = aji, where i and j indicate two different mAbs.

82



CHAPTER 4. Materials and methods 4.3. In silico protein sequence analysis results

present ones are instead histidine (His), cysteine (Cys), methionine (Met), all ≤ 2%. For instance,
mAb19 Fv contains no His residue. Another observable difference is a higher % of asparagine (Asn)
in the IgG4 antibody mAb4* Fv, compared to the other IgG1 proteins. Let us now focus on the sub-
set of mAbs exhibiting higher viscosities compared to the others (mAb12, mAb15, mAb16, mAb24).
For instance, mAb16 Fv stands out for the highest Cys and Val (valine) content. While Val is an hy-
drophobic residue, Cys is a special amino acid that can associate with hydrophobic residues, which
may suggest a higher propensity to form hydrophobic interactions in solution and contribute to a
viscosity increase. mAb12 and mAb15 show a slightly higher Asp (aspartic acid) content, while it is
the case of Glu (glutamate) for mAb24; both Asp and Glu are negatively charged residues, which can
possibly mediate electrostatic interactions. This is also the case of His (positively charged) in mAb24.

mAb1 mAb3 mAb9

mAb5 mAb4* mAb12 mAb15

mAb16 mAb19 mAb24 mAb25

Fig. 4.7. Variable domains Fv of all the mAbs depicted using the ‘NewCartoon’ representation in
VMD [355]. The colors used result from the Fv sequence alignment visualized based on sequence
similarity calculated with BLOSUM100 method, and range from blue – 100% identity – to red – 0%
identity. As already pointed out, more important differences are found in the CDR loops, not only in
amino acid content, but also in their length and spatial arrangement.
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Fig. 4.8. Amino-acidic composition of the Fv of the antibodies. % value (y-axis) of all proteinogenic
amino acids (x-axis) in each mAb Fv structure. Each plot refers to a single protein and the amino acids
are colour-coded based on their side-chain type: grey - hydrophobic, green - special cases, orange -
positively charged, blue - negatively charged, pink - polar uncharged.84
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Fig. 4.9. Single-amino acid abundance in the Fv domains of the mAbs. Each plot shows the %
abudance (y-axis) of a single amino acid - from alanine (Ala, top left plot) to tyrosine (Tyr, bottom
right plot) - in the Fv of all antibodies (x-axis). The only amino acid not contained in any of the mAbs
is selenocystein (Sec).
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4.3.2 Sequence properties

In the present section, results from the antibody sequence analysis (see Sec. 4.2.1) are reported. Results
arising from running Therapeutic Antibody Profiler (TAP) [339, 361] on the antibody sequences are
instead shown in Table 4.3.

Table 4.1 and 4.2 report all the physico-chemical properties computed for the full chains and the
variable domains, respectively. For better readability, results for the antibody full sequences and vari-
able domains Fv are also represented in Figure 4.10 and Figure 6.17 in Chapter 6. It must be noted
that full chain results are shown in the left column plots, while Fv domain ones are always in the
right column. Figure 4.10 depicts the antibody molecular weights and the amount of positively/neg-
atively charged residues on the total number. Figure 6.17 shows no significant differences among
the mAbs in their aliphatic index, except for mAb12, featuring a much lower value than the others
in both full sequence and Fv domain. Concerning GRAVY, all mAbs (full chains) basically report a
typical value of ∼ 0.4, as expected for water-soluble proteins [352]. Slight differences are found in
values obtained for Fv, with mAb12, mAb24 and mAb4* exhibiting the least hydrophobic Fv in the
set. It must be noted that the GRAVY values reported in Tables 4.1, 4.2 refer to the global hydropho-
bicity of the protein full chains or Fv domains, not accounting for the distribution of the hydrophobic
residues along the sequence potentially leading to the formation of hydrophobic patches, which are
particularly relevant for PPIs.

The isoelectric point pI of a biomolecule is an essential parameter to account of in biopharmaceuti-
cal developability. In the present case, the mAbs studied exhibit full chain pI ranging from ∼ 6 to ∼ 9
(Table 4.1), but their differences become more marked if we merely consider the Fv pI (Figure 6.17).
Makowski et al. identified Fv pI as the most significant parameter to predict the viscosity behaviour
of mAbs in solution, observing that all mAbs in a training set of 173 molecules exhibiting high vis-
cosities were those featuring Fv pI ≤ 6.3 [183]. Among the mAbs studied in this work, the ones with
high viscosities – mAb24 (starting from ∼ 90 mg/mL), mAb12 (from ∼ 120 mg/mL), mAb16 (from
∼ 140 mg/mL), mAb4* and mAb15 (from ∼ 170 mg/mL) – all feature Fv pI ≤ 6.3 (Table 4.2, third
column), as expected [183].

Table 4.3 reports the results of the CDR prediction based on the heavy and light chains performed
using SAbPred tools. The predicted CDR total length spans from 44 (mAb5, mAb9) to 59 residues
(mAb1), with no evident correlation to the macroscopic viscosity of the mAbs . Overall, all the scores
reported in Table 4.3 indicate good predictions for the mAbs studied in this work, meaning in the
range of the values obtained for the Fv domains of the latest 754 post Phase-I therapeutic antibod-
ies. The parameters predicted reveal remarkable differences among the CDR of the 11 mAbs, which
could potentially influence their stability and propensity to self-association in solution. Starting with
the CDR length, mAb1 stands out with the longest CDR at 59 residues, which may enhance its binding
flexibility. In contrast, mAb3 and mAb9, with CDR lengths of 44 residues, may exhibit less confor-
mational variability. In terms of CDR diversity, mAb12 exhibits the highest diversity score of 2.63 Å,
suggesting a greater potential for structural variability of the CDR-H3 loop and, consequently, higher
possibility of exposing hydrophobic patches. This property may contribute to its aggregation ten-
dency, as confirmed by several experimental techniques employed. Conversely, mAb3 and mAb19
show lower diversity scores (0.86 Å and 0.74 Å, respectively), indicating a more stable conformation
that may mitigate aggregation risks.

The scores for CDR vicinity metrics also highlight notable differences among the antibodies. For
instance, mAb19 and mAb25 have the lowest CDR hydrophobicity scores, while mAb3 and mAb15
have the highest, which suggests the presence of a remarkable hydrophobic patch in their CDR. The
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most viscous mAbs in solution – mAb12, mAb16, and mAb24 – all have PSH score around 130, like
mAb4* and mAb9. In comparison, mAb3 and mAb5 exhibit more moderate PSH scores, suggesting
a lower risk of self-association, again supported by experiments. Notably, mAb15 stands out with a
PSH score of 159.5318 combined with a PPC score of 2.4303, indicating a potentially unstable charge
distribution that may enhance its aggregation propensity. Further examining the PNC scores, mAb12
has a PNC score of 0.2424, while mAb4* has a lower score of 0.3316, suggesting differences in their
charge distributions that may influence self-association behaviors. The structural Fv Charge Symme-
try Parameter (SFvCSP) scores provide additional insight, with mAb15 showing a negative score of
-0.09, indicating an imbalance in charge that could favor aggregation.

MAb24, with a CDR length of 47 residues and a diversity score of 0.62 Å, has a PSH score of
135.0241, a PPC score of 0.1978, and a PNC score of 0.0493. These characteristics suggest that while
mAb24 may exhibit compactness and potentially lower charge interactions, it still possesses sufficient
hydrophobic characteristics to contribute to aggregation risk.

In summary, the observed differences in CDR length, diversity, charge distribution, and hydropho-
bicity among the analysed mAbs significantly impact their overall stability and self-association be-
haviour in solution. The insights gained from this analysis underscore the importance of understand-
ing these CDR characteristics, as they play a critical role in the development of antibody formulations
for therapeutic applications. By addressing these properties, researchers can mitigate aggregation
risks and enhance the solubility and efficacy of monoclonal antibodies in clinical settings.

While CDR properties can provide valuable insights into the potential for self-association, they
are only part of a larger picture involving the entire antibody structure.

mAb iso- light MW ε280 pI aliph. GRA- arom- charge
(full chain) -type chain [kDa] [Lg−1cm−1] idx -VY -aticity at pH 6

mAb1 IgG1 κ 148.353 1.434 8.41 70.85 -0.416 0.098 28.97
mAb3 IgG1 κ 143.441 1.520 8.31 69.42 -0.362 0.095 22.94
mAb4* IgG4 κ 144.790 1.555 6.27 67.48 -0.438 0.102 4.28
mAb5 IgG1 κ 147.001 1.299 8.71 67.20 -0.434 0.097 33.90
mAb9 IgG1 κ 144.122 1.299 8.03 68.66 -0.414 0.091 19.20
mAb12 IgG1 λ 146.460 1.781 7.79 51.89 -0.439 0.101 17.05
mAb15 IgG1 λ 143.887 1.522 7.81 67.77 -0.417 0.090 18.13
mAb16 IgG1 λ 143.751 1.555 7.47 68.44 -0.370 0.092 15.94
mAb19 IgG1 κ 144.731 1.519 8.17 68.99 -0.378 0.101 20.01
mAb24 IgG1 κ 145.610 1.476 7.19 67.88 -0.438 0.095 16.25
mAb25 IgG1 κ 145.175 1.467 8.41 69.54 -0.414 0.097 25.96

Table 4.1. Antibody full chains. Physico-chemical properties of the investigated antibodies (full
chains): antibody isotype, light chain type (κ/λ), molecular weight MW, extinction coefficient at
280 nm ε280, isoelectric point pI, aliphatic index, GRAVY (grand average of hydropathy), aromaticity,
charge at pH 6. Calculations were performed using Biopython [371].
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mAb (Fv) MW [kDa] pI aliph. idx GRAVY aromaticity charge at pH 6
mAb1 26.431 8.62 73.36 -0.342 0.126 5.74
mAb3 23.975 8.34 69.29 -0.179 0.120 2.73
mAb4* 25.023 5.44 66.61 -0.407 0.128 -1.18
mAb5 25.627 9.21 63.22 -0.380 0.124 8.20
mAb9 24.316 6.87 67.05 -0.333 0.107 0.863

mAb12 25.695 5.44 59.53 -0.453 0.137 -1.18
mAb15 24.583 5.74 67.44 -0.386 0.110 -0.64
mAb16 24.602 5.34 69.07 -0.25 0.114 -1.79
mAb19 24.621 7.83 68.04 -0.228 0.138 1.27
mAb24 25.103 5.83 64.8 -0.404 0.119 -0.61
mAb25 24.843 8.61 66.17 -0.335 0.123 4.24

Table 4.2. Antibody variable domains (Fvs). Physico-chemical properties of the investigated an-
tibodies (Fv domain only): Fv molecular weight MW, isoelectric point pI, aliphatic index, GRAVY,
aromaticity, charge at pH 6. Calculations were performed using Biopython [371].
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Fig. 4.10. Molecular weight MW (top line) and total number of residues of the antibodies (bottom
line), also showing the number of positively charged, negatively charged and non-charged amino
acids (in blue, orange and grey, respectively). For the charged residues, their percentages on the total
are also reported. Plots on the left refer to the full chains of the molecules, while the right column
depicts the same parameters for the antibody Fv.
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mAb CDR CDR diversity CDR vicinity CDR vicinity CDR vicinity SFvCSP
length score [Å] PSH score PPC score PNC score score

mAb1 (κ) 59 2.04 143.89 0.1185 0.1271 3.4
mAb3 (κ) 44 0.86 152.5569 0.0076 0.0464 6.3
mAb4* (κ) 47 0.82 132.511 0.103 0.3316 0.0
mAb5 (κ) 54 1.34 134.8611 0.0419 0.0 10.0
mAb9 (κ) 44 0.86 132.1588 0.2347 0.346 -11.6

mAb12 (λ) 53 2.63 138.8106 0.0385 0.2424 6.0
mAb15 (λ) 49 1.09 159.5318 2.4303 2.5495 -0.09
mAb16 (λ) 49 1.33 139.7167 1.2984 0.1034 0.0
mAb19 (κ) 45 0.74 117.9533 0.0 0.0521 0.0
mAb24 (κ) 47 0.62 135.0241 0.1978 0.0493 -0.18
mAb25 (κ) 47 0.75 113.3143 0.2412 0.0865 9.0

Table 4.3. Results of the CDR prediction based on the antibody heavy and light chains performed
using SAbPred tools. The parameter shown in the third column is the CDR diversity score calculated
from ABlooper [360], defined as the RMSD of alignment to crystal structure. This parameter has been
benchmarked on a test dataset of over 100 antibody VH/VL paired sequences and it refers to the CDR-
H3 loop prediction, due to its higher variability compared to the other CDR loops. Scores≤ 1.25 Å in-
dicate a quite good CDR prediction, while values≥ 2 Å a less accurate one. The other columns report
further CDR parameters computer using TAP, the ‘Therapeutic Antibody Profiler’ [339, 361]; in the
second column there is the CDR length (in no. of amino acids), while in the others vicinity scores of
the CDR region in different metrics can be found. The metrics taken into account are the following:
PSH = Patches of Surface Hydrophobicity, PPC = Patches of Positive Charge, PNC = Patches of Nega-
tive Charge, SFvCSP = Structural Fv Charge Symmetry Parameter. The colour assigned to the values
is based on where each antibody sits within the five TAP metric distributions of the latest set of 754
post Phase-I therapeutic Fv domains. For further details, see main text and Ref. [339].
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Abstract

Monoclonal antibodies (mAbs) are particularly relevant for therapeutics due to their high specificity
and versatility and mAb-based drugs are hence used to treat numerous diseases. The increased pa-
tient compliance of self-administration motivates the formulation of products for subcutaneous (SC)
administration. The challenge associated with is to formulate highly concentrated antibody solutions
to achieve a significant therapeutic effect, while limiting their viscosity and preserving their physico-
chemical stability. Protein-protein interactions (PPIs) are in fact the root cause of several potential
problems concerning the stability, manufacturability and delivery of a drug product. The under-
standing of macroscopic viscosity requires an in-depth knowledge on protein diffusion, PPIs and
self-association/aggregation. Here, we study the self-diffusion of different mAbs of the IgG1 subtype
in aqueous solution as a function of concentration and temperature by quasi-elastic neutron scattering
(QENS). QENS allows to probe the short-time self-diffusion of the molecules and therefore to deter-
mine the hydrodynamic mAb cluster size and to gain information on the internal mAb dynamics.
Small angle neutron scattering (SANS) is jointly employed to probe structural details and to under-
stand the nature and the intensity of PPIs. Complementary information is provided by molecular
dynamics (MD) simulations and viscometry measurements, thus obtaining a comprehensive picture
of mAb diffusion.

5.1 Introduction

Since the development of the hybridoma technology by Köhler and Milstein [69], monoclonal anti-
bodies (mAbs ) made their way to therapeutic applications with 10 mAbs approved by the FDA in
2001 [372] to 100 mAbs in 2021 [373], and 153 in 2022 (among which 59 were approved for cancer ther-
apy) [374]. The transition from mouse antibodies, to chimeric and eventually human antibodies [372]
has led to a drastically reduced immune reaction, and has driven the recent increase in the number
of mAbs in use or under development. The actual and potential clinical applications of mAbs cover
a wide range of diseases [375], including cancers [74], infectious and autoimmune diseases (such as
rheumatoid arthritis and Crohn’s disease) [77,78] and multiple sclerosis [79]. The most employed type
of mAb for therapeutic use is immunoglobulin G (IgG), which is a Y-shaped molecule of ≈ 150 kDa.
The four main types of IgGs - IgG1, IgG2, IgG3 and IgG4 - show very similar structures and amino
acid sequences (90% of identity). They differ in their relative abundance in the serum, their affinity
with different types of antigens and receptors and their half-life [376]. IgGs consist of four polypep-
tide chains, two heavy chains of≈ 50 kDa each and two light chains of≈ 25 kDa each, cross-linked by
disulphide bonds. Heavy chains contain a variable domain (VH) and three constant domains (CH1,
CH2 and CH3), with a flexible hinge region between CH1 and CH2; light chains contain a variable
domain (VL) and a constant domain (CL) [379], [380]. The segments CH1, VH, CL and VL form
the “fragment antigen binding” (Fab) region, while the CH2 and CH3 domains form the “fragment
crystallizable” (Fc) region (Figure 5.1). While polyclonal antibodies are usually produced by several
different plasma cell lineages and bind to multiple epitopes, monoclonal antibodies result from the
cloning of a unique cell and thus bind only a single epitope [66]. This feature gives mAbs high speci-
ficity and high affinity due to the complementarity determining region (CDR) within the Fab, whose
shape complements the one of the corresponding antigen. The Fc region of mAbs instead allows to
reduce side-effects and toxicity compared to polyclonal antibody solutions [375]. In addition, their
half-life can extend to a month after injection thanks to the binding to the neonatal Fc receptor. How-
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Fig. 5.1. Structure of the mAbs and sequence similarity between the mAbs . (a) The structure of mAb1
was used to represent the mAb using Visual Molecular Dynamics (VMD) [377]. The different regions
of the mAb are annotated on the structure represented using the ‘NewCartoon’ style. The heavy
chains are represented in shades of blue and the light chains in shades of orange. (b) The sequences
of the mAb variants were aligned using the VMD ‘MultiSeq’ module [378] and the sequence similarity
obtained with the BLOSUM100 matrix is represented with a colour range from blue for high similarity
to red for low similarity. The different mAbs under study show almost identical structures in the Fc
region, while they differ in the extremal parts of the Fab regions (CDR), namely the ones involved in
the binding with the specific antigen.

ever, their size prevents them from entering cells and crossing the blood-brain barrier. In addition,
oral administration results in rapid degradation of the mAbs and limited bioavailability [381], thus
limiting their administration to parenteral routes, namely intravenous (IV), intramuscular (IM) or
subcutaneous (SC) injections. Some diseases require life long treatment; if the drugs are administered
via IV, patients need to see a doctor or go to a hospital to receive their medication, which can com-
promise patient compliance. For this reason, mAb delivery via SC injection has recently become a
market interest in pharmaceutics, since no skilled personnel is required for drug administration, thus
enabling patients to benefit from self-administration and more flexibility, and also ensuring lower
healthcare costs [88].

The amount of mAb required to ensure a significant therapeutic effect (typically hundreds of mg)
and the typically low injection volume in subcutaneous administration (0.5-2 mL) imply the use of
highly concentrated mAb solutions of mAbs, which can exhibit high viscosities [94]. This potentially
affects the stability, manufacturability, and delivery of these biopharmaceuticals [96,97]. The dynamic
viscosity of highly concentrated mAb formulations can easily exceed the tolerance threshold for in-
jectability (∼ 15-20mPa·s) [93] and render their administration difficult or impossible for patients and
some injection devices due to the high forces required [88,95]. Extensive research aiming to minimize
the viscosity of highly concentrated mAb solutions is ongoing [94], along with several studies on the
optimization of physico-chemical solution stability and manufacturability [98, 99].

The presence of reversible self-association was proposed as the main mechanism determining
viscosity changes in the works by Kanai et al. [101] and Liu et al. [100]. Self-association and hence
viscosity of highly concentrated mAb solutions can be influenced by multiple parameters, including
concentration, pH, ionic strength [100], or specific interactions, like charge-dipole or dipole-dipole,
between domains of monomers [102, 103]. Charged molecules such as NaCl or Arginine-HCl can
shield protein charges, thus reducing protein-protein-interactions and thereby viscosity [382]. Al-
though electrostatic interactions seem to dominate in driving reversible self-association, hydropho-

93



5.1. Introduction CHAPTER 5. Biophysical determinants for mAb solution viscosity

bic interactions also play a key role [104] and therefore have impact on the solution viscosity. Argi-
nine can also shield antibody hydrophobic interactions [129], enhancing its viscosity-reducing func-
tion. Other excipients with analogous effects are caffeine [135], hydrophobic salts [134], or amino
acid derivatives [136], but they are not yet employed in commercialized drug products. Addition of
viscosity-reducing pharmaceutical excipients to mAb formulations is indeed a common practice and
also the subject of continuous research [138–140].

More recent work involving experiments and coarse-grained simulations paved the way to vis-
cosity predictors based on amino acid sequence and structural properties of the Fv region [383, 384].
Apgar and coworkers applied the same approach optimizing the charge distribution and hydropho-
bicity in the variable region (VH and VL) to successfully reduce the viscosity of a mAb solution while
preserving its stability and its affinity for the antigen [385].

Schmitt et al. recently presented a predictive modeling approach for viscosity employing artificial
neural networks and based on both experimental and simulation-derived parameters and viscosity
data from 27 highly concentrated mAbs [184], showing that sequence-based optimization of mAb
properties is a powerful method for rational mAb design. In addition, recent studies have success-
fully investigated the link between viscosity and cluster formation using small-angle X-ray scattering,
microrheology and coarse-grained simulations and used cluster theory to predict structure factors of
highly concentrated mAb solutions [171, 172]. The same systems have also been investigated using
again SAXS, viscometry, static and dynamic light scattering, in combination with other analytical
techniques [173] and also coarse-grained modeling [174]. In general, computational approaches, such
as coarse-grained and atomistic modeling, hydrodynamic calculations and ML based methods, seem
to successfully predict viscosity, inter-molecular interactions, aggregation and physical instabilities in
highly concentrated mAb solutions [386–390].

Polyclonal antibody solutions have also been widely investigated with SAXS [391], XPCS [392],
QENS and NSE [273], establishing a quite robust framework for the research on monoclonal anti-
body solutions. In this area, neutron scattering techniques have already been successfully used [236]
to fully understand the link between macroscopic and microscopic phenomena. For example, neu-
tron reflectometry has been widely employed to study adsorption of mAbs on hydrophobic surfaces,
which typically leads to protein aggregation and degradation [216,393]. Neutron spin-echo and small-
angle neutron scattering experiments have identified the formation of dynamic clusters of proteins
(including antibodies) in concentrated solutions [229, 234].

In this context, the self-association or cluster formation of mAbs in aqueous solution can be reli-
ably obtained via the self-diffusion of these clusters measured by high-resolution quasi-elastic neu-
tron spectroscopy (QENS) probing the spatially incoherent scattering and, thus, ensemble-averaged
single-particle self-correlation of the mAb hydrogen 1H atoms. This self-diffusion unambiguously
informs on the hydrodynamic size of the clusters via the Stokes-Einstein relation. In concentrated
solutions of protonated (1H) proteins in D2O (2H), the signal from the proteins dominates over the
solvent signal in the neutron scattering experiment.

Here, we comprehensively study a set of 5 different mAbs in terms of this cluster size which is
accessed via their self-diffusion at different temperatures and concentrations in solution, the associ-
ated macroscopic viscosity of these solutions, and, for selected samples, their solution structure and
protein-protein interactions by small-angle neutron scattering (SANS). Moreover, we perform fully
atomistic molecular dynamics (MD) simulations to identify possible determinants for the experimen-
tally observed behaviour in the sequence of the mAbs . Simultaneously, we also obtain information
on the internal diffusive dynamics of these mAbs on the level of protein backbone and side-chain
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fluctuations from both simulations and QENS spectra. Thus, we associate the macroscopic properties
with several microscopic properties in the pursuit to enhance the understanding required for rational
design of high-concentration, low-viscosity mAb formulations. Resulting from the energy resolution
of the QENS experiment, the diffusion of the proteins is observed during the coherence time of a
few nanoseconds. On this time scale, protein-protein collisions can be neglected, and the observed
center-of-mass diffusion corresponds to the so-called short-time diffusion, which is governed by hy-
drodynamic and electrostatic interactions [34].

5.2 Materials and methods

5.2.1 Sample preparation

We employed 5 different monoclonal antibodies of IgG1 isotype with κ and λ light chains, with
molecular weight (MW) ranging from approximately 145 to 148 kDa and different isoelectric points
(pI) ranging from 7.2 to 8.4 (see Table 5.2 in section 5.5). In this work, we denote these antibod-
ies mAb1, mAb9, mAb12, mAb16 and mAb24, consistent with previous work on the same pro-
teins [184]. All mAbs were manufactured in-house at Lonza AG/Ltd. double gene vectors (DGV)
containing the heavy and light chains were transfected into chinese hamster ovary (CHO) K1SV
glutamine synthetase knockout (GS-KO) cells [394] from Lonza Biologics (Slough, UK) and cultured
under selection conditions as stable pooled cultures. Clarified supernatant was obtained by centrifu-
gation followed by filter sterilization using 0.22 µm filters Stericup® Quick Release from Merck/Mil-
liporeSigma (Darmstadt, DE) and Protein A chromatography was used for mAb purification. Size
exclusion-high-performance liquid chromatography (SE-HPLC) showed that all mAbs were > 96%

monomers, with small amounts of aggregates and fragments. All proteins were concentrated to final
concentration of 10 mg/mL (nominal) and buffer exchanged into the formulation buffer by tangential
flow filtration. A 20 mM histidine-HCl buffer at pH 6.0 was employed as for most (> 80%) formula-
tions of highly concentrated approved mAb drug products [348]. All mAb solutions were then frozen
in aliquots, stored at −80◦C and slowly thawed prior to use.

For QENS and SANS samples, molecules were buffer-exchanged into 20 mM Histidine in pure
D2O at pD 6.0, using 3 mL dialysis cassettes containing cellulose membranes with 30 kDa nominal
molecular weight cutoff from ThermoFisher Scientific (Waltham, MA, USA). Two baths of at least 2
hours were performed to obtain a dilution factor of at least 104 of residual H2O in the samples. We
remark that exchanging the buffer from H2O to D2O is an essential step in neutron experimental
techniques, because it enables to measure proteins in their aqueous environment while minimizing
the scattering signal from the surrounding solvent. Subsequently, the samples were concentrated
using 15 mL 30 kDa MWCO Amicon®-Ultra concentrators from Merck/MilliporeSigma until the
volume needed for the QENS experiment (∼ 800 µL) was reached. Final concentrations of the sam-
ples were determined via UV-Vis spectroscopy on dilution series of each mAb using a Jasco V-630
Spectrophotometer. For each dilution step, absorbance curves were collected and their peak values at
280 nm were plotted against the sample reciprocal dilution factor. The data obtained were therefore
fitted using the Lambert-Beer law, which links the absorbance A of the sample to its concentration c
via A = ε c ℓ, with ℓ being the optical path-length, i.e., the thickness of the cuvette, and ε the sam-
ple extinction coefficient. The determined concentrations were (76.53 ± 2.59) mg/mL for mAb1,
(54.44 ± 1.82), (64.34 ± 4.60) and (80.12 ± 3.65) mg/mL for mAb9, (76.12 ± 3.15) mg/mL for
mAb12, (80.44 ± 4.79) mg/mL for mAb16 and (45.38 ± 1.52) mg/mL for mAb24.
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For reference, samples of polyclonal IgG solutions were prepared employing lyophilized powder
of γ-globulin from bovine serum (≥ 95% purity, essentially salt-free), purchased from Merck/Milli-
poreSigma (Darmstadt, DE) and directly dissolved in a 20mM Histidine-HCl D2O buffer at pD 6.0.
The desired concentrations for these samples were reached and verified via UV-Vis using a Nanodrop
One© Spectrophotometer from ThermoScientific, obtaining three samples at cp = 60, 140, 180 mg/mL,
respectively.

5.2.2 Quasi-elastic neutron backscattering spectroscopy

Quasi-elastic neutron scattering (QENS) accesses molecular dynamics on time and length scales com-
mensurate with the motions of individual proteins and their domains and side chains.

The experiments were performed at the spectrometer IN16B at the Institut Max von Laue - Paul
Langevin (ILL), Grenoble, France. This instrument provides an energy resolution of 0.8µeV and an
energy transfer range of ±30 µeV, allowing the investigation of motions on a timescale of approxi-
mately 100 ps to 10 ns [315]. IN16B was used with Si(111) monochromator and analyser crystals, cor-
responding to an elastic wavelength of 6.27 Å. A linear motor Doppler drive carrying the monochro-
mator was used to define the energy transfer. The samples were put into double-walled cylindrical
aluminum cans with a 0.15mm gap and an outer diameter of 23 mm, sealed with indium wire, and
mounted in a standard cryofurnace for temperature control during the data acquisition. The QENS
signal was integrated for 4 hours for each sample at each temperature. The QENS data are curated
under DOI 10.5291/ILL-DATA.8-04-908 [395]. The data were processed with Mantid [396] applying
standard reduction including monitor normalization and empty can subtraction, and subsequently
fitted using python employing scipy.optimize.curve fit [397]. The observable in neutron spectroscopy
is the dynamic structure factor S(q, ω) depending on the energy transfer ℏω and momentum transfer
ℏq. IN16B spans a q-range from 0.2 to 1.9 Å−1, corresponding to lengths from 3 to 30 Å. S is the
sum of the scattering contributions from the aqueous (D2O) solution and the antibodies. The latter
consists of the contributions from the global and internal diffusion of the proteins. The superposition
of these contributions is convoluted with the spectrometer resolution function R(q, ω) obtained from
a Vanadium calibration measurement. The experimental data were fitted by [306]

S(q, ω) = R(q, ω)⊗
{
β(q)

[
A0(q)L(γ(q), ω)+(1−A0(q))L(γ(q)+Γ(q), ω)

]
+βD2O(q)L(γD2O(q), ω)

}
,

(5.1)
where R(q, ω) is the resolution function, β(q) and A0(q) are q-dependent scalars, where the latter is
identified with the elastic incoherent structure factor (EISF). The parameters βD2O(q) and γD2O(q)

were fixed based on measurements of the pure solvent, accounting for the solvent volume excluded
by the proteins in βD2O(q). Each contribution to S(q, ω) accounts for a diffusive motion and, thus, is
a Lorentzian function L(Γ, ω) = Γ/(ω2 + Γ2), whose width provides the associated relaxation rate.
L(γ(q), ω) is the Lorentzian connected to the self-diffusion of the protein center of mass, L(γ(q) +
Γ(q), ω) describes the internal diffusive motions and L(γD2O(q), ω) is the signal from the deuterated
buffer solution. Samples at cp ≤ 50 mg/mL were fitted accounting for just two Lorentzian functions
(center of mass and solvent diffusion), due to their lower signal potentially causing overfitting if
using equation 5.1. All samples were prepared in D2O solutions to reduce the signal from the solvent
relative to the protein signal, due to the large difference of the incoherent neutron scattering cross
sections of hydrogen 1H and deuterium 2H.

