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Abstract

The administration of biologics and chemotherapeutics often requires sub-
cutaneous injection, posing challenges for sustained and localized delivery.
Supramolecular hydrogels offer a promising solution, combining biocompatibil-
ity, tunability, and injectability for controlled release. This thesis investigates
microscopic and macroscopic factors influencing drug diffusion using Quasi-
Elastic Neutron Scattering (QENS) to probe drug mobility within supramolec-
ular gels at atomistic length scales and sub-nanosecond timescales.

Chapter 3 analyzes the diffusion of three drugs—ibuprofen sodium, insulin,
and lysozyme—in dipeptide-based hydrogels (FmocFF). These drugs, chosen
for their increasing molecular size, enable a systematic study of size-dependent
diffusion. QENS probes both short-timescale dynamics and solvent-gel inter-
actions, while in vitro studies with the Subcutaneous Injection Site Simu-
latOR (SCISSOR) reveal bulk diffusion behavior. Results show that steric
confinement and surface erosion dominate release, masking hydrodynamic ef-
fects observed at the nanoscale, highlighting the importance of integrating
molecular-level insights. Chapter 4 focuses on Doxorubicin (DOX) within elec-
trostatically modified (§-sheet-forming hydrogels. Non-covalent interactions,
especially cation—7 interactions, significantly slow diffusion. QENS data align
with long-term release results, emphasizing the role of drug—fiber interactions
and the tunability of these peptide hydrogels for studying transport across
scales. Chapter 5 explores water—ethanol mixtures, revealing non-linear phase
behavior and possible molecular clustering. Neutron spectroscopy with po-
larization analysis decouples self- and collective motions, showing increased
rigidity of the water network with rising ethanol content. Chapter 6 extends
this to solute effects, including a bis-urea gel and paracetamol. While the gel
network does not alter solvent dynamics, paracetamol significantly perturbs
them. These findings underscore the complex interplay between solute, sol-
vent, and gel. Overall, this work highlights diffusion in gels as a multi-scale
process. Integrating QENS with conventional methods lays the groundwork

for predictive models of therapeutic release.
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Chapter 1 1.1. Towards a novel drug delivery platform

1.1 Towards a novel drug delivery platform

The rapid evolution of therapeutic approaches continuously demand innova-
tive and ad hoc drug delivery strategies.! To navigate this multifaceted field,
drug delivery can be conceptualized as a three-legged table, supported by three
fundamental pillars: drug design, efficacy in treating the disease and patient
adherence to the therapy. Each pillar is indispensable for achieving therapeu-
tic success (Fig.1.1). Let’s consider as an example small molecule drugs, the
most simple yet widespread class of therapeutics. These low molecular weight
compounds (< 900 daltons) owe their success to several attributes: ease of
synthesis, chemical stability, and ability to cross biological barriers, enabling

oral administration.?

Furthermore, their manageable production costs and
straightforward development pathways have solidified their role in addressing
broad therapeutic needs.® However, small molecule drugs are often limited
by poor aqueous solubility and lack of specificity, leading to off-target effects
and systemic toxicity, particularly in oncology.* 3 Hence, in the frame of a

drug delivery as a table, small molecule drugs are particularly advantageous

DRUG DELIVERY

DISEASE

Figure 1.1: Schematic representation of a drug delivery strategy depicted as a
table, with each leg symbolizing an essential element for overall stability.

20



Chapter 1 1.1. Towards a novel drug delivery platform

in terms of formulation simplicity and patient compliance, largely due to their
suitability for oral administration. However, their limited specificity and asso-
ciated side effects represent significant weaknesses that undermine the overall
stability of an effective drug delivery strategy (Fig.1.1).

These limitations become evident when small molecule drugs are compared to
biologics, a class of therapeutics derived from living organisms. The advent of
biologics has revolutionized treatment paradigms, analogous to the shift from
fuel-powered to electric cars, by enabling highly specific targeting of previ-
ously intractable diseases.’® For instance, protein-based biologics like insulin
have transformed diabetes management by mimicking natural hormones to
regulate blood sugar levels. Similarly, monoclonal antibodies have revolution-
ized autoimmune disease treatment; in rheumatoid arthritis, they selectively
target inflammatory pathways to alleviate symptoms and slow disease progres-
sion.” More recently, the success of nucleic acid-based therapies (exemplified
by mRNA vaccines)® and semaglutide-based drugs® (named Breakthrough of
the Year by Science in 2020 and 2023, respectively) highlights the potential of
biologics to address global health crises, such as the COVID-19 pandemic and
obesity, with unprecedented speed and effectiveness. Their increased size and
complexity, central to their therapeutic efficacy, also contribute to the signif-
icantly higher production costs compared to small molecule drugs. However,
these costs are gradually being reduced through advances in biotechnology,
particularly with the development of biosimilars (i.e. compounds designed
to replicate biologics at a lower cost) making them more accessible in the
long run.'® Therefore, the most pressing challenge associated with biologics
lie in the optimization of their pharmacokinetics (Absorption, Distribution,
Metabolism, Excretion) profiles.!! The primary limitations occur in the first
two stages of administration, as biologics have poor membrane permeability
and are susceptible to rapid proteolytic degradation in the gastrointestinal
tract. These factors prevent oral administration, which is the most conve-
nient route for ensuring patient adherence to therapy. While advances in oral

12, 13

delivery methods for biologics, and alternative routes of administration

(intranasal, pulmonary, transdermal)'* are constantly being explored, current
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Chapter 1 1.1. Towards a novel drug delivery platform

technologies still struggle with the persistent issue of low bioavailability (i.e.
the proportion of an administered drug that reaches systemic circulation in its
active form).'+ 1% As a result, parenteral administration remains the preferred
route for most biologic and other therapeutics, such as oncology drugs, where
maximizing bioavailability and ensuring predictable release profiles is crucial.
This modality of administration encompasses several routes, including intra-
venous (IV), intramuscular (IM), and subcutaneous (SC) injections, each with
shared characteristics and distinct differences that influence their application
in therapy.'® Intravenous administration is the most direct method, delivering
drugs directly into the bloodstream, ensuring rapid onset of action and precise
control over dosing. Intramuscular injection, by contrast, involves depositing
the drug into muscle tissue, allowing for slower and more sustained absorp-
tion compared to IV administration. However, both routes represent invasive
and painful approaches, often requiring trained professionals to avoid post-
injection side effects. Subcutaneous administration consists in delivering the
drug into the hypodermis, offering a balance between high bioavailability and
ease of administration and it is particularly suitable for self-administration of
biologics, such as insulin or monoclonal antibodies. However, the tolerability
of SC injection is often challenged by the need to deliver high doses in small
volumes, requiring greater injection pressures. This can compromise patient
comfort, as the process becomes more painful.!” Moreover, while SC injec-
tion ensures gradual absorption, its pharmacokinetic profile is often poorly
predictable, making it challenging to tailor the therapeutic response to the
specific need for either rapid or sustained action.'® As a result, injected ther-
apeutics often have a reduced half-life, necessitating frequent administrations
and diminishing patient compliance. In drug delivery, three main strategies
are commonly employed to address these challenges: modifying the drug itself,
altering its surrounding environment, or introducing an interface between the
drug and its environment through a delivery system.? To achieve greater con-
trol over pharmacokinetic parameters, the latter approach is most frequently
adopted. Among these systems, micelles, nanoparticles, and liposomes offer

drug protection and enhanced targeting.'® 1 However, it is through the use of
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Chapter 1 1.1. Towards a novel drug delivery platform

Drug delivery systems

proteins
+ polymer-drug conjugates
. - liposomes
nucleic \‘\(/ MADS - nanoparticle
acids N - micelles
Q + matrices
poor control
small PK parameters
molecule

Figure 1.2: Drug delivery systems (DDSs) to improve control over release and
half-life of biologics and small molecules.

matrix-based systems for encapsulating the drug that precise control over its
release can be achieved.? 2° In this kind of the need to limit drug loading to
maintain systems stability leads to frequent administration. Additionally, the
increased viscosity of the formulation and the potential matrix toxicity poses
significant challenges in developing patient-friendly matrix-based delivery sys-
tems. Matrix-based drug delivery systems have been extensively studied for
their potential to enhance patient compliance during injection. While patient
adherence might seem the least important leg of the table of Fig.1.1 it is crucial
for the stability of a drug delivery strategy.?’ Among the various systems de-
signed to address these challenges, gels represent a promising class of materials

due to their unique structural and mechanical properties.
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Chapter 1 1.2. Gels

1.2 Gels

A gel is a system of two-coherent interpenetrating phases, consisting of a three-
dimensional continuous solid network that retains a significant liquid fraction,
commonly via surface tension.?! This unique structure allows gels to exhibit
properties ranging from soft and weak to hard and tough, behaving like solids
despite being predominantly liquid by mass (often more than 99%). Given
their dual nature, gels are ubiquitous in everyday life applications: in food
(e.g. gelatin),?? in moisture absorption (e.q. silica gels);*® and extending
to the cellular level, where cells themselves exhibit gel-like properties.?* This
widespread presence has led the concept of gels to permeate everyday language,
further complicating efforts to define them, a challenge famously summarized
by Dr. Dorothy Jordan Lloyd’s remark: ’Gels are easier to recognize than
define’.?

Gels can be classified in various ways, reflecting differences in their compo-
sition, structure, and the mechanisms through which they form (Table 1.1).
One key classification criterion is solvent type. Hydrogels are gels in which

water serves as the liquid phase, and these are particularly valued in biomed-

Table 1.1: Classification of gels based on various criteria.

Classification Name

Solvent Hydrogels
Organogels

Origin Natural
Synthetic

Cross-linking Physical
Chemical

Particle size Macrogels
Microgels
Nanogels

Polymer type Macromolecular
Supramolecular

24



Chapter 1 1.2. Gels

ical applications for their biocompatibility and soft, tissue-like properties.?S

Organogels, which use organic solvents instead of water, are commonly em-
ployed in applications where hydrophobic drugs or cosmetic agents need to be
delivered.?” 28 Hydroalcoholic gels incorporate both water and alcohol, often
used in topical formulations, including hand sanitizers.?”

Another major classification considers the origin of the gel materials. Nat-
ural gels, derived from biological sources like gelatin or collagen, offer the
advantage of biodegradability and are often used in food and pharmaceutical
industry. For instance, Hyaluronic acid hydrogels are widely used in tissue
engineering and cosmetic applications due to their moisture retention capa-
bility,? while agarose hydrogels are commonly utilized in molecular biology

for gel electrophoresis.3!

In contrast, synthetic gels are engineered through
polymer chemistry, offering more consistency and greater control over their
mechanical properties, which makes them ideal for industrial applications or
for contexts where precise design is required. Polyethylene glycol (PEG)-based
gels exemplify materials engineered for precise design, where molecular weight,
cross-linking density, and functionalization can be finely controlled. This tun-
ability allows for consistent mechanical and biochemical properties, making
them ideal for biomedical and industrial applications requiring high repro-
ducibility and specificity.? 33

Gels can also be categorized based on their cross-linking mechanism.?* Phys-
ical gels form networks through non-covalent interactions such as hydrogen
bonds, ionic bonds, or van der Waals forces. These gels are generally reversible
and can respond to external stimuli like temperature or pH. Chemical gels, on
the other hand, are formed through covalent bonds, making them more stable
and permanent, which is ideal for applications requiring long-term durability
and strength.