A two-step approach was used for fitting. First, by q-wise fits, scalar fit parameters were fitted
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independently for each q. From this procedure we observe that the center-of-mass dynamics follows
a Fickian-type diffusion as expected and found previously [306], meaning that the width γ of the
center of mass Lorentzian is

γ(q) = D q2 (5.2)

where D is the apparent global diffusion coefficient. From a physical point of view, this means that
the center of mass exhibits continuous diffusion. Second, global fits were performed by imposing
the q-dependence of some parameters to render the fit more robust and include knowledge on the
systems from the q-wise fits, as established in previous works [34, 306, 307, 398]. One approach was
to impose a Fickian center of mass diffusion (equation 5.2) without imposing any q-dependence of
the internal diffusion. A q-dependence on the initial guess for the internal dynamics parameters was,
however, included, by following the so-called jump-diffusion model [253]

Γ(q) =
Dint q

2

1 +Dint τ q2
, (5.3)

where Dint and τ respectively represent the diffusion coefficient related to the internal dynamics and
the average residence time in the state of oscillatory motions. A prior knowledge from the q-wise fit
was also exploited in the EISF A0(q), which was parameterised in the global fits as [307, 308, 399]

A0(q) = p0 + (1− p0) [p1A3jump(q) + (1− p1)Asphere(q)] , (5.4)

i.e., by a superposition of a component accounting for orientational jumps among three sites equally
distributed on a circle and placed at distance a one from another,

A3jump(q) =
1

3[1 + 2 j0(qa)]
, (5.5)

and a contribution from diffusion confined in a spherical volume with radius R,

Asphere(q) =

∣∣∣∣∣
3j1(qR)

qR

∣∣∣∣∣

2

, (5.6)

where j0 = sin(x)/x and j1(x) = sin(x)/x2 − cos(x)/x denote the spherical Bessel functions of the
zeroth and first order, respectively. p0 (equation 5.4) is the fraction of hydrogen atoms that appear
immobile on the timescale explored by the instrument (elastic contribution), while (1 − p0) is the
fraction of mobile H atoms. In this picture, the coefficients p1 and (1 − p1) respectively represent the
fraction of H atoms undergoing jump-diffusion among three sites and diffusion confined in a sphere.
The first class of H atoms accounts for methyl groups, the reorientations of which are described by
equation 5.5 with the fixed jump distance a = 1.715 Å. In this interpretation, H atoms jump between
three sites at an angular distance of 120◦. The second class of H atoms, namely those undergoing
diffusion inside a sphere (equation 5.6), accounts for the protein backbone, with R being a free fit
parameter. The q-dependent scalar β(q) in equation 5.1 accounts for the thermal Debye-Waller factor
due to vibrational motions of hydrogen atoms:

β(q) ∝ exp

(
−1

3

〈
r2
〉
q2
)
, (5.7)

with
〈
r2
〉

being the corresponding MSD.
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5.2.3 Small-angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) was performed on a subset of the antibodies, namely mAb9,
mAb12 and mAb24, in order to determine their time-averaged structural and thermodynamical prop-
erties as a function of temperature and protein type. The SANS experiments were carried out on
D11 [400] at the ILL. MAb samples at 80 mg/mL each were filled into 1 mm round quartz cuvettes
(Hellma, Mülheim, Germany) and placed onto a copper sample holder. A q range from 0.006 - 0.7 Å−1

was covered by two sample-to-detector distances (16 and 1.7 m) with respective collimation lengths
of 16.5 and 2.5 m. A wavelength of 4.6 Å with a FWHM wavelength spread of 9 % was used. Scattered
neutrons were detected using a multitube 3He gas detector with a pixel size of 4 × 8 mm2. Raw data
were saved in the .nxs (NeXuS) format [401, 402]. Data reduction was performed using Mantid [396].
All data were corrected for empty cell scattering, transmission (by measurements performed using
beam attenuators) and electronic noise (by measuring a 10B4C absorber). Calibration to absolute scale
was performed using attenuated direct beam measurements. Scattering of the solvent (20 mM His-
HCl deuterated buffer at pD 6.0) was subtracted from sample scattering. The SANS data are curated
under DOI 10.5291/ILL-DATA.8-04-923 [403].

5.2.4 Viscometry

All mAb samples were characterised by viscometry as reported in Schmitt et al. [184]. They were
measured at T = 25◦C (∼ 298 K) in their original 20 mM His-HCl aqueous buffer at pH 6.0. In ad-
dition, a subset of the antibodies (mAb9, mAb12, mAb16 and polyclonal IgG) was measured in the
corresponding deuterated buffer at the same nominal concentrations at 7, 22 and 37◦C (280, 295 and
310 K), to collect complementary information on viscosity for the conditions studied in neutron ex-
periments. The procedure used for preparation is the same as the one described for QENS and SANS
samples in 5.2.1, with dilutions from 180 to 30 mg/mL. The employed apparatus was a Rheosense
VROC® Initium rheometer (San Ramon, CA, USA) equipped with a B05 chip and operating using
VROC® (Viscometer/Rheometer-on-a-Chip) technology [363]. A medical grade viscosity standard
from Paragon Scientific (ISO 17025 & 17034), reporting a dynamic viscosity of 9.994 mPas and a den-
sity of 1.1567 g/mL at 25◦C, was used for the SST. The protocol consisted in measuring the dynamic
viscosity of each sample ten times at 25◦C whilst applying an automatic shear rate, which is deter-
mined by the instrument software in order to induce a pressure inside the chip targeting the 50% of
the full instrumental range [184].

5.2.5 Sample characterization by DLS, SLS, and HIC

Dynamic light scattering (DLS), SLS and hydrophobic interaction column (HIC) measurements were
carried out by Schmitt et al. [184] and these data were used as inputs for the simulations.

5.2.6 MD simulations

Single-molecule simulations and analysis

The PDB files for the different mAbs available internally at Lonza were employed to run single-
molecule simulations using NAMD [404] with the CHARMM36 force field [405], [406]. For each
antibody, the starting condition was to place a single monomer in a box with explicit water (TIP3
model [407]) using the solvate plugin of VMD [377] with a padding distance of 25 Å. The system

98

https://www.rheosense.com/technology


CHAPTER 5. Biophysical determinants for mAb solution viscosity 5.2. Materials and methods

was neutralized (every charge having a counter-charge) using Na+ and Cl− ions to avoid electro-
static artifacts during the simulation using the autoionize plugin of VMD [377]. The pressure was
maintained at 1 atm using the Nosé-Hoover Langevin piston algorithm [408], [409] and the tem-
perature controlled using Langevin dynamics. All bonds were constrained with the SHAKE algo-
rithm [409]. The integration of the equation of motions was performed using the Verlet-I/r-RESPA
algorithm [410], [411] with integration time of 2, 2 and 4 fs for the short-range bonded and non-
bonded forces and long-range forces, respectively. The electrostatic interactions were computed us-
ing the Ewald summation method [412], [413] with a smooth switching function between 12 and 14
Å. The 5 systems, mAb1, mAb9, mAb12, mAb16 and mAb24, were equilibrated at 300 K in the NVT
(N = number of atoms, V = volume, T = temperature) ensemble for 2 ns to remove any bad contacts
that may occur during model building. The NPT (P = pressure) ensemble was then used for 60 ns
equilibration at 300 K. The production runs were performed for 120 ns in the NVT ensemble to match
the experimental conditions where V and T are fixed.

The features (MSD, angles between the lobes) were computed using the block average method [414].
Briefly, the simulation trajectory is divided into blocks of increasing size. For each block at a given
size, the observable and its standard deviation between the blocks are computed. The standard devi-
ation is expected to reach a plateau value when the sampling is sufficient for the computed observ-
able [414] (Figure S4). The minimum block size is defined when the standard deviation reaches the
plateau and that block size is used for calculating the variable average and standard deviation. Using
this block average method, the large scale motions of the lobes are computed by taking the scalar
product of the normalized position vectors shown in Figure S4 to extract the angles. Subsequently,
for different time origins, the deviation of the angle from the initial value is computed. The result
is averaged over the blocks and the standard deviation between the blocks is extracted. The MSD is
obtained as

MSD = ⟨u2⟩ = 1

N

N∑

i

⟨||r⃗i(t0 +∆t)− r⃗i(t0)||2⟩, (5.8)

where r⃗i(t) is the position vector of atom i at time t and the angular brackets denote the average over
multiple time origins.

Feature extraction from the structure and the sequence.

To obtain the charge at pH 6, a protein structure file in the .pqr format was generated using pdb2pqr [415]
along with propKa [416] to assign the expected protonation states. The charge of the different protein
domains is then extracted by summing the charge of the atoms pertaining to a given domain. The
other features, namely pI, GRAVY index and aromaticity were obtained using the BioPython [371]
package.

Simulations at high concentration, computed SANS profiles.

The system was constructed by randomly placing 6 monomers into a simulation box using the VMD
[377] tcl script. The preparation of the system and the simulations were performed using a modified
GROMACS [417,418] package (GROMACS-SWAXS [419]) designed for interfacing with experimental
small-angle scattering data. As above, the CHARMM36 force field was used, the proteins were sol-
vated using TIP3P water and the system was neutralized with NaCl using GROMACS command-line
tools. The 10 ns equilibration and the 200 ns simulation runs were performed using the same algo-
rithms cited above. The computed SANS curves were obtained by averaging 100 frames on the last 20
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ns of simulation for mAb9, mAb12 and mAb24. An envelope at a distance of 0.7 nm from the protein
surface was used. Further analysis of protein contacts network and hydrogen bonds was conducted
using the MDAnalysis package [420,421]. Protein network graphs were generated by finding the min-
imum distance between each pair of monomers for each frame in the simulation. Subsequently, all
pairs for which the minimum distance was lower or equal to 5 Åwere registered as interacting for the
frame concerned. Among these interacting pairs, only the ones whose interactions were lasting for
more than 1 ns were kept and used to produce the protein network graphs 5.10. The number of times
a given pair is involved in an interaction throughout the simulation was used as a weighing factor to
draw the graphs, where a higher number of times is represented by a thicker black line. Graphs were
generated and clustering coefficients obtained using the NetworkX Python package [422].

5.3 Results and discussion

5.3.1 Viscometry

The viscosity was analysed depending on antibody concentration cp and volume fraction φ (Fig-
ure 5.2). φ is calculated from the protein concentration cp as φ = cp Vs, assuming the specific volume
Vs = 0.739 mL/g [307]. An increase in the viscosity of the solutions at increasing antibody concentra-
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Fig. 5.2. Linear (left) and logarithmic (right) plots showing the relative viscosity ηr = η/η0 (symbols)
of aqueous (H2O) solutions of different mAbs of the IgG1 subtype produced and characterised at
Lonza, in 20 mM Histidine-HCl buffer at pH 6.0, at T = 25◦C (≈ 298 K), versus mAb concentration cp
(lower x-axis) and volume fraction φ (upper x-axis), from dynamic viscosity measurements using a
Rheosense VROC® Initium rheometer. Dotted lines are fits to the data using equation (5.9). The black
dashed line represents the typically defined viscosity threshold for syringeability (∼ 15-20 mPa·s
used in this work as guidance value, but in practical terms depending on volume, syringe, needle,
acceptable injection force). The strong dependence of the viscosity on the mAbs , in spite of them
only differing in the CDR (Figure 5.1), underlines the need of understanding its microscopic origins.
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tion is observed. This increase follows an exponential trend and shows large differences between the
mAbs . In addition, some of them exceed 15-20 mPa·s already at relatively low protein concentration.
Data obtained were fitted using the heuristic model

ηr(φ) =
η

η0
= 1 + exp

(
aφ+ b φ2

)
, (5.9)

with η0 representing the solvent viscosity, and a and b being scalar fit parameters. Data collected from
the mAbs in their original H2O buffer are shown in Figure 5.2; the viscosity of the solvent alone was
η0 (H2O) = 0.92 mPas. Results for the deuterated solutions are reported in Figure 5.14 in section 5.5.

The data show a strong dependence of the viscosity η on the type of mAb, although their struc-
tures only differ in the Fab and CDR regions. This observation suggests the microscopic origins
of this phenomenon and underlines the importance of investigating the interactions between mAb
molecules.

5.3.2 Dynamic and static light scattering

Parameters obtained via light scattering measurements can give indications on the interactions be-
tween mAbs in solution. In particular, the second virial coefficient A2 can be obtained from SLS and
diffusion-interaction parameter kD from DLS. In Table 5.1, we report the values determined previ-
ously by Schmitt et al. [184]. mAb1 and mAb9 are characterized by larger positive values of A2, which
are pointing towards electrostatic repulsion and might explain the relatively low viscosity. In contrast
to mAb1 and mAb9, mAb12 shows a still positive but slightly smaller A2, indicating the presence of
weaker repulsive forces between its monomers. However, mAb12 undergoes a significant increase
in the viscosity at high concentrations compared to mAb1 and mAb9. On the other hand, mAb16
and mAb24 feature negative A2 values, suggesting the presence of attractive interactions between
monomers and justifying their viscosity increase at increasing mAb volume fraction.

Concerning the diffusion-interaction parameter kD, kD > 0 indicates net repulsive interactions,
whereas kD < 0 is a signature of net attractive interactions between mAb monomers [102]. Again,
while mAb1 and mAb9 show almost equal and largely positive kD values, mAb12 has a weakly
positive kD, meaning that mAb1 and mAb9 feature way more repulsive PPIs and lower viscosities
than mAb12. An opposite behaviour is observed for mAb16 and mAb24, which are characterized by
negative kD and therefore experience attractive PPIs and higher viscosities. Moreover, the trend of in-
creasing viscosity at increasing mAb concentration is more pronounced for mAb24, having A2 =−0.72
and a largely negative kD (Table 5.1).

MAb A2 ×10−4 [molmLg−2] kD [mL /g]
mAb1 1.96 18.40
mAb9 1.10 18.50
mAb12 0.44 1.37
mAb16 -0.11 -6.17
mAb24 -0.72 -21.10

Table 5.1. Second virial coefficients A2 determined by SLS and diffusion-interaction parameters kD

from DLS obtained for the 5 mAbs by Schmitt et al. [184].
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5.3.3 Quasi-elastic neutron spectroscopy and MD simulations

QENS spectra from different mAb solutions at comparable protein concentration cp at the same tem-
perature and same momentum transfer q show significant differences (Figure 5.3) already visible
without modelling.

Fig. 5.3. Model-free comparison of QENS spectra at q = 1.04 Å−1 for T = 280 K from two mAbs
(mAb1 and mAb16) in D2O solutions with 20 mM His-HCl, at nearly the same protein concentration
(∼ 76 mg/mL). Despite the identical conditions, the two spectra show significant differences in inten-
sity and width.
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Fig. 5.4. QENS spectrum (symbols) obtained from mAb16 at cp = (80.44±4.79) mg/mL at T = 280 K
with different dynamic contributions (lines) at q = 1.13 Å−1. The blue solid line represents the fit
consisting of the different dynamical contributions in equation 5.1: global (magenta dashed), internal
(orange dash-dotted) and solvent diffusion (cyan dotted line).
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Global self-diffusion varies substantially among the mAbs

Due to the dominant nuclear incoherent scattering from the proteins, the obtained dynamic structure
factor represents the ensemble-averaged single-particle self-dynamics. From the narrowest Lorentzian
contribution in the QENS spectra the observable apparent global self-diffusion coefficients D =

D(Dr, Dt) were obtained, which contain the contributions from both rotational Dr and translational
Dt diffusion. D = D(φ) is sensitive to the crowding effects mediated by hydrodynamic and electro-
static interactions, but also to the presence of clusters, which can be transient [398]. The comparison
with existing models from colloid theory gives hints on the factors affecting short-time diffusion and
ultimately, viscosity.

Diffusion of antibody solutions as soft colloid suspensions

As stated above, proteins in solution experience both translational center-of-mass diffusion and rota-
tional diffusion. The measured dynamic structure factor contains both contributions which together
account for the global dynamics and result in the observable D. The width γ(q) of the first Lorentzian
contribution in equation 5.2 is associated with this apparent diffusion coefficient D. To interpret the
experimental D in terms of colloid physics, a theoretical Dtheo(φt) = Dtheo(Dtheo

r (φt), D
theo
t (φt)) was

calculated as established in Ref. [306], based on an analytical expression for this implicit function and
on the protein hydrogen radial density distribution ρ(r) calculated from their PDB structures (see Fig-
ure 5.16 in section 5.5). An interpretation of the φ-dependence of D in terms of colloid physics is only
possible by simplifying the protein shape [4,161,423]. Due to the observation time of our backscatter-
ing experiment of a few nanoseconds, resulting from its energy resolution, we access the diffusion in
the so-called short-time limit, where protein-protein collisions can be neglected and hydrodynamic
as well as electrostatic interactions prevail.

In a strongly simplified picture, the mAbs may be approximated as colloidal hard spheres to obtain
an analytical expression of the crowding dependence of the translational diffusion Dtheo

t ,

Dtheo
t (φt) = Dt(φt = 0) f(φt) = Dt(0) f(φt), (5.10)

in which the theoretical reduced translational diffusion f(φt) depending on the hydrodynamic vol-
ume fraction φt can be described by a polynomial expression [161], and Dt(0) denotes the dilute
limit translational diffusion coefficient [161]. The rotational diffusion can be approximated by the
charged-sphere model [4]

Dtheo
r (φt) = Dr(φt = 0)(1− 1.3φ2

t ) , (5.11)

where Dr(0) denotes the dilute limit rotational diffusion coefficient [4], and which holds for low
volume fractions. Due to the protein hydration shell moving along with the proteins an effective
hydrodynamic volume fraction φt was assumed [306]. φt is connected to the protein volume fraction
φ given by the sample preparation employing a dry protein powder by

φt = φ

(
Rh

Rdry

)3

, (5.12)

such that the volume fraction is rescaled by the ratio between the hydrodynamic radius obtained
from the Stokes-Einstein relation,

Rh = (KbT )/(6πηD2O(T )Dt(0)), (5.13)
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and the bare effective antibody radius

Rdry = 3

√
3Vdry/4π. (5.14)

All parameters entering these calculations, namely Dt(0), Dr(0) and the bare antibody volume Vdry
to calculate Rdry, were derived via HYDROPRO10 [160] employing the PDB structure for each mAb,
and for the reference polyclonal IgG using the structures of murine and human immunoglobulin
G [380, 424]. For consistency with the neutron data, HYDROPRO10 calculations were performed
using the viscosity and solution density of D2O [342]. Values calculated for 7, 22 and 37◦C (280, 295,
310 K) can be found in Table S2. Figure 5.5 depicts the summary (at T= 280, 295, 310 K) comparing
the experimental D (symbols) for the different mAbs and an average of Dtheo = Dtheo(Dtheo

t , Dtheo
r )

for monomeric solutions of all mAbs (lines). Grey shaded areas can be uncertainties associated to the
solid lines and represent the regions delimited by Dtheo for 1IGT (lower) and mAb12 (upper limit).
Dashed brown lines are the approximated dimer curves obtained by rescaling the monomer ones by
the dilute limit Dtheo(0) of the dimeric immunoglobulin IgA solution structure 2QTJ [425]. Note that
Dtheo(0) was again a function of its translational and rotational components at the dilute limit Dt(0)

and Dr(0), calculated via HYDROPRO10 [160]. Figure 5.5 shows that D varies significantly among
the 5 mAbs and the reference IgG. The trend in D (Figure 5.5) follows the trend in η (Figure 5.2).
Highly viscous mAb solutions, e.g. mAb12, display a lower D compared to less viscous ones, e.g.
mAb1 and mAb9.

The interpretation of the observable apparent diffusion of mAb solutions by colloid physics allows
to estimate the level of aggregation in these systems. Diffusion coefficients (symbols) similar to the
monomer hard-sphere prediction (solid line) suggest an overall monomeric solution, whereas smaller
diffusion coefficients corroborate the presence of antibody aggregates which are mainly dimers or
constituted by few monomers, since the symbols are not far from the theoretical prediction of dimer
diffusion (dashed lines, Figure 5.5). As stressed earlier, the hard-sphere model constitutes a very
simplistic approximation for the non-spherical antibodies, and the assumption on the ratio Rh/Rdry

enters sensitively by the third power (equation 5.12). The global diffusion also varies with tempera-
ture as expected. Diffusion coefficients increase from 280 to 310 K, meaning that attraction between
proteins and self-aggregation is not favoured at high temperatures, consistently with SANS results
(see section 5.3.4); mAb clusters overall undergo dissociation when exposed from storage to body
temperature (∼ 7 to 37◦C).

Moreover, by evaluating equation 5.7, we find that vibrational MSDs
〈
u2
〉

of hydrogen atoms in
the mAbs studied are in the range 0.2 to 1.2 Å2 with the expected temperature dependence, consistent
with values found for other proteins [34].
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Fig. 5.5. Observable apparent diffusion coefficients D (symbols, obtained from global fits of QENS
data) of the mAbs and polyclonal IgG vs protein dry volume fraction φ (lower) and concentration cp
(upper x-axis) in solution at T = 280 K (top), T = 295 K (center), T = 310 K (bottom). Grey solid lines
denote the average value of Dtheo for monomers of all mAbs , murine and human IgG [424], obtained
using a colloid physics hard-sphere model as explained in section 5.5.4. Grey shaded areas are delim-
ited by Dtheo for 1IGT (lower) and mAb12 (upper limit). Dashed brown lines are the approximated
dimer curves obtained by rescaling the monomer ones by the dilute limit Dtheo(0) of the dimeric im-
munoglobulin structure 2QTJ [425]. Symbols below the monomer lines corroborate the presence of
clusters due to their larger hydrodynamic size. However, these clusters are mainly dimers or formed
by few monomers and they dissociate at increasing temperature (from approximately storage to body
temperature).
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Internal dynamics and viscosity shows lower correlation on short time scales

Generally, protein internal dynamics on ps to several ns timescales can relate to the capacity of the
protein to swiftly change conformation and possibly adopt conformers prone to self-association [34].
Such behaviour would be in favour of high viscosities. Hence, the internal dynamics of the mAbs
was investigated experimentally through the QENS spectra and computationally through the MD
simulations. The diffusion coefficient associated with internal motions Di, as obtained from QENS
fits, is similar within the confidence bounds for each mAb except for mAb9, for which Di is 2 times
lower. The residence time τ is similar for all mAbs , except mAb1 and mAb9, showing slightly higher
values. These ensemble-averaged values for internal dynamics obtained from QENS do not present
any clear correlation with the viscosity data in section 5.3.1.

The large scale domain motions - that is, the angle between the main lobes, Fc and Fab regions
of the mAbs - were computed as described in Section 5.2, averaging over time blocks of 20 ns (Fig.
5.6). There are no significant differences between the different antibodies within the errors, as the
angles between the three main lobes of the antibody fluctuate slowly around an equilibrium value.
However, the viscosity could depend on weak transient interactions that can be facilitated by fast
internal dynamics in the sub-ns time domain.

To investigate fast motions, the diffusive MSD ⟨u2⟩was computed as explained in Section 5.2 for each
amino acid of the different mAbs . The MSDs were obtained for a time delay of 50 ps, 200 ps and 1
ns. Globally, the MSDs appear similar for all mAbs without an obvious correlation with increasing
viscosity (Fig. 5.7 (top)). Slightly more relevant differences in the MSD among the mAbs can be found
in the light chains (Fig. 5.7 (bottom)), but without a visually clear trend with increasing viscosity. To
better correlate with the viscosity, the dimension of the MSD vector was reduced by averaging over
the main domains (VH, CH1, CH2, CH3, hinge, VL, CL) for all time delays. The resulting correlations

Fig. 5.6. Large scale domain motions observed during MD simulations of the mAbs . For each angle
indicated on the cartoon structure in inset, the deviation of the angle χi = {α, β, γ} from the initial
value χi0 was computed as indicated in Section 5.2 using the block average method with a block size
of 20 ns. The average of the blocks is plotted using coloured solid lines and the standard deviation of
the blocks using coloured shaded areas for each mAb.
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Fig. 5.7. Diffusive MSD ⟨u2⟩ derived from MD simulations of the 5 mAbs computed from the sim-
ulated trajectories as described in Section 5.2. The resulting average over the blocks of 20 ns size is
plotted for each mAb using solid coloured lines and corresponding shaded areas for the standard
deviations. MSDs for the heavy chains (left) and for the light chains (right plot) with an offset on
y-axis for better visualization and for increasing viscosity from bottom to top.

with the viscosity are presented in Fig. 5.8. It appears that the viscosity is significantly correlated
(ρviscosity,θi > 0.5) with the features related to protein-protein interaction strength (virial coefficient
A2 and diffusion-interaction parameter kD). Moreover, the charge on VH/VL regions appears to
correlate with viscosity as well, suggesting that electrostatic interactions are dominant. The inter-
nal dynamics represented by the MSD presents some correlation with viscosity, but the correlation
coefficients are systematically lower than 0.5 indicating that such dynamics plays a subordinate role.

To assess whether the features used to compute the correlation can provide a good predictor of
viscosities, the viscosity was removed from the dataset, resulting in a reduced dataset. A principal
component analysis (PCA) was performed on the covariance matrix of this reduced dataset using
routines from the scikit-learn package [426]. The observable values from Figure 5.8 were then projected
on the first 3 principal components to visualize how the different mAbs are separated in PCA space
(Fig. 5.9). It appears that the use of either the full feature dataset or a reduced one where MSD are
removed allows for a good separation of the mAbs according to the viscosity. However, the MSDs
alone do not provide a good separation of the mAbs , and hence do not constitute a reliable predictor
for the viscosity.