The classification can also be made based on the size of the gel’s structural
elements (e.g. pore sizes, fibres thickness etc.).*® Macrogels (> 100 ym) are
typically used in bulk materials where fine-scale interaction is not required
such has wound dressing or tissue engineering.>® Microgels (ranging from 100

nm to 100 pum) are often utilized as stimuli-responsive carriers for controlled
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Chapter 1 1.2. Gels

drug release in precision therapies,® whereas nanogels (< 100 nm) are ideal
for targeted delivery to biological barriers as their small size enhances bioavail-
ability, cellular uptake, and penetration of biological barriers.?” Notably, these
classifications are not mutually exclusive and single gel can belong to multiple
categories simultaneously. For instance, hyaluronic acid hydrogels are natural,
physically or chemically cross-linked hydrogels; agarose hydrogels are natural,
physically cross-linked; and PEG hydrogels are synthetic and may be physi-
cally or chemically cross-linked, depending on their synthesis method.

A final distinction can be made depending on the nature of the network forma-
tion. Macromolecular gels are based on one-dimensional fibers formed by cova-
lently bonded polymer chains, resulting in a more rigid and permanent struc-
tures.®® These gels typically exhibit high mechanical stability and strength,
making them suitable for structural or load-bearing applications. Supramolec-
ular gels, by contrast, rely on a different mechanism of network formation, that

will be explored in more detail in the following section.

1.2.1 Supramolecular gels

Supramolecular gels form through the non-covalent self-assembly of low-molecular-
weight gelator (LMWG) molecules into one-dimensional structures, creating a
dynamic and reversible network (Fig. 1.3).21:39719 The self-assembly process
that leads to the formation of supramolecular gels typically begins with an en-
vironmental trigger, such as changes in temperature,’® pH,*! ionic strength,*?

53 or mechanical mixing.’* This trigger

enzymatic activity,”® light exposure,
initiates the one-dimensional crystallization of LMWG molecules dissolved at
very low concentrations (less than 1 wt.%) in a solvent (either organic or
not)* (Fig. 1.3a). Such process typically ranges from minutes to hours, de-
pending on the gelator chemistry and specific environmental conditions.? %6
Intermolecular forces such as hydrogen bonding, m-7 stacking, van der Waals
interactions, hydrophobic effects, and electrostatic interactions drive this ag-
gregation (Fig. 1.3b) by energy minimization.Following this initial strand

formation, the molecules undergo lateral assembly, resulting in bundled fibers
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Figure 1.3: Supramolecular self-assembly. (a) LMWG dissolved in solution;
(b) 1D aggregation triggered by external stimuli; (c) lateral association forming
fiber bundles; (d) fiber entanglement; and (e) self-supporting macroscopic gel.

that adopt diverse morphologies, including ribbons, rods, tapes, helices, or
sheets. These fibers eventually entangle to form a three-dimensional, contin-
uous network capable of supporting a macroscopic gel structure (Fig. 1.3c-e).
While this simplified representation suggests that supramolecular gels might
be easily reproducible, their final form remains highly sensitive to various fac-
tors. Batch-to-batch variability is significant, with the kinetics of gelation
influenced by parameters such as the choice of solvent, gelator concentration,
container geometry, temperature, solubilization method, and the rate at which
environmental changes are applied.’” % Understanding the variability in gel
formation necessitates the use of different techniques to probe the structure of
supramolecular gels across different length scales. Assessing the gel state often
begins with the simple yet qualitative vial inversion test, where the arrest of
liquid flow indicates gelation.?! While this test provides a quick, preliminary

measure of gelation, it fails to provide quantitative insights into critical param-
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eters such as viscoelastic properties, network architecture, and fiber morphol-
ogy. A comprehensive review of structural characterization methods is beyond
the scope of this thesis and has been detailed elsewhere.*” % In this context,
three representative methods to monitor the progression of self-assembly at

different scales are briefly reported.

Structural characterization

Rheometry is a key technique for quantifying the viscoelastic properties of
gels by measuring their mechanical response (deformation or flow, &¢) to an
applied stress (0¢): 09 = Geo Here, the complex modulus, G = G’ +iG", is
decomposed into the elastic storage modulus (G’) and the viscous loss mod-
ulus (G").%9 A defining feature of a gel is a storage modulus (G’) exceeding
the loss modulus (G”) by at least an order of magnitude.?! This corresponds
to a small phase shift (9), where strain lags only slightly behind stress, and a
low loss tangent (tand = G”/G’'< 0.1), reflecting the predominance of elastic
(solid-like) behavior. This behavior remains consistent up to a critical value
of applied stress, known as the yield stress. Beyond this threshold, G’ un-
dergoes a sharp drop, indicating the breakdown of the gel network and the
onset of liquid flow. The magnitude of G’ provides indirect insight into the
gel’s structural characteristics, such as the concentration of gel fibers and the
density of crosslinks, both of which contribute to the material’s mechanical
strength. Additionally, the evaluation of G’ is particularly useful when the
gel is used as a matrix for encapsulating solutes. Any changes in the storage
modulus may indirectly signal an interaction between the solute and the gel
fibers, potentially affecting the stability of the gel network.%!

Microscopy techniques provide direct visualization of gel networks, shedding
light on fiber morphology, pore size, and crosslink distribution. Electron mi-
croscopy, including transmission (TEM) and scanning (SEM), offers nanoscale
resolution for structural characterization. TEM reveals internal fiber details
with resolutions below 1 nm, while SEM captures three-dimensional surface ar-
chitectures with resolutions in the range of 1-20 nm.%? Despite their strengths,

sample dehydration during imaging can introduce artifacts, necessitating spe-
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cialized approaches such as vitrification in cryo-electron microscopy to preserve
the hydrated state. Atomic force microscopy (AFM) complements electron mi-
croscopy by imaging fibers in their native state, even in liquid environments.
AFM also provides nanoscale resolution, but artifacts from tip-sample interac-
tions can affect accuracy.®® ¢ While microscopy reveals intricate details of gel
architecture, its findings are often validated with complementary techniques
like scattering methods.%

Small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS)
are powerful methods for probing gel structures at scales between 1 and 100
nm.% 67 Unlike microscopy, these techniques provide averaged data on fiber
shapes, dimensions, and dispersion throughout the bulk sample, revealing
structural heterogeneity. Often combined due to the complementary informa-
tion they provide through different interactions with matter, SAXS and SANS
each offer practical advantages: SAXS excels in detecting heavy elements (e.g.,
metals, ions) and electron-dense regions and it is widely favoured for its acces-
sibility and versatility. On the other hand, SANS allows for contrast variation,
making it particularly useful for studying the effect of the solvent or specific
components within complex systems.?® 7 Although small-angle scattering re-
quires fitting data to theoretical models for interpretation, it provides a critical
complement to microscopy by offering a broader, statistically representative

view of fibre structure.

Properties

Supramolecular gels exhibit distinctive properties that set them apart from

other gel types:*!

e design flexibility Supramolecular gels offer an extensive toolbox for
researchers, with a variety of possible combinations between LMWG,
solvents and gelation triggers. This versatility allows for the design of

gels with tailored properties for specific application;*?

e self-healing: many supramolecular gels possess inherent self-healing

properties due to the reversible nature of their non-covalent interac-

29



Chapter 1 1.2. Gels

tions. When damaged, these gels can autonomously repair their struc-

ture, restoring their original properties;™

e biodegradability many LMWG used are designed to be biocompatible
and biodegradable. The non-covalent nature of the interactions holding

the gel network together often allows for easier breakdown;

e reversibility and stimuli responsiveness: supramolecular gels can
undergo reversible gel-to-sol transitions in response to various stimuli,
such as temperature or pH but also common mixing. This responsiveness
arises from the dynamic nature of the non-covalent interactions forming

the gel network;*6 ™

e tunability: the properties of supramolecular gels can be finely tuned
through subtle modifications of the LMWG structure. Small changes
in the molecular design can lead to significant alterations in the self-
assembly process, resulting in diverse final structures and macroscopic

properties.™

This responsive and flexible nature of supramolecular gels makes them suitable

for different applications spanning from sensing,™ catalysis,” water purifica-

76 7

art conservation.”” Moreover, this class of materials are particularly

45, 78

tion,

such as wound dressing,”™ tissue re-
1

attractive for biomedical applications
generation,® biologics storage alternative to cold chain® and cell culture.®?
Among biomedical applications, supramolecular gels have also gained consid-
erable attention for drug delivery, which will be discussed in the following

section.

1.2.2 Gels for drug delivery

Gels have emerged as promising matrix-based systems for drug delivery, offer-
ing an effective solution to the challenge of achieving a controlled drug release
profile.83 8 They offer high biocompatibility especially when the solvent in-

volved is water (hydrogels) or the polymer is natural in origin or mimic the

30



Chapter 1 1.2. Gels

tissue composition.®® For instance, cellulose-based hydrogels are widely ap-
plied in drug delivery systems, addressing needs ranging from wound healing

8 Other works have demonstrated the potential

to post-stroke treatments.
of hyaluronic acid-based hydrogel for the localized and controlled release of
anti-bacterial and anti-inflammatory drugs.3” Chitosan-based hydrogels have
proven to increase mucosal bioadhesivity, thereby enhancing drug retention
at the target site and making them particularly suitable for oral, ocular, and
nasal drug delivery routes.®® Indeed, different routes of administration are
currently in use for hydrogels, and depending on the site of action, gel prop-
erties such as stiffness or mesh size can be adapted accordingly. For example,
the rheological nature of gels and their ability to retain shape make them op-
timal for depot subdermal implants.?® These devices, used for purposes such
as birth control, rely on the geometry of the implant to dictate the release
rate, with any breakage due to external stress potentially causing uneven re-
lease or, in the worst case, dose dumping.”® The higher storage modulus of
gels and their ability to maintain shape under stress can prevent such break-
ages, ensuring an unaffected release profile. Indeed, two of the most successful
hydrogel-based products currently on the market — INFUSE, which releases
a human bone protein for the treatment of long bone fracture and spinal fu-
sion via a collagen hydrogel network,” and VANTAS, used for prostate cancer
treatment via a synthetic polymer—are both based on surgical implants.”? Im-
plantable devices are often necessary for treating diseases in deep tissues where
biological barriers hinder drug permeability.”> Subcutaneous injection of poly-
meric hydrogels offers a less invasive alternative while maintaining controlled
drug diffusion, but it also presents the challenge of increased formulation vis-
cosity at the injection site. Supramolecular gels offer several advantages for
drug delivery, which have been extensively reviewed and updated in recent
studies.*® 949 With their self-healing and shear-thinning properties, can be
administered in either gel or sol states, reducing the discomfort typically as-
sociated with injecting highly viscous formulations. Their stimuli-responsive
behavior can be leveraged to optimize drug release, as seen in pH-sensitive

systems where the acidic microenvironment of tumor sites triggers targeted
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release.’®’  Additionally, the biodegradability of these gels is complemented
by the biocompatible nature of their LMWGs, which are often composed of

94,101 Thig feature ensures better clearance

peptides or amino acid derivatives.
of the gel scaffold after fulfilling its therapeutic role. A recent and promising
innovation in supramolecular gel systems is the development of self-delivery
systems, where the requirement for an external vehicle is bypassed. In this
approach, a drug molecule itself is converted into a LMWG, often through
enzyme-cleavable functionalities that trigger gelation.!?1% This strategy im-
proves bioavailability of poorly soluble hydrophobic drugs while enabling high

drug loading and customizable designs tailored to specific disease states.
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1.3 Diffusion in gels

(Note: This section is partially adapted from a tutorial review titled Compre-
hensive multiscale analysis for diffusion in gels, of which I am co-author. The

review will be soon submitted to Chemical Society Review)

1.3.1 Drug release mechanisms

The control over the dynamics of encapsulated drug in hydrogel is often re-
garded has highly dependent on the network density. Acting as a sieve, the
gel matrix restricts particle movement by increasing their free path, leading to
a sustained release profile. A key parameter for characterizing this process is
the mesh size (), defined as the average free space between the entangled gel
fibers.1% Although accurately determining mesh size is challenging due to its
variability (spanning up to two orders of magnitude within the sub-micrometer
range) this parameter enables a classification of release mechanisms when com-
pared to the radius of the drug molecules (rqyug). As reported in Fig.1.4, three

main scenarios can be identified:

® T4 < &: this is the case of many small molecule drugs, that are almost

free to diffuse through the matrix resulting on fast release;

® Tge ~ & for drugs with sizes comparable with the mesh size the release
mechanism is hindered by the steric obstacle of gel fibres resulting in a

slower release;

® Iy > & in this extreme case drug compounds can be permanently
trapped in the network and their release has to be mediated by other
mechanism than simple diffusion like hydrogel swelling, deformation or

gel erosion (bulk or surface)

Regardless of the release mechanism, achieving a truly prolonged drug release
remains challenging. Diffusion-controlled systems often exhibit the least sus-
tained profiles, with drug half-life (i.e. the time needed for 50% of the drug

33



Chapter 1 1.3. Diffusion in gels

to be released) typically extending to about one day. In contrast, systems
relying on drug release via matrix degradation can achieve significantly longer

105 Ty further slow

half-lives, often lasting up to approximately two weeks.
drug release, introducing diffusion barriers to impede molecular transport has
emerged alongside other strategies, including promoting covalent drug-polymer
interactions, leveraging electrostatic and hydrophobic interactions, and induc-
ing stimuli-responsive swelling to modulate mesh size. These approaches aim
to enhance control over release profiles and adapt them to specific therapeutic
requirements.'%® However, this schematic model may oversimplify a process

like diffusion that, even in the pure solution, shows a complex multi-scale na-
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Figure 1.4: Drug release mechanisms based on the ratio &/rqy,e. Reprinted
with permission from Ref.!% Copyright 2016, Macmillan Publishers Limited.
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ture. In the context of gels, many factors influencing diffusion at the molecular
level are often overlooked in studies that focus solely on parameters like release
half-life or drug release amounts. It is unclear from the schematic model at
what point a drug molecule transitions from fast diffusion to slow diffusion, or
whether this transition is solely dependent on the drug molecular size. There-
fore, understanding the fundamentals of the diffusion process is essential to
explain why diffusion-based mechanisms may be too slow or too fast in certain
systems, as it ultimately determines drug bioavailability. This understand-
ing serves as a crucial first step toward improving the design of materials for

enhanced performance and controlled release.

1.3.2 Fundamentals of diffusion

Fick’s law

The theoretical framework for diffusion was first established by Fick (1855)
who observed that mass transfer arises from the collective movement of ran-
domly dispersing particles, flowing from regions of higher concentration to
those of lower concentration.'®” 1% This fundamental concept translates into

the first Fick’s law that relates the concentration profile C' to the mass flux J

(the rate at which particles diffuse through a unit area per unit time):'%
- oC
J=—-D— 1.1
e (1.1)

Here 0C'/Oz is the concentration gradient along the direction z, perpendicu-
lar to the area under consideration, with the negative sign representing that
the flux occurs from regions of higher to lower concentration in a steady-state
regime. The parameter D, known as the diffusion coefficient, has dimension of
(length)?x (time) ™', and it quantifies the spread of a substance over a surface.
The temporal evolution of the concentration profile is described by Fick’s sec-

ond law, derived from eq.1.1 by imposing the principle of mass conservation:%?

oC(a,t) _ 0°Cla,1)

ot 0x? (1.2)
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Hence, the diffusive process can be mathematically described as the tendency
of the system to return to an equilibrium state characterized by a uniform
concentration of particles, which represents the state of maximum entropy
and a thermal equilibrium.'% ' Tt is important to note that this description
applies to substances diffusing in isotropic media, such as pure solutions.!? 113
Under these conditions, D can be treated as a scalar quantity, assuming its
invariance across all points and directions. This ideal case fails to accurately
describe more heterogeneous structures, such as polymer solution or gels. In
such systems, D may depend on the concentration of the diffusing substance
C' as well as the time scale, resulting in a diffusion coefficient that varies
across space and time, expressed as D(Z,t). In anisotropic cases, the flow of
the substance at any given point is not necessarily oriented perpendicular to
the area it crosses. Instead, the direction of flow changes continuously. This
behavior is addressed by modifying Eq. 1.1, where the diffusion coefficient is

represented as a tensor, accounting for variations in directionality

oC oC oC

—Jy = Dna + D128—y + D13§7
oC oC oC

_Jy = D21%+D228_y+D23E’ (13)
oC oC oC

—J. = D31% + D328_y + D33§-

This means that in anisotropic systems, where preferential directions exist, the
flux along one direction is influenced not only by the concentration gradient in
that direction but also by gradients in the other two directions. For instance,
the term D32,0C/0y represents the contribution to the flux in the z-direction
(J,) arising from the concentration gradient in the y-direction. Representing
the diffusion coefficient as a tensor has been crucial in mapping the anisotropy

114

in white brain environment (cellular membranes, axonal packing)''* or to sim-

ulate the diffusion of non-spherical nanoparticles in fluids.!'?
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Stokes-Einstein equation

Usually related to transport phenomena on systems out of equilibrium (as a
heterogeneous molecule distribution), the concept of a diffusion coefficient oc-
curs even at equilibrium when the net movement is zero, but particles keep
moving in no preferential direction. Historically, different approaches were
adopted to describe the random movement of particles, i.e. Brownian motion.
Despite the diversity in complexity, these approaches converge to a common
description based on macroscopic parameters like temperature, particle size,
and liquid viscosity. Brownian motion, driven by random thermal fluctua-
tions, is best described by the mean square displacement (MSD), i.e. using
the average spread of a particle over time rather than individual particle tra-
jectories. Following the random walker formalism, with particle assumed to
move randomly and independently with successive steps of equal length, the
MSD is given by

(AT?) = 2nDt (1.4)

where n is the dimensionality, ¢ is the time and D is the diffusion coefficient
represented by the slope of the linear growth. Although this method describes
the MSD as driven by the solvent molecules it fails to model their opposition

6 This feature was included by the Langevin’s

to motion due to friction.!
approach who assumed that the particle dynamic is the net result of viscous
drag forces and an average fluctuating force due to random impact (“kicks”)
of the solvent molecule.!'” The idea of encoding all the random kicks of the
solvent molecules in an average “noise”, i.e. reducing the number of degrees of
freedom, converges in the following modification of the deterministic Newton’s

law:
d*r dT

mE T T

+ (F(t)) (1.5)

—

where m is the mass of the colloidal particle, v is the friction and (F(¢)) is the

average fluctuating force. By solving this equation one gets to the MSD now
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accounting for the effect of the surrounding medium:

kgT
(AP(1)) = 2B~ [t + le—%ﬂ (1.6)
v m
This expression suggests that two main contributions influence Brownian mo-
tion, at two different time scales. For very short times t < «v/m, the exponen-
tial term can be expanded leading to
kgT

A%y = ——+¢* 1.7

(AF) =2 (17)
meaning that in this shortest time regime the Brownian particle falls in the
ballistic regime where inertia dominates over the friction and random thermal
forces. At a longer observation time ¢ > v/m a simple diffusive regime for the
particle is observed and the MSD becomes linear with t:

kgT
(AZ?) = 2-5~¢ (1.8)
g

This finding for MSD suggests that, even assuming homogeneous medium,
the diffusive behaviour is strongly affected by the observation time, leading
to a short- and long-range diffusion following two distinct trends (Fig.1.5a-b).
Combining Eq.1.4 and Eq.1.7 yields a significant relation defining the diffusion
coefficient:

This result is an expression of the fluctuation-dissipation theorem,'® which
relates fluctuations of particle position at equilibrium, expressed through the
thermal energy of fluid molecules, to the dissipation that returns the system
to thermal equilibrium due to friction. Using the Stokes’ law v = 67 R for a
spherical particle of radius R moving in a homogeneous material with dynamic
viscosity n gets to the Stokes-Einstein relation which gives an expression for

the self-diffusion coefficient or the synonymous tracer diffusion D:

_ kgT
~ 6mR

(1.10)
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MSD
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Figure 1.5: Schematic of the ensemble-averaged mean-squared displacement
(MSD, (z?%)) as a function of time for a Brownian particle. Both axes are
linear. The scaling exponent « is defined by the relation MSD~ t* where «a
characterizes the diffusive regime. (a) At short times, the Brownian particle
is in the ballistic regime (o = 2), as described by Eq.1.7. (b) At intermediate
times, it transitions into normal diffusion (@ = 1) according to Eq.1.8. (c)
At longer times, interactions with other particles or confinement effects can
alter the motion, leading to anomalous diffusion: subdiffusion (o < 1) or
superdiffusion (a > 1).