Viscosity strongly depends on VH/VL domain charges and hydrophobicity

To further explore the determinants of the viscosity, additional features, obtained directly from the
amino-acid sequence, were computed (see Section 5.2). The obtained features were used to compute
the statistical covariance with the viscosity. The input values used for the viscosity were collected
from concentration series (30, 60, 90, 120, 150, 180 mg/mL) of the 5 mAbs in solution at 25◦C (data in
Section 5.3.1). The hydrophobicity and the charge, especially on the VH/VL domains, are correlated
with the viscosity (Figure 5.8). The second virial coefficient A2, the diffusion-interaction parameter kD
and the isoelectric point pI present a pronounced correlation with viscosity. Protein network dynam-
ics differs between mAb9, mAb12 and mAb24. Next, we investigate the protein-protein interactions
by putting 6 monomers in a simulation box. The simulations were run for 200 ns and analysed using a
protein network graph computation of the hydrogen bond dynamics between individual monomers.
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Building a protein interaction network allows to identify protein clusters, their size and their dynam-
ics by tracking the interaction lifetime for each pair of monomers in the simulation. The network
graphs were constructed as described in Section 5.2 and the result is shown in Figure 5.10. The graph
for mAb9 shows two clusters of 4 and 2 monomers that are present for most of the trajectory and can

Fig. 5.8. Correlation of the viscosity with parameters derived from protein sequence and MD
simulations. The MSD as well as the features extracted from the sequence (see section 5.2) were used
to compute the statistical correlation with the viscosity ρviscosity,θi given by ρx,y = covariance(x,y)√

σ(x)
√

σ(y)
, where

σ is the variance and θi the value of the observable i. The result is shown as a vertical bar plot with
the features arranged on the y-axis and the bars ranging from deep red for a correlation of -1 to deep
blue for a correlation of 1. The charges are computed at pH 6 and the labels include the concerned
protein domain except for ‘charge pH 6’, which is the total charge of the protein. The labels for MSD
values include the concerned protein domain followed by the time delay used to compute it. Image
by Dr. Kévin Pounot, co-author of Ref. [194].
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Fig. 5.9. Separation of mAbs using computed features. A principal components analysis (PCA)
was performed on the features computed for Figure 5.8 using routines from the scikit-learn Python
package [426]. The initial observable vectors were projected on the first 3 principal components (PC)
and plotted with dots whose colour corresponds to viscosity (ranging from deep blue for low η to
brown for high η). Top plots: projections for a PCA using all features; middle plots: projections for a
PCA on a dataset where the MSD was removed; bottom plots: projections for a PCA performed on a
dataset containing MSD only. Image by Dr. Kévin Pounot, co-author of Ref. [194].

sometimes interact with an interaction lifetime of 1.1ns, which crosses the backscattering observa-
tion time window. The graphs for mAb12 and mAb24 present a higher connectivity quantified by the
clustering coefficient (CC) of the graphs, being 0.73 for mAb12 and 0.47 for mAb24, against a value of
0.36 for mAb9. This result is in agreement with the slow diffusion and the marked trend to cluster of
mAb12 revealed by QENS (Figure 5.5), as well as with its stronger protein-protein interactions probed
by SANS (Figure 5.13 in the next paragraph), compared to the ones present in mAb9 and mAb24 so-
lutions. Moreover, the average relaxation rate (obtained by computing the inverse average lifetime of
graph vertices) is lowest for mAb9 and highest for mAb24, thereby demonstrating a more dynamic
protein interaction network for mAbs with higher viscosities.
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Fig. 5.10. Protein network graphs for mAb9, mAb12 and mAb24, produced from the simulations at
high concentration. Each blue node represents a single mAb monomer and two nodes are connected
by an edge when their atoms are at a minimum distance of 5 Å. The width of the edge line is pro-
portional to the number of times a given pair of monomers are in interaction during the simulation
and the number labels indicated on the edges are the average lifetime of the interaction given in ns.
The clustering coefficient (CC) and the average relaxation rate (inverse lifetime) τ are shown for each
protein graph. Protein network dynamics at high concentration strongly depends on the mAb. Image
by Dr. Kévin Pounot, co-author of Ref. [194].
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5.3.4 Small-angle neutron scattering

Small-angle neutron scattering (SANS) provides thermodynamic and structural information on the
nanometer-micrometer scale. The intensity of scattered neutrons is expressed as [326, 427]

I(q) =
dσ

dΩ
(q) = n(∆ρ)2V 2

partP (q)S(q), (5.15)

where n is the particle number density, ∆ρ is the difference in scattering length density between
the solvent and the particles (also known as the scattering contrast), and Vpart is the volume of a
single particle [326, 427]. The term P (q) is referred to as the particle form factor, determined by the
protein shape [427,428]. The structure factor S(q) (details in, e.g., Refs. [325,327,429]) characterises the
interactions between particles in solution. S(q → 0) can be expanded into a series of virial coefficients
An [430–432]

S(q → 0) =
RT

MW

(∂Π
∂c

)−1

=
1

1 + 2MWA2c+ ...
(5.16)

with MW (g/mol), the molecular weight of the particles. The second virial coefficient B2 [433]

B2 = 2π

∫ ∞

0

dr r2[1− e
−u(r)
kBT ] (5.17)

is related to A2, which can be determined by SLS (see above) [184] via [434]

B2 = A2 ·
M2

W

NA
. (5.18)

We employ the reduced second virial coefficient B∗
2 , defined as the ratio B2/B

HS
2 (BHS

2 : second virial
coefficient for hard spheres) and linked to the stickiness parameter τ by

B∗
2 = B2/B

HS
2 = 1− 1

4τ
, (5.19)

where BHS
2 = 2πσ3/3, with σ being the diameter of the hard spheres [433]. In the case of the mAb

samples studied here, we employ the approach by Da Vela et al. [391] for bovine γ-globulin). The
SANS data were fitted using the NIST software package for SANS analysis Igor Pro [330] by Wave-
Metrics, Inc. (Lake Oswego, OR, USA). The model used is a combination of an ellipsoid form factor
P (q) (oblate ellipsoid with axes of 7-8 Å and 58-60 Å) and a sticky hard sphere (SHS) structure factor
S(q) for mAb12 and mAb24. For mAb9, the SHS structure factor was not properly fitting the data
at low q, so we opted for simple hard-sphere (hard-sphere (HS)) potential, also due to the repulsive
feature of its I(q) at low q. We note that in spite of the anisotropic shape of mAbs , an isotropic interac-
tion potential is used here. This approach has been justified by Yearley et al. [227] and Castellanos et
al. [223]. Background-corrected SANS data for mAb9, mAb12 and mAb24 with the corresponding fits
are shown in Figs. 5.11,5.12, in order to better visualize antibody-type and temperature dependence
of the data, respectively.

Overall, a decrease of the intensity I(q) in the low-q region is observed when the samples are
heated up from 21◦C to human-body temperature, suggesting a weaker inter-protein attraction at
high temperatures and likely dissociation of microscopic aggregates formed at lower temperatures
(Figure 5.11). High-q features of I(q) (around 0.2 Å−1) are due to the molecular shape of the mAbs
, which is preserved across the temperature range studied. However, differences in the low-q region
are also variant-dependent (Figure 5.12), meaning that the three mAb solutions feature different PPIs.
In fact, mAb9 shows less attractive PPIs than mAb12 and mAb24, which may result in a lower level
of clustering and a higher diffusion coefficient, as observed through QENS (Figure 5.5), along with a
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Fig. 5.11. Temperature dependence of mAb-mAb interactions probed using SANS. Experimental
curves (empty symbols) and their corresponding fits obtained from a subset of mAbs: mAb9 (top),
mAb12 (center), mAb24 (bottom) at cp = 80 mg/mL in 20 mM His-HCl buffer at pH 6.0 in D2O. A
decrease of I(q) at low q with increasing temperature T reveals weaker PPIs and a potential dissocia-
tion of aggregates.
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Fig. 5.12. Antibody dependence of protein-protein interactions probed through SANS. Comparison
among SANS curves (empty symbols) and their corresponding fits of mAb9, mAb12 and mAb24 at
21◦C (left) and 37◦C (right). Protein concentration in all samples is 80 mg/mL in 20mM His-HCl
buffer in D2O. I(q) does not show significant changes at high-q, while differences in the low-q region
are visible at both 21 and 37◦C and suggest the presence of different PPIs in the three mAb solutions;
mAb9 shows much less attractive PPIs than mAb12 and mAb24.

lower CC determined from protein network analysis (Figure 5.10). For mAb12 and mAb24, based on
the SHS S(q) fit, the normalised second virial coefficientB2/B

HS
2 was determined. B2/B

HS
2 < 0 indi-

cate overall attractive interactions between the mAb molecules, whereas B2/B
HS
2 > 0 point towards

overall repulsive interactions. The resulting B2/B
HS
2 are shown in Figure 5.13. Lower B2/B

HS
2 are

observed at lower temperature, which means that mAb-mAb attraction is stronger and aggregation
is favoured; this result is in agreement with conclusions from QENS data (section 5.3.3). For mAb12,
the A2 value mentioned above indicated a slight repulsion while the B2/B

HS
2 values indicate an

attraction. This might be due to the usage of the sticky hard sphere model, which is incapable to cap-
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Fig. 5.13. Reduced second virial coefficient B2/B
HS
2 (symbols) determined from the SANS fits plot-

ted against temperature T in ◦C (lower x-axis) and Kelvin (upper x-axis). Data from the two mAbs
presented here (mAb12 and mAb24) show an increase in B2/B

HS
2 with increasing temperature from

21 to 37◦C, meaning that attraction among antibodies decreases when the solutions experience higher
temperatures. Dashed lines are guides to the eye.

ture reversible self-association or anisotropic or directional interactions. A reversible self-association
would also explain the significantly reduced diffusion coefficient observed above.

5.4 Conclusions

The present work provides a deeper understanding of the link between microscopic dynamic prop-
erties and macroscopic viscosity of the solutions of 5 different monoclonal antibodies of the IgG1
subtype. By a multi-technique approach employing neutron backscattering spectroscopy, small angle
neutron scattering, molecular dynamics simulations and viscometry, we find biophysical determi-
nants for the variation in the viscosity of mAb solutions. Consistent with previous work [205,234,435],
we identify the formation of clusters of self-associating antibody molecules as the main mechanism
responsible for the increase in viscosity at high antibody concentrations.

In particular, QENS experiments access the different dynamical contributions of the systems stud-
ied. Global and internal dynamics can be decoupled and analysed separately. The global dynamics
refers to the protein center-of-mass motion, accessing the observable apparent diffusion coefficient
D, which can be interpreted in terms of the physics of dense colloidal suspensions of hard spheres,
within the approximations of short-time diffusion and an effective spherical shape. By approximating
mAb molecules as hard spheres, D obtained from QENS are compared to the theoretical estimation
Dtheo(φ) obtained employing the hard-sphere model. Importantly, due to the prevailing nuclear in-
coherent scattering from the protein hydrogen atoms, our QENS experiment probes the self-diffusion
(synonymously: tracer diffusion) of the mAbs . For this reason it unambiguously provides the hydro-
dynamic size of the mAb assemblies unobstructed by structural features seen by coherent scattering.
For most mAbs , D < Dtheo(φ) in agreement with a cluster picture. Moreover, most diffusion coeffi-
cients are larger than those estimated for mAb dimers, such that the QENS results support a picture
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of very small clusters with less than two members on average. The clusters may be transient in time,
and the QENS spectra are recorded with an observation time of a few nanoseconds resulting from the
< 1µeV energy resolution, thus, not ruling out dissociation on longer times. This short observation
time comes with the advantage that protein-protein collisions can be neglected, and the observed dif-
fusion is governed by hydrodynamic and electrostatic interactions. From the QENS analysis we can
infer that all mAbs undergo self-association and cluster formation at the lowest temperature mea-
sured, 280 K (≈ 7◦C), which is a storage temperature, while short-time diffusion is enhanced at 310
K (≈ 37◦C), which is the physiological temperature. Moreover, different mAbs result in significantly
different diffusion, with smaller diffusion, i.e., larger average cluster size for higher viscosity.

In addition, all mAbs measured show higher D with increasing temperature, consistent with en-
hanced diffusion with higher T as expected. We point out that the mAb concentrations measured by
QENS in the present work are low compared to those used in previous studies on model protein so-
lutions [34]. For this reason, the scattering signal is weak, and the accuracy of the information on the
internal diffusive dynamics is limited. Nevertheless, this internal dynamics information is consistent
with earlier work on γ-globulin [307] within the uncertainties. The low signal required that global
fits of the spectra for all momentum transfers at once had to be used. These global fits might result
in a systematic error for the global diffusion due to a possible cross-talk of the global and internal
dynamics Lorentzians at large momentum transfers.

SANS was used to probe structural and thermodynamic features of mAb solutions on a subset of
the mAbs studied by QENS, and the second virial coefficient was extracted to estimate the interaction
among mAb molecules, revealing that protein-protein attraction decreases with decreasing viscosity
and increasing temperature. This trend is consistent with the cluster formation seen in QENS. Our
data set indicates that the clusters tend to dissociate with increasing temperature, the weak electro-
static interactions being outweighed at higher temperatures. As the data set is currently limited, this
trend should be substantiated with further measurements in the future.

The single-molecule MD simulations provide an atomistic view of the internal dynamics, comple-
mentary to the QENS data. The result shows that the internal dynamics is not a good predictor of
the viscosity. The internal dynamics was found to be similar for all mAbs , as expected based on the
fact that the molecules are basically identical apart from small differences in the CDR regions of their
sequences. The presence of strong correlation of viscosity with hydrophobicity and second virial co-
efficient indicates that protein-protein interactions and possibly protein-solvent interactions mainly
drive the viscosity. The MD simulations with 6 molecules per simulation box provide some insight on
the protein cluster dynamics for mAb9, mAb12 and mAb24. It appears that high viscosity mAbs tend
to form clusters with more monomers, but with shorter interaction lifetimes and less frequent pairs
of monomers such that the protein network reorganizes faster. As a result of strong cluster dynamics,
a shear stress results in inefficient momentum transfer between molecules because of short-lived in-
teractions, in high friction between clusters, and hence in high viscosity. We note that the conclusions
from the simulations are limited by the achievable sampling time. Yet, the results are convincing and
appeal for further work fully dedicated to simulations of mAbs at high concentration.

We have presented an extended study of an unprecedentedly large number of different mAbs with
neutron and complementary techniques, and have established incoherent high-resolution neutron
backscattering spectroscopy as a new technique to study mAb solutions and to unambiguously access
their average hydrodynamic cluster size. A key finding from this work is that the clusters seen on the
nanosecond observation time of our neutron spectroscopy experiment consist on average of less than
two members per cluster at physiological temperature (Figure 5.5 bottom). This average size can be
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assumed to reflect a highly dynamic picture of the self-association and resulting viscosity of the mAb
solutions and depends sensitively on the type of mAb. The sensitivity on the mAb type cannot be
understood by internal motion, as revealed by the simulations, but rather by differences of the mAbs
in specific regions near the protein surface. The simulations are consistent with this picture of highly
dynamic transient protein association.
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5.5 Supplementary Information

5.5.1 Biophysical properties of mAbs

MAb Light chain MW [kDa] ε280 [Lg
−1cm−1] pI Aliphatic index GRAVY

mAb1 κ 148.35 1.434 8.96 70.85 -0.416
mAb9 κ 144.12 1.299 8.61 68.66 -0.414

mAb12 λ 146.46 1.781 8.24 51.89 -0.439
mAb16 λ 143.75 1.555 8.20 68.44 -0.37
mAb24 κ 145.69 1.476 7.54 67.88 -0.438

Table 5.2. Biophysical properties and specific parameters of the mAbs. Type of light chain contained
in the structure, molecular weight MW, extinction coefficient at a wavelength of 280 nm ε280, pI,
aliphatic index and GRAVY for all the mAbs studied. Note that the extinction coefficient ε280 was
measured, while MW, aliphatic index and GRAVY were obtained from the mAb PDB structures via
Expasy, using the ProtParam tool [350] from the Swiss Institute of Bioinformatics. pI values were
obtained from the amino acid sequence using the Prot pi Protein Tool, as in Schmitt et al. [184].

115

www.innovaxn.eu
https://pscm-grenoble.eu/
https://pscm-grenoble.eu/
https://www.protpi.ch/Calculator/ProteinTool


5.5. Supplementary Information CHAPTER 5. Biophysical determinants for mAb solution viscosity

5.5.2 Viscometry on deuterated antibody solutions

Viscometry measurements were performed on a subset of the antibodies (mAb9, mAb16 an poly-
clonal Ig). It was not possible to complete the whole dataset due to low protein availability. In fact,
the preparation of the deuterated antibody solutions requires a long dialysis process (section 5.2.1)
during which a discrete amount of proteins can be lost, especially if their viscosity are high. Fig-
ure 5.14 shows that the trend of increasing η at increasing protein volume fraction is also preserved in
D2O environment; same applies to the more viscous behaviour of mAb16 compared to mAb9 that we
encounter in H2O solutions and we also see in Figure 5.14 (upper row) at all temperatures measured.
In addition, we observe an expected increase of η at decreasing T , which seems less pronounced in
mAb9 with respect to mAb16. The difference between η in D2O buffer at 22◦C and η in H2O buffer at
25◦C is not so marked (cf. bottom row in Figure 5.14).
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Fig. 5.14. Viscosity of a subset of antibodies in deuterated formulation buffer. In the upper row, we
report the dynamic viscosity η at 7◦C (left), 22◦C (center) and 37◦C (right) for mAb9 (orange), mAb16
(green) and polyclonal Ig (blue symbols) in 20 mM His-HCl D2O buffer. In all plots, the dashed black
line corresponds to the viscosity threshold for SC injectability of aqueous solutions (∼ 15-20 mPa·s),
while dotted lines are always a guide to the eye. In the lower row, we report the same data sorted
depending on antibody type (mAb9 on the left, mAb16 on the right plot) and compared with viscosity
values in the normal H2O buffer at 25◦C. Note that the viscosity in the lower plots is the relative η/η0,
where η0 is the viscosity of D2O or H2O at the corresponding temperature. It should also be noted
that the concentrations of the measured samples were nominal and not further verified, a fact that
introduces a level of uncertainty on the x-axis.
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5.5.3 Quasi-elastic neutron backscattering spectroscopy

Temperature dependence of QENS spectra

Fig. 5.15. Temperature dependence of QENS spectra without modelling. QENS spectra at q =
1.04 Å−1 measured at 280, 295 and 310 K from mAb24 in deuterated 20 mM His-HCl buffer at pD 6.0,
at cp = (45.38 ± 1.52) mg/mL. Despite cp being quite low, the signal at the three temperatures shows
visible differences especially in the intensity at the elastic peak (at zero energy transfer).

5.5.4 Antibodies as soft colloid suspensions

To interpret the experimental D in a colloid physics framework, a theoretical

Dtheo(φt) = Dtheo(Dtheo
r (φt), D

theo
t (φt))

was calculated as established in Ref. [306], based on an analytical expression for this implicit function
and on the protein hydrogen radial density distribution ρ(r) calculated from the antibody PDB struc-
tures using Matlab and shown in Figure 5.16). All parameters entering the calculations for Dtheo

r (φt)

and Dtheo
t (φt)), namely their dilute-limit values Dt(0), Dr(0) and the bare antibody volume Vdry

to calculate Rdry, were derived via HYDROPRO10 [160] employing again the PDB structure of the
antibodies, and for the reference (for polyclonal IgG, using the structures of murine and human im-
munoglobulin IgG [380, 424]). Also the theoretical radius of gyrations Rg for all the molecules were
calculated. The obtained parameters are in Table 5.3.
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Antibody T [K] Dt(0) [Å2/ns] Dr(0) [Å2/ns] Vdry [nm3] Rdry [nm] Rg [nm]
mAb1 280 1.985 0.00044 269 4.00 6.70

295 3.271 0.00072 ” ” ”
310 4.877 0.00108 ” ” ”

mAb9 280 2.017 0.00046 258 3.95 6.57
295 3.322 0.00076 ” ” ”
310 4.953 0.00113 ” ” ”

mAb12 280 1.998 0.00045 273 4.02 6.71
295 3.292 0.00074 ” ” ”
310 4.909 0.00110 ” ” ”

mAb16 280 1.977 0.00045 267 3.99 6.65
295 3.257 0.00073 ” ” ”
310 4.856 0.00109 ” ” ”

mAb24 280 1.996 0.00045 265 3.99 6.66
295 3.289 0.00075 ” ” ”
310 4.905 0.00112 ” ” ”

1IGT 280 1.984 0.00043 258 3.95 6.93
(Ig2 subtype) 295 1.984 0.00071 ” ” ”

310 4.875 0.00106 ” ” ”
1IGY 280 1.984 0.00043 258 3.95 5.96

(Ig1 subtype) 295 1.984 0.00071 ” ” ”
310 4.875 0.00106 ” ” ”

1HZH 280 1.984 0.00043 258 3.95 6.66
(Ig1 subtype) 295 1.984 0.00071 ” ” ”

310 4.875 0.00106 ” ” ”

Table 5.3. Structural and diffusion parameters for all mAbs calculated from their structures. Trans-
lational and rotational components of the short-time self-diffusion coefficient at the dilute limit Dt(0)

and Dr(0), dry antibody volume Vdry, dry radius Rdry and radius of gyration Rg at 7, 22 and 37◦C
(280, 295, 310 K), calculated via HYDROPRO10 [160] for all the antibody types, by employing their
PDB structures. For the polyclonal IgG, we report the results obtained from three registered Ig struc-
tures: murine immunoglobulins 1IGT (an anti-canine lymphoma monoclonal antibody, IgG2 sub-
type) [424] and 1IGY (a monoclonal antibody for phenobarbital, IgG1 subtype) [436] and the human
antibody 1HZH (neutralizing IGg against HIV-1 b12, IgG1 subtype) [380].
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Fig. 5.16. Hydrogen radial distributions from PDB structures. Hydrogen radial distribution ρ(r) of
monomeric structures of the proprietary Lonza mAbs and murine antibody (1IGT from Protein Data
Bank [424]), obtained from the corresponding PDB files as described in the text. It is remarkable that
ρ(r) from the different variants almost perfectly agree, while they differ a lot from the 1IGT structure.
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Fig. 5.17. Product of D and ηr versus crowding. The product D · ηr at 295 K (≈ 22◦C) is plotted for
all mAbs against the protein dry volume fraction φ. The crowding dependence of this quantity is as
expected, since D is decreasing at increasing φ (Figure 5.5) and ηr is increasing at increasing φ.

Protein vibrational motions from the Debye-Waller factor

The q-dependent scalar β(q) appearing in the S(q, ω) fit model (equation 5.1) takes into account the
vibrational motions of hydrogen atoms in the antibodies. By plotting lnβ(q) against q2 and fitting it
using a linear function according to equation 5.7, the vibrational mean square displacements

〈
r2
〉

of
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the protein hydrogen atoms can be obtained from the fit slope. An example of this analysis done on
one of the samples in shown in Figure 5.18. The influence of temperature increase of these vibrational
motions has also been studied (Figure 5.19), revealing an expected increasing of the MSD values when
samples are gradually heated.

Fig. 5.18. Example of β(q) obtained from QENS fits. ln(β(q)) versus squared momentum transfer q2

for mAb1 in 20 mM His-HCl buffer in D2O at 76.53 mg/mL and T = 280 K. The slope of the linear fit
gives the vibrational MSD of the H atoms in the mAb molecules.
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Fig. 5.19. Crowding and temperature dependence of vibrational MSDs in mAb solutions. Vibra-
tional mean square displacements ⟨r2⟩ of protein hydrogens versus dry protein volume fraction φ,
obtained from linear fits of ln(β) versus q2 for the mAb studied solutions at T = 280 K (left plot).
Vibrational mean square displacements ⟨r2⟩ of protein hydrogens vs temperature T for the mAb so-
lutions (right plot).
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5.5.5 Simulations

Block average method

Fig. 5.20. Block average method to determine sampling time threshold. The block average method
[414] was used as described in Methods to determine the size of the time blocks to be used to com-
pute the observable used for Figures 5.6, 5.7, 5.8 and 5.9. Image by Dr. Kévin Pounot, co-author of
Ref. [194].

Hydrogen bonds dynamics between monomers

To understand what kind of interaction is involved in the protein network dynamics observed on
Figure 5.10, the time auto-correlation of hydrogen bonds formed between individual monomers was
computed (Fig. 5.21). It appears that hydrogen bond autocorrelation decays similarly for mAb9,
mAb12 and mAb24. Hence compared to the graph dynamics observed on Figure 5.10, the hydro-
gen bonds do not seem to have a significant effect on the cluster dynamics difference between the
mAbs tested here. This indicates that hydrogen bonds have little effect on viscosity, which is thus
determined mainly by other forces such as electrostatic interactions mediated by the charges on the
variable regions as observed on Figure 5.9.
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Fig. 5.21. Hydrogen bond network relaxation of mAbs in solution from simulations. The hydrogen
bonds were identified and their lifetime computed using the MDanalysis Python package [420, 421].
The hydrogen bonds lifetime were computed for each pair of monomers in the simulation trajec-
tory and averaged over trajectory frames and pair of monomers. The resulting autocorrelations C(t)
depending on time t, reported in both linear (left) and logarithmic scale (right), are represented in
blue for mAb9, orange for mAb12 and green for mAb24. Images by Dr. Kévin Pounot, co-author of
Ref. [194].

5.5.6 Small angle scattering

Fit parameters

Antibody T [◦C] Ra[Å] Rb[Å] background [cm−1] stickiness τ

mAb9 21 7.46181 50 0.019 -
37 7.52797 50 0.019 -

mAb12 21 7.7412 60.7799 0.0183958 0.126221
37 7.8458 58.3276 0.0183924 0.15227

mAb24 21 7.92158 57.4777 0.025864 0.158688
37 7.94632 56.3973 0.025599 0.189863

Table 5.4. SANS fit parameters. Parameters obtained from the fit of SANS data with a combination
of an ellipsoid form factor P (q) and a sticky hard sphere (mAb12, mAb24) or normal hard sphere
(mAb9) structure factor S(q). For all samples, the dry volume fraction of the antibodies isφ = 0.05912,
while the perturbation parameter for mAb12 and mAb24 was fixed at a value of 0.01. As mentioned
above, neither stickiness nor perturbation parameters are entering the fit for mAb9.
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Structure factor from SANS fits and antibody flexibility revealed by SANS
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Fig. 5.22. Structure factor from SANS fits and Kratky plot of SANS data for a subset of mAbs. Left:
Structure factor S(q) vs q for mAb9, mAb12 and mAb24 at 21 (solid lines) and 37◦C (dashed lines)
obtained from fits of background-corrected SANS data. The q-range used for the determination of
S(q) is (0.001, 0.488008) Å−1. Note that the fit for mAb9 was performed using a hard-sphere structure
factor, while a sticky hard-sphere potential was used for the two other mAbs. Curves for mAb9 at
21 and 37◦C show a perfect overlap. Right: SANS intensity I(q) multiplied by q2 plotted against
the momentum transfer q for mAb9 (orange and red symbols), mAb12 (cyan and blue symbols) and
mAb24 (pink and purple symbols), at 21 and 37◦C, all at the same cp = 80 mg/mL. Despite their
different intensities, the two bumps are a persisting feature in all curves, confirming the multi-domain
structure of the proteins studied. The trend of the curves at high q denotes a pronounced molecular
flexibility of the mAbs.
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Abstract

Due to their specificity and versatility, monoclonal antibodies (mAbs) are the most popular class of
biopharmaceuticals, spanning a wide range of therapeutic applications and typically administered
via intravenous injection. One of the current pharmaceutical challenges concerns mAb formulations
for subcutaneous (SC) injection, which is becoming of increasing importance as an alternative admin-
istration route offering convenience to patients by allowing self-administration compared to other
parenteral delivery methods. With volumes lower than 1-2 mL being better tolerated in the subcu-
taneous space, highly concentrated mAb formulations are needed to achieve significant therapeutic
effects, potentially increasing solution viscosity and altering drug injectability. The main challenge is
maintaining solution viscosity below the SC injectability threshold (15-20 mPa·s) while preserving so-
lution stability. Since the understanding of macroscopic viscosity requires an in-depth knowledge on
protein multi-scale diffusion, mutual interactions and aggregation, we employ two complementary
neutron scattering techniques to investigate 9 different mAbs of IgG1/IgG4 subtypes in aqueous solu-
tion as a function of protein concentration and temperature. The synergy between neutron spin-echo
(NSE), a spectroscopy technique providing dynamic information, and small angle neutron scattering
(SANS), a time-averaged static technique, enables us to probe the short-time collective diffusion of
the different mAbs, explore their self-association into small transient clusters, their inter-molecular
interactions and ultimately access their internal dynamics. This study builds on previous neutron
backscattering (NBS) findings, bridging a critical gap between the timescales probed by NBS and
viscometry. It also confirms that the formation of short-lived clusters comprising more than two
monomers is a key factor driving high solution viscosity, phase separation, and opalescence.

6.1 Introduction

Scientific relevance When Köhler and Milstein developed the Nobel-prize winning hybridoma
technology in the ‘70s [69], it was not immediately obvious at that time that monoclonal antibodies
(mAbs) would become the most popular class of biopharmaceuticals. This technology was employed
to develop Orthoclone OKT3® (muromonab-CD3), which became the first monoclonal antibody ap-
proved by the U.S. Food and Drug Administration (FDA) [70]. Since that time, antibody therapeutics
research and development have experienced a remarkable growth, especially in the last two decades.
Until the end of 2023, nearly 200 mAbs in total have received approval in the U.S. or other coun-
tries, with 13 new ones in 2023 [71], 21 in 2024 [72, 73], and more were forecast to be either approved
or to enter regulatory reviews by the end of 2025 [73]. The already broad spectrum of clinical ap-
plications of these biopharmaceuticals is currently expanding and includes the treatment of several
types of cancers [74–76], infectious and autoimmune diseases [77, 78], multiple sclerosis [79], kidney
diseases [80], migraine [81, 82] and the prevention of malaria [437]. In the last two decades, the de-
velopment of mAbs for the treatment of neurodegenerative pathologies such as Alzheimer’s disease
has been the subject of an extensive research [83–85, 438], but still a lot of work has to be done for
substantial steps forward [86, 87].

Motivation Due to the extremely acidic environment of the gastrointestinal tract and mostly to the
challenges related to absorption and bio-distribution via this route, monoclonals cannot be adminis-
tered orally without suitable delivery vehicles [106]. Therefore, the more suitable route is parenteral
administration via intravenous (IV) or subcutaneous (SC) injections. Whereas IV refers to inject-
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ing the drugs directly in the blood vessels, with SC the substance is injected into the subcutaneous
space. IV administration is normally performed in hospitals by specialised personnel, which is not
always practical and a limiting factor for patients suffering from chronic diseases and requiring life
long treatment. In recent years, pharmaceutical research has been working to engineer and produce
antibody formulations specific for SC injection [88,89] in order to enable patients to benefit from self-
administration and more flexibility [90–92]. Moreover, SC administration allows a sustained systemic
availability of the drug due to slower transfer from subcutaneous tissue (into blood) and reduced side
effects due to avoidance of concentration peaks.