This relation relies on several approximations since it describes a free diffusion
of a spherical particle without spatial restriction. No external or intermolec-
ular interactions are considered by assuming a dilute system where the only
forces are thermal motion and friction of a fluid with a constant viscosity
(Newtonian fluid). In polymer solutions or gels, where viscosity depends on
shear rate (non-Newtonian fluid), Eq.1.10 often explicitly accounts for the
shear-frequency dependence of viscosity within the framework of generalized
Stokes-Einstein equations.'!% 120 Strictly speaking as soon as a second par-
ticle is introduced in the system intermolecular interaction should be taken
into account.'?! Their effect is two-fold: through a long range influence on

the solvent flow field (hydrodynamic interactions) and through direct inter-
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actions due to their surface charge or excluded volume. One way to describe

how all these contributions are encompassed in the diffusion equation is to use

122 and Einstein'?® who followed a probabilistic

the formalism of Smoluchowski
approach instead of following the single particle trajectory as in Langevin’s
work. The Smoluchowski equation describes the time evolution of the condi-
tional probability density function P(rg,to|7,t) which gives the probability to
find a particle at position 7~ and time ¢ if it was at position 7 at time ¢ in the

—

presence of an external intermolecular potential V(1)

o D1 . V() P tlF )
9p _pZlZp
gL o to[8) = Do | 5P (o, ol ) + =5 knT

(1.11)

Considering a diluted system, with a low particle concentration and a small
particle size/mean free path ratio, this second term on the right hand side can
be neglected and the Smoluchowski equation converges to Fick’s law (while it
becomes relevant for strongly interacting solutes or at high concentrations).
The solution of this equation allows one to link the self diffusion of a Brownian
particle to the concentration-driven Fickian diffusion. With the condition that
at time t = ¢, the diffusing particle is at 7o, P(rg,t|7o,t) = 0(7—79), the time

evolution of the probability function reads as:

P(rﬁ,to\ﬁ),to)ex ( r? )

P{o, tol 1) = (dnDi)? T 1Dt

(1.12)
In a uniform solution or suspension, Brownian motion does not cause any net
change in the concentration with time in any part of the solution. But if the
particle distribution is not uniform, then Brownian motion tends to equalize
it (Fig.1.6). As such the diffusion coefficient in Fick’s law can be interpreted

as the average value of an ensemble of Brownian particles.

Self, collective and mutual diffusion

Another way to interpret the concept of probability density function is through
the formalism proposed by Van Hove which relates particle displacements to

measurable correlation functions depending on a point of observation in space 7
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Figure 1.6: Spatial and time dependence of the probability density function
P(x,t|z,t) of a Brownian particle.

and time ¢, for many-particle systems consisting of N particles.!?¢: 127 Here the
key quantity is the dynamic correlation function G(7,t) which can be expressed

by the combination of a self-term (Eq.1.13) and a pair-term (Eq.1.14)

Giat (7 1) (7 — |R;(t (1.13)

= |
uPﬂz
=

Gpain (7, 1) = % Y (6 =B (t) = Ri0)]) (1.14)

therein the j particle position at time t, R}(t), is related to the position of
the same j* particle at time ¢ = 0, ﬁj(O), in the case of the self-term and to
the position of a different particle, B;(0) (i" = j*), in the case of the pair-
term (with the angular brackets representing the ensemble average, Fig.1.7a,b).
The observed Van Hove functions show that atomic correlations have a role
in diffusion processes even without considering mixing due to concentration

gradients. Therefore the diffusion coefficient at equilibrium is not only a single
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particle process but it is sensitive on how surrounding particles are distributed
and on the kind of interaction that occurs (hydrogen bonds, Van der Waals
forces etc.). Depending on the type of correlation function measured, dif-
ferent types of diffusion can be identified: self-diffusion is derived from the
self-term of the Van Hove correlation function, reflecting the motion of in-
dividual particles, while collective diffusion comes from the pair-term, which
captures particle interactions and how they influence each other’s trajectories.
Since the term collective diffusion might conflict with the typically used mu-
tual diffusion for reasons of clarity, we herein refer to mutual diffusion when

describing macroscopic and concentration-driven diffusion for mixing species

(a)

Figure 1.7: Differences between self, collective and mutual diffusion. The self-
term (a) of the Van Hove correlation function describes the position correlation
of a particle with itself at two time points (self-diffusion) while the pair-term
(b) correlates the position of a particle at time t with that of another particle
at a different time (collective diffusion). Adapted from Ref.,'?* Copyright (C)
2019, Cambridge University Press. Schematic presentation of the difference
between self-diffusion (¢) and mutual diffusion (d). For self-diffusion Dy, the
uniform background indicates system equilibrium. For mutual diffusion D,,,
the gradient colour of the background reflects a concentration gradient in the
sample. Adapted from Ref.!?
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109,128 keeping the term “collective” diffusion for

in systems out of equilibrium,
the description of molecular density fluctuations at equilibrium (i.e. not driven
by concentration gradients) derived from the Van Hove correlation functions
(Eq.1.14). These three terms are linked depending on the observational time
and length scale.'?5 1297131 At distances comparable to the particle size, the
influence of surrounding particles at equilibrium is negligible, and collective
diffusion approaches self-diffusion. In contrast, at larger distances where so-
lute concentration gradients become significant, collective diffusion transitions
toward mutual diffusion. As these gradients evolve over longer time and length
scales, macroscopic or bulk diffusion is characterized by the mutual diffusion

coefficient (D,,).1%?

Anomalous diffusion

Brownian diffusion is described with a linear time dependence of the mean
square displacement and it is based on the assumption of a Gaussian probabil-
ity distribution of the displacements. According to the central limit theorem
for a sufficiently long elapsed time every random distribution of following steps

133, 134 However, for many physical

ultimately tends to a Gaussian behaviour.
environments like polymer solutions, biological cells or porous media, subse-
quent steps might present a non-zero correlation meaning that the systems
keep “memory” of the previous state. This memory between following steps
lead to a deviation from the normally distributed displacements and hence
deviation from a simple diffusion. From a mathematical point of view this
anomalous diffusion is encoded in the generalized Langevin equation,!33 136
with the formalism of fractional derivatives, leading to a power law depen-

dence of the mean square displacement introduced in Eq.1.4:!33 137

(Ar?) = 6D(t)t" (1.15)

where D(t) is the diffusion coefficient, ¢ is the lag time, and « is a parameter
accounting for the degree of deviation from Brownian diffusion. Fig.1.5¢ shows

three types of diffusion that can be identified: normal or Brownian (a = 1),
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sub-diffusion (o < 1), and super-diffusion (o > 1). In general, any deviation
from normal Brownian motion is considered anomalous diffusion, where MSD
is not linearly correlated to time.!*® Anomalous diffusion can be caused by

141

molecular crowding,!3% 140 the restriction of diffusion,'*! or internal mobility

of polymer chains.'4?

As already observed, anomalous diffusion can occur in some complex sys-
tems with anisotropic confinement, such as brain tissue,'*® where diffusion
may be sub-diffusive in one dimension but normal in others, and in carbon
nanotubes,'** where molecules diffuse along the tube’s axis but are restricted
orthogonally. In the formalism of a diluted colloidal suspension used to obtain
the Stokes-FEinstein law, it has already been shown that the MSD is composed
by a short term behaviour which increases with t? and a linear behaviour at
longer elapsed time (Eq.1.6). If, as it is in many real cases, the suspension
is not infinitely diluted there will be a characteristic time when the particle-

45 When particles come close, their

particle interaction becomes effective.!
movement slows down due to the caging effect of nearby particles, resulting
in sub-diffusion. An example of this heterogeneous MSD profile is given for
proteins in solution where a short time regime mediated by hydrodynamic in-
teractions couples with direct interactions after a specific lag time, and hence
directly relates to macromolecular crowding. The lag time for the case of a
protein of radius 2.5 nm in water near ambient temperature can be on the
order of 100 ns. On a longer observation timescale this effect is averaged out
and diffusion becomes simple diffusion in the long-time limit.!4> It is intuitive
to associate sub-diffusion with molecular motion hindered by physical obsta-
cles, such as crowding or confinement.'4® However, super-diffusion has been
reported, for instance, in the case of ibuprofen migrating through a polymeric
gel, where interactions with anionic fibers enhance mobility;'*” in this context,
the diffusion is marked by a non-uniform distribution of step sizes, influenced
by cycles of temporary binding and release due to transient hydrogen bonds
between the drug and the gel network.

Therefore to observe hints of anomalous diffusion, it is crucial to match the

timescale when the physical origin of the deviation from a simple Brown-
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ian motion becomes effective, and hence selecting the experimental technique
to probe diffusion accordingly is essential. As it is shown Fig.1.5a, ballistic
diffusion (“free flight”) is present in the very first step of diffusion prior to
collisions of the diffusing particle with surrounding solvent molecules, where
the hypothesis of a decoupled timescale between fast solvent and slow solute
does not hold.'*®

Although non-Gaussian probability distribution is a widespread issue, a gen-
eral interpretation of its origin is still pursued starting from a quantitative
assessment of the self part of the Van Hove distribution G4(7,t) for different
elapsed times. For non-Gaussian distribution G4(7,t) a central portion of the
curve can be well approximated with a symmetrical bell shape curve with its
own width, and deviations are observed in the tail of the distribution. Wang

1.149 modeled this deviation with a single exponential decay in the case of

et a
lipid vesicles diffusing in a solution of aligned F-actin filaments. By decoupling
the average diffusivity into a Gaussian and non-Gaussian diffusion coefficient,
they have shown that the main differences in the liposome diffusivity, per-
pendicular and parallel to the filaments, arises from the contribution of the
tails of the distribution. Their hypothesis is that the non-Gaussianity is due
to the coupling between liposome and filaments diffusivity within a compa-
rable time scale. Foreman et al. analysed the tail of the distribution with a
term ap coming from a series expansion of G4(7,t) which is a hallmark of non-
Gaussianity for g > 0 (where ay = 0 stands for Gaussian behaviour). It has
been shown that larger deviation from Gaussian dynamics of probe particles
in an unentangled polymer solution is more pronounced in case of larger par-
ticles.'®® These two examples suggest how different physical reasons underpin

the non-Gaussian behaviour of complex systems.

Factors affecting diffusion in gels

The diffusion of solutes within gels differs significantly from the behavior of
free colloidal particles in a continuous fluid of known viscosity. This dif-
ference arises primarily from the sample-spanning network that defines the

151

gel’s structure and imparts its viscoelastic properties. This network im-
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poses a combination of constraints on solute dynamics, that can be broadly
classified into steric and non-steric interactions. Steric interactions result
from the spatial restrictions imposed by direct confinement the gel network
(Fig.1.8a).15271%% These constraints limit the solute’s free path, with the de-
gree of restriction determined by the relative size of the solute and the gel’s
mesh size (Fig.1.4).195 1557157 The heterogeneity of gels, determined by a dis-

158,159 create regions with differing degrees

tribution of pore and fibre sizes,
of confinement: solutes near the fibres experience greater confinement, while
others in the inner regions of the pores exhibit a more bulk-like behavior.
Non-steric interactions encompass all indirect effects on solute diffusion aris-
ing from the gel’s surface chemistry. These effects can be significant, as the
total fibre surface of a bulk gel composed of nanostructures is exceptionally

161, 162

large (Fig.1.8b-d).'®® Key contributions include hydrophobic and elec-

1637165 a5 well as hydrodynamic effects due to variations

trostatic interactions,
in solvent viscosity induced by fiber chemistry.'%® Importantly, the temporal
scale at which solute diffusion is analyzed regulates the interplay between steric
and non-steric factors. Adapting concepts from colloidal physics,'*® two diffu-
sion regimes can be distinguished. In the short-time regime, solutes move over
distances comparable to their size. Here, hydrodynamic interactions dominate
over steric hindrance plays a minor role because boundaries too far. Short-time
diffusion can thus be approximated as free movement in a locally homogeneous
medium, with hydrodynamic interaction altering the effective solvent viscosity.
Conversely, in the long-time domain, solutes travel longer distances and more
likely approaching the physical boundaries that extend their diffusion paths
and slow their overall mobility.'%” In this regime, hydrodynamic interactions
provide a subtle background influence that is often masked by the stronger
effects of fiber confinement. Nevertheless, these interactions remain important
and can influence the overall dynamics. For instance, a study combining exper-
iments and simulations in a polymeric gel showed that including hydrodynamic
interactions in the simulation model improved its alignment with experimental

data, emphasizing the relevance of these interactions despite confinement.®®
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1.3.3 Empirical models for diffusion in gels

Building on the theoretical framework of diffusion, empirical models provide
a practical approach to describe and predict diffusion in complex systems
like gels. Mathematical solutions to Equation 1.2 are typically derived under
assumptions of infinite media or specific boundary conditions defined by sim-
plified geometries such as plane sheets, cylinders, or spheres.'% However, for

describing and predicting solute diffusion in real systems like gels, phenomeno-

(a)

Figure 1.8: Schematic representation showing (a) Steric hindrance encountered
by a spherical molecule as it diffuses over distances constrained by surround-
ing boundaries. (b)-(c) Surface area amplification at the nanoscale: a cubic
volume of 1 cm? subdivided into units of 1 nm? results in a total surface area
increase by a factor of 107. (d) For a macroscopic gel sample composed of en-
tangled nanofibers, this scaling provides an estimate of the extensive surface
area available for interaction with the liquid phase.
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ISIRS

Figure 1.9: (a) This schematic diagram illustrates the common trend of spher-
ical molecule’s diffusion within gel networks according to the three different
theories. The variable x in linear scale represents factors that hinder diffusion
in gels, such as the size of the diffusing molecule, the fibre density, and the
interaction with the gel matrix.(b) Free-volume theory describing the molecule
jumping between the free volume of neighbouring pores (c) obstruction theory
showing a rigid network hindering large molecule (d) hydrodynamic theory
showing increase drag to the solvent introduced by the presence of the poly-
mer.

logical corrections to the theoretical values are often employed. Empirical
models for gel diffusion coefficient D, generally consists in scaling reference
diffusion coefficients (Dy, such as for solutes in bulk water) with exponen-
tial decay functions (Fig.1.9a).%% 1697172 The exponential factors account for
the reduction in diffusion rates caused by the gel matrix and distinguish one
model from another. Conceptually, these factors can be grouped into three
classes of theories: free-volume, obstruction and hydrodynamic. Out of these,
the first two conceptualize the schematic regimes of fast and slow diffusion
depicted in Fig.1.4. The free-volume theory is mostly applied when the

solute size is smaller than the dimension of the pore in the gel network.'™ and
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it describes the diffusion of molecules as proceeding through jumps between
transient voids formed in the solvent space by the redistribution of the free vol-
ume within the liquid (Fig.1.9b).!™ The main factor hindering diffusion in the
model originally proposed by Yasuda et al.'”™ and then developed by Lustig

176, 177 i the probability of finding a hole free-volume adjacent to

D Vs b
D—i = Py - exp [—vaw (—1f¢p)] (1.16)

where Dy is the diffusion coefficient in the gel, Dy is the diffusion coefficient in

and Peppas

the molecule:

the bulk solvent, V; is the volume of the solute, V4, is the solvent free volume,
and ¢, is the polymer volume fraction in the gel. The probability of finding
an opening between the polymer chains, F,, modulated the overall diffusion
process.

The obstruction theory describes the gel network as a matrix of immobile,
impermeable fibers that restrict solute diffusion by acting as a sieve, where
the polymer chains increase the solute’s path length and thus slow diffusion
(Fig.1.9¢).1™ 189 Hence, the factor hindering diffusion here is primarily the
polymer chain, acting as a sieve, that increase the free path of the solute thus
resulting in a slower diffusion. Among the models derived from this theory,
the one proposed by Ogston has shown the best agreement with experimental
data.!™ 1 This model considers the polymer network as randomly oriented
straight fibers, where the diffusion of molecules depends on the ratio of their
size to the available space within the polymeric structure. This relationship is

described mathematically as:

D, re+ e’
-& _ — 1.1
Do exp < T {5 n QTJ ) (1.17)

where rg is the solute radius, r¢ is the hydrated radius of the gel fibres and

¢ is the mesh size. It has been recently shown that the agreement with the
experimental data can vary depending on the definition of the mesh size &,
either as the correlation length (the segment of the polymer chain between

entanglement points that remains unaffected by other chains) or as the mesh
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radius (defined as the end-to-end distance between cross-linking points within
the network).!™ The obstruction model has proven effective for describing the
diffusion of hard spheres that do not chemically interact with rigid polymer
fibers.'™ The hydrodynamic theory describes the increase of the frictional
drag (y = 6mnR) of the Stokes Einstein equation (Eq.1.10) due to the presence
of the fibres (Fig.1.9d).'™ 182 Cukier’s formulation'®® describes this increase
hindrance as a function of drug size, mesh size and a constant of proportionality

incorporating polymer-solvent interactions x:

D s
D: = exp (—m%) (1.18)

The most advanced approach in the development of empirical models for diffu-
sion in hydrogels consists in multiscale diffusion models (MSDM), that aim to
provide a comprehensive description by integrating different theoretical frame-
works and accounting for their dominance across various length scales. A no-
table contribution in this regard is the work of Axpe et al.,'®* which combines
free-volume (Eq. 1.16) and obstruction (Eq. 1.17) theories while minimizing

the reliance on empirical parameters:

Dg_ ) . Vs pr _ . B Ts + Tf 2
D_O_A exp{ . <—1_¢p>}+(1 A) exp( 7T|:§+2Tf:|) (1.19)

where A is a weighting factor that balances the contributions of the two mecha-

nisms by normalizing the total probability. This model was validated through
a meta-analysis of 66 different combinations of solute sizes (dextrans) and
hydrogel types, including PEG- and alginate-based systems, demonstrating
its potential to predict the transition between diffusion regimes for pharma-
ceutically relevant solute sizes. However, its applicability is limited by the
exclusion of critical drug-polymer interactions, such as hydrophobic, cation-r,
and electrostatic effects, which can further reduce diffusion by up to 25%.1%
Incorporating these interactions would compromise the model’s generality, as
it would necessitate a shift toward highly system-dependent frameworks, thus

reducing its broad applicability.!® In conclusion, despite their utility in in-
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cluding the factors influencing diffusion in hydrogels within a mathematical
formalism, these empirical models retain significant limitations that hinder
their predictive power. Moreover, the experimental techniques used to val-
idate these models vary widely, from macroscopic approaches like drug re-
lease across membranes and slabs to microscopic methods such as fluorescent
imaging or spectroscopy. These techniques probe different diffusion phenom-
ena, ranging from concentration-driven gradients to self-diffusion, and span
various timescales, often considering steric and non-steric effects indiscrimi-
nately. In addition to that, while these models were primarily designed for
the diffusion of hard spheres in polymeric and inert gels, their applicability to
supramolecular gels remains uncertain. The heterogeneous and flexible nature
of supramolecular gels, combined with limited control over polymerization de-
gree, poses additional challenges for adapting these models to such complex

systems. 156, 158

1.3.4 Experimental methods to probe diffusion

Bulk diffusion

The simplest setup to probe drug diffusion at long time scale consists of ex-
posing the drug-loaded gel (source) to a large receptor buffer (sink), allowing
the solute to diffuse via concentration gradient of Fick’s law (Fig.1.10a).186-188
Several physicochemical parameters influence the drug release at long time
scale; pH affects drug solubility and the solute’s interaction with the poly-
mer network via changes in electrostatic properties; temperature influences
the gel’s stability and swelling behavior; agitation speed can accelerate so-
lute migration or disrupt the hydrogel scaffold; not sufficiently large buffer
volume can affect the concentration gradient. Methods to probe drug con-
centration profiles over time in the buffer, range from simple and accessible
techniques to those requiring higher sensitivity and specificity. UV-Vis ab-
sorption spectroscopy is commonly used but has limitations in sensitivity at
low concentrations and lacks specificity for distinguishing multiple components

(see Chapter 2). To overcome these limitations, UV-Vis spectroscopy is often

51



Chapter 1 1.3. Diffusion in gels

combined with High-Performance Liquid Chromatography (HPLC), which sep-
arates species and enhances detection even at low concentrations.'® Given the
sensitivity of these experiments to external factors like pH, temperature, and
agitation, as well as the long acquisition times (hours to days), efforts have
been made to standardize experimental setups. In fact, the heterogeneity of
these setups directly impacts mathematical modeling of drug release kinetics,
which remains highly system-specific. This is evident in the commonly used

Korsmeyer-Peppas equation:'?

M,
M

— k- t" (1.20)

that describes the amount of drug released at a certain time M, over the total
mass released M, in terms of a kinetic constant k£ and a diffusivity exponent

n, a parameter describing the release mechanism. For n = 0.5, Eq.1.20 reduces

t[h]

Figure 1.10: (a) General sketch of drug release experiment, with a solute
entrapped in a gel layer flowing by concentration gradients to a buffer.
(b) Korsmeyer-Peppas equation profiles at different n values, ranging from
diffusion-controlled mechanisms (Higuchi equation, n = 0.5) to zero-order
kinetics (n = 1). Intermediate values reflect the transition from diffusion-
controlled release to gel erosion or swelling mechanisms
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Table 1.2: Comparison of relevant methods for probing solute diffusion in gels.

Method Time Scale Length Scale
UV-vis, HPLC  hours - days mm

FRAP S - min pm

FCS 1S - mS pm

SPT ms - S nm
(PFG)-NMR, ms - S pm - mm
QENS ps - ns A- nm

to the Higuchi equation, representing purely diffusion-driven release, typically

191 When n ranges between

applicable for small solutes relative to mesh size.
0.5 and 1 (constant amount of drug released over time, zero order kinetics)
(Fig.1.10b), the release mechanism transitions between diffusion control and
processes such as gel swelling or surface erosion, which are challenging to dis-
entangle. Despite improvements and standardization of experimental setups,
probing bulk diffusion at long timescales inherently fails to capture the com-
plexities at smaller scales. As discussed in the previous sections, the longer
the time scale measured, the more entangled steric and non-steric interactions
become, making it difficult to accurately describe self-diffusion and resulting

in a diffusion coefficient that combines various contributions.

Molecular level diffusion

Fluorescent labelling An intuitive method to visualize molecular diffusion
is to use the fluorescent properties of molecules or attach fluorescent labels
to them. Techniques based on this principle include Fluorescence Correlation
Spectroscopy (FCS), Fluorescence Recovery After Photobleaching (FRAP),
and Single-Particle Tracking (SPT).