Since the amount of antibody needed to achieve a significant therapeutic effect is around hun-
dreds of mg and the injectable volume in the subcutaneous space is in the range of 0.5-2 mL, this
administration route requires high concentrations (in the 100-200 mg/mL range), potentially lead-
ing to viscosities exceeding a tolerance threshold of ∼15-20 mPa·s (or cP) [93, 94]. High viscosity
translates into high injection forces or long injection times [88, 95]. Besides rendering the drug ad-
ministration painful or difficult (and sometimes impossible), high viscosity may also compromise
the physicochemical stability of these pharmaceuticals before, during and after the injection [96, 97].
Since the procedure of SC injection alone overall reduces the physicochemical stability of mAbs [439],
controlling their solution viscosity is of great interest. To this end, several studies on the microscopic
origin of macroscopic viscosity of highly concentrated mAb solutions have been conducted to opti-
mize their design and manufacturability [98,99] by attempting to reach a fundamental understanding
of this phenomenon and, ultimately, to design strategies for viscosity reduction.

State of the art Proteins in solution may undergo reversible self-association (RSA) and potential
irreversible aggregation, two dissimilar processes in terms of physicochemical properties [440–442],
but equally concerning issues for manufacturability. RSA has been identified as one of the main rea-
sons for high viscosity in mAb solutions [100, 101] and can be influenced by multiple parameters
including concentration, pH, temperature, ionic strength [100], or specific interactions between pro-
tein domains [102, 103]. On a macroscopic level, RSA strongly impacts the visual appearance of an-
tibody solutions, causing opalescence, increased turbidity and even phase-separation [196, 443–447].
Both electrostatic and hydrophobic protein-protein interactions (PPIs) seem to play a role in driving
RSA [104] and thus in increasing solution viscosity. As a result, minimizing protein self-interactions
is the key for viscosity reduction and it can be achieved through two complementary approaches:
protein engineering and formulation optimization.

Protein engineering is usually the first explored route for viscosity reduction based on applying
small modifications in the antibody primary sequence and predicting how viscosity is affected by
those. Kastelic et al. found that different viscosity trends depend on how the different mAb binding
sites – Fab and Fc – contribute to aggregation, proving that inter-molecular interactions and, hence,
viscosity are controllable through modifying specific sites of the antibody [181]. Some works involv-
ing experiments and simulations established predictors for viscosity, aggregation and inter-molecular
interactions based on amino acid sequences, structural properties, charge distribution and hydropho-
bicity of the full sequences and the Fv region of the antibodies [383–386, 389, 390, 448]. By predicting
viscosity using artificial neural networks based on experimental and simulation-derived parameters,
Schmitt et al. confirmed that sequence-based optimization of mAb properties is a crucial tool for
rational drug design [184]. More recently, Armstrong et al. observed that antibody sequence muta-
tions aiming to reduce hydrophobic patches significantly reduced mAb solution viscosity, suggesting
the effectiveness of hydrophobic based predictors; conversely, mutations altering only electrostatic
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Fab
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hinge CDR 

Fig. 6.1. Stucture of an IgG4 mAb and sequence similarity with IgG1 mAbs. The sequences of
the mAbs were aligned using VMD [377] ‘MultiSeq’ module [378] with ClustalW algorithm [356]
and their results shown by sequence similarity using BLOSUM100. Sequence similarity is shown
directly in the structure of mAb4* (IgG4) and represented with a colour ranging from blue for high
similarity to red for low similarity. The graphic was rendered with ‘NewCartoon’ style. The different
mAbs under study show almost identical structures in the Fc region, while they differ in their variable
domain Fv, especially in the six CDR loops (or hypervariable regions, highlighted in grey) responsible
for the binding with the antigen.

patches were insufficient to influence viscosity [185]. Variable domain mutational analysis identifies
Fab-Fab hydrophobic interactions – rather than electrostatic ones – as the major contributors to the
high viscosity of an anti-GCGR IgG1 [180]. In line with this approach, Li et al. developed a promis-
ing tool for controlling mAb aggregation based on systematic pairwise replacement of hydrophobic
residues L (leucine), V (valine)/I (isoleucine), and F (phenylalanine) with Q (glutamine), T (threonine)
and Y (tyrosine) [449]. Machine learning was also extensively employed to reduce mAb viscosity, al-
ways emphasizing the relevance of the Fv domain in the underlying molecular mechanism [182,183].

Concerning formulation optimization, a widely employed strategy is to improve the formulation
by adding molecules able to shield and/or tune those interactions and to reduce the solution vis-
cosity. So far, some successful excipients have been found among salts (NaCl, Na2SO4, NaAc) [125]
and amino acids in their pure or salt forms (arginine, glycine, proline and ornithine, arginine-HCl,
histidine-HCl, lysine-HCl) [125, 127–130]. Other molecules with analogous effects are hydrophobic
salts [134], caffeine [135], amino acid derivatives [136] and even amino acid polymers [137]. More-
over, the combination of some viscosity-reducing agents, e.g. amino acids and anionic excipients, has
also been observed to enhance the performance of one excipient alone [131].

Framework of the present study Despite the progress made in the field, the correlation between
viscosity, RSA and cluster formation is still being studied using several techniques including small-
angle X-ray and neutron scattering, microrheology, viscometry, atomistic and coarse-grained simula-
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tions and colloid theory [172–174,203,232,448,450]. In the present work, we systematically investigate
a set of 9 humanized mAbs produced, characterized and provided by Lonza AG/Ltd. These mAbs
in solution feature big changes in macroscopic viscosity for a given concentration; some of them –
mAb12, mAb16, mAb24 – exceed the SC injectability limit of 15-20 mPa·s before high concentrations
(see Figure 6.2 and Refs. [184, 194]). However, the most significant differences in their amino acid
sequences are in the hypervariable regions of their Fv domains (Figure 6.1), which confirms that the
Fc domain plays a minor role in inter-protein interactions [451] compared to Fv domain.

In order to systematically explore the link between macroscopic viscosity and microscopic clus-
ter formation, we combined neutron spin-echo (NSE) spectroscopy and small angle neutron scatter-
ing (SANS) experiments, expanding on previous work where we employed neutron backscattering
(NBS), SANS and MD simulations [194]. Several mAbs already investigated in that work show an
apparent self-diffusion coefficient D below the value expected for monomers suggesting the forma-
tion of small transient clusters formed by few monomers. NSE was already confirmed as an effective
technique to study concentrated mAb solutions [229, 234, 235, 452], revealing the formation of small
“reversible clusters with extended open structures” [234] or dimers which can “reversibly associate
into loosely connected clusters” [229], likely resulting in higher viscosities [100,229]. NSE allows to in-
vestigate several mesoscopic diffusive modes of the proteins at once [229,234,235,452,453], e.g. trans-
lational and rotational components [273, 453], and domain motions. Importantly, due to the longer
time scales (up to 200ns) compared to the previously collected NBS data (≈ 4ns), these NSE data
close a critical gap in the observation times between the results from viscometry and NBS.

IgG1 and IgG4 antibodies IgG is the most abundant class of immunoglobulins in human blood
and the most used in therapeutics. IgG is a Y-shaped ∼150 kDa protein formed by two identical
heavy chains (HC) of ∼50 kDa each and two identical light chains (LC) of ∼25 kDa each, cross-
linked through interchain disulphide bonds. Both heavy and light chains contain a variable domain
(VH/VL) and a constant one (CH, CL); two CH sub-domains (CH1, CH2) are linked by a flexible
hinge [379, 380] which gives IgG a pronounced mobility. In addition, CH2 and CH3 sub-domains
of the heavy chains form the trunk of the Y-structure, which is called Fc (crystallisable fragment),
whereas the two arms of the molecule are formed by CH1, CL, VH and VL and are called Fab (antigen-
binding fragments). At their extremities, the subdomains VH and VL constitute the variable domain
Fv that acts as the actual antigen-binding site. The binding occurs in specific Fv segments, referred
as complementarity determining regions (CDRs) or hyper-variable regions, typically exhibiting loop
structures (Figure 5.1).

IgGs exist in four different isotypes – IgG1, IgG2, IgG3, and IgG4 – which differ in multiple struc-
tural and functional details. The present study focuses on IgG1 and IgG4 antibody isotypes. The
length of the hinge is of 15 amino acids in IgG1 and 12 in IgG4, leading to the formation of four in-
terchain disulphide bonds in IgG1 and two in IgG4 and resulting in IgG1 being more flexible than
IgG4 [454]. The hinge stabilization in IgG4 is believed to arise from the amino-acidic substitution
Ser228Pro (proline to serine at position 228) from IgG1 [455]. The two isotypes also differ in the
angles between the Fab regions [456], in their immune response [457], viscosity behaviour at high
concentrations [458] and self-interactions [448].
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6.2 Materials and Methods

6.2.1 Sample Preparation

In the present work we investigate 8 different humanized monoclonal antibodies of IgG1 isotype with
κ light chains – referred as mAb3, mAb5, mAb9, mAb19 and mAb25 – and λ light chains – mAb12,
mAb15, mAb16 – and one mAb of IgG4 isotype with κ light chains – mAb4*. Further physicochemical
properties of these mAbs are reported in Section 6.5 for both full chains and Fv domains.

All mAbs were manufactured in-house from Lonza AG/Ltd. Double gene vectors (DGV) con-
taining the heavy and light chains were transfected into CHOK1SV GS-KOTM cells [394] from Lonza
Biologics (Slough, UK) and cultured under selection conditions as stable pooled cultures. Clarified
supernatant was obtained by centrifugation followed by filter sterilization using 0.22 µm Stericup®

Quick Release filters from Merck/MilliporeSigma (Darmstadt, DE). Protein A chromatography was
used for mAb purification. All proteins were concentrated to final concentrations of 10-20 mg/mL
(nominal) and buffer exchanged into the formulation buffer by tangential flow filtration. A 20 mM
Histidine-HCl buffer at pH 6.0 was employed as it is done for more than 80% of formulations of
approved highly concentrated mAb drug products [348]. All mAb solutions were then frozen in
aliquots, stored at -80◦C and slowly thawed prior to use.

From these solutions, samples for the neutron experiments were prepared by first exchanging the
buffer to 20 mM Histidine-HCl in pure D2O at pD 6.4 (pD = pH + 0.4, so pH = 6.0 [459]). To this scope,
15 mL Amicon® centrifugal filters with 30 kDa nominal molecular weight cutoff from Merck/Milli-
poreSigma were employed to obtain a dilution factor of at least 10000x of the H2O in the samples.
With the same filters, mAb solutions were then concentrated until around 2 mL, in order to reach
a concentration of at least 60 mg/mL. The aforementioned deuterated buffer was prepared by dis-
solving L-Histidine monohydrochloride monohydrate (≥ 98% purity) from Merck/MilliporeSigma
in deuterium oxide from Innovachem (Angervilliers, FR) to get a molarity of 20 mM; the desired
pH was reached by adjusting with NaOD and the obtained solution was filtered using a 0.22 µm
Stericup® QuickRelease from Merck/MilliporeSigma. Concentrations of the antibody solutions after
buffer exchange were determined by UV-Vis via a V-630 Spectrophotometer from Jasco (Tokyo, JP),
diluting them 50, 100, 200, 400 and 500x. Samples for neutron experiments were subsequently pre-
pared by diluting concentrated stock solutions until 50 mg/mL. As reference, a polyclonal IgG stock
solution was prepared employing lyophilized powder of γ-globulin from bovine serum (≥ 95% pu-
rity, essentially salt-free), purchased from Merck/MilliporeSigma and directly dissolved in a 20 mM
Histidine-HCl deuterated buffer at pD 6.4. Concentration of the stock solution was measured via
UV-Vis and the actual sample was prepared diluting the stock solution to 50 mg/mL (nominal, not
further measured). It should be noted that solutions of protonated (1H) proteins in D2O (2H) are
required in neutron scattering experiments, in order to distinguish the signal arising from the macro-
molecules from the solvent one.

The selected concentration of 50 mg/mL has been targeted to safely avoid overlapping among
the proteins in solution in the neutron spin-echo measurements, based on the following considera-
tions. Since the distances between the extremal residues of the antibodies are on average shorter than
dmax ≈ 16 nm (slightly overestimated, see Section 6.5), each protein occupies a cubic volume of side-
length dmax and therefore can move in a maximum volume Vmax ≈ 4096 nm3 in the solution. Since
a sample volume Vsample ∼ 2 mL is needed for the neutron experiments, the maximum number of
mAbs in the sample would then be Nmax = Vsample/Vmax = (2 mL) / (4096 nm3) ∼ 4.88 × 1017,. The
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overlap protein concentration can be therefore determined as follows:

coverlapp = [mAb]overlap ·MW =
Nmax

NA · Vsample
·MW , (6.1)

with NA being the Avogadro number (6.022 × 1023 mol−1) and MW the antibody molecular weight
(∼150 kDa). [mAb]overlap indicates the overlap mAb molarity calculated as Nmax/(NA · Vsample) –
number of mAb moles in the sample divided by the sample volume – giving a value of 0.406 mM.
The overlap protein concentration coverlapp is thus ∼ 61 mg/mL, higher than the selected 50 mg/mL.

6.2.2 Viscometry and light scattering

All the mAbs were characterised by viscometry, static and dynamic light scattering (SLS and DLS) as
reported in Schmitt et al. [184] and Mosca et al. [194]. The measurements were performed at T = 25◦C
(∼298 K), with concentrations ranging from 180 to 30 mg/mL, in the antibody original formulation
buffer (20 mM His-HCl in H2O, pH 6.0). The instruments used and the measurement protocols are
described in Refs. [184, 194].

6.2.3 Neutron Spin Echo (NSE) Spectroscopy

Neutron spin echo (NSE) experiments were conducted at the IN15 spectrometer at the Institut Laue-
Langevin (ILL) in Grenoble, France. NSE is a high-resolution inelastic scattering technique that lever-
ages neutron spin precession to measure velocity changes experienced by neutrons as they interact
with matter. This method offers exceptional resolution, allowing to investigate multi-scale short-time
collective dynamics. Samples were measured at four different instrument configurations, each with
a specific incident neutron wavelength and detector angular position (measuring the scattered neu-
trons): 10 Å - 3.5◦, 8 Å - 5.5◦, 6 Å - 9.5◦ and 6 Å - 6.5◦. The accessible q range spans from 0.028 to
0.19 Å−1, for a total of 12 values of the momentum transfer q, resulting from slicing the detector in
3 areas for each configuration. This instrumental setup allows to explore Fourier times up to 200 ns
for the 10 Å - 3.5◦ configuration, up to 100 ns for the 8 Å - 5.5◦ one and up to 50 ns for the two
configurations at 6 Å.

All samples were loaded in flat transparent quartz containers purchased from Aireka Scientific
Co., Ltd. (Hong Kong) with the size of 40 x 30 mm and internal thickness of 1 and 2 mm (depending
on protein availability), closed with plastic caps and carefully sealed with Parafilm® (Merck / Mil-
liporeSigma) to avoid evaporation of the solutions along the measurements. A graphite sample and
the antibody formulation buffer (20 mM His-HCl in D2O at pD 6.4) were measured as references for
resolution and background, respectively. The sample environment employed was a sample changer
with temperature control. All samples were first measured at T = 37◦C (≃ 310 K), temperature of
the human body, and afterwards at T = 7◦C (≃ 280 K), which is closer to the usual storage tem-
perature of biopharmaceuticals just before administration to patients. A complete acquisition run –
accounting for the four aforementioned configurations – was about 4 hours for one sample at one
temperature. Two samples, selected for their high viscosity, slightly milky appearance and higher
clustering propensity [194] – mAb12 and mAb16 –, were additionally measured while cooling down
at just one instrument configuration (6 Å - 6.5◦) in order to further explore any temperature-driven
changes. In this case, echoes were acquired at 4 different temperatures and the whole measurement
time was ∼1 hour. Raw data were resolution-corrected and background-subtracted applying stan-
dard data reduction routines in Igor [460]. Further analysis was performed using Python.

131



6.2. Materials and Methods CHAPTER 6. Multi-scale diffusion in mAb formulations

6.2.4 In situ fixed-angle dynamic light scattering (DLS) during NSE measure-
ments

Dynamic light scattering (DLS) measurements at a fixed angle of θ = 90◦ were concurrently obtained
using an in-situ DLS system integrated into the NSE machine. The employed setup is a He-Ne laser
with a wavelength of 632.8 nm. Detection was carried out by two Excelitas SPCM AQRH-13 APD
detectors, and the correlation function was computed using a Flex02-01 digital correlator in pseudo-
cross correlation mode to mitigate artifacts at short correlation times caused by detector after pulsing.
Unlike standard DLS experiments, in this setup the autocorrelation functions were averaged over the
duration of an NSE scan, which is on average one hour for each wavelength-angle combination. As
in the NSE experiment, DLS profiles for mAb12 and mAb16 were collected also while cooling down.

6.2.5 Small Angle Neutron Scattering (SANS)

Small-angle neutron scattering (SANS) was performed on the same mAb solutions measured with
NSE, in order to determine their time-averaged structural and thermodynamical properties as a func-
tion of temperature and protein type. The SANS experiments were carried out on D22 [400] at the ILL.
Antibody solutions at 50, 20, 10, 5, 2, 1 mg/mL were prepared, filled into 1 mm plate quartz cuvettes
(Hellma, Müllheim, DE), sealed with Parafilm® and placed onto a copper sample holder. A q range
from 0.006 - 0.7 Å−1 was covered by two sample-to-detector distances (16 and 1.7 m) with respec-
tive collimation lengths of 16.5 and 2.5 m. A wavelength of 4.6 Å with a full width-half maximum
(FWHM) wavelength spread of 9% was used. Scattered neutrons were detected using a multitube
3He gas detector with a pixel size of 4 × 8 mm2. SANS profiles were obtained at a set-point temper-
atures Tset of 37 and 22◦C, corresponding to ∼ 310 and ∼ 295 K, respectively. For a reduced dataset,
SANS curves were also measured at 7◦C, corresponding to ∼ 280 K. The actual temperature of the
sample changer rack was monitored throughout the experiment to check how it differed from that
of the set-point. For the three temperatures selected (Track ± ∆Track) was calculated, with Track and
∆Track being the mean and the standard deviation of the values, respectively (Table 6.1). The largest
temperature fluctuations were observed at ∼ 37◦C, as reported in Table 6.1.

Raw data were saved in NeXuS format [401,402] and data reduction was performed using Graphical
Reduction and Analysis SANS Program (GRASP), an ILL Matlab™ based software [461]. Data were
corrected for empty cell scattering, transmission (by measurements performed using beam attenua-
tors) and electronic noise (by measuring a 10B4C absorber). Calibration to absolute scale was per-
formed using attenuated direct beam measurements. The signal of the solvent (20 mM His-HCl
deuterated buffer at pD 6.4) at 7◦C was chosen as reference – due to its lower incoherent baseline
at high q compared to the buffer profiles at 21 and 37◦C – and subtracted from sample scattering
accounting for the volume occupied by the solvent:

I(q)subsample = I(q)sample − φsolvent · I(q)solvent (6.2)

With φprotein being the protein volume fraction, the volume occupied by the solvent in the samples is
given by:

φsolvent = (1− φprotein) = (1− cpϑ) (6.3)

where cp and ϑ are the protein concentration and specific volume, respectively. ϑ was calculated with
MDAnalysis [421] using the PDB of the mAbs and obtaining 0.739 mL/g for mAb3, 0.729 mL/g for
mAb5, mAb9, mAb12, mAb15, mAb16, mAb19, mAb25 and 0.727 mL/g for mAb4*.
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Tset [◦C] Track ±∆Track [◦C]
37 34.59 ± 1.63
22 21.83 ± 0.21
7 7.21 ± 0.77

Table 6.1. Differences in the set-point and measured temperatures of the sample changer rack
throughout the SANS experiment. The values reported Track and ∆Track are respectively the mean
and the standard deviation of the temperatures probed by the rack thermometer during the measure-
ments.

6.3 Results and Discussion

6.3.1 Viscometry and light scattering

As described in Refs. [184, 194], the relative viscosity ηr = η/η0 (with η0 = ηsolvent = 0.92 mPa·s)
was analysed at varying antibody concentration cp (Figure 6.2). Some data on viscosity and light
scattering, e.g. A2 and kD results, are taken from Refs. [194] and included here for clarity. The data
already shown in Ref. [194] correspond to mAb1, mAb9, mAb12, mAb16, mAb24, while the addi-
tional ones reported here refer to mAb3, mAb5, mAb4*, mAb15, mAb19, mAb25. The viscosity in-
crease at increasing antibody concentration is strongly mAb-dependent and is well-described by the
model used in our previous work [194]. From the fit model used, the viscosity values for the protein
solutions at 50 mg/mL – which is the concentration employed in the neutron experiments – were ex-
trapolated (Table 6.2). From Figure 6.2, one can observe that all mAbs eventually reach the viscosity
limit for syringeability; however, while mAb9, mAb15, mAb25 and mAb4* exhibit high viscosity at
≃ 180 mg/mL, for some others this is observed already at 140 (mAb16), 120 (mAb12) and 90 mg/mL
(mAb24).

MAb ηr (50 mg/mL)
mAb1 1.46 ± 0.14
mAb3 1.56 ± 0.14
mAb5 1.47 ± 0.19
mAb9 1.47 ± 0.18
mAb4* 1.55 ± 0.37
mAb12 1.78 ± 0.46
mAb15 1.41 ± 0.06
mAb16 1.63 ± 0.14
mAb19 1.39 ± 0.26
mAb24 2.60 ± 0.24
mAb25 1.55 ± 0.11

Table 6.2. Relative viscosities ηr = η/η0 (T = 25◦C) at mAb concentration cp = 50 mg/mL calcu-
lated from the model used to fit the data in Figure 6.2. Uncertainties associated with the values are
calculated by error propagation using the errors on the parameters derived from the fit. The samples
characterised by high ηr at high cp show higher values compared to the others already at 50 mg/mL.
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Fig. 6.2. Linear (left) and logarithmic (right) plots showing the relative viscosity ηr = η/η0 (symbols)
of aqueous (H2O) solutions of 10 mAbs of IgG1 subclass and one IgG4 mAb (mAb4*) in 20 mM His-
HCl buffer (pH 6.0) at T = 25◦C, versus mAb concentration cp (lower x-axis) and dry volume fraction
φ (upper x-axis). Errorbars are mostly hidden behind the symbols. Solid lines are fits to the data
using a heuristic model [194]. The grey shaded area stands for the subcutaneous (SC) injectability
threshold (∼ 15-20).

Primary sequence analysis (available in Sections 6.5 and 4.3.2) reveals that the pI of Fv domain of
mAb4*, mAb12, mAb15, mAb16 and mAb24 is < 6.3, identified for mAbs analysed in the work by
Makowski et al. as threshold value below which lay all the mAbs with high solution viscosity [183].
Fv pI values are in fact 5.44 for mAb4* and mAb12, 5.74 for mAb15, 5.34 for mAb16, and 5.83 for
mAb24. Moreover, the Fv net charge for these mAbs with high viscosities is closer to 0 compared
to that of the other variants and always slightly negative (see Figure 6.17). One could hypothesize
that for these mAbs the charges on VH/VL regions are essentially equal and opposite, with a slight
imbalance on the negative side, in agreement with their opposite correlations with viscosity [194].
These observation underline again the importance of Fv domain sequence and confirm its central
role in driving inter-molecular interactions in the mAbs [180, 451]. The differences in viscosity de-
pend on which protein subdomains drive the aggregation and how the oligomers are formed and
organised [181, 451]. Highest viscosities are apparently determined by a strong presence of Fab-Fc
association [181, 446] or Fab-Fab interactions [101, 173, 180]. Both association mechanisms could con-
tribute to high viscosities in mAb24, mAb16 and mAb12 solutions. Fc-Fc association is also likely
to be present and possibly mediated by a small hydrophobic patch at the bottom of the Fc domain
(see Section 6.5). However, since the Fc domain is highly similar in all the mAbs studied (Figure 6.1),
Fc-Fc cannot explain the increase in viscosity observed in only a few variants (see also Section 6.5.4).
With regards to light scattering methods, the second virial coefficient A2 from static light scattering
(SLS) and the diffusion-interaction parameter kD from dynamic light scattering (DLS) can provide
insights into the solution behaviour of the mAbs by understanding their PPIs, which directly im-
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Fig. 6.3. Second virial coefficient A2 from SLS (lower x-axis) and diffusion-interaction parameter kD
from DLS (upper x-axis) for the mAbs investigated in their original formulation buffer (20 mM His-
HCl in H2O, pH 6.0) at T = 25◦C.

pact their physicochemical stability. These two key parameters obtained by Schmitt et al. [184] are
represented here in Figure 6.3 and their exact values are reported in Section 6.5. A2 and kD are gener-
ally correlated, with positive values indicating repulsive interactions between mAb molecules, while
negative values suggest attractive interactions. Repulsive interactions typically lead to better solution
stability, whereas attractive interactions may promote aggregation. Among the mAbs studied, a wide
range of behaviours in the selected buffer is observed (Figure 6.3). MAb5 stands out with the high-
est positive values for both A2 and kD, indicating strong repulsive interactions. This suggests that
mAb5 is likely to exhibit excellent solution stability and to be less prone to aggregation in the chosen
buffer. Similarly, mAb1, mAb3, and mAb25 show moderately positive values, implying good stability
characteristics and making them ideal candidates for therapeutic development. Conversely, mAb24
displays the lowest values for both parameters, suggesting strong attractive PPIs, as previously ob-
served [194]. The same trend is observed for mAb4* and mAb16, with slightly weaker mAb-mAb
attractions but still pointing towards aggregation and instability. The formulation of these antibod-
ies could be adjusted to improve their stability, e.g. by adding stabilizers or modifying the solution
ionic strength. The remaining mAbs exhibit more nuanced behaviors. MAb12 shows a weak positive
A2 but an almost neutral kD; mAb9, mAb15 and mAb19 show comparable positive A2, but differ-
ent positive kD, higher for mAb9 and lower for mAb15. This suggests that PPIs are less attractive
in mAb9 and mAb19 compared to mAb12 and mAb15, but other factors, e.g. microscopic diffusion,
should be influencing their behaviour and their solution visual appearance. In fact, all mAbs whose
parameters indicate aggregation are not transparent in solution at 50 mg/mL (see Section 6.5). More
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specifically, their kD values are below the threshold of 20 mL/g set by Kingsbury et al., above which
lie all “well behaved” mAbs in a 10 mM His-HCl buffer at pH 6.0 [462], namely the ones featuring
viscosities < 30 mPa·s and opalescences < 12 nephelometric turbidity units (NTU). This additional
constraint on kD further supports that mAb5, with kD ≈ 40 mL/g, exhibits the most favourable be-
haviour among the studied mAbs in a 20 mM His-HCl buffer at pH 6.0. We stress again the fact that
these results are completely buffer-dependent, meaning that some “well behaved” mAbs in 20 mM
His-HCl at pH 6.0 may behave poorly in another formulation.

6.3.2 Neutron Spin-Echo Spectroscopy

If, as an approximation, internal degrees of freedom are neglected, antibody solutions can be treated
as suspensions of charged colloids. For such systems, different time scales are typically associated
with different types of dynamics. Denoting τB as the characteristic time of particle momentum auto-
correlations and τI = R2

h/D0 as the characteristic time for diffusion across a distance equal to the
particle hydrodynamic radius, the time scale of short-time dynamics is within the range τB ≤ tshort ≤
τI [4]. Based on the average size of these proteins, quantified by an average hydrodynamic radius
4 nm≤ Rh ≤ 6 nm and a self-diffusion coefficient at the infinitely dilute limitD0 ≃ 3.7 Å2/ns at 25◦C,
the correlation times accessed by the conducted NSE experiment probe the short-time diffusion of the
studied mAbs. Specifically, “short” length scales refer to roughly 10 nm, or the size of the protein,
and “short” time scales extend up to about 50 ns, which is much smaller than τI .