FCS, for instance, is based on confocal fluorescence microscopy to monitor
fluctuations in fluorescence intensity caused by molecules diffusing through a
small observation volume.'®? In this technique, the fluorescence intensity at

a given time, [;(t), is compared to the intensity at a later time, I¢(t + 7).
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By analyzing the relationship between these two intensity measurements over
increasing lag times (7) yields the autocorrelation function, G(7), expressed

ag:193

[f(t)[f(t + 7')>
(I (1))?

At 7 = 0, the autocorrelation function reaches its maximum, G(t,0), which

Git,r) = (1.21)

is inversely proportional to the average number of molecules within the con-
focal volume. As 7 increases, the autocorrelation function decays, typically
following a single exponential process: G(t,7) ~ G(t,0) x exp(—t/mp), where
Tp represents the relaxation time. When diffusion is slow, I(¢) and I(t + 7)
remain similar in magnitude since molecules do not diffuse out of the focal
volume during short lag times. Therefore, longer correlation times correspond
to longer relaxation times, which indicate lower self-diffusion coefficients, as
Dy ~ L Formally, the autocorrelation function in Eq.1.21 is similar to that
used in other techniques to probe molecular diffusion such as Dynamic Light
Scattering (DLS) or X-ray Photon Correlation Spectroscopy (XPCS). How-
ever, FCS is particularly advantageous for studying diffusion in gels. Unlike
DLS, FCS is not affected by multiple scattering in opaque or turbid samples
being more selective to fluorescent probes,'?* and it avoids sample damage due
to intense radiation, as in XPCS.!% Moreover, FCS requires minimal sample
quantities, functioning effectively with highly dilute solutions at nanomolar
to micromolar concentrations. By focusing on a femtoliter-scale observation
volume, FCS enables precise analysis of molecular motion and interactions

196 over timescales ranging from mi-

within complex biological environments,
croseconds to milliseconds.'? At this scale, steric confinement within a fiber
network plays a critical role in diffusion, as demonstrated by Fatin-Rouge et
al., who used FCS to study rhodamine 6G-labeled nanoparticles in agarose

97 Their findings highlight FCS’s ability to measure diffusion regimes

gels.
governed by the solute-to-mesh size ratio, enabling the detection of anomalous
diffusion of larger molecules.

FRAP offers an alternative approach for determining the diffusion and tran-

sient binding of a fluorescent probe molecule in biological tissues or soft materi-
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als.1®® In a typical FRAP experiment, a high-intensity laser beam irreversibly
photobleaches fluorophores in a defined region of the sample, reducing fluo-
rescence intensity in that area.!®® Recovery occurs as unbleached fluorescent
molecules diffuse into, and bleached molecules exit, the region. The recovery
rate, tracked via fluorescence intensity over time, reveals diffusion rates and
binding interactions.?® FRAP typically measures diffusion at micrometer and
second scales, much longer than FCS, thus including the study of solute-fibre
interaction, as well as direct confinement effects within gel networks. Among
the parameters extracted from the fit of experimental data, the bound vs. free
fraction, residence time at binding sites, and immobile fraction offer unique
insights into the dynamics within gel networks.?°! For instance, Cinar et al.
used FRAP to investigate the mobility of doxorubicin, a fluorescent anticancer
drug, in a peptide amphiphile supramolecular gel.2? They found that drug
mobility was influenced by gelator concentration, with up to 50% of the drug
becoming immobilized at higher concentrations.(Further details on the math-
ematical and computational interpretation of FRAP data are available in the
review by Lorén et al.1% Both FCS and FRAP have inherent limitations. The
use of fluorescent labels can alter the mobility of molecules by changing their
size and shape, which may affect the accuracy of diffusion measurements. In
addition, both techniques are susceptible to light-induced damage: FCS can
cause photo-damage to the solute or diffusion medium, particularly at high
laser powers, while FRAP’s photobleaching process can also affect the sam-
ple, especially in biological contexts. Furthermore, when both diffusion and
binding occur simultaneously, the standard models for both methods may not
accurately describe the recovery or correlation data, requiring more complex
fitting models to obtain reliable results.!?8

SPT is a fluorescence microscopy method that adopts a different approach
compared to FCS or FRAP. Instead of analyzing average intensity fluctua-
tions within a small volume, SPT uses high-sensitivity cameras to detect and
localize single emitters in real time, directly tracking individual molecules or
particles, visualizing their trajectories (a process analogous to molecular dy-

namics simulations,'™ but achieved through experimental observation).?%® By
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repeatedly imaging the same molecule across consecutive frames, SPT recon-
structs its path through space while simultaneously quantifying parameters
like diffusion coefficients, confinement zones, or directional motion. As with
other labeling methods, the relative size of the labels compared to the parent
molecules can introduce artifacts in describing the parent dynamics. Achiev-
ing sustained intensity over time (up to several minutes) with optimal spatial
accuracy (1-50 nm) depends on photon acquisition, which is influenced by the
fluorescence quality of the tag and the microscope resolution. Smaller tags,
such as organic dyes (1-2 nm) or quantum dots (5-8 nm), minimize perturba-
tion to system mobility when attached to lipids, proteins, or DNA. In contrast,
larger emitters like gold nanoparticles (> 40 nm) provide brighter and more
photostable signals over extended periods. SPT is uniquely suited to directly
quantify anomalous transport by mapping heterogeneous environments, such
as crowded media, membranes, and gel networks.?? 20> Burla et al. used SPT
to investigate tracer diffusion in hyaluronan hydrogel networks, showing how
crosslinking affects nutrient and growth factor transport.?® They described
sub-diffusion as resulting from enhanced viscous drag in loosely crosslinked
networks and from steric hindrance in more rigid, less transient fibers. SPT
also contributes to understanding ergodicity-breaking systems. The ergodic
hypothesis assumes equivalence between time-averaged and ensemble-averaged
measurements. By comparing single-particle trajectories averaged over time
with ensemble techniques, SPT can reveal deviations from ergodicity.'? 207
This is particularly relevant in systems like gels, where anisotropic phase space
and heterogeneous dynamics can cause underestimation of global properties,
such as diffusion coefficients or mean square displacement, when inferred from

local single-particle analyses.

Nuclear Magnetic resonance (NMR) NMR offers a suite of techniques
capable of probing molecular dynamics in gels across a broad spectrum of
timescales, ranging from rapid solvent diffusion to slower interactions with gel
fibers and network relaxation.?’® NMR operates on the principle that cer-

tain atomic nuclei possess intrinsic nuclear spin, which allows them to behave
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like magnets when placed in a strong external magnetic field.?%” In this field,
the nuclei align either with the field (lower energy state) or against it (higher
energy state), creating two distinct energy levels. The application of radiofre-
quency pulses induces transitions between these energy levels, and upon its
removal, the excited nuclei relax back to their ground state, emitting energy
that can be analyzed as a measurable signal and converted into the character-
istic NMR spectrum. The relaxation process, that can be studied in a non-
invasive and non-destructive way, is significantly influenced by the chemical
environment. Specifically NMR relaxometry can measure: a) the spin-lattice
relaxation time 77 which reflects the energy transfer from nuclear spins to
their surrounding environment (the ”lattice”) and is sensitive to slow molecu-
lar motions (ms-s); b) the spin-spin relaxation time 75 which reflects the loss
in magnetization due to the interactions with the nearby excited nuclei result-
ing in a faster molecular motions ranging from us to ms. Jadwiga Tritt-Goc’s
group has extensively employed NMR relaxometry to study solvent-gelator
interactions, uncovering how gel structure significantly influence solvent mo-
bility.166: 210-212° NMR can be used to evaluate the ability of fiber surfaces
to bind solvent molecules at the interface?'® or to promote interactions with
guest molecules.?!* In this context, saturation transfer difference NMR (STD-
NMR) has been utilized to probe the surface chemistry of gel fibers, revealing
characteristics such as surface charge and ion-binding properties, which are
influenced by preparation methods and gel composition.?*> In another study,
Segarra-Maset et al. used STD-NMR to identify an affinity between dopamine
and an hydrogel surface,?' highlighting how solute-fiber interactions can be
highly specific and selective.

Building on the basics of the method, Pulsed Field Gradient NMR (PFG-
NMR) extend the NMR capabilities for quantitatively measuring molecular
self-diffusion.?!" 2! In a standard PFG-NMR experiment, two magnetic field
gradient pulses are applied alongside 90° and 180° radiofrequency pulses. The
first gradient pulse alters the alignment of nuclear spins, effectively encoding
their positions, while the second gradient pulse aims to reverse this process and

restore the original magnetization. However, because diffusion occurs between

57



Chapter 1 1.3. Diffusion in gels

these two pulses, not all magnetization can be perfectly refocused, leading to
a reduction in signal intensity. This loss of signal is measured as a function of
the strength of the magnetic field gradient and is used to calculate the diffu-
sion coefficient. The relationship between signal attenuation and diffusion can

be expressed by the Stejskal-Tanner equation:?'®

I = Ig—o - exp [—(75G)2 (A — g) . D] (1.22)
where I is the signal intensity at a specific gradient strength, Ig—q is the sig-
nal intensity when no gradient is applied, « is the gyromagnetic ratio, J is the
duration of magnetic field-gradient pulse, GG is the magnetic field gradient, and
A is the diffusion time and D is the self-diffusion coefficient. The length scale
probed depend on the gradient G strength and duration while the time scale
is given by the interval between two pulses A leading to values from pm to

219 making this method ideal for investigating molecular-level

mm and ms-s.
solute dynamics in polymeric hydrogels.??® This method has been employed
to determine the diffusion coefficients of large molecules, such as insulin and
lysozyme, in dextran hydrogel finding an agreement with drug release pro-
files.??! However, although this technique provides a microscopic validation
to drug release studies by probing a wide spatial and temporal range, it can-
not unambiguously separate the contributions of steric and non-steric effect to

solute diffusion withing the gel scaffold.
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Quasi-Elastic Neutron Scattering (QENS)

In this thesis, QENS will be a central method for studying the diffusion of drug
molecules within supramolecular gels. A more detailed discussion of the the-
oretical principles, experimental setup, and specific data analysis approaches

will be presented in Chapter 3.

Quasi-elastic neutron scattering (QENS) is an experimental technique widely
employed to study atomic fluctuations, molecular reorientations, and collec-
tive and self-dynamics by analyzing small energy and momentum transfers in
neutrons after their interaction with atomic nuclei.??? 223 QENS operates on
the picosecond (107'% s) to nanosecond (107Y s) timescale and probes spatial
lengths ranging from 1 to 500 A, depending on the specific instrument con-
figuration. This makes it uniquely suited to exploring diffusion regimes that
are largely inaccessible to other experimental methods. Indeed, QENS enables
direct experimental validation of phenomena that are otherwise only accessible
through molecular dynamics simulations.??* 2% Due to the specificity of neu-
tron interaction with matter, QENS is particularly sensitive to light elements
but it can have drastic differences among distinct isotopes, as it is the case
of the high sensitivity of hydrogen (*H) with respect to deuterium (*H). This
allows for the measurement of diffusion in a wide range of systems, from soft
matter to condensed matter, without the need for tracers or labels that could
alter the system’s intrinsic properties.??® Furthermore, unlike other scattering
probes such as X-rays, neutrons do not cause radiation damage, making them
ideal for studying biological systems in their native state. For instance, QENS
has been successfully employed to investigate the dynamic behavior of lipid
membranes interacting with the SARS-CoV-2 peptide, providing valuable in-
sights into the mechanism of membrane fusion, a key process for viral entry
and infection.??% Similarly, QENS has proven effective in examining crowding
effects in solutions of monoclonal antibodies, revealing how the macromolecu-
lar environment alters protein dynamics and interactions, an important factor

in the formulation and stability of biopharmaceuticals.??” In addition, the
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technique has been employed to explore the intracellular dynamics of water
in various human cancer cells compared to their healthy counterparts.??® In
the context of gels, QENS provides a unique perspective as it can probe the
dynamics of network,??% 239 or solvent?3!"233 It has been shown that by varying
the solvent’s isotopic composition, QENS can selectively probe the dynamics of
either water or polymer in poly(vinyl alcohol) (PVA) swollen hydrogels, allow-
ing for the study of matrix-solvent interactions.?? Although only a few studies
have focused on solute diffusion in gels,?** QENS holds significant potential for
investigating the Brownian motion of solutes, such as drug molecules, in these
media. However, the mesh size of typical gel networks is often two or more
orders of magnitude larger than the length scales probed by QENS, meaning

that confinement effects are less pronounced in gels compared to systems like

Figure 1.11: Neutron facilities.(a) Institut Max Von Laue-Paul Langevin
(Grenoble, France) where neutron are produced via nuclear fission in a reactor
and delivered as a continuous flux. Image taken from https://www.ill.eu/(b)
ISIS spallation neutron and muon source at Harwell (Oxford, United Kingdom)
where neutrons are emitted in pulses from an excited heavy nucleus bombarded
by accelerated protons. Image taken from https://www.isis.stfc.ac.uk/
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224,236 1 endofullerene

carbon nanotubes,?*> porous materials such as zeolites,
cages that trap single atoms,?3” where confinement occurs at the atomic scale.
Although gels provide lower degree of confinement than the physical systems
above mentioned on the timescales accessible by QENS, this technique is a
powerful tool for investigating the influence of fiber surfaces on solute dynam-
ics. This is particularly evident in a series of studies where QENS was used
to investigate the picosecond self-diffusion of solvent and drugs on a bis-urea
supramolecular gel.?3% 23 These studies revealed that the self-diffusion of a
water-ethanol mixture is faster in the gel than in the respective pure solu-
tion, with the effect being more pronounced in less concentrated gels. This
increase in diffusion was attributed to a reduction in local viscosity caused
by the breaking of hydrogen bonds near the hydrophobic surface of the gel
fibers.23® Conversely, the same system examined by PFG-NMR shows the op-
posite trend, with slower diffusion in the gel, underscoring the importance of
the probed time scale in minimizing the influence of steric confinement. More-
over, even the self-diffusion of non-steroidal anti-inflammatory drugs, such as
paracetamol and ibuprofen sodium, was found to be faster in the gel than in
pure solution.?** These findings demonstrate that QENS can effectively probe
hydrodynamic interactions and surface effects on small diffusing molecules,
even when direct fiber confinement is negligible due to the relatively small
displacement scale compared to the mesh size. As will be elaborated in the
following chapters, QENS also comes with its limitations. Pre-experiment, ac-
cess to neutron facilities (Fig.1.11) can be competitive, with limited available
beamtime and the need for meticulous planning. Post-experiment, data inter-
pretation poses challenges, as the nanoscale phenomena observed are often in-
fluenced by overlapping random processes, making it difficult to assign specific

causes to small energy differences derived from ensemble-averaged data.?3% 240
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1.4 Hypothesis and aim

Gels, which exhibit intermediate properties between liquids and solids, have
emerged as promising vehicles for drug delivery in the pharmaceutical field,
particularly for achieving the sustained release of therapeutic agents. Among
these, supramolecular gels offer enhanced stimuli—responsiveness and greater
tunability compared to conventional macromolecular gels. Despite these promises,
drug release studies in supramolecular gels are often treated as if they involve
a mere solvent system with the network providing only steric hindrance to
diffusion. This representation has led to experimental approaches that pre-
dominantly utilize bulk techniques focused on diffusion driven by concentra-
tion gradients. In such methods non-steric factors like gel fiber chemistry,
solvent structural relaxation, and network dynamics are masked by the domi-
nant influence of steric confinement. Consequently, the theoretical frameworks
that arise from these studies are typically based on highly system-specific phe-
nomenological observations leading to empirical scaling of diffusion coefficient

obtained with Fick’s laws.

The project hypothesis is that a fundamental understanding of the princi-
ples governing diffusion at the microscopic scale is essential for developing a
predictive approach to interpret drug release at the macroscopic scale. This
hypothesis stems from the counterintuitive observation of faster drug diffusion
probed with QENS in a bis-urea-based supramolecular gel, driven by gel sur-
face chemistry and directly linked to the molecular structure and assembly of
LMWQ 234, 238

Building on these observations, this project aims to investigate drug diffusion
in supramolecular gels by strategically examining the extremes of the diffu-
sion timescale spectrum to decouple the factors influencing diffusion (Fig.1.12).
The primary focus is on microscopic phenomena, where non-steric effects are
likely to emerge. Quasi-elastic neutron scattering (QENS) will serve as the

fundamental technique, uniquely giving access to molecule-size displacements
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Chapter 1 1.4. Hypothesis and aim

Figure 1.12: Schematic overview of a spherical molecule’s diffusion within and
from the gel matrix at different timescales.(a) ps—ns: non-steric hydrodynamic
effect; (b) us—s: direct confinement due to fibre network; (c) hours: combined
impact of both effects at longer timescale.

without direct interference from direct fibre confinement, enabling the study
of ensemble-average Brownian motion within the gel’s pores. QENS data will
be complemented by UV-Vis studies conducted in a subcutaneous injection
site simulator (SCISSOR), an in vitro model designed to mimic subcutaneous
injection. This bottom-up approach seeks to establish a novel framework for
understanding drug diffusion in supramolecular gels, bridging the gap between
theoretical and practical applications in drug delivery. The project’s aims are

structured around three core objectives:

e Drug Size Across Scales: Investigate the diffusion of various drugs,
ranging from small molecules (Ibuprofen sodium) to biologics (Insulin
and Lysozyme), within a single peptide hydrogel (FmocFF gel). This
approach keeps the gel constant while varying solute size, to understand

how molecular weight and geometry influence diffusion at both short and

63



long timescales.

e Molecular-level Drug Diffusion in Tunable Hydrogels: Examine
the diffusion of a single drug (Doxorubicin) in a series of amphiphilic
octa-peptide hydrogels derived from modifications of the F8 sequence,

integrating existing UV-Vis studies with QENS measurements.

e Diffusion from the Solvent Perspective: Use the novel polarization
analysis option implemented on QENS spectrometer to examine solvent
(water-ethanol mixture) structural dynamics as influenced by the drug

(Paracetamol) and the gel network (bis-urea)

Specifically, the bis-urea gel was selected due to the availability of prior QENS
data under standard conditions;?3* the FmocFF gel enables extension of this
approach to a distinct gel class, while the F8-based peptide family allows
systematic investigation of surface modifications, leveraging its amphiphilic
nature to better disentangle hydrophobic and hydrophilic effects—and was
chosen over FmocFF due to existing diffusion data and its tunable sequence
design. Due to the complexity of the task, this study does not aim to directly
characterize the structural features of the gels, and therefore relies on the use of
well-characterized gels from the literature. Instead, it seeks to indirectly probe
the effects of specific molecular assemblies and surface chemistry through the

dynamics of probe solutes.

Note: throughout this thesis, the term microscopic is used in contrast to
macroscopic to describe molecular-level diffusion phenomena, rather than to
specify a precise spatial regime (e.g., um). While microscopic might conven-
tionally imply intermediate length scales (such as region (b) in Fig.1.12), in
this context it refers to short-timescale, local dynamics typically occurring
on the picosecond to nanosecond range, where hydrodynamic effects domi-
nate. To facilitate clarity, the terminology of short, intermediate, and long
timescales is used consistently to distinguish the relevant regimes in solute
diffusion through gels: short refers to picoseconds to nanoseconds, intermedi-

ate to the microsecond-to-second range where confinement effects emerge, and
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long to macroscopic timescales spanning minutes to hours, where multiple ef-
fects are coupled. These definitions are specific to the framework of this thesis

and aim to streamline discussion across different dynamical regimes.
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Chapter 2 2.1. Supramolecular gels

2.1 Supramolecular gels

2.1.1 FmocFF hydrogel

The N-fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-Phe-Phe-OH or FmocFF)
is a LMWG recognized for its ability to form stable gels at very low concen-
tration (0.22-2.14 wt%), both in aqueous or organic solvents. This gelation is
driven by non-covalent interactions triggered by pH changes.!™ Structurally,
FmocFF consists of two phenylalanine (FF) residues functionalized at the
N-terminus with a fluorenylmethoxycarbonyl (Fmoc) group, which promotes
self-assembly through 7-7 stacking of fluorenyl groups, hydrogen bonding be-
tween peptide backbones, and hydrophobic interactions among phenylalanine
side chains (Fig.2.1a). The model architecture, proposed by Smith et al.,! fea-
tures nanocylindrical fibers formed by anti-parallel S-sheets, where peptides
are interlocked via m — 7 stacking of the Fmoc moieties (Fig. 2.1b). FmocFF is
particularly responsive to pH changes.® At high pH (>10), where the molecule
is predominantly in its ionized state, self-assembly is largely inhibited. Self-
assembly begins when the pH decreases to the first pK, range (10.2-9.5).
Further pH reduction leads to fiber de-ionization and lateral packing into flat
ribbons, eventually forming a three-dimensional gel network comprising lig-
uid and solid phases (Fig. 2.1c-d). Thanks to its biocompatibility, high water
retention, pH responsiveness, and thixotropic behavior, FmocFF emerges as
a promising material for drug delivery.* ¢ Its pH sensitivity enables stimuli-
controlled release, as small pH changes can modulate gel stability and drug re-
lease rates.* Additionally, its thixotropic nature allows the gel to liquefy under
shear (e.g., during injection) and rapidly reform post-administration, enabling
minimally invasive delivery with controlled release profiles.” The FmocFF
self-assembly can be achieved via three main methods:* pH-switch," ® solvent-
switch? 19 and catalytic method.!* The method used to induce gelation signif-
icantly influences the assembly process and the resulting gel properties.!? In
this study, we utilize the pH-switch method. This method was chosen because

it relies on environmentally responsive pH changes rather than the addition of
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Figure 2.1: (a) Molecular structure of FmocFF LMWG;(b) Model of the
self-assembly process triggered by pH change, illustrating the m-stacking of
FmocFF, with fluorenyl group (orange) and phenyl group (purple) decorating
the nano-cylindrical fibril. Adapted with permission from Ref.! Copyright
2008 Wiley; (c¢) Cryo-SEM image showing the entangled fibrous network char-
acteristic of the gel structure. Adapted with permission from Ref.! Copyright
2008 Wiley (d) Bulk gel exhibiting self-supportive properties, as demonstrated
by its resistance to flow during the vial inversion test

organic solvents or catalysts which are less suitable for drug delivery purposes;
additionally, it offers greater control and flexibility over the gelation process,
allowing for a more gradual assembly (~18 h compared to ~5 min).* At high
pH, the peptide is fully solubilized due to the deprotonation of the C-terminal
carboxylic acid. As the pH gradually decreases, the C-terminal carboxylic acid
becomes protonated, driving the self-assembly process until gelation occurs.
Specifically, we adopt the protocol established by Adams et al.,® in which the
pH is lowered through the slow hydrolysis of glucono-d-lactone (GdL). GdL
releases gluconic acid in aqueous solution, resulting in a gradual and consis-

tent decrease in pH, leading to uniform gel formation over approximately 18
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hours. This controlled pH reduction method offers significant advantages over
abrupt pH-switch techniques, such as the dropwise addition of HCIl, which of-
ten produces turbid and inhomogeneous gels within seconds. In contrast, the
slow hydrolysis of GdL ensures reproducibility and structural homogeneity,

yielding translucent and uniform gels.