The ISF arising from the measured neutron echo was fitted using a cumulant expansion until the
second order of an exponential function, as already done for multi-domain proteins: [269]

ISF =
I(q, t)

I(q, 0)
= A · exp

(
k1t+

1

2
k2t

2

)
, (6.4)

with A, q and t being a weighing prefactor, the neutron momentum transfer and the NSE Fourier
time, respectively. Echoes measured were fitted independently for each q; an example of ISF fit (with
residuals) is reported in Figure 6.4. The coefficients k1 and k2 in Equation 6.4 represent the first- and
second-order cumulants of the exponential expansion. The same fit procedure was applied on all the
samples and the fit range employed was the whole Fourier time range allowed by the instrument in
the specific configurations used. The first-order cumulant k1 contains insightful information on the
diffusion processes in the samples, as it is defined as:

k1 = lim
t→0

∂

∂t

I(q, t)

I(q, 0)
= −Γ = −q2Deff(q) (6.5)

k1 is negative by definition and its inverse Γ can be interpreted as the diffusion decay rate with its
reciprocal value being the relaxation time τ :

τ =
1

Γ
=

1

q2Deff
(6.6)

Deff(q) is the effective short-time diffusion function given by the coherent scattering of the incoming
neutrons with the sample, therefore containing information on its collective dynamics. Figure 6.5
reports Deff(q) obtained from NSE data for the mAbs in solution at cp = 50 mg/mL (coloured sym-
bols connected by solid lines), at human body and storage temperatures (top and bottom plot, re-
spectively). Dashed coloured lines represent the rigid-body diffusion functions of mAb monomers
calculated with the PDB files of the proteins using Jscatter [463]. The dashed black line is the diffusion
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Fig. 6.4. Intermediate scattering function I(q, t)/I(q, 0) (neutron echoes vs Fourier time t) of mAb5
at cp = 50 mg/mL and T = 37◦C, in solution with 20 mM His-HCl buffer at pD 6.4, measured
with IN15 spectrometer. The experimental points obtained are the combination of the four different
instrument configurations used (wavelength of incident neutron and detector angle). Each data se-
ries, denoted by a specific symbol and colour, corresponds to the neutron echo at a specific value
of the momentum transfer q, ranging from 0.028 (dark purple dots) to 0.19 Å−1 (yellow diamonds).
Solid lines in corresponding colours are fits to the data with a cumulant expansion of the exponential
(Equation 6.4) using all Fourier times. Data are presented in lin-log scale (top) with the corresponding
fit residuals at each q depicted with the same color code (bottom).

of an example Fab-Fab dimer built by merging two mAb5 structures and calculated with the afore-
mentioned software. The choice of mAb5 for this comparison is justified by its remarkably “good
behaviour” in solution with the employed buffer with respect to the others, as discussed in § 6.3.1.
Since dashed curves are calculated at 20 ◦C, they were rescaled for temperature and viscosity using
the Stokes-Einstein relation and by a factor accounting for the crowding effect at the selected concen-
tration [3]. A non-trivial q-dependence of the experimental Deff(q) is observed in all samples, also
in qualitative agreement with the diffusion curves obtained from the simulations. The mAbs inves-
tigated at the same conditions display diverse diffusive dynamics (Figure 6.5). For instance, mAb5
shows a faster diffusion compared to mAb12 and mAb16 (Figure 6.5, top), which are the ones ex-
hibiting higher viscosities already at 50 mg/mL, as reported in Table 6.2. The shape of their Deff(q)
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at at 7 ◦C (Figure 6.5, bottom, cyan and green symbols) is instead peculiar and to be interpreted with
the aid of DLS data simultaneously collected on these two mAbs, which reveal abrupt changes in
the correlation functions while cooling down to 7◦C; in addition, after the measurements the two
samples showed signs of opalescence and phase-separation. These observations indicate that the so-
lutions underwent changes during the experiment, resulting in NSE data points collected at different
instrument configurations representing varying sample conditions rather than a consistent state. The
peculiar behavior of the diffusion curve is therefore signature of phase separation [445]. Further de-
tails are in in Section 6.5. In Figure 6.5, the experimentally derived Deff(q) is compared to the one
calculated via MD simulations using the PDB structures of the mAbs and considering them as rigid
bodies. These calculated diffusion functions are shown as coloured dashed lines in Figure 6.5 for
monomeric structures, while an example of a dimer diffusion is depicted as black dashed line. In
this case, the dimer structure was built by manually combining two mAb5 monomers via their Fab
arms. The comparison between the experimental and computed diffusion of the mAbs provides in-
sights on their clustering behaviour. Figure 6.5 shows that all the experimental diffusion functions
lie under the prediction for their corresponding monomeric structure, indicating oligomerization al-
ready at 50 mg/mL at 37◦C, which becomes more marked at 7◦C. For most of the mAbs, Deff(q) lies
between the monomeric and dimeric diffusion predictions, consistent with NBS results from our pre-
vious work [194]. The mAbs exhibiting higher viscositites lie instead under the dimer line as already
observed [194], suggesting the presence of attractive intermolecular interactions [443, 464] leading to
the formation of short-lived clusters of more than two mAb monomers in these samples, e.g. trimers
or small network-like assemblies, which have been previously identified as the cause of opalescence
and high viscosity in mAb solutions [446, 447, 465]. Since the clusters do not reach sizes larger than
dimers for “well behaved mAbs” and small oligomers for the stickiest ones, the aggregation mecha-
nism might be nucleation dominated (ND) [451].

Figure 6.5 also shows how cooling down to 7◦C slows down all the dynamic components, from
the translations to the internal relaxations at higher q, by smoothing the Deff(q). The drop in temper-
ature also strengthens the PPIs, binding, for example, Fab from one mAb and Fc from another, thus
altering the internal dynamics of individual proteins [466]. Also note that the purple curve repre-
senting mAb4* (the only IgG4 in the set) appears to be smoother than the others depicting the rest of
the mAbs investigated (all IgG1), consistent with the already-known reduced flexibility of the IgG4
variant compared to IgG1 [454].

Since at finite concentrations inter-molecular interactions cannot be neglected, Deff(q) contains
information about the sample solution structure and its hydrodynamic interactions and can be ex-
pressed as [3]

Deff(q) = D0
H(q)

S(q)
(6.7)

with S(q) and H(q) being the structure factor obtained from SANS and the hydrodynamic function,
respectively. At infinite dilution there are no hydrodynamic interactions, therefore H(q) = 1. At
non-zero particle concentration, the hydrodynamic interactions give rise to undulations in H(q) [4].

Furthermore, the coefficient of the second order term in the fit function used (Equation 6.4), that is
k2, can be linked to the polydispersity of the samples via the following relation borrowed from light
scattering theory [467]:

PDI =
2k2
k21

(6.8)

The polydispersity index (PDI) trend vs the momentum transfer q obtained from NSE fits is reported
in Figure S2 in Section 6.5.
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Fig. 6.5. Collective diffusion function of the mAbs. Deff (symbols) for all the mAbs investigated at
cp = 50 mg/mL, at body temperature T = 37◦C (top) and storage conditions T = 7◦C (bottom), as a
function of the momentum transfer q. Solid lines connecting the symbols are guide to the eye, while
dashed lines represent the rigid-body diffusion functions of mAb monomers (coloured) and dimers
(black) calculated with the PDB of the proteins using Jscatter [463]. The dimer diffusion was evaluated
using an example Fab-Fab dimer built by merging two mAb5 structures. For further details, see text.

Fixed-angle dynamic light scattering DLS data were collected in order to monitor sample stability
over time while conducting the NSE experiment. For the samples showing a basically constant decay
over time, namely all the solutions at 37◦C, the correlation functions g2(t) obtained were fitted with a
single exponential indicating just one relaxation process:

g2(t) = A ( 1 + Be−2Γt ) , (6.9)
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with A and B being the baseline and the intercept of the correlation function, respectively, and:

Γ =
1

τ
= Dlong

c q2 , (6.10)

whereDlong
c is the long-time collective diffusion coefficient, as opposed to the short-time one obtained

from NSE. The momentum transfer q probed reads as:

q =
4πn

λ0
sin

θ

2
, (6.11)

where λ0 = 632.8 nm is the laser wavelength, θ = 90◦ is the fixed angle where the scattered light
is detected and n = n(λ0, T ) is the refractive index of D2O calculated at the temperatures of inter-
est via interpolation from existing data fitted with the Cauchy formula as in Ref. [468]. The values
obtained are 1.33 and 1.32 at 7 and 37◦C, respectively. The momentum transfer probed by the DLS
measurements performed is therefore 0.0186 Å−1, as calculated from Equation 6.11, corresponding to
a real-space distance of 33.8 nm, much larger than the hydrodynamic radius of an antibody monomer.
This approach was also applied to the samples at 7◦C, along with a double-exponential fit for the ones
exhibiting an additional shoulder and a more turbid visual appearance, e.g. the stickiest and most
viscous ones (mAb12 and mAb16). From the single-exponential fits, the long-time collective diffusion
coefficient Dl

c and the hydrodynamic radius Rh of the samples were extracted, the latter calculated
based on the Stokes-Einstein relation. All correlation functions obtained from DLS, some additional
information on this analysis, some pictures of the samples taken after the experiment and a more
detailed discussion about them are reported in in Section 6.5.

Normal modes of the antibodies The effective diffusion function Deff(q) of the different mAbs was
calculated via Jscatter [463] using the protein PDB structures as inputs. The mAbs are treated as rigid
bodies with their shape and anisotropy. Their diffusion is first evaluated taking into account the first
6 trivial eigenmodes (3 translational + 3 rotational degrees of freedom) and then progressively adding
the contributions of higher-order modes.

Figure 6.6 reportsDeff(q) for the mAb monomeric structures and for an example dimeric one solely
taking into account translations and rotations (top plot), and also accounting for additional normal
modes (other plots, normal mode (NM) 7, 8, 9, 10, 11, 12). From previous NSE studies, it is known
that the antibody flexible hinge region acts as an entropic spring, around which the three fragments
(Fc and 2 Fabs) move with Brownian motion in a harmonic potential [235]. The observable diffusive
motion of the antibodies should thus be seen as a combination of these harmonic NM. The NM ef-
fective diffusion curves in Figure 6.6 do not show remarkable differences among all IgG1 monomeric
structures of the mAbs (Figure 6.6). However, mAb12, mAb15 and mAb16 reach higher peak values
in the diffusion calculation that includes NM 7, 8, 9, 11, suggesting more flexible structures able to
explore more extended modes which may enhance self-association. Major discrepancies are instead
observed between IgG1 and IgG4 proteins, with the latter systematically displaying a different as
well as a smoother shape of the diffusion function and significantly lower values, especially when
additional NM are considered, with respect to the IgG1 isotype. This again points towards a higher
rigidity and thus lower propensity to wide movements of IgG4 with respect to IgG1 molecules [454],
as already observed in the Deff obtained from NSE data.
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Fig. 6.6. Effective diffusion Deff of the different mAb monomeric structures (coloured solid lines) and
one example Fab-Fab dimeric structure built using mAb5 monomers (black dashed line) calculated
via Jscatter [463], by considering the proteins as rigid bodies, therefore only taking into account 3
translational + 3 rotational degrees of freedom (top plot), and by evaluating relaxations arising from
additional normal modes (other plots, normal modes (NM) 7, 8, 9, 10, 11, 12).
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6.3.3 Small Angle Neutron Scattering

Besides providing structural information on the nm-µm scale of mAb solutions, SANS also sheds
light on their inter-molecular interactions. The intensity of scattered neutrons measured with SANS
is expressed as [326, 427]

I(q) = n(∆ρSL)
2V 2

partP (q)S(q) , (6.12)

with n being the particle number density, ∆ρSL the difference in scattering length density between the
solvent and the sample particles (also known as the scattering contrast), and Vpart being the volume of
a single particle [326,427]. P (q) is the particle form factor, determined by the protein shape [427,428],
which equals unity in the q → 0 limit. S(q) is the structure factor [325, 327, 429], which contains the
information on the mutual interactions between mAbs and their organization in solution and S(q) for
cp → 0, when PPIs are negligible.

Given a minimum accessible q of 0.006 Å−1 in the SANS experiment conducted, the largest length
scale that can be resolved corresponds to Rmax = 104.7 nm (= 2π/qmin) in real space. Considering
an average antibody radius R being in the range 4 ≤ R ≤ 6 nm, the q-region satisfying the criteria
qR < 1.3 required for the Guinier approximation is 0.10 ≤ R ≤ 0.16 Å−1. Mathematically, the Guinier
approximation for the scattering intensity reads as:

ln I(q) = ln I(0)− R2
g

3
q2 , (6.13)

where I(0) is the intensity at zero scattering angle and Rg is the radius of gyration of the particles. In
Figure 6.7 we report the collected curves for different mAbs at the same concentration of 20 mg/mL
at T = 37◦C (top) and T = 21◦C (bottom). An example of a concentration series measured for mAb4*
(Figure 6.8) shows a nicely decreasing intensity at low q at decreasing protein concentration, which is
indeed expected for these systems.
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Fig. 6.7. SANS profiles of all mAbs at cp = 20 mg/mL at T = 37 ◦C (top) and T = 21 ◦C (bottom),
background-subtracted taking into account the volume fraction occupied by the solvent.

At first glance one can already hypothesize about the nature and the intensity of PPIs. In par-
ticular, mAb16 and mAb12 (cyan and green curves in Figure 6.7) display high values of I(q → 0),
clearly suggesting the presence of more attractive PPIs already at 20 mg/mL. MAb5 (coral squares
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curve) shows, on the other hand, lower intensity at low q, indicating the presence of more repulsive
interactions. These qualitative considerations are also confirmed by a quantitative Guinier analysis
performed on the samples. Guinier plots with fit results for all the samples are reported in Sec-
tion 6.5, along with Kratky plots that give an idea of the molecular flexibility of mAb monomers and
oligomers.
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Fig. 6.8. SANS profiles of mAb4* (IgG4) at T = 37◦C at different protein concentrations cp ranging
from 50 to 2 mg/mL, background-subtracted taking into account the volume fraction occupied by the
solvent.

6.4 Conclusions

In this work, we present a systematic comparison of an unprecedented series of monoclonal anti-
bodies (mAbs) – 8 IgG1 and 1 IgG4, evaluating various physicochemical properties, such as macro-
scopic viscosity, multi-scale diffusion, protein-protein interactions (PPIs), and molecular flexibility.
This study builds on previous findings that observed the formation of transient, small clusters in
mAb solutions, which dissociate at physiological temperatures [194]. Via NSE we investigate the col-
lective diffusion of the mAbs in the q-region from 0.06-0.19 Å−1, corresponding to a longer length
scale than the one previously probed by NBS [194], and to longer coherence times. We observe that
all the mAbs undergo self-association in this window explore. These transient clusters contribute
to dimers, trimers and network-like assemblies, highlighting differences between antibody isotypes,
particularly in terms of molecular flexibility. Notably, we observe the formation of transient clusters
at concentrations of 50 mg/mL, which is below the concentrations typically used for pharmaceutical
formulations to be administered via subcutaneous injection. As observed in previous works, study-
ing protein solutions at semi-dilute conditions could still help in the understanding of their behaviour
at high concentrations [181,196,197,469]. This raises important considerations for formulation design,
as clustering at lower concentrations can impact solution stability and viscosity.
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Additionally, we compare our experimental results with computational modeling based on the
protein structures obtained from PDB files. Using normal mode analysis, we find that the computa-
tional results are qualitatively consistent with experimental data, further validating the models. Key
factors influencing the behavior of these mAbs include surface charge and hydrophobicity, which
play crucial roles in determining both molecular interactions and aggregation tendencies. These in-
sights provide a deeper understanding of the physical properties of mAb solutions, offering valuable
guidance for optimizing therapeutic antibody formulations.

Acknowledgements

This research has been supported by InnovaXN, a EU Horizon 2020 MSCA COFUND programme
(innovaxn.eu, grant agreement No 847439). I.M. acknowledges an ILL Ph.D. studentship funded by
this programme. The authors are grateful for support by the DFG and ANR (ANR-21-CE06-0047
IDPXN, ANR-16-CE92-0009, ImmunoglobulinCrowding), in the initial phase of this project, and by
the BMBF (ErUM-pro 05K19VTB and 05K22VTA). The authors acknowledge the support of the ESRF
and ILL Partnership for Soft Condensed Matter (PSCM) for providing access to equipment and lab
facilities. The authors are also thankful to Juliette Devos (Life Science group at ILL, Grenoble) for sup-
port, Jonathan Schmitt (Lonza Basel) for advice and help with viscometry, Laura Stingaciu (ORNL)
for stimulating discussions and Ralf Biehl (JCNS) for advice on the Jscatter software.

Associated content

Supplementary material: In Section 6.5 the following information is reported: additional information
on NSE data analysis, NSE measurements while cooling down, visual appearance of the samples after
the experiment, DLS results, Guinier and Kratky plots of SANS data, physicochemical properties of
the antibodies (full sequence and Fv domains), distribution of charged and hydrophobic residues.
Data availability: Neutron data are permanently curated under DOI and available at Ref. [470], in
agreement with ILL data policy.

6.5 Supplementary Information

6.5.1 Neutron spin-echo spectroscopy (NSE)

Additional parameters from the fits

Figure 6.9 reports the parameter τ obtained from the fit of NSE data vs the momentum transfer q.
The τ(q) trend is very similar in all the mAbs at the two different temperatures studied. However,
for mAb12 and mAb16 values are higher than those of the other mAbs, indicating a slower diffusion
maybe due to phase-separation, as stated in the main document.

Figure 6.10 reports instead the q-trend of the polydispersity index (PDI) obtained from the fit of
NSE data, specifically from parameters k1 and k2 as stated in equation 8 in the main document. The
most viscous mAbs in solutions – mAb12 and mAb4*, but mostly mAb16 – feature a higher polydis-
persity compared to the others at 37◦C. The data of PDI at 7◦C for these two mAbs are not shown
because the samples were phase-separated after the measurements. Also, the shape of the curves
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overall become less smooth at decreasing temperature, where the self-association plays a higher role
and leads to a higher solution viscosity.
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Fig. 6.9. Collective relaxation time. τ(q) (coloured symbols, from Equation 6.10 in the main docu-
ment) of all the antibodies investigated at cp = 50 mg/mL, at T = 37◦C (left) and T = 7◦C (right), as
a function of the momentum transfer q. Solid lines are guides for the eye obtained by fitting the data
using τ(q) = a/qn + bkg, with a, n and bkg as free parameters.
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145



6.5. Supplementary Information CHAPTER 6. Multi-scale diffusion in mAb formulations

Visual appearance of the samples after cooling down

mAb4* mAb25 mAb12

mAb16 mAb16mAb16

(a) (b) (c)

(d) (e) (f)

Fig. 6.11. Quartz cuvettes containing mAb4* (a), mAb25 (b), mAb12 (c) and mAb16 (d, e, f) solu-
tions at cp = 50 mg/mL after cooling them down until 7◦C and collecting neutron echoes for all the
configurations and simultaneous DLS, resulting in a total time of some hours. In contrast with the
other samples not reported here, which were clear and transparent, these solutions show mild pre-
cipitation (mAb4*, mAb25), opalescence (mAb4*, mAb12), increase of turbidity (mAb12) and clear
phase-separation (mAb16). For mAb16, pictures with three different backgrounds are reported for
better visualization of the phase-separation. It should me remarked that mAb4*, mAb12 and mAb16
are the stickiest and the most viscous antibodies among the ones investigated in this work.

Temperature-dependent echoes

Among the antibodies measured with NSE, two proteins featuring a higher viscosity and a more
pronounced aggregation propensity compared to the others – mAb12 and mAb16 – were selected to
collect echoes during cooling them down to 7◦C. In order to follow the process on the scale of some
minutes, just one instrument configuration was employed; therefore, only data until Fourier times of
∼ 30 ns and q = 0.062, 0.075, 0.088 Å−1, which correspond to ∼ 10.1, 8.4, 7.1 nm in real space. The
collected data are reported in Figure 6.12 and fitted with the following expression:

I(q, τ = 30ns)

I(q, 0)
(T ) = (1− a) + a exp−λT , (6.14)

where the prefactor a and the decay λ are free parameters. The choice of the model is simply justified
by the good agreement found between the collected data points and the single-exponential decay in
T . The parameters obtained from the fits are reported in the legend of Figure 6.12. From dimensional
analysis, λ should be the reciprocal of a “characteristic” temperature Tc. Calculating then Tc = 1/λ,
we obtain (i) at q = 0.062 Å−1: Tc = 22.2 ◦C for mAb12 and 28.6 ◦C for mAb16; (ii) at q = 0.075 Å−1:
Tc = 35.7 ◦C for mAb12 and 34.5 ◦C for mAb16; (iii) at q = 0.088 Å−1: Tc = 62.5 ◦C for mAb12 and
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43.5 ◦C for mAb16. In the meanwhile, DLS data at a fixed angle were also collected for these two
selected samples (see Section 6.5.2 and Figure 6.13).
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Fig. 6.12. Slowing down of the diffusion while cooling down. Normalized intermediate scattering
functions vs temperature for mAb12 and mAb16. The echoes were collected while cooling down
the samples from 37 to 7◦C, employing just one instrument configuration: therefore, only data until
Fourier times of ∼ 30 ns and at q = 0.062, 0.075, 0.088 Å−1 were collected. The symbols are the ISF
values at ∼ 30 ns and different colours in the plots represent different q-values. For both antibodies,
we observe ISF values approaching to 1 as long as low temperatures are reached (reading the x-axis
from right to left), which suggests that decay rates become slower and correlations times longer. Solid
lines are fits to the data using Equation 6.14.

6.5.2 In situ fixed-angle DLS

The DLS setup mounted in line with the NSE machine was used to collect measurements at a fixed
angle of 90◦ and check the stability of the samples during the relatively long neutron measurements.
The complete DLS measurement consists in four acquisitions, one for each NSE instrumental config-
uration; the time lag from one run to another depends on the duration of the NSE scan at that specific
configuration, so it is not constant. However, we took track of it in order to monitor how the solutions
behaved over time and at varying temperature. Figure 6.13 shows all the correlation functions obtain
from DLS for all the antibodies at both 37 (red dots) and 7◦C (blue dots).

All antibodies seem to preserve quite well their stability over time at body temperature, e.g. mAb9
(second row from top, first column from left) and mAb19 (third row, third column) show the same
decay in their g2(t) even after ∼ 15 and ∼ 13 hours, respectively. Nevertheless, mAb3 and mAb25
show a weak shoulder after the first decay, hence a tentative fit with a two-exponential function was
done.

The scenario is slightly different when the samples are cooled down to 7◦C. While the DLS curves
for mAb3, mAb5, mAb9, mAb15, mAb19 are basically superimposed and only show a smooth sin-
gle decay, the ones collected for mAb4*, mAb16 and mAb25 are characterised by another additional
contribution, indicating some sort of aggregation and loss of solution stability. Also, it should be
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noted that for mAb4* and mAb16 the last DLS acquisition was done after more than 12 hours, which
means that they were kept for more time at low temperature compared to the previous subset. These
results can be justified by simply looking at the visual appearance of the samples after the end of
the experiment (Figure 6.11. In fact, macroscopic precipitation, opalescence and phase-separation can
reasonably explain less smooth DLS correlation functions. Focusing now on mAb16 (Figure 6.11 d,
e, f) and its DLS profile changing over time and temperature, it is observed that the g2(t) features
one smooth single decay until ∼ 24◦C, while an additional shoulder appears 7 mins after at 11.5◦C.
Mab12, on the other hand, constitutes a special case: although its correlation function is constant
over time and regular at 37◦C – signature of a stable, monomeric solution –, it gives rise to a “bad”
signal at 7◦C, suggesting a suspected turbidity of the solution and the presence of aggregates too
large to be resolved by DLS. This is confirmed by the visual appearance of this sample after remov-
ing it from the beam, very turbid and “milky”, as reported in Figure 6.11 (c). Moreover, by looking
at the DLS profile changing over time and temperature, one can notice that the g2(t) looks regular
until ∼ 18◦C and “spoiled” after 7 mins reaching 8◦C. One can hypothesize that both mAb12 and
mAb16 undergo liquid-liquid phase separation (LLPS) below their UCST laying in the range 8–10◦C.
All reported studies of antibody solutions undergoing LLPS at low ionic strength show a UCST phase
behavior [196, 445, 464, 471], with a pH-dependent critical temperature [472] and a critical concentra-
tion of ∼ 90 mg/mL [472–474]. However, the antibodies just described show UCST-LLPS already
at 50 mg/mL and the transition seems quite fast upon reaching 8–10◦C. The significant macroscopic
difference between the two mAbs (Figure 6.11) might be explained by different droplet growth rates.
One can speculate that as soon as the solutions are cooled down the critical temperature, they become
immediately turbid as protein-rich droplets form within seconds [475]. After that, droplet grow at dif-
ferent rates and in the case of mAb16 they might also irreversibly associate into larger condensates
(droplet coalescence [475]) leading to flocculation and formation of two visible distinct phases.

The results overall suggest that the more intense temperature-driven changes are observed in an-
tibodies exhibiting higher viscosities already at 50 mg/mL (see Figure 2 in the main article). At this
concentration, the difference in viscosity among the mAbs is not extremely pronounced (at least at
25◦C). Nevertheless, the different subsets of mAbs behave completely different both microscopically
and macroscopically, with LLPS already setting at 50 mg/mL. This observations suggest that study-
ing semi-dilute conditions of protein solutions may help to shed light on their behavior at high con-
centrations. This was already observed in previous works addressing the prediction of viscosity and
protein-protein interactions at high concentrations based on data on dilute solutions [181, 197, 469].

It can be reasonably stated that the solution stability of the majority of the mAbs studied in this
work is compromised when cooling them down from 37◦C (body temperature) to 7◦C (typical storage
temperature). Inter-molecular interactions leading to aggregation, self-association and/or network
formation on the microscopic level, give rise to opalescence, increased turbidity, precipitation and
phase separation on the macroscopic scale.
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Fig. 6.13. Correlation functions g2(t) obtained by DLS measurements at 90◦ (dots) performed on all
samples. For each antibody, g2(t) at 37 and 7◦C are represented using red and blue, respectively.
Each curve corresponds to the DLS signal collected at one NSE configuration and the corresponding
time delay after the first acquisition is also indicated. All the antibodies are at a concentration of
50 mg/mL. For the antibodies measured during the cooling – mAb12 and mAb16 –, the correlation
functions at intermediate temperatures are also shown (two bottom right plots). Black solid lines are
fits to the data using a single exponential, while dashed blue ones stand for a two-exponential fit.
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6.5.3 Small angle neutron scattering

Guinier plots
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Fig. 6.14. Guinier representation, ln(I) vs q2, of the SANS data (symbols) of the mAbs at different
cp (50, 20, 10, 5 mg/mL from top to bottom) and temperatures (left: 37◦C; right: 21◦C). Solid lines
are Guinier fits to the data, from which the radius of gyration Rg and the intensity I0 with their
uncertainties were calculated (see legends). The range of the fits, or “Guinier region”, is [qmin, qmax],
where qmin is the least value accessible by the instrument and qmax is defined by qmax ·Rg ≤ 1.3.
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Fig. 6.15. Guinier representation of the SANS data (symbols) of the mAbs measured at 7◦C, namely
mAb12 (orange diamonds) at 50, 20, 10, 5 mg/mL and mAb3 (coral squares) only at 50 mg/mL. The
last three bottom plots are the mAbs measured at 2 mg/mL at 7, 21 and 37◦C. Solid lines are Guinier
fits to the data, from which the radius of gyration Rg and the intensity I0 with their uncertainties re-
ported were calculated (see legends). The range of the fits is the so called “Guinier region” [qmin, qmax],
where qmin is the least value accessible by the instrument and qmax is defined by qmax ·Rg ≤ 1.3.
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Kratky plots

As far as SANS data analysis is concerned, it may be remarkably useful to plot the data in Kratky
mode, which can provide valuable insights into the structural and conformational properties of
macromolecules, particularly proteins.

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
0.0040
0.0045

q2 I
(q

) [
Å

2 c
m

1 ]

mAbs at 50 mg/mL, Tset = 37 C
mAb9
mAb15
mAb25

mAb19
mAb5
mAb3

mAb4*
mAb12
mAb16

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
0.0040
0.0045

q2 I
(q

) [
Å

2 c
m

1 ]
mAbs at 50 mg/mL, Tset = 21 C

mAb9
mAb5
mAb3

mAb4*
mAb4*
mAb16

mAb16
mAb12
mAb12

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
0.0040
0.0045

q2 I
(q

) [
Å

2 c
m

1 ]

mAbs at 50 mg/mL,
Tset = 7 C

mAb9 mAb5 mAb5

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

q2 I
(q

) [
Å

2 c
m

1 ]

mAbs at 20 mg/mL, Tset = 37 C
mAb9
mAb15
mAb25

mAb19
mAb5
mAb3

mAb4*
mAb12
mAb16

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

q2 I
(q

) [
Å

2 c
m

1 ]

mAbs at 20 mg/mL, Tset = 21 C
mAb9
mAb5

mAb3
mAb4*

mAb12
mAb16

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

q2 I
(q

) [
Å

2 c
m

1 ]

mAbs at 20 mg/mL,
Tset = 7 C

mAb9

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

q2 I
(q

) [
Å

2 c
m

1 ]

mAbs at 10 mg/mL, Tset = 37 C
mAb9
mAb15
mAb15
mAb25

mAb19
mAb3
mAb5

mAb4*
mAb12
mAb16

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

q2 I
(q

) [
Å

2 c
m

1 ]

mAbs at 10 mg/mL, Tset = 21 C
mAb9
mAb3

mAb5
mAb5

mAb4*

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010
q2 I

(q
) [

Å
2 c

m
1 ]

mAbs at 10 mg/mL,
Tset = 7 C

mAb9

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

q2 I
(q

) [
Å

2 c
m

1 ]

mAbs at 5 mg/mL, Tset = 37 C
mAb9
mAb15
mAb25

mAb19
mAb5
mAb3

mAb4*
mAb12
mAb16

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

q2 I
(q

) [
Å

2 c
m

1 ]

mAbs at 5 mg/mL, Tset = 21 C
mAb9 mAb5 mAb3

0.00 0.05 0.10 0.15 0.20 0.25 0.30
q [Å 1]

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

q2 I
(q

) [
Å

2 c
m

1 ]

mAbs at 5 mg/mL,
Tset = 7 C

mAb9

Fig. 6.16. Kratky representation, that is (Iq2) vs q (symbols), of the buffer-subtracted SANS data
of the mAbs collected at different concentrations (rows: 50, 20, 10, 5 mg/mL from top to bottom)
and temperatures (columns: 37, 21 and 7◦C from left to right). Solid lines are fits to the data using
polynomial functions of varying degrees and black empty symbols are the local maxima of the curves,
identifying the the three typical features of an antibody protein as revealed by SANS and which
correspond to its three-lobed structure.

152



CHAPTER 6. Multi-scale diffusion in mAb formulations 6.5. Supplementary Information

A Kratky plot shows the scattering intensity I(Q) multiplied by the squared momentum transfer
q2 plotted against q2. In the case of mAb solutions, it reveals the characteristic shape of the proteins,
their degree of flexibility and their aggregation in solution. Figure 6.16 reports Kratky plots of all
samples sorted by antibody concentration (row-wise) and set-point temperature (column-wise). As
expected, plots of the more dilute samples (bottom rows in Figure 6.16) look noisier than the ones at
higher concentrations (top rows in Figure 6.16) and a decrease of the peak intensities at decreasing
concentration is observed. Effects of temperature variation are not easily detectable in this represen-
tation.

Nevertheless, this data visualization nicely emphasizes the peculiar shape of the antibodies with
the three peaks always showing up in the curves. This unique curve shape confirms that the mAbs
studied are multi-domain proteins with flexible linkers, characterized by different degrees of com-
pactness and flexibility, which visually translate into smoother or sharper peaks in their Kratky plots.
For almost all antibodies – except for the lower concentrations that show noisier curves – the x posi-
tion of the peaks oscillates around the same values. For instance, the third peak q3 is always around
0.16-0.17 Å−1, which corresponds to a distance of 3.5-3.9 nm, in agreement with the computed dis-
tances between CH1 and CH2 Fc subdomains [214]. A deeper analysis of the subpeaks could reveal
more on the inter- and intra-domain correlations in the different mAbs [214, 215]. However, this
would be out of the scope of this work.

6.5.4 Physico-chemical properties of the mAbs and solution stability

Parameters from sequence analysis

In the following section, we report the results obtained processing the PDB files of the antibodies with
different bioinformatics tools, such as Biopython, using Bio.PDB and Bio.SeqUtils modules [349] and
ProtParam [350]. Although not directly related to the experimental results, the information accessed
has definitely improved the knowledge about the proteins investigated. All relevant properties of the
antibody full chains and Fv domains are reported in Tables 4.1, 4.2 in Chapter 4. Some parameters
are also graphically shown in Figure 6.17 and they include: aromaticity, aliphatic index (AI), GRAVY,
isoelectric point pI and protein net charge at pH 6.0, for both mAbs full chain and Fv domain.

The aromaticity of a protein is the relative frequency of aromatic amino acids, namely histidine
(His), phenilalanine (Phe), tyrosine (Tyr), tryptophan (Trp) [351]. One can notice that mAb12, mAb19
(IgG1 isotype) and mAb4* (IgG4 isotype) show a slightly higher aromaticity, indicating that the con-
tent of aromatic amino acids in these proteins is higher than in the others.

The aliphatic index (AI) of a protein is defined as the relative volume occupied by aliphatic residues,
namely alanine (Ala), valine (Val), isoleucine (Ile) and leucine (Leu). This value is directly propor-
tional to the structural stability of a protein. A general observation is that proteins with AI > 65

possess a good thermal stability [476]. In the present case, mAb12 shows a value of ∼ 50 against the
∼ 70 reported for the other molecules, indicating that it is the most thermally unstable amongst them,
feature also supported by visual inspection of the sample (Figure 6.11 (c)) and by the experimental
results of this work.

The GRAVY (grand average of hydropathy) is defined by the sum of hydropathy values of all
amino acids divided by the protein length. Typically, GRAVY values range between -2 and 2, where a
negative or positive value indicates that the protein possesses low or high or hydrophobicity, respec-
tively. As all water-soluble proteins, our mAbs expectedly report a GRAVY value of -0.4 [352], with
mAb3, mAb16 and mAb19 featuring a slightly higher value.

153



6.5. Supplementary Information CHAPTER 6. Multi-scale diffusion in mAb formulations

mAb1
mAb3

mAb5
mAb9

mAb4*
mAb12

mAb15
mAb16

mAb19
mAb24

mAb25
1HZH 1IGT 1IGY

antibody

0.00

0.02

0.04

0.06

0.08

0.10

0.12

ar
om

at
ici

ty

mAb1
mAb3

mAb5
mAb9

mAb4*
mAb12

mAb15
mAb16

mAb19
mAb24

mAb25

antibody variable domain Fv

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

ar
om

at
ici

ty

mAb1
mAb3

mAb5
mAb9

mAb4*
mAb12

mAb15
mAb16

mAb19
mAb24

mAb25
1HZH 1IGT 1IGY

antibody

0
10
20
30
40
50
60
70
80

al
ip

ha
tic

 in
de

x

mAb1
mAb3

mAb5
mAb9

mAb4*
mAb12

mAb15
mAb16

mAb19
mAb24

mAb25

antibody variable domain Fv

0
10
20
30
40
50
60
70
80

al
ip

ha
tic

 in
de

x

mAb1
mAb3

mAb5
mAb9

mAb4*
mAb12

mAb15
mAb16

mAb19
mAb24

mAb25
1HZH 1IGT 1IGY

antibody

0.5

0.4

0.3

0.2

0.1

0.0

GR
AV

Y

mAb1
mAb3

mAb5
mAb9

mAb4*
mAb12

mAb15
mAb16

mAb19
mAb24

mAb25

antibody variable domain Fv

0.5

0.4

0.3

0.2

0.1

0.0

GR
AV

Y

mAb1
mAb3

mAb5
mAb9

mAb4*
mAb12

mAb15
mAb16

mAb19
mAb24

mAb25
1HZH 1IGT 1IGY

antibody

0

2

4

6

8

10

iso
el

ec
tri

c 
po

in
t p

I

solution pH

mAb1
mAb3

mAb5
mAb9

mAb4*
mAb12

mAb15
mAb16

mAb19
mAb24

mAb25

antibody variable domain Fv

0

2

4

6

8

10

iso
el

ec
tri

c 
po

in
t p

I

solution pH
Makowski et al. (2024)

mAb1
mAb3

mAb5
mAb9

mAb4*
mAb12

mAb15
mAb16

mAb19
mAb24

mAb25
1HZH 1IGT 1IGY

antibody

0
5

10
15
20
25
30
35
40

ch
ar

ge
 a

t p
H 

6.
0

mAb1
mAb3

mAb5
mAb9

mAb4*
mAb12

mAb15
mAb16

mAb19
mAb24

mAb25

antibody variable domain Fv

2

0

2

4

6

8

ch
ar

ge
 a

t p
H 

6.
0

Fig. 6.17. Aromaticity (top row, pink), aliphatic index (second row, mid-blue), GRAVY (center row,
lilac), isoelectric point pI (fourth row, lime) and charge at pH 6 (bottom row, light-blue) of the anti-
bodies studied. Plots on the left side refer to the full chains of the molecules, while the right column
depicts the same parameters for the antibody variable domain Fv. For the isoelectric point plots, the
purple dashed line stands for the pH of the formulation used (= 6.0), while the blue one in the Fv
right plot is the value of 6.3 indicated by Makowski et al. [183] as the upper Fv pI limit for mAbs
exhibiting high viscosities. Further details are reported in Chapter 4.
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The parameters presented in the bottom line plots in Figure 6.17 are connected. The isoelectric
point pI of the full-chain proteins (bottom left plot) is in fact the pH at which the protein has zero net
electric charge. The bigger the difference between the solution pH and the protein pI, the higher – in
modulus – the protein net charge. All the antibodies employed here have pIs > pH = 6.0, so their
net charge at pH 6.0 is overall positive but differs quite a lot amongst the mAbs. If only electrostatic
interactions are considered and each protein carries a positive charge, repulsion should dominate.
However, this repulsion is less pronounced for mAbs with a lower net charge, e.g. mAb4* and – to
some extent – mAb12, mAb16, mAb24. More interesting information concerns instead the pI and net
charge of local regions of the mAbs, e.g. the Fv domain (lime and light blue right plots in Figure 6.17).
The Fv domain of the most viscous mAbs feature a slightly negative charge, closer to 0 compared to
well behaved variants like mAb5. Thinking in terms of the pI, the Fv pI of the antibodies featuring
high viscosities is way more different from the pI of the whole protein, compared to the other mAb
variants. The Fc of the viscous mAbs must thus have higher pI and charge, suggesting the presence of
intra-molecular dipoles that enhance inter-molecular Fab-Fc aggregation and high solution viscosity.

Protein-protein interaction parameters from light scattering

MAb A2 [×10−4 molmLg−2] kD [mL/g]
mAb1 1.96 18.40
mAb3 1.58 14.30
mAb5 3.12 40.70
mAb9 1.10 18.50
mAb4* -0.06 -7.34
mAb12 0.44 1.37
mAb15 1.03 6.50
mAb16 -0.11 -6.17
mAb19 1.29 15.68
mAb24 -0.72 -21.10
mAb25 1.55 20.50

Table 6.3. Values of the second virial coefficient A2 and the diffusion-interaction parameter kD ob-
tained for the 11 mAbs by Schmitt et al. [184] plotted together in Figure 6.3.
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Charged and hydrophobic residues

Fab’

Fab”

Fab’

Fab”

Fig. 6.18. Hydrophobic and charged residues in Fc domain. Structure of mAb1 seen from the bottom
of the Fc domain, which is essentially identical in all the variants. Fab’ and Fab” regions in the
background are just indicated for clarity. On the left side, hydrophobic (Ala, Leu, Val, Ile, Pro, Phe,
Met, Trp) and non-hydrophobic residues are represented in purple and silver, respectively. On the
right side, charged (Arg, His, Lys, Hsp, Asp, Glu) and non-charged amino acids are depicted in
magenta and silver, respectively. Fc-Fc association, common in mAb solutions, could be in this case
mediated by the hydrophobic sites in purple. Figures rendered using VMD [377].

Estimation of mAb intra-molecular distances

Fig. 6.19. Example of an antibody structure. The PDB structure of mAb9 is rendered with Py-
Mol [477] using a ‘Cartoon’ representation, revealing the features of its secondary structure mainly
composed of β-strands. Different colours refer to the different chains forming the molecule; the two
heavy chains (∼ 50 kDa each) are displayed in pink and green, while the light chains (∼ 25 kDa each)
are shown in yellow and cyan. Yellow solid lines with labels are the computed distances (in Å) be-
tween three residues placed at the vertexes of the protein subdomains. In the specific case of mAb9,
all these distances are smaller than 15 nm, indicating that the value of dmax = 16 nm (in Section 6.2.1
of the main document) used to calculate the overlap concentration of the samples is a safe overesti-
mation.
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Abstract

Liquid-liquid phase separation (LLPS) constitutes a crucial phenomenon in biological self-organization,
not only intervening in the formation of membraneless organelles, but also triggering pathologi-
cal protein aggregation, which is a hallmark in neurodegenerative diseases. Employing incoherent
quasi-elastic neutron spectroscopy (QENS), we examine the short-time self-diffusion of a model pro-
tein undergoing LLPS as a function of phase splitting and temperature, to access information on
the nanosecond hydrodynamic response to the cluster formation both within and outside the LLPS
regime. We investigate the samples as they dissociate into microdroplets of a dense protein phase
dispersed in a dilute phase, as well as the separated dense and dilute phases obtained from cen-
trifugation. By interpreting the QENS results in terms of the local concentrations in the two phases
determined by UV-Vis spectroscopy, we hypothesize that the short-time transient protein cluster size
distribution is conserved at the transition point, while the local volume fractions separate.

Graphical abstract

Fig. 7.1. Graphical abstract. Cluster distribution calculated according the Flory-Stockmayer theory
in a generic group of particles before (left) and after (right) the LLPS sets. The two inset pictures
show the protein sample at 280 K, still appearing clear before the LLPS sets (left), and at 310 K, when
becoming milky and turbid and entering the LLPS regime (right).

7.1 Introduction

Metastable liquid-liquid phase separation (LLPS) of protein solutions plays crucial roles in protein
crystallisation [478], cellular signalling [479] as well as pathologies such as eye cataract [480], metab-
-olic [481, 482] and neurodegenerative diseases [483, 484]. LLPS is increasingly being understood
as a fundamental mechanism of biological self-organisation, self-assembly [485–492] and functional
regulation [493–495]. Moreover, the naturally occurring LLPS inspires an interest in synthetically
employing this phenomenon [496]. The understanding of protein-protein interactions and the un-
derlying phase behaviour is, thus, of outstanding importance in, e.g., healthcare and pharmaceutical
applications, as well as in bio-engineering and nanotechnology. LLPS is a thermodynamically driven
process in which a homogeneous protein solution splits into micro- or nanodroplets of a protein-rich
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phase immersed in a dilute phase. The two coexisting phases are maintained through balanced chem-
ical potentials of solutes and osmotic potentials of solvents, arising from the minimization of the total
free energy [497, 498]. This separation has been described by random phase approximation theories
enhanced by Flory-Huggins interaction models [499,500], for the case of intrinsically disordered pro-
teins (IDPs) that constitute the majority of proteins for which LLPS has been found [500, 501]. LLPS
has also been described as dynamic outcome of the interplay between a diffusion-limited protein-
protein encounter and the exhaustion of available valencies within smaller clusters [502], and been
discussed in terms of a phase transition [503–505].

Thermodynamically, the demixing of an initially homogenous protein solution is associated with
a dramatic increase in correlation length visible by small-angle scattering [506] as well as by photon
correlation spectroscopy [507], possibly preceded by a bimodal cluster size distribution [508]. Other
models for LLPS in globular proteins include adhesive hard-sphere models to describe dynamical ar-
rest, involving percolating clusters [509–511]. Moreover, patchy-particle models [512, 513], as well as
simulations [514] were employed to predict phase diagrams. Picosecond time-resolved fluorescence
anisotropy showed that nanosecond transient nanoclusters underlie the long-range correlations in
protein LLPS [515]. Using static and dynamic light scattering (SLS/DLS), a universal osmotic equa-
tion of state and dynamical behavior was previously observed for lysozyme protein solutions un-
dergoing LLPS [516]. It was discussed in terms of the theory of corresponding states [516–520] that
close to LLPS, the osmotic compressibility and the collective diffusion of protein solutions are only
determined by the volume fraction and the temperature relative to the critical temperature or, equiv-
alently, by the second virial coefficient [516], and that the sensitivity of thermodynamic properties to
the details of the underlying interactions vanishes [516].

In terms of colloid theory [479], metastable LLPS is driven by a short-range attraction between
the colloid particles. This concept can also be applied to proteins, for instance by employing triva-
lent metal cations, e.g. Y3+, Ho3+ and La3+, to create this short-range attraction for proteins such as
bovine serum albumin (BSA) [521]. The multivalent metal ions provide an efficient and ion-specific
way to tune interactions in protein solutions [522–524], where binding and bridging of the metal ions
lead to a rich phase behaviour that includes crystallisation, re-entrant condensation and metastable
LLPS with a lower critical solution temperature (LCST-LLPS) [521, 525] (figure 7.2). Protein clus-
ter formation has been shown and characterized for aqueous solutions of BSA and multivalent salts
[524, 526], including microscopy [346, 524, 527] and light scattering [528]. These solutions constitute a
well-investigated model system for LLPS at suitable salt concentrations [524,526,529] and its kinetics
was studied for instance by (ultra)-small-angle scattering [530] and by NMR with trifluoroethanol as
a probe of the local densities in the two phases [531]. Theoretically, the phase behaviour of BSA so-
lutions can be understood in terms of the above-mentioned patchy colloid models [512,526,532,533].
BSA solutions with YCl3 were also explored by DLS in the low-turbidity and low-concentration range
accessible by this method, observing two diffusive time scales in the long-time limit of collective dif-
fusion [528]. Both diffusion coefficients decreased monotonously with increasing salt concentration
approaching the precipitation regime that precedes LLPS [528]. Due to the above-quoted substantial
amount of previous work on BSA solutions, the BSA-LaCl3-system constitutes our model of choice to
experimentally access the unique dynamic regime of short-time self-diffusion during LLPS by high-
resolution spin-incoherent quasi-elastic neutron spectroscopy (QENS), motivated in the following
paragraph. The observation or coherence time of our experiment is on the order of one nanosecond,
resulting from its high energy resolution of a few µeV.

Molecular dynamics (MD) simulations show that relaxation in suspensions of associative proteins
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Fig. 7.2. (a) BSA at cp = 240 mg/ml with 27 mM LaCl3 (cs/cp = 7.5) in D2O displays signatures of
LLPS, being transparent at T ≈ 280 K and (b) milky/turbid at T ≈ 310 K.We note that the optical
transparency alone is not a suitable criterion for LLPS, cf. main text. (c) Schematic of a cut at constant
T through a generic protein-salt phase diagram, illustrating the splitting of a mixture prepared at the
(cs, cp) point (red circle symbol) in the center of the LLPS region (shaded area). Due to LLPS, the two
phases after the separation are located at the two points marked by blue circle symbols on opposite
sides of the shaded LLPS region. The dashed lines labelled c∗ and c∗∗, respectively, denote the salt
concentration boundaries of the optically turbid regime c∗ < cs < c∗∗. (d) BSA at cp = 240mg/ml,
cs = 27 mM LaCl3 (cs/cp = 7.5) after centrifugation for more than 12h at 40◦C. The splitting into two
well-separated phases becomes visible, the dense protein-rich phase at the bottom of the Falcon tube
and the dilute protein-poor phase above. The two phases were extracted and measured separately.

slows dramatically when the stoichiometry is balanced [534], revealing the substantial reduction of
the long-time diffusion with increasing protein-protein bond relaxation time [534]. Since long-time
diffusion is the result of both short-time hydrodynamic and longer-time direct interactions, accurate
knowledge of the short-time diffusion is required to quantify the long time diffusion. Moreover, it
is essential to understand bond fluctuations and resulting scaling behavior of diffusion described by
mean-field theory [535], predicting a rather loose fluctuating network liquid as opposed to dynam-
ically slowed clusters in the dense phase of LLPS [535]. Large-scale MD simulations also reveal a
highly dynamic picture of LLPS even in the dense phase [536], finding time scales of less than 1 µs
for protein-protein partner exchange and a nanosecond contact dynamics in a model of IDPs [536].
The simulations give rise to the hypothesis that fast nanosecond diffusion even in the dense phase
allows for transport and signal transduction, which are considered crucial for biological function.
On this nanometer length scale associated with nanosecond diffusion, hydrodynamic and electro-
static interactions dominate over negligible direct interactions and constitute part of the picture de-
scribing possibly transient cluster formation in short-range attraction long-range repulsion (SALR)
systems [513, 537]. Notably, by measuring self-diffusion, our QENS experiment unambiguously ac-
cesses the hydrodynamic size of protein clusters unaffected by a superimposed static structure factor,
and by measuring on the nanosecond time scale, detects even short-lived clusters. The nanosecond
coherence time along with the access to self-diffusion by our experiment as opposed to long-time col-
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Fig. 7.3. Example spectrum recorded on BSA at cp = 240 mg/ml in D2O with cs = 27mM LaCl3,
at T = 310 K and q = 0.55 Å−1 (upper circle symbols). The lower square symbols denote the corre-
sponding pure D2O solvent spectrum scaled by (1−φ). In both spectra the container contribution was
subtracted. The thick solid lines superimposed on the spectra are fits to the data. The narrow solid
lines represent the Lorentzians accounting for the two separate global center-of-mass diffusion coef-
ficients attributed to the dense and dilute phase, respectively, subsequent to the convolution with the
resolution function, explaining the peculiar shape of the narrowest Lorentzian. The dashed line rep-
resents the sum of the internal diffusion of the two phases, Equation 7.3. The inset artistic schematic
illustrates the cluster distributions in the LLPS regime with local dense and dilute regions described
by the Flory-Stockmayer model (cf. main text).

lective diffusion accessed, e.g., by DLS or long-time self-diffusion accessed, e.g., by NMR are crucial
to interpret our results.

7.2 BSA-LaCl3 as a model system

The protein solution samples were prepared following previously established protocols [306,538,539],
at the nominal protein concentration cp := mp/VD2O = 240mg/ml BSA in D2O, with the protein mass
mp and D2O volume VD2O, corresponding to the dry protein volume fraction φ = mpνp/(VD2O +

mpνp) = 0.15 with the protein specific volume νp = 0.735mL/g [540], at different LaCl3 salt concen-
trations cs = 0, 20, 23, 25, 26, 27, 29, 30, 35 mM, corresponding to the number of salt ions per protein
cs/cp = 0.0, 5.5, 6.4, 6.9, 7.5 and 8.0, respectively. Importantly, we measured on these samples in the
mixed state and, at suitable salt concentrations, on samples that were separated into the dense and
dilute phases by centrifuging, and we determined concentrations by UV-Vis (cf. Section 7.4).

The observable in QENS is the dynamic structure factor S(q, ω), as a function of the energy trans-
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fer ℏω and the momentum transfer ℏq. For our samples, S(q, ω) arises from the protein and aqueous
(D2O) solvent contributions. For globular proteins, the protein signal can be separated into the con-
tributions from the apparent global center-of-mass (COM) diffusion of the protein or protein cluster
Sglobal(q, ω), and from the internal diffusion Sinternal(q, ω). The superposition of these contributions
is convoluted with the spectrometer resolution function R(q, ω) obtained from a Vanadium spectrum
and represented analytically by a sum of non-centred Gaussian functions [290] (figure 7.15). The
measured S(q, ω) is therefore described by

S(q, ω) = R(q, ω)⊗
{
Sglobal(q, ω)⊗ [A0 δ(ω) + (1−A0)Sinternal(q, ω)] + βD2OLγD2O

}
, (7.1)

where A0(q) is a scalar identified with the EISF characterizing dynamic confinement effects [308],
and δ(ω) the Dirac function. The scalar βD2O(q) is fixed in the fits based on a separate pure solvent
measurement, accounting for the volume excluded by BSA, and the D2O-signal is modeled by one
Lorentzian LγD2O with the width γD2O(q) fixed from existing neutron TOF data [163,541]. For BSA in
solution, it has been shown that the internal diffusive processes of the backbone and the side chains
accounted for by Sinternal can be separated and described by two coupled Lorentzians on the accessi-
ble ℏω-range of BASIS [539, 542, 543] (cf. Section 7.4, eqs. 7.6, 7.7), and clusters can be represented by
a single Lorentzian Lγ(ω) with width γ(q) accounting for the effective COM diffusion [538, 542],

S(q, ω) = R(q, ω)⊗ β {A0Lγ(ω) + (1−A0)Sinternal(q, ω)}+ βD2OLγD2O . (7.2)

Therein, we impose Fickian diffusion γ = Dq2 in a global fit, i.e., simultaneous fit along q and ω as
in previous studies [539, 542], where D represents the average COM diffusion. β(q) is an amplitude
scaling factor accounting for the Debye-Waller factor.

For solutions containing two different types of proteins with different sizes and, thus, diffusion
coefficients, it has been shown that the scattering signal can be described by either one Lorentzian
accounting for an average COM diffusion or by two Lorentzians accounting for two COM diffusion
coefficients [544]. Inspired by the latter approach, we allow for separate COM coefficients in the dilute
and dense phase, denoted as Ddil, Ddense, in our fits. These two values are constrained by Ddense <

Ddil and connected by the intensity ratio 0 ≤ r ≤ 1. Therefore, adding only two fit parameters, we
generalize Equation 7.2 to

S(q, ω) = R(q, ω) ⊗ β · {A0 [r · Lγdil
(ω) + (1− r) · Lγdense

(ω)]

+ (1−A0)Sinternal(q, ω, γdil,dense, r)}+ βD2OLγD2O
(7.3)

with γdil = Ddil q
2 and γdense = Ddense q

2. Therein, the additional dependence of Sinternal on r and
γdil,dense accounts for the separate convolution of the internal dynamics with each associated COM
diffusion, at the correct ratio r. Figure 7.3 depicts an example spectrum with fit of Equation 7.3. We
emphasize that Ddil and Ddense may each account for distributions of cluster sizes represented by one
effective diffusion coefficient [542], assuming that the two coexisting phases both show some degree
of polydispersity.

Depending on the best reduced χ2, we employ Equation 7.2 or 7.3 for all samples that were
not centrifuged, obtaining one or two COM diffusion coefficients D, depending on the sample (fig-
ure 7.16). For all centrifuged samples, where the protein-rich and protein-poor phases were physically
separated, we solely employ Equation 7.2. Figure 7.4 represents these COM diffusion coefficients
normalized to the corresponding diffusion coefficients of the BSA solution without salt at the same
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Fig. 7.4. Summary of the reduced apparent center-of-mass diffusion coefficients. Depending on salt
concentration cs, temperature T , and centrifuging, one or two diffusion coefficients D were fitted. In
the plot, the fit results are displayed after normalization to the diffusion coefficient in the absence of
salt at the respective temperature D(cs/cp = 0, T ). The legend denotes the calculated number of salt
ions per protein cs/cp and whether the samples where centrifuged, resulting in “dense” and “dilute”
phases, or “mixed”. For all samples, the protein concentration as prepared was cp = 240mg/ml,
prior to centrifuging where applicable.

temperature, referred to as D(cs/cp, T )/D(cs/cp = 0, T ), illustrating the relative speeding-up of the
diffusion in the dilute phase and slowing-down in the dense phase upon LLPS. The diffusion coeffi-
cients of the centrifuge-separated dense phases are very similar to those obtained for the dense phases
of the corresponding mixed samples (Figure 7.4). This observation confirms the validity of modelling
the two phases in mixed, i.e. non-centrifuged, samples by two diffusion coefficients. Furthermore,
the reduced diffusion coefficients D(cs/cp, T )/D(cs/cp = 0, T ) for the dense phases decrease approx-
imately linearly with T , indicating an increasing cluster size with increasing T .

Figure 7.5 displays the ratio of the apparent diffusion coefficients in the dense and dilute phase
from the QENS data (left column of the legend, area-enclosing symbols connected by solid and
dashed lines), for those samples where two phases were fitted. The centrifuged sample (dashed
line) is probably not separated as neatly as the in situ separated samples. In addition, figure 7.5
displays the ratio of the theoretical monomer hard-sphere apparent diffusion coefficients calculated
from the concentrations determined by UV-Vis (figure S9), measured on the same BSA batch (right
column of the legend, tripod symbols connected by dotted lines). This calculation using the UV-Vis
determined volume fractions was carried out based on the theoretical apparent short-time diffu-
sion coefficients of colloidal hard spheres described by scalar functions Dt(φ, T ) = D0,t(T )ft(φ) and
Dr(φ, T ) = D0,r(T )fr(φ) [3,4] for translational and rotational diffusion coefficients, respectively, from
which the apparent diffusion D = D(Dr, Dt) = D0f(φ) is determined numerically involving series
expansion and root finding [163], where D0(T ) is the dilute-limit diffusion coefficient. The UV-Vis
results are plotted for values where this root finding converges [163]. The inset of figure 7.5 displays
the UV-Vis versus the QENS the results at T = 303K. The resulting symbols coincide with the bisector
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Fig. 7.5. Ratio of the reduced apparent center-of-mass diffusion coefficients in the dense and dilute
phase of the samples at identical cs, cp, T (filled symbols), and calculated ratio for the apparent diffu-
sion of hard sphere monomers D = D0f(φ) at the same concentrations (cf. Equation 7.4), assuming
the concentrations cp and resulting protein volume fractions φmeasured by UV-Vis in the centrifuged
dense and dilute phases, respectively, on the identical same protein batch at identical cs, cp, T (tripod
symbols). The solid and dashed lines are error-weighted linear fits to the QENS results (dashed for
the centrifuged sample). The dotted lines are guides to the eye for the UV-Vis results. The inset re-
ports the values at T = 303K from UV-Vis versus the fitted values at this temperature from QENS,
from the main plot (symbols). The line marks the bisector.

(line) within the error, corroborating the agreement of the QENS and UV-Vis results in this picture,
within the limits of the centrifugation efficiency affecting the UV-Vis samples.

We interpret the results depicted in Figs. 7.4 and 7.5 as follows. Both the salt and protein con-
centrations in both dense and dilute phases upon LLPS change relative to the homogeneous mixture,
i.e. both cs and cp split up in some form into local concentrations. A graphical representation of a
constant-T -cut through the LLPS phase diagram is reported in figure 7.2c. Both the dense and dilute
phase should be on the phase boundary (at opposing sides), cf. dashed line in figure 7.2c.

Based on previous work [306, 538, 542] the dependencies on D0 and on the crowding and salt
master curves factorize. We assume that both the Stokes-Einstein scaling D0(T ) and percolation-limit
scaling cancel out in the ratio of COM diffusion coefficients. These assumptions define the central
hypothesis that at a given constant temperature

Ddense

Ddilute
=
D0 g(cs/cp)f(φdense)

D0 g(cs/cp)f(φdilute)
=
f(φdense)

f(φdilute)
, (7.4)

where f(φ) is the scalar function describing the relative slowing-down of the COM short-time self-
diffusion of monomeric colloidal hard spheres depending on the colloidal volume fraction φ, i.e., due
to the crowding [3,4], and g(cs/cp) is the salt-induced master curve found earlier [538,542] describing
the monotonous slowing-down of the self-diffusion with increasing salt concentration, depending
only on the number of salt ions per protein cs/cp. This hypothesis implies that the slowing-down due
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to the salt-induced cluster formation cancels out. Since this slowing-down [538]

D(φ, cs, cp, T ) = D(φ, cs = 0, T ) g(cs/cp, T ) (7.5)

has been found to depend only on the ratio cs/cp at given volume fraction and temperature, to be a
constant factor of 0.4 in the percolation limit [542], and to be independent from protein concentration
after normalization to D(cs/cp = 0) [542], the simple assumption appears reasonable.

7.3 Hypothesis and discussion

The central message combining measured LLPS COM and calculated diffusion ratios from concentra-
tions measured by UV-Vis, thus, is: The results are consistent with the simple picture that in the LLPS
regime, the cluster characteristics expressed by g(cs/cp, T ) and described by the Flory-Stockmayer
model [542, 545–547] (cf. inset of figure 7.3) is the same in both the dense and dilute phase, and only
the local concentration changes in the two phases. In other words, this picture implies a continuity
of the cluster statistics at the phase boundary. Using only the factorization of the numerator and de-
nominator in Equation 7.4 as input from previous work, our experiment agrees with this continuity.

There is no obvious direct association of the transition from optical transparency to turbidity (fig-
ure 7.2) with any strong change of the diffusion coefficients (figure 7.4). This finding indicates that
although the correlation lengths in the system diverge to reach the lengths required to achieve optical
turbidity, i.e., several hundred nanometers, the short-time diffusion remains consistent with small
clusters independent from whether or not the sample is macroscopically separated into droplets.

The diffusion coefficients in the dense phase of the mixed samples agree very well with the diffu-
sion coefficients in the dense phase after centrifuging (figure 7.4).

From earlier work [542] it is known that at sufficiently large cs/cp, the system can be presumed
to be in the percolation limit, i.e., all bonding sites that can be involved in clustering are saturated,
and the binding probability does not increase further with increasing cs/cp. Correspondingly, the
distribution ρn of n-clusters converges to a stable ρn/ρ(n, cs/cp), with ρ being the total number den-
sity of particles, that does not increase further with increasing cs/cp [542]. The minimum D/D0 in
figure 7.4 is similar to the minimum found for cs/cp ≈ 9 in Ref. [542]. Per volume and mass con-
servation, confirmed by microfluidic experiments [548], the concentrations c in the two phases split
up according to ctotal = (cdense − cdilute)V ∗

dense + cdilute, where the normalized dense phase volume
V ∗
dense = Vdense/Vtotal is the fraction of the dense phase in the total volume. However, the volume

splitting cannot be directly inferred from the QENS spectra and the fit parameter r of the mixed sam-
ples, since this step would require knowledge of the cluster size distribution function g, as opposed
to the sole assumption of g being the same function in the two phases required for Equation 7.4 and,
thus, the comparison made in figure 7.5 (cf. Figs. 7.23, 7.24).

From our QENS data we infer that short-time diffusion is present even in the fully percolated
system, i.e., the effective hydrodynamic size of the presumably transient and not necessarily com-
pact [542] clusters in the short-time limit does not seem to diverge, in contrast to the long-time cor-
relation lengths observable by ultra-small angle neutron scattering (USANS) and XPCS. This QENS
observation is consistent with the finding from simulations [532] that the system remains highly dy-
namic at the spinodal line. Moreover, we observe the absence of discontinuity in the temperature-
dependence of the diffusion when entering the optically turbid regime, suggesting that there is no
(first order) phase transition in the short-time diffusion. From the possibility to fit two apparent
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global diffusion coefficients to the mixtures, we infer that micro-heterogeneity may set on much ear-
lier than optical turbidity. This statement is corroborated by the consistent fit of distinct dense and
dilute populations in the QENS spectra from the mixed phases at conditions below the associated
critical temperature determined from UV-Vis absorption measurements (figure S7), which becomes
obvious for instance for the sample depicted in figure 7.2a, that splits microscopically already at
T = 280K according to the fit, Figs. 7.16 and 7.4, but macroscopically only at higher T (figure 7.2b).

We speculate that when small clusters, that may be rigid or transient on a time scale > 1ns, can-
not percolate further, the heterogeneity starts. In figure 7.4 we observe that the short-time diffusion
coefficient is never reduced by more than a factor of about 10 compared to the corresponding salt-free
system. From numerical evaluations of the model cluster scattering function we expect a maximum
reduction of the salt-free diffusion coefficient by a factor of about 0.4 in the percolation limit [542].
If the reduction of the diffusion is larger, we speculate that a deviation of the cluster size distribu-
tion from the Flory-Stockmayer model occurs [545–547]. Such deviation from the Flory-Stockmayer
distribution could imply that all surface charge patches on the proteins become fully “saturated” or
“screened” by salt-induced charges, defining the onset of long-range correlations, possible breaking
of small clusters and dynamic exchange of proteins between clusters on a time scale beyond the coher-
ence time of this experiment of ≈ 1ns. A central question arises as to whether the system “rescales”
itself such that the dense and dilute phases each keep following the corresponding master curve. In
this context we find that when we fit only one average COM diffusion coefficient, we reproduce the
previous results on the master curves [542] (figure 7.20). The ratio Ddilute/Ddense(T ) at constant cs
within LLPS seems to be a weakly decaying, nearly constant relation (figure 7.5). In this ratio, the
Stokes-Einstein dependence cancels. Thus, at constant cluster size distribution, this ratio of diffusion
coefficients represents the ratio of protein concentrations, as per the crowding effect. The trend quali-
tatively follows the binodal separation. Our results on the short-time self-diffusion are consistent with
previous findings on the different system of γ-crystallin, where LLPS was induced by crowding as
the main control parameter (as opposed to charge), and where the collective diffusion was accessed,
finding the absence of a discontinuity in the collective diffusion upon entering LLPS [549, 550].

We have employed spin-incoherent high-resolution QENS to access the self-dynamics of BSA in
aqueous solution in the presence of a tri-valent salt inducing LLPS. We stress the possible sources
of ambiguity in the best choice of the model to describe these data, in particular given the complex-
ity of this model. Notably, the possibility to fit two distinct apparent global diffusion coefficients,
which each represent a distribution of clusters, does not prove that this choice of model is correct.
Risks regarding the interpretation may further arise from the limited energy resolution, from an in-
accurate assumption of the excluded volume in the centrifuged samples, and from other sources of
uncertainty such as background scattering. Nevertheless, our results provide a simple and convinc-
ing picture of the nanosecond dynamics upon entering LLPS which, in the limiting cases explored
before, is consistent with results from earlier work. We find that the short-time self-diffusion of BSA
is slowed down, but does not vanish at the LLPS, in agreement with the previously existing picture
that protein clusters remain highly dynamic and interchanging at LLPS, even in the dense phase. We
present a simple hypothesis concerning the short-time self-dynamics of the transient clusters present
at the LLPS, namely that while the local concentrations split in the dense and dilute phases, the
short-time cluster size distribution of the presumably transient clusters in these two phases remains
unchanged at the separation. Our work provides experimental evidence for this novel hypothesis, by
unambiguously accessing, for the first time in protein LLPS, the ensemble-averaged short-time self-
dynamics informing on cluster characteristics, including systematic controls by comparing mixed and
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centrifuge-separated phases. It associates the results with UV-Vis concentration measurements and
theoretical colloid models. The new and systematic findings, employing a perfectly tunable model
system, will contribute to the very active debate on the nature of LLPS.

7.4 Experimental Methods

BSA (catalog no. A3039, batch no. SLCD4770, lyophilized powder > 98% purity, heat shock frac-
tion, protease free, fatty acid free, essentially globulin free, pH 7) and LaCl3 (Sigma-Aldrich catalog
no. 449830, batch no. 0000088871, anhydrous, 99.9% purity) were obtained from Sigma-Aldrich of
Merck KGaA and used without additional purification. D2O (> 99.8% purity, cat. no. 014764-30,
batch no. 0438446) was obtained from ThermoFisher Scientific (Waltham, MA, USA). Further details
on the sample preparation, testing conditions and choice of the samples for the neutron experiment
are reported in the SI.
The QENS experiment was carried out on the cold neutron backscattering spectrometer (BASIS) [312]
at the SNS, Oak Ridge, Tennessee, with a pulse repetition rate of 60 Hz, employing Si(111) ana-
lyzers corresponding to an elastic wavelength of 6.27 Å, energy resolution of ∼ 3.5µeV FWHM
and energy transfer range −100µeV ≤ ℏω ≤ +100µeV, translating to the accessible time range
41 ps ≤ τ = h/(ℏω) ≤ 1.2 ns. With the range in momentum transfer ℏq, 0.4 Å−1 ≤ q ≤ 1.9 Å−1,
BASIS allows to study motions at a length scale of 3.22 Å ≤ ℓ ≤ 25 Å. The samples were filled into
double-walled cylindrical aluminum cells (23 mm outer diameter, 0.15 mm gap between inner and
outer radius), sealed against vacuum with indium wire and inserted into a closed-cycle cryostat for
the measurements. The acquisition time amounted to ∼ 4 hours per sample per temperature.
The data were first processed using Mantid [396], including normalization to the incident flux and
to a Vanadium standard for detector calibration, and subsequently analyzed using python, employ-
ing notably scipy.curve fit [163, 290]. Prior to the fits, the sample container signal was subtracted,
accounting for self-shielding by Paalman-Pings factors [551]. To account for possible container batch
variation, an elastic peak describing residual container scattering was nevertheless allowed in the fits.
We write the internal dynamics in the model scattering functions, eqs. 7.2, 7.3, convoluted with the
COM diffusion characterised by the linewidth γ as

Sinternal(q, ω, γ) = αLγ+λ1 + (1− α)Lγ+λ2 , (7.6)

where the sum γ + λ1,2 of the Lorentzian widths arises from the convolution of the internal with the
COM diffusion, and where the widths λ1,2 are coupled

λ1,2 =
(Γ1 + τ−1

1 )(Γ2 + τ−1
2 )± Λ

2

Λ =

√(
(Γ1 + τ−1

1 )− (Γ2 + τ−1
2 )
)2

+
4

τ1τ2

α =
τ1Γ2 + τ2Γ1 + (τ1 + τ2)(τ

−1
1 + τ−1

2 − λ1)
(λ2 − λ1)(τ1 + τ2)

with Γ1,2 = D1,2 q
2 . (7.7)

Therein, the only free fit parameters for the internal diffusion, D1,2 and τ1,2, account for the inter-
nal diffusion separated into backbone and side chain motions, respectively, and are reported in Sec-
tion 7.5.
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Centrifuging was performed at constant speed of 3900 rpm (3.214 × g, maximum value for the
selected rotor) and maintained at a temperature of 40◦C for at least six hours until successful phase
separation, using an EppendorfTM (Hamburg, DE) 5804-R centrifuge with a with a rotor radius of
18.9 cm.

Temperature dependent UV-Vis measurements were performed with a Jasco V-630UV-Vis Spec-
trophotometer at the PSCM in Grenoble, employing the identical same BSA protein batch as for the
neutron experiments, starting at a set-point temperature of T = 5◦C with temperature steps of 2.5 K
and equilibration times of 15 minutes to observe the temperature dependent turbidity (figure 7.2).
The sample temperature was recorded in the reference cell. The absorption values were normalized
to the salt-free protein solution at Tset = 5◦C and averaged subsequently for the wavelength range
500 nm < λ < 700 nm.
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7.5 Supplementary Information

7.5.1 Sample preparation, testing conditions for LLPS and selected samples

All preparation and testing reported in this section was carried out on site at the SNS/ORNL imme-
diately prior to and during the neutron experiment on one single protein batch. The most challenging
steps of the described experiment are sample preparation and identifying conditions for LLPS, which
are described in details in the following paragraphs.

Sample preparation. BSA – bovine serum albumin – (catalog no. A3039, batch no. SLCD4770,
lyophilized powder >98% purity, heat shock fraction, protease free, fatty acid free, essentially globu-
lin free, pH 7) and LaCl3 (Sigma-Aldrich catalog no. 449830, batch no. 0000088871, anhydrous, 99.9%
purity) were obtained from Sigma-Aldrich of Merck KGaA and used without additional purification.
D2O (≤ 99.8% purity, batch no. 0438446) was obtained from ThermoFisher Scientific (Waltham, MA,
USA). A volumetric flask (VWR cat.no. 10/24-136) was used to define the liquid volumes, notably of
the LaCl3-D2O stock solution. It must be noted that the location of LLPS for BSA in the (cs, cp, T )-
space is somehow subject to batch-to-batch variability, presumably due to residual salts after the
purification process [552], such that attention was paid to carry out all neutron and complementary
experiments reported in this work on the identical same batch.

The samples were prepared following the protocols established in previous works [306, 538, 539].
For all samples, given amounts of BSA powder were added to D2O and after several hours on a
roller mixer at room temperature, they were all completely dissolved and the solutions appeared
clear. For a chosen nominal protein concentration cp = 240 mg/mL (corresponding to 3.613 mM),
a series of samples with increasing salt concentration cs was prepared using a 100 mM LaCl3 stock
solution kept in a glass volumetric flask in the fridge. As long as the salt stock solution was added
to the pure BSA solutions in D2O, they soon became milky and likely to stick on the vial walls.
After 1-2 hours on the roller mixer, samples were kept for some minutes in the fridge and then left
setting at lab temperature (19 ± 1)◦C, ready to be tested on their behaviour against temperature
variation. This step was quite easy to accomplish for the samples with low content of salt, while
it was more challenging for samples with higher cs, which needed more time to reach a sufficiently
homogeneous appearance. The 240 mg/ml BSA solutions in D2O were prepared with the following
LaCl3 concentrations: cs = 20, 23, 25, 26, 27, 29, 30, 35 mM.

Testing conditions for LLPS by visual inspection. Based on tests and previous works, we knew
that for BSA at cp = 240 mg/mL the range from 20 to 30 mM LaCl3 salt concentration could be
promising and started by preparing three samples at 20, 25 and 30 mM LaCl3. The BSA powder was
weighed and then dissolved in D2O by keeping the tubes on a roller mixer until all visible aggregates
completely disappeared. After the pure BSA solutions being ready and set, the respective amount of
100 mM LaCl3 stock solution was added; this step typically causes an immediate increase of turbidity
in the samples, which need some time to completely stabilize. They were therefore kept on a roller
mixer for a time ranging from some hours to an entire night and later kept in the fridge for some
hours until they appeared completely clear (figure 7.6).
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(A) (B) (C)

Fig. 7.6. BSA solutions with increasing LaCl3 concentration at room temperature. A subset of
the BSA solutions prepared at 240 mg/mL, with increasing concentration of the trivalent salt LaCl3,
namely cs = 20 mM (sample (A)), 25 mM (sample (B)), 30 mM (sample (C)) from left to right. The
picture was taken after preparing the samples and letting them set and stabilize at room temperature
(18◦C was the temperature reported on the thermometer of the chemistry laboratory). Just by visual
inspection, one can notice that the 25 mM sample seems slightly less transparent than the two others.

Fig. 7.7. BSA solution at 30 mM LaCl3 after cold and hot baths. BSA solution at 240 mg/mL with
30 mM LaCl3 after being for 1-2 mins in the cold bath at 0◦C (left) and after 1-2 mins in the hot bath at
39-40◦C (right). The sample becomes clear at 0◦C, while it turns white and turbid if kept at its lower
critical solution temperature (LCST). The procedure can be iterated without altering the samples,
which means that the process is completely reversible.

In order to test the presence of LLPS, three water baths were prepared and kept at ∼ 0, ∼ 32 and
∼37-40◦C, respectively. Each sample was immersed in the cold bath for 1-2 mins and afterwards in
the hot ones. The 20 mM salt sample (figure 7.6-(A)) did not seem to change its appearance due to
temperature variation, even if it was kept in the baths for some minutes. The other two samples
(figure 7.6-(B), -(C)) were instead more thermoresponsive, especially the one at 30 mM. After being
at 0◦C it became clearer than it was at lab temperature (figure 7.7, left) and then it was tested in the
two hot baths: at 32◦C the solution turned milky after 7-8 mins, while at 39-40◦C the transition to a
turbid solution only took 2 mins (figure 7.7, right). Snapshots of this transition are also reported in
figure 7.8. Due to its behaviour, the 30 mM salt sample was selected as a good candidate for extracting
both dense and dilute phases separately and was therefore centrifuged at 40◦C overnight. In spite of
showing a nice splitting between dense and dilute phases, the ratio obtained was approximately 20%
dilute / 80% dense, which was not enough for the neutron experiment.
Two other sample conditions were also tested in order to look for other good candidates showing
LLPS. We reached cs = 35 mM and also prepared two equivalent samples at cs = 27 mM, to explore
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(1) (2) (3) (4)

Fig. 7.8. Snapshots of temperature-driven changes in appearance of BSA solution with 30 mM
LaCl3. BSA solution at 240 mg/mL with 30 mM LaCl3 (1) just immersed in the 39-40◦C bath after
being kept at 0◦C, (2) few seconds later, (3) after ∼ 1 min and (4) after staying some minutes in and
being removed. A transition of the sample appearance from clear/transparent to turbid/milky is
observed from left to right (going from 0◦C to 40◦C).

the interval 25-30 mM. The 35 mM one was not very responsive to temperature variation, while
the 27 mM ones showed a fast increase of solution turbidity after being immersed into the hot bath
(figure 7.9). Since it exhibits strong signatures of LLPS, the 27 mM salt samples and the 25 mM one
(very close in terms of cs) were selected to extract the dense and dilute phases and were therefore
centrifuged at 40◦C for some hours. At the end of that step, the two 27 mM samples both showed
a splitting ratio of approximately 70-65% dilute / 30-35% dense, whereas the 25 mM sample split in
85-90% dilute / 15-10% dense (figure 7.10).

Fig. 7.9. BSA solutions at 27 mM LaCl3 after cold and hot baths. Two equivalent samples of BSA
solutions at 240 mg/mL with 27 mM LaCl3 after being for around one minute in the cold bath at
0◦C (left) and after one minute in the hot bath at 39-40◦C (right). In the first step, the samples look
clear, while after reaching the LCST and entering the phase separation regime they become milky and
turbid. As above, the mechanism is reversible.

Systematic search of promising samples. To test LCST-LLPS behavior on all samples prepared,
two water baths kept respectively at 0◦C and 37-40◦C were used; temperatures were constantly mon-
itored using immersed mercury thermometers. Each sample, contained in a glass vial or a Falcon
tube, depending on the volume prepared, was immersed in the cold bath, subsequently in the hot
one and then back in the cold one. By visual inspection, most samples were quite clear at the lab
temperature of (19± 1)◦C and seemed to become even clearer when placed in the cold bath (∼ 0◦C).
When immersed in the hot bath, they turned milky and turbid after some time and became clear again
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Fig. 7.10. BSA solutions with 27 mM LaCl3 after centrifugation at 40◦C. BSA solutions at
240 mg/mL with 25 and 27 mM LaCl3 (respectively on the left and on the right in both images)
after being centrifuged at 40◦C for some hours. The figure on the right is a zoom on the sample for
better visualization. White arrows indicate the meniscus/splitting interface between the dilute phase
on top and the dense phase on the bottom.

when placed back in the cold bath. As mentioned before, the most promising of the prepared samples
was undoubtedly the one with 27mM LaCl3 (figure 7.2), due to its almost immediate temperature-
driven change of appearance. As a consequence, the fastest changes of transparency on temperature
occurred closest to cs = 27 mM, corresponding to cs/cp ≈ 7.5 salt ions per protein, as reported in
Table 7.1. We emphasize again that the conditions found depend on the protein batch.

Mechanical separation of the phases. BSA solutions with cs = 25, 27 and 29 mM LaCl3 were cen-
trifuged at 20000 rpm at 40◦C, i.e., above LCST, during 2 to 6 hours. After centrifugation, the selected
samples nicely showed a clear LLPS with different ratios of dilute and dense phase depending on
their salt concentrations (figure 7.2). All dilute phases were easily pipettable, while the dense ones
were in some cases sticky, highly viscous and hard to pipette. The most promising samples in show-
ing LLPS among the salt concentration series prepared, namely the BSA solution at cp = 240 mg/mL
with cs = 25, 27 mM LaCl3, were the ones selected to extract both dilute and dense phases arising
from LLPS.

Samples measured with QENS. BSA solutions at cp = 240 mg/mL in D2O with LaCl3 at cs = 20,
23, 25, 27, 29 mM were measured with neutron backscattering. BSA samples with 20, 25 and 27 mM
LaCl3 were measured at 280, 295, 310 and 320 K in a sequence of heating steps on the same samples,
and again at 280 K after cooling down for one sample to check reversibility. Dense and dilute phases
extracted from the sample with cs = 27 mM LaCl3 and the dense phase from the sample with cs =

25 mM were also measured separately, at the same temperatures and using the same heating rates.
BSA cp = 240 mg/mL + LaCl3 mixtures with 23 and 29 mM LaCl3 were measured at 280 K only. An
empty aluminum can was measured at 295 K, along with pure D2O at all temperatures studied, 280,
295, 310, 320 and 330 K.
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cs [mM] 0 20 23 25 27 29
cs/cp 0.0 5.5 6.4 6.9 7.5 8.0

Table 7.1. From the salt concentration cs, the number of salt counterions per protein cs/cp is cal-
culated by assuming the nominal concentration of BSA in all samples cp = 240 mg/mL and the
molar mass of BSA mBSA = 66.430 kDa. The BSA concentration given in [M] = mol/L is thus:
cp[M] = cp[mg/mL]/mBSA = 3.613 mM.

7.5.2 Phase diagrams determined by UV-Vis spectroscopy
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Fig. 7.11. Normalized averaged absorption measured with UV-Vis at different temperatures for dif-
ferent salt concentrations as indicated in the legend. Solid lines represent the fits of the temperature
dependence as explained in the main text, equation 7.8.

Fig. 7.13. Macroscopic turbidity of the samples is increasing with increasing salt concentration. Fal-
cons shown contain cs = 0 mM, 23 mM, 24 mM, 25 mM, 26 mM, 27 mM, 28 mM, 29 mM from left to
right. Samples were stored at ≈ 6 ◦C before image acquisition.
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Fig. 7.14. Summary of UV-Vis data on the protein concentration cp in the dense and dilute phase,
respectively, versus the salt concentration cs (symbols). The data were taken by centrifuging at 3
different temperatures, as indicated in the legend. The dashed line denotes the protein concentration
at which all samples were prepared, namely at the nominal concentration cp = 240mg/ml, resulting
in the real protein concentration cp,real = cp/(1 + cp ν) = 204 mg/ml, where ν = 0.735 ml/g is
the specific volume of BSA. The dotted lines are guides to the eye; the lower one was obtained by
a polynomial fit to the dilute concentrations measured at T = 303.15 K and then mirrored on the
cp = 240 mg/ml line to obtain the upper one.
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Temperature dependent UV-Vis measurements have been performed with a Jasco V-630 UV-Vis Spec-
trophotometer at the Partnership for Soft Condensed Matter (PSCM) in Grenoble, employing the
identical same BSA protein batch as for the neutron experiments, starting at a setpoint temperature
of T = 5◦C with temperature steps of 2.5 K and equilibration times of 15 mins to observe the tem-
perature dependent turbidity (figure 7.2). The sample temperature was recorded in the reference cell.
The absorption values were normalized to the salt free protein solution at Tset = 5◦C and averaged
afterwards for 500 nm < λ < 700 nm. The temperature dependence of this average is diverging at
a critical temperature T0 which depends on cs (Figure 7.11). The temperature dependence can be
approximated by

Abs =
a

T − T0
+Abs0. (7.8)

The critical temperature T0 decays linearly with increasing salt while the absorption Abs0 increases
with salt (Figure 7.12). The increase of Abs0 does correlate nicely with the observed microscopically
observed turbidity (Figure 7.13). To determine the protein concentration in the dense and dilute
phase, the samples were centrifuged at different temperatures to separate the dense and dilute phase
(Figure). The volume ratio of the two phases r = Vdil/(Vdil +Vdense) has been determined by eye. The
concentration of the dilute phase has been determined by UV-Vis measurements on a dilution series
performed at room temperature using the absorption at λ = 280 nm. The concentration of the dense
phase has been determined using the concentration of the dilute phase, the volume ratio r as well as
the mass conservation.

Based on these data, it may be attempted to describe the binodals of the phase-separation by [553]

T = T0

(
|c− c0|
Ac0

)1/β

+ T0 (7.9)

with β = 0.325 corresponding to a 3D Ising system and T0 from equation 7.8 (figure 7.11).

The concentrations in the dense and dilute phase after phase separation by centrifuging, measured
by UV-Vis, are reported in figure 7.14 on samples prepared at the same aforementioned conditions
and using the same protein batch as for the the neutron experiment.

The partitioning ratio should be connected to the magnitude of the second virial coefficient [513].
The densities of the phases are subject to equilibrium requirements, resulting in equal chemical po-
tentials across the phase boundary [513, 554].

7.5.3 Additional QENS data analysis and additional fit parameters

This section contains complementary results on internal dynamics from the QENS data fitting, along
with alternative approaches used, and tests of the robustness of the analysis.

Figure 7.15 displays the energy resolution function of BASIS, recorded on a Vanadium foil in
the same cylinder geometry as the samples, for two example momentum transfers (symbols) and its
description by a sum of Gaussians functions (lines). Figure 7.16 displays additional example spectra
recorded on a BSA solution sample, and associated fits.
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Fig. 7.15. BASIS spectrometer resolution function at q = 0.75 Å−1 (left) and q = 1.25 Å−1. Energy
resolution function of BASIS measured using a Vanadium foil as sample at q = 0.75 Å−1 (left) and
q = 1.25 Å−1 (right, symbols) and a description by a sum of 6 Gaussian functions (lines) and a
constant background. The Gaussians are used for the analytical convolution of the model function in
the fits. (Note the logarithmic intensity axis, showing more than 3 orders of magnitude in accessible
range, and “zoom” into the energy axis, showing only the region near the elastic peak.)
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Fig. 7.16. Additional example spectra. QENS spectra recorded on BSA at 240 mg/ml in D2O with
27 mM LaCl3 at T = 280 K, at q = 0.45 Å−1 (left) and q = 1.05 Å−1 (right), respectively (upper dark
circle symbols). The lower square symbols represent the D2O solvent signal prior to the container
subtraction, and the model employed here included a fit of the container signal (narrow magenta
line). All fit components are shown subsequent to the convolution with the energy resolution (cf. fig-
ure 7.15), resulting in “skew” curves. The blue and red solid lines denote the two apparent global
diffusion processes, the broader solid and dashed lines mark the coupled internal Lorentzians.

Figure 7.17 summarizes the apparent global center-of-mass diffusion coefficients for all measured
spectra during the reported QENS experiment, employing the global fits explained in the main article.
Figure 7.18 illustrates that the data can be fitted for each q individually if the model contains not more
than three Lorentzians in total. For a larger number of Lorentzians, the fits are always carried out
along the q and ω axis simultaneously in this work, consistent with previous work that has established
this requirement to be able to account for more than one internal diffusive contribution [539].
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Fig. 7.17. Summary of the apparent center-of-mass diffusion coefficients, i.e. observable global
diffusion coefficients, D = D(Dt, Dr) arising from the superposition of translational Dt and rota-
tional Dr diffusion versus temperature for the different salt concentrations explored (symbols). For
cs = 27 mM, the dense and dilute phases (cf. figure 7.2), for cs = 29 mM the dense phase were also
measured separately after centrifuging. The upper black solid line denotes the theoretical apparent
diffusion coefficient in the limit of infinite dilution D(φ −→ 0), the lower blue solid line represents
the Stokes-Einstein relation for the BSA sample without salt. The measurements on the BSA solution
without salt was subject to temperature stability issues notably at the most elevated temperatures,
indicated by the error bars. For all other spectra, the temperature error was smaller than the symbols.
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Fig. 7.18. Fits for each q individually of the QENS spectra of the salt-free sample. Linewidth of
the first, i.e., narrowest, Lorentzian γ(q), attributed to the apparent center-of-mass diffusion, plotted
versus q2, obtained by performing a q-wise fit of the QENS spectra of the pure BSA sample (cp =

240 mg/mL), not imposing Fickian diffusion. In this case only one additional diffusion coefficient
was allowed in the fit to account for the internal diffusion, as well as one solvent Lorentzian. The lines
denote fits of the Fickian diffusion model γ = Dq2. Due to the lack of a second Lorentzian accounting
for internal diffusion, the thus obtained diffusion coefficients overestimate the actual diffusion.
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Fig. 7.19. Summary of the goodness-of-fit χ2 obtained from the global fits for all samples. For the
dense and dilute phases separated by a centrifuge (marked as “dense” and “dilute”, respectively, in
the legend) as well as for the samples marked by a grey shaded area under the respective symbol, only
one center-of-mass diffusion coefficient was permitted in the fit. For the fits where two center-of-mass
diffusion coefficients were employed, χ2 for the alternative situation of one center-of-mass diffusion
coefficient is in addition displayed by the corresponding grey-filled symbols with identical shape
and edge color, that are always located above the associated fit with two center-of-mass diffusion
coefficients. All spectra were acquired with the same integral incident neutron flux on the sample.
Therefore, the systematic temperature-dependence of this error-weighted χ2 can be attributed to the
higher total spectral signal at lower T , and, thus, lower statistical error.

Figure 7.19 summarizes the reduced goodness-of-fit,

χ2 :=
1

Nd −Np

Nd∑

i=1

(yi − f(xi,p))2
σ2
i

, (7.10)

where yi are the spectral intensities at points xi along the spectral axis, f the model function evaluated
at the fit parameters p, σi the errors on yi, Nd the number of data points and Np the number of fit
parameters, for all global fits in this work. From figure 7.19 its can be seen that the fits allowing
for two separate apparent center-of-mass diffusion coefficients result in a better fit than when only
allowing for one center-of-mass diffusion coefficients for non-centrifuged samples at elevated salt
concentrations. The residuals reported in figure 7.20 confirm that the central region near ℏω = 0 is,
however slightly, better fitted with two global diffusion coefficients for samples undergoing LLPS.

Figure 7.21 confirms the consistency of the present with previous results [538, 542]. Figures 7.22
and 7.23 summarize additional parameters from the model used to fit the QENS data described in the
previous section.
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Fig. 7.20. Comparison of the residuals of the fits (difference between data and fit function per en-
ergy channel), summed over all q, for the model with one and two effective apparent center-of-mass
diffusion (COM) coefficients. Mixed sample (i.e., without external separation by centrifuging) of BSA
at 240mg/ml in D2O with 27mM LaCl3, at T = 280K (left), and T = 320K (right). The insets repre-
sent a zoom to the main part emphasizing the region near zero energy transfer. The model with two
COMs results in a very slightly but noticeably better fit (cf. figure 7.19).
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Fig. 7.21. Comparison of the fit result for the center-of mass diffusion coefficients (symbols) with
parametrized master curves (solid lines) from previous works [538,542]. Full symbols represent fits
accounting for one single apparent center-of-mass diffusion coefficient for all samples. Open symbols
represent the weighted average [ rDdense + (1− r)Ddilute ] for the samples where two center-of-mass
diffusion coefficients were allowed. The dotted and dash-dotted lines are guides to the eye. It is
emphasized that the exact location of LLPS in terms of optical turbidity strongly depends on the
protein batch employed. Results from past work are, therefore, not directly comparable.
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q [Å−1]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

α
(q

)

280K, 0mM, mix.
295K, 0mM, mix.
310K, 0mM, mix.
310K, 0mM, mix.
320K, 0mM, mix.
330K, 0mM, mix.
310K, 20mM, mix.
320K, 20mM, mix.
295K, 25mM, mix.
310K, 25mM, mix.
320K, 25mM, mix.
295K, 27mM, mix.
310K, 27mM, mix.

320K, 27mM, mix.
310K, 29mM, mix.
320K, 29mM, mix.
295K, 25mM, den.
310K, 25mM, den.
320K, 25mM, den.
295K, 27mM, den.
310K, 27mM, den.
320K, 27mM, den.
295K, 27mM, dil.
310K, 27mM, dil.
320K, 27mM, dil.

Fig. 7.22. Internal diffusion coefficients D1 (top left) and D2 (top right) of the two-diffusive states
model defined in equation 7.5 (symbols), attributed to the protein backbone and side chain fluctua-
tions, respectively. The lines are guides to the eye. Elastic incoherent structure factor A0(q) (bottom
left) and coupling parameter α(q) (bottom right) of the two diffusion processes contributing to the
internal dynamics of the proteins, each with a corresponding diffusion coefficient D1 and D2 (cf. fig-
ure 7.22). Its is noted that α is not a fit parameter itself, but calculated from the model function.
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7.5.4 Additional interpretation in terms of absolute volumes
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Fig. 7.24. Ratio of the volumes in the dense and dilute phase, respectively, calculated from the fit
parameter r of the QENS spectra using equation 7.11 and equation 7.13 with g(cs/cp) ≡ 1 (symbols
with edges). The circle symbols denote the ratios calculated from visual inspection.

From the implementation in the fit algorithm we have:

rdense/dilute

1− rdense/dilute
=
cdense Vdense
cdilute Vdilute

, (7.11)

thus,

ctotalVtotal =
1

1− rdense/dilute
· cdiluteVdilute . (7.12)

This implementation, along with the central hypothesis from the previous section, results in the fol-
lowing expected ratio of the splitting volumes:

cp,dense Vdense
cp,dilute Vdilute

=
φdense Vdense
φdilute Vdilute

=
f−1(Ddense / g(cs/cp))Vdense
f−1(Ddilute / g(cs/cp))Vdilute

, (7.13)

where f−1 is the inverse of the monomeric hard-sphere colloidal crowding function f(φ) and g(cs/cp)
the salt-induced master curve presented earlier. In contrast to equation 7.5, the above equation 7.13
requires an explicit assumption on g(cs/cp) in the two separated phases, since due to the inversion
f−1, it no longer cancels out.

An attempt to estimate the volumes in the two phases was done by visual inspection, comparing
the photograph of the centrifuged sample with an empty 15 mL Falcon tube. The empty Falcon was
put in front of the photograph of the BSA samples with 25 and 27 mM LaCl3 (cs/cp = 6.9 and 7.5,
respectively; see figure 7.10) to adjust the zoom of the latter based on the size of the real tube and then
placed next to it to estimate the position of the meniscus between the dense (bottom) and the dilute
phase. Using this approach, for the sample with cs/cp = 7.5 (right tube, figure 7.10) we estimated
that the amount of the dense phase on the total 1 mL sample is ∼ 0.3-0.35 mL, resulting in ∼ 0.7-
0.65 mL of the dilute phase and corresponding to the 30-35 and the 70-65% on the total, respectively.
For the sample with cs/cp = 6.9 (left tube in figure 7.10), we estimated a volume of 0.85-0.9 mL for

181



7.5. Supplementary Information CHAPTER 7. Short-time dynamics crossing LLPS in proteins

the dense phase and 0.1-0.15 mL for the dilute one, with corresponding percentage values of 85-90
and the 10-15%, respectively.

By inverting equation 7.12, the protein concentration in the dilute phase can be calculated as

cdilute = ctotal (1− rdense/dilute)
Vtotal
Vdilute

, (7.14)

where ctotal = 240 mg/mL, Vtotal = 1 mL, Vdilute is estimated from the photographs and rdense/dilute

are the values in figure 7.23. For example, we can consider the BSA sample with 27 mM LaCl3. If
one estimates Vdilute ≈ 0.65 mL as explained above and takes rdense/dilute ≈ 0.68 from figure 7.23,
cdilute ≈ 240 mg/ml· (1 − 0.68)/0.65 ≈ 118 mg/mL is obtained, corresponding to a dilution factor of
∼ 2. If instead from figure 7.10 (right) one estimates a splitting in two approximately equal volumes,
cdilute ≈ 240 mg/ml· (1 − 0.68)/0.5 ≈ 153.6 mg/ml, corresponding to a dilution by a factor of 1.56,
closer to the value of 1.6 found by Da Vela et al. [530]. Results of these calculations for the 27 mM salt
sample with different splitting volumes are reported in Table 7.2.

It has to be stressed that for figure 7.24, g(cs/cp) ≡ 1 was assumed in the above equation 7.13. It
is at present not clear why this assumption results in reasonable volume ratios, whereas including
g(cs/cp) of the average slowing-down – which was determined for cs < c∗, assuming no LLPS, i.e., a
single apparent global diffusion Lorentzian – does not give reasonable results. One may speculate that
the polydispersity, i.e., cluster size distribution, giving rise to g(cs/cp), causes an average speeding
up and slowing down, respectively, in the different phases, resulting in an apparent approximate
compensation of the salt-induced deviation from momomeric diffusion.

cs/cp Vdense (mL) Vdilute (mL) rdense/dilute cdilute (mg/mL) dilution factor
0.30 0.70 109.7 ∼ 2.19

7.5 0.35 0.65 ≈ 0.68 118.1 ∼ 2.03
0.40 0.60 128 ∼ 1.88
0.50 0.50 153.6 ∼ 1.56 [530]

Table 7.2. Protein concentration in the dilute phase cdilute calculated using equation 7.14 and dilution
factor ctotal/cdilute for the BSA sample with 27 mM salt, assuming different splitting volumes for the
two phases and rdense/dilute taken from the fit results in figure 7.23.
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Chapter 8

Summary and outlook

8.1 Summary and conclusions

Neutron spectroscopy plays a crucial role in understanding the microscopic diffusion properties in
soft and biological matter, due to the non-destructiveness of the probe. Cold or slow neutrons in fact
match the time and length scales of diffusive motions and relaxations occurring in protein solutions.

In this thesis, a multi-technique approach was employed to investigate the microscopic proper-
ties of blood serum protein solutions, with a particular focus on a series of pharmaceutically relevant
monoclonal antibodies (mAbs). Neutron spectroscopy allowed to probe the short-time diffusion on
multiple scales. In particular, neutron backscattering (NBS) and neutron spin-echo (NSE) experiments
were carried out to shed light onto collective and self-diffusion phenomena in highly-concentrated
solutions of a series of different mAb variants. The interpretation of the data using diffusion models
borrowed from colloid physics enabled a comprehensive understanding of the effects of crowding
on protein aggregation mechanisms, such as reversible self-association (RSA) and liquid-liquid phase
separation (LLPS). The nanosecond time window accessible by NBS and NSE techniques sheds lights
on transient, short-lived clusters, which gradually dissociate at physiological temperature. Such tran-
sient clustering is essential for understanding the viscosity behaviour of the studied mAbs. In fact, we
observed that in the most viscous solutions, clusters are typically small (mainly dimers and trimers),
hypothetically formed in a nucleation dominated (ND) mechanism.

The pharmaceutically relevant mAbs studied in this thesis mostly differ in the final parts of their
Fab arms, in the so called complementarity-determining regions (CDRs) of the Fv domain. These
differences in their primary sequences result in a network of protein-protein interactions (PPIs) me-
diated by either charged or hydrophobic patches on the protein surface. The combined spectroscopic
techniques allowed a detailed analysis of diffusion behaviour on the nanosecond timescale, reveal-
ing distinct clustering tendencies for different mAbs. At the same time, a static technique like SANS
confirmed the aggregation behaviour and probed the different intermolecular interactions in the so-
lutions. The consistency of the results across different techniques, including NBS, NSE, SANS and
MD simulations, strengthens the reliability of the findings and demonstrates the utility of an interdis-
ciplinary approach.

A QENS study was also conducted on a well-established protein-salt model system – BSA in solu-
tion with different LaCl3 concentrations) to elucidate the role of short-time dynamics upon entering
the LLPS regime. The significant observation is that the microscopic environment in the nanosec-
ond scale remains highly dynamic, even while crossing the LLPS phase transition, so even when the
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solution divides macroscopically into a dense and a dilute phase.

8.2 Importance of industrial participation in basic research

Industrial involvement in basic research can help bridge the gap between fundamental scientific dis-
coveries and practical applications. This collaboration often leads to a faster translation of scientific
findings into commercial products and technologies and to the development of new research tools
and methodologies that benefit both academia and industry.

In the specific case of this work, thanks to Lonza we had access to an extraordinary amount of
different mAbs engineered for specific scopes that we could investigate with large-scale facility tech-
niques, espcially with neutrons that are well-known to require high amount of material. The access
to these kind of experiments is not straightforward and the collaboration with scientists working in
those is certainly a great opportunity for the companies. At the same time, the company offered the
possibility to perform complementary characterization of the samples with specific instruments also
used in their daily industrial research and to spend several months at their headquarters in Basel.

8.3 Outlook

This work contributes to extending the general knowledge on protein solution behaviour on both
macroscopic and microscopic level, with a focus on two mechanisms of protein aggregation: re-
versible self-association (RSA) and liquid-liquid phase separation (LLPS), which is a proper phase
transition. Both processes can result in high viscosities and unwanted behaviours in solution. By
exploring the short-time self- and collective diffusion in highly concentrated protein solutions, we
provided insights on those mechanisms at a molecular level, relying on the fact that these will be
useful in the future in formulation development and drug production.

By studying the antibodies in a formulation buffer in actually commercialized biologics, this the-
sis provides the ground/the references for a systematic analysis on how some viscosity-reducing
excipients and/or solution stabilizers, such as Arg-HCl, NaCl, or trehalose, affect the short-time self-
and collective diffusion, the intermolecular interactions and solution structure of the same antibody
variants. Moreover, the UCST-LLPS mechanism observed in some of the mAbs in solution can be
investigated in a more extensive and systematic way, e.g. following the strategy used for the model
system BSA-LaCl3 in this work.

Furthermore, the conducted research again re-affirms the validity of neutron scattering as a pow-
erful and versatile tool to probe structural and dynamic features in biologic molecules, and its appli-
cability onto research areas of major interest in society, such as pharmaceutical and medical sciences.
The realisation of this project would not have been possible without the integration of experimental
techniques in large-scale facilities, laboratory experiments and computational studies, resulting in a
comprehensive approach to the initial research question.

Despite the presence of unanswered questions in the domains of protein and formulation science,
a significant knowledge gap has been addressed in this field, with the results obtained serving as a
foundational basis for subsequent research endeavours.
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Appendix:
List of experiments performed at large
scale facilities

This chapter lists all the experiments carried out during the time of the thesis at different large scale
facilities. Some of the data collected directly entered this work, while some other are out of the scope
of the manuscript and will be part of future works. For each experiment performed, the scientific
case investigated is reported, along with the facility, the beam line, the dates of the experiments, the
DOI for the data and the role that this author has played during the experiment. The experiments are
listed from the most recent to the furthest in time.

1. Diffusive and structural properties of BLG during fibril formation
Facility: ILL
Exp. number: 8-04-987
Time allocated: 4 days (28 Jun-2 Jul 2024)
Instrument: IN16B
DOI: 10.5291/ILL-DATA.8-04-987
Role: co-proposer, experimenter

2. Role of a non-ionic surfactant in the adsorption of different therapeutically relevant IgG1
and IgG4 monoclonal antibodies (mAbs) on siliconized surfaces
Facility: ILL
Exp. number: 8-04-978
Time allocated: 3 days (13-16 Mar 2024)
Instrument: fluid and interface grazing-angle reflectometer (FIGARO)
DOI: 10.5291/ILL-DATA.8-04-978
Role: main proposer, experimenter

3. Casein micelle formation as result of liquid-liquid phase separation (LLPS) in an IDP solu-
tion
Facility: ILL
Exp. number: 9-13-1076
Allocated time: 2 days (31 Oct-2 Nov) + 3 days (3-6 Nov 2023)
Instruments: wide-angle spin-echo spectrometer (WASP), IN15
DOI: 10.5291/ILL-DATA.9-13-1076
Role: co-proposer, experimenter
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4. Revealing the diffusive properties of non-classical protein crystallization pathways
Facility: ILL
Exp. number: 8-04-940
Allocated time: 4 days (30 Oct-3 Nov) + 3 days (7-10 Nov 2023)
Instruments: WASP, IN16B
DOI: 10.5291/ILL-DATA.8-04-940
Role: main proposer, experimenter

5. Structure and dynamics approaching the arrested states for different monoclonal antibodies
(mAbs)
with PEG
Facility: ILL
Exp. number: 8-04-951, 936
Allocated time: 6 days (7-13 Sept) + 3 days (15-18 Sept 2023)
Instruments: IN15, IN16B
DOI: 10.5291/ILL-DATA.8-04-951, 10.5291/ILL-DATA.8-04-936
Role: main proposer, experimenter

6. Systematic investigation of the diffusive properties of macromolecules in bovine milk
Facility: ILL
Exp. number: INTER-588
Allocated time: 3 days (25-28 Aug 2023)
Instrument: IN16B
DOI: 10.5291/ILL-DATA.INTER-588
Role: co-proposer, experimenter

7. Internal diffusive dynamics in solution on the ns-nm-scale of polymers during thermal and
chemical induced network formation
Facility: ILL
Exp. number: 9-13-1077
Allocated time: 2 days (1-3 Jul 2023)
Instrument: IN16B
DOI: 10.5291/ILL-DATA.9-13-1077
Role: co-proposer, experimenter

8. Differences between monoclonal antibodies (mAbs): viscosity, diffusion, and transient clus-
ter formation
Facility: ILL
Exp. 8-04-932
Allocated time: 4 days at (3-7 Jun) + 1 day (11-12 Jun 2023)
Instruments: IN15, D22
DOI: 10.5291/ILL-DATA.8-04-932
Role: main proposer, experimenter

9. Structural and diffusive properties of an IDPin a polydisperse environment
Facility: ILL
Exp. number: 8-04-953
Allocated time: 6 days (26 May-1 Jun) + 2 days (8-10 Sept 2023)
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Instruments: IN16B, massive dynamic q-range small-angle diffractometer (D33)
DOI: 10.5291/ILL-DATA.8-04-953
Role: main proposer, experimenter

10. Casein as a model IDP: impact of salt on the internal diffusive dynamics in solution
Facility: ILL
Exp. number: 9-13-1046
Allocated time: 4 days (7-11 Apr 2023)
Instrument: IN16B
DOI: 10.5291/ILL-DATA.9-13-1046
Role: co-proposer, experimenter

11. Influence of antibody type, temperature and additives on the viscosity of monoclonal anti-
body solutions
Facility: ESRF
Exp. number: MD-1368
Allocated time: 3 days (2-5 Dec 2022)
Instrument: ID-02
DOI: 10.15151/ESRF-ES-970991476
Role: main proposer, experimenter

12. Accessing the dynamic origin of phase separation in a charge-tuned protein solutions
Facility: SNS (ORNL)
Exp. number: IPTS 23886
Allocated time: 6 days (19-25 Jul 2022)
Instrument: BL-02 BASIS
DOI: No DOI, data curated by the SNS and accessible upon request
Role: experimenter

13. Tunable equilibrium monoclonal antibody nanocluster dispersions at high concentrations
Facility: ILL
Exp. number: 8-04-923
Allocated time: 3 days at IN16B (6-9 Sept), 1 day at D11 (10-11 Sept 2021)
Instruments: IN16B, D11
DOI: 10.5291/ILL-DATA.8-04-923
Role: experimenter

14. Dynamic cluster formation, viscosity, and diffusion in monoclonal antibody (mAb) solutions
depending on antibody type and crowding
Facility: ILL
Exp. number: 8-04-908
Allocated time: 5 days at IN16B (20-25 May 2021)
Instrument: IN16B
DOI: 10.5291/ILL-DATA.8-04-908
Role: data analysis
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Glossary

The next list describes all the abbreviations and acronyms used within the body of the document.

ADH alcol dehydrogenase

ANNs artificial neural networks

BASIS BAckscattering SIlicon Spectrometer

BATS Backscattering Time-of-flight Spectrometer

BLG β-lactoglobulin

BSA bovine serum albumin

CC clustering coefficient

CDR complementarity determining region

CDRs complementarity determining regions

CDR-H1/H2/H3 CDR loop 1/2/3 in the heavy chain

CDR-L1/L2/L3 CDR loop 1/2/3 in the light chain

CHO chinese hamster ovary

CSNS China Spallation Neutron Source

COM center-of-mass

DGV double gene vectors

DLS dynamic light scattering

DWF Debye-Waller factor

D11 lowest momentum transfer and lowest background small-angle neutron
scattering instrument

D22 large dynamic range small-angle diffractometer

D33 massive dynamic q-range small-angle diffractometer

EISF elastic incoherent structure factor

EFWS elastic fixed window scan
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ESRF European Synchrotron Radiation Facility

ESS European Spallation Source

Fab antigen-binding fragment

Fc crystallisable fragment/domain

FcRn neonatal Fc receptor

FDA Food and Drug Administration

FDT fluctuation-dissipation theorem

FEL free-electron laser

FIGARO fluid and interface grazing-angle reflectometer

FRM-II Forschungsreaktor München II

Fv variable fragment/domain

FWHM full width at half maximum

GRASP Graphical Reduction and Analysis SANS Program

GRAVY grand average of hydropathy

GSE generalized Stokes-Einstein

GS-KO glutamine synthetase knockout

HC heavy chain

HDX hydrogen-deuterium exchange

HFIR high flux isotope reactor

HIC hydrophobic interaction column

HS hard-sphere

HSA human serum albumin

HWHM half width at half maximum

ID intradermal

IDP intrinsically disordered protein

IDPs intrinsically disordered proteins

IFWS inelastic fixed window scan

Ig immunoglobulin

Igs immunoglobulins

ILL Institut Laue-Langevin
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ID intradermal

IM intramuscular

IN13 thermal neutron backscattering spectrometer

IN15 high resolution spin-echo spectrometer

IN16B cold neutron high-flux backscattering spectrometer

ISF intermediate scattering function

IV intravenous

JPARC Japan Proton Accelerator Research Complex

LANSCE Los Alamos Neutron Science Center

LC light chain

LCST lower critical solution temperature

LLPS liquid-liquid phase separation

LYS lysozyme

mAb monoclonal antibody

mAbs monoclonal antibodies

MBP myelin basic protein

MD molecular dynamics

ML machine learning

MSD mean squared displacement

MSDs mean squared displacements

MW molecular-weight

MWCO molecular weight cutoff

NBS neutron backscattering spectroscopy

NCNR National Center for Neutron Research

ND nucleation dominated

NHERF1 mammalian Na+/H+ exchange regulatory factor 1

NIST National Institute of Standards and Technology

NM normal mode

NMR nuclear magnetic resonance

NSE neutron spin-echo
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NTU nephelometric turbidity units

ORNL Oak Ridge National Laboratory

pAbs polyclonal antibodies

PCA principal component analysis

PDB Protein Data Bank

PDI polydispersity index

PFG pulsed-field gradient

PGK phosphoglycerate kinase

PNC Patches of Negative Charge

PPC Patches of Positive Charge

PPIs protein-protein interactions

PSCM Partnership for Soft Condensed Matter

PSD position-sensitive detector

PSH Patches of Surface Hydrophobicity

PSI Paul Scherrer Institute

PST phase-space transformation

QENS quasielastic neutron scattering

RMSD root mean square deviation

RSA reversible self-association

SAbDab Structural Antibody Database

SAbPred Antibody Prediction Toolbox

SALR short-range attraction long-range repulsion

SANS small angle neutron scattering

SAXS small angle X-ray scattering

SC subcutaneous

SE Stokes-Einstein

SEC size-exclusion chromatography

SED Stokes-Einstein-Debye

SE-HPLC Size exclusion-high-performance liquid chromatography

SFvCSP structural Fv charge symmetry parameter
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SHS sticky hard sphere

SINQ Swiss Spallation Neutron Source

SLD scattering length density

SLS static light scattering

SNS Spallation Neutron Source

SST system suitability test

TAP Therapeutic Antibody Profiler

TOF time-of-flight

UCST upper critical solution temperature

UV-Vis ultraviolet-visible

USANS ultra-small angle neutron scattering

VH/VL variable domain of the heavy/light chain

VMD Visual Molecular Dynamics

VROC viscometer / rheometer-on-a-chip

XPCS X-ray photon-correlation spectroscopy

WASP wide-angle spin-echo spectrometer
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List of Symbols

The next list describes several symbols that are used within the body of the document.

Chemical compounds

Al aluminium

Ala alanine (amino acid, A)

Arg, Arg-HCl arginine (amino acid, R), arginine-monohydrochloride

Asn, Asp aspartic acid (amino acid, P), asparagine (amino acid, N)

Cl, C chlorine, carbon

Cys cysteine (amino acid, C)

Gln, Glu, Gly glutamine (amino acid, Q), glutamic acid (amino acid, E), glycine (amino acid, G)

H2O, D2O normal water, deuterated/heavy water

H, D, He hydrogen, deuterium, helium

His, His-HCl histidine (amino acid, H), histidine-monohydrochloride

Ile, Leu isoleucine (amino acid, I), leucine (amino acid, L)

K, P potassium, phosphorus

LaCl3 lantanum chloride

Lys, Lys-HCl lysine (K), lysine-monohydrochloride

Met methionine (amino acid, M)

Na, N sodium, nitrogen

NaCl, NaOAc, Na2SO4 sodium chloride, sodium acetate, sodium solphate

Phe, Pro phenylalanine (amino acid, F), proline (amino acid, P)

Sec, Ser selenocysteine (amino acid, U), serine (amino acid, S)

Thr, Trp, Tyr threonine (amino acid, T), tryptophan (amino acid, W), tyrosine (amino acid, Y)

V vanadium
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Val valine (amino acid, V)

Other symbols

β(q) scaling factor in QENS fit models, in general the DWF

η, η0 solution viscosity, solvent viscosity

Γ(q) HWHM of the 2nd narrowest Lorentzian of the QENS fit model, related to internal diffusion

γ(q) HWHM of the narrowest Lorentzian of the QENS fit model, associated to COM diffusion

ε280 extinction coefficient at 280 nm

A2 second virial coefficient from SLS

B2, BHS
2 second virial coefficient from SANS/SAXS, second virial coefficient for hard spheres

kD diffusion-interaction parameter from DLS

pH logarithmic scale for the acidity or basicity of aqueous solutions

pI isoelectric point

pKa (logarithm of) acid dissociation constant

ν, ω frequency, angular velocity

φ protein volume fraction

q⃗, Q⃗ scattering vector / momentum (Q⃗ used in theoretical introduction for consistency with text-
books, q⃗ used in publications)

A0(q) EISF

cp, cs protein concentration, salt concentration

D, Dapp short-time apparent COM self-diffusion coefficient

Dlong
c long-time collective diffusion coefficient from DLS

Ddense, Ddilute short-time self-diffusion coefficient of the dense phase and the dilute phase

Dr0, Dt0 rotational and translational short-time self-diffusion coefficient at the dilute limit

Physics constants

ℏ reduced Planck constant

νe electron neutrino

µB Bohr’s magneton (electron magnetic moment)

µN neutron magnetic moment

e−, e+ electron, positron

kB Boltzmann constant

n neutron
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[107] Pitiot, A.; Heuzé-Vourc’h, N.; Sécher, T. Alternative routes of administration for therapeutic
antibodies – state of the art Antibodies 2022 11, 56.

[108] Ajeeb, R.; Clegg, J. R. Intrathecal delivery of Macromolecules: Clinical status and emerging
technologies Advanced Drug Delivery Reviews 2023 199, 114949.

[109] Courtenay, A. J.; McCrudden, M. T.; McAvoy, K. J.; McCarthy, H. O.; Donnelly, R. F.
Microneedle-mediated transdermal delivery of bevacizumab Molecular Pharmaceutics 2018 15,
3545–3556.

209



BIBLIOGRAPHY BIBLIOGRAPHY

[110] Kirkby, M.; Hutton, A. R.; Donnelly, R. F. Microneedle mediated transdermal delivery of pro-
tein, peptide and antibody based therapeutics: current status and future considerations Phar-
maceutical Research 2020 37, 117.

[111] Tran, K. T.; Le, T. T.; Agrahari, V.; Peet, M. M.; Ouattara, L. A.; Anderson, S. M.; Le-Kim, T. H.;
Singh, O. N.; Doncel, G. F.; Nguyen, T. D. Single-administration long-acting microarray patch
with ultrahigh loading capacity and multiple releases of thermally stable antibodies Molecular
Pharmaceutics 2023 20, 2352–2361.
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R. B.; Schuler, B. Extreme Dynamics in a Biomolecular Condensate Nature 2023 pages 1–8.
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