Preparation procedure FmocFF (98% purity) was purchased from Bachem.
Sodium deuteroxide solution (40 wt.% in D20, 99.5 atom% D), glucono-o-
lactone (GdL), ibuprofen sodium (IBU), lysozyme from chicken egg white
(LYS), and recombinant human insulin (INS) (both as lyophilized powders)
were obtained from Sigma Aldrich. All chemicals were used without further
purification. Initially, 5 mg of FmocFF gelator (0.5 wt.%) was dissolved in
1 ml aqueous NaOH solution at pH around 10.4; this high pH needed for
the deprotonation of the C-terminal carboxylic acid of FmocFF, was achieved
with one mole equivalent of NaOH (0.1M). Once the FmocFF was added, the
solution has been through cycles of vortexing and sonication to ensure com-
plete dissolution of the solid gelator. Following dissolution, 6.4 mg of GdL
was introduced to the solution. After the addition of GdL, the drug com-
pounds dissolved in HyO were introduced to the solution to achieve a final
concentration of 5 wt.% for ibuprofen sodium and 2.4 wt.% for insulin and
lysozyme. The lower concentration for the two proteins is due to a balance
between ensuring a sufficient signal for QENS measurement and maintaining

gel stability.

2.1.2 [-sheet forming modified peptides hydrogels

Inspired by the foundational studies of Zhang and co-workers,'® 16 the family

13, 14, 1721 expand and

of [-sheet forming peptides, designed by Saiani’s group,
showcase the potential of peptide-based hydrogels. These LMWG are short (8
amino acids long) peptides consisting of alternating hydrophobic (phenylala-
nine: F) and hydrophilic (lysine: K and glutamic acid: E) residues (Fig.2.2a).
Under suitable conditions, such as achieving the critical gelation concentra-

tion and adjusting environmental factors like pH or ionic strength, these pep-
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tides self-assemble in water into anti-parallel S-sheet rich fibres with all the
phenyl rings on one side and the polar moeities on the opposite side. This
amphiphatic nature drives the formation of stable fibrillar networks, as the
hydrophobic faces of two [-sheets align to minimize water exposure, lead-
ing to the development of a stable, interconnected three-dimensional network.
Alongside their long-term stability and high reproducibility, these gels exhibit
remarkable thixotropic properties, enabling them to restore their structure af-
ter mechanical disruption. This capability makes them particularly suitable
for advanced formulations, including injectable and sprayable hydrogels tai-
lored for biomedical applications.?? A key advantage of this hydrogel system

is its modularity, enabling straightforward surface modifications. For exam-

(a) (b)
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Figure 2.2: (a) Molecular structure of FEFKFEFK (F8) LMWG; (b) Struc-
tural organization of the -sheet-rich fibre structural organization featuring a
hydrophobic core and a hydrophilic surface. Adapted with permission from
Ref.!3 Copyright 2022 The Authors. (¢) TEM image showing the gel network.
Adapted with permission from Ref.'* . Copyright 2020 American Chemical
Society (d) Bulk gel exhibiting self-supportive properties, as demonstrated by

its resistance to flow during the vial inversion test
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Figure 2.3: (a) Molecular structures of F8, FK and KFS8K LMWG. Adapted
with permission from Ref."® Copyright 2022 The Authors. (b) Peptide charge
as a function of pH. Curves sourced from the ThermoFisher Scientific website.

ple, electrostatic tuning can be easily applied,'® * showcasing the potential of
supramolecular gels for tailored functionalization. This versatility is particu-
larly valuable for drug delivery applications, where the gel’s surface properties
play a crucial role in controlling drug release kinetics.!® #3725 In this study,
the peptide sequences are derived from the octapeptide FEFKFEFK (F8).17
The FKFEFKFK (FK) sequence replaces the P2 glutamic acid at the pep-
tide’s C-terminus with lysine,'® while the KFEFKFEFKK (KF8K) sequence
introduces two additional lysines at both ends—one aligned with the phenyl
rings and the other with the polar lysines (Fig.4.1a).!* Such modifications
lead to peptides with distinct fiber edge characteristics: in F8 and FK gels,
the hydrophobic regions are exposed at the fiber edges, while in KF8K gels,
the hydrophobic core is shielded by the extra lysines. For a broad pH range,
including those used in this study, both FK and KF8K sequences carry a +2

charge, whereas F8 remains neutral (Fig.4.1b).
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Preparation procedure Peptide powders were purchased from LifeTein(®)
LLC (US) as HCI salts with over 95% purity and stored at -20°C. Doxoru-
bicin hydrochloride (DOX, purity 95%) was obtained from Fluorochem (UK),
while all other solvents and reagents were purchased from Sigma-Aldrich. Fol-
lowing the previously outlined method,'®  peptide hydrogels (both unloaded
and DOX-loaded) were prepared by dissolving peptide powder and/or DOX
in deuterium oxide (D,0O) (used instead of HoO to suppress solvent signal in
QENS experiment). The pH was then adjusted to 5-5.7 through incremental
additions of 50 mM NaOD (replacing NaOH). After each NaOD addition, sam-
ples were vortexed, and gentle centrifugation was used to remove any trapped
air bubbles. Final concentrations were set at 14 mM for the peptide and 5
wt.% for DOX (86 mM instead of 240 pM) and samples were then stored
overnight at 4 °C before use. The higher amount of drug loaded is due to the
requested signal for QENS for small drugs.

2.1.3 Bis-urea gel

The bis-urea gelator is a low molecular weight gelator (LMWG) known for
its robust self-assembly capabilities and versatility in various solvents. Its
molecular structure features bis-urea motifs, which promote strong hydrogen
bonding interactions (Fig. 2.4(a)). The synthesis of the bis-urea LMWG fol-
lows a straightforward procedure described by Lloyd et al:?® (S)-1-phenylethyl
isocyanate (2.1 g, 13.6 mmol) was dissolved in 150 mL of dry chloroform
(CHCIl;) in a three-necked round-bottomed flask fitted with a condenser and
maintained under nitrogen flow. Ethylenediamine (0.408 g, 0.454 mL, 6-8
mmol) was added dropwise to the solution, which was then refluxed for 24
hours under nitrogen. The resulting white precipitate was filtered using a
Biichner funnel, yielding 1.96 g of the product (81%, 5.5 mmol) (note: the
gelator synthesis has been made by Shereen Habib). The bis-urea gelator
demonstrates remarkable versatility, gelling various solvent systems at low con-
centrations (as low as 0.05 wt.%). In highly hydrophobic solvents like Toluene,

gelation is facilitated by the addition of a small volume of polar co-solvent,
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Figure 2.4: (a) Molecular structure of bis-urea LMWG (urea moieties under-
going hydrogen bonds assembly highlighted in red);(b) Schematic of the one-
dimensional self-assembly process driven by hydrogen bonding of the urea moi-
eties;(c) SEM image of dried bis urea gel, showing the gel network. Adapted
from Ref.?® with permission from the Royal Society of Chemistry. (d) Bulk
gel exhibiting self-supportive properties, as demonstrated by its resistance to
flow during the vial inversion test (note: sample is opaque to visible light).

such as DMSO.%” In polar solvents like water, dissolution of the gelator re-
quires ethanol as a co-solvent. A mixture of water and ethanol (7:3 v/v) forms
a reliable gel at 0.3-0.5 wt.% gelator concentration following a heating and
cooling procedure. The non-covalent interactions within the gelator structure
grant the gel complete thermoreversibility. The bis-urea gelator forms a gel
through a hierarchical self-assembly process driven by strong unidirectional
hydrogen bonding. The gelator molecules align into a-tape motifs resembling

26,28 This interaction promotes the for-

velcro-like hook-and-loop fasteners.
mation of one-dimensional (1D) polymer fibrils, which further aggregate into
fibers (10-50 nm width). Fibre entanglement and solvent retention result in

a three-dimensional network structure that gives rise to the macroscopic gel
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(Fig.2.4(b—d)). The hydrophobic phenyl rings on the outer surfaces of the
fibrils disrupt water/ethanol hydrogen bonding near the fibers, reducing lo-
cal viscosity. This reduction has been hypothesized to enhance picosecond

self-diffusion rates of both solvent molecules and incorporated drugs.

Preparation Procedure A 7:3 v/v water/ethanol solvent mixture was pre-
pared by mixing the two components until homogeneity. Accurately weighed
gelator (0.006 g for 0.3 wt.% or 0.010 g for 0.5 wt.%) was suspended in 2.0
mL of the solvent mixture. The suspension was heated with a heat gun up
to ~ 70°C, dissolving most of the gelator. Remaining larger particles were
dispersed using sonication, followed by further heating until a clear solution
was obtained. For drug-loaded gels, paracetamol (5 wt.%) was added to the
suspension before the heating/cooling cycle. Reference solvent samples were
prepared following the same heating/sonication protocol to account for solvent

evaporation and any changes in solvent ratios.
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2.2 Quasi-Elastic Neutron Scattering (QENS)

The following section reviews essential elements from textbook knowledge on

29-33

neutron spectroscopy. It is based on the following textbooks and seminal

articles®* 38 that provide an in-depth formulation.

2.2.1 Theoretical background

Neutron scattering

Neutron scattering is a powerful technique for investigating the structure and
dynamics of materials at atomic and molecular scales. The scattering kine-
matics describing the interaction with atomic nuclei, relies on two parameters
of neutrons: the momentum p = myv (neutron mass: m, = 1.657 x 10727 kg,
velocity: v) and the non-relativistic kinetic energy F = m,v?/2 = p?/2m,,. In
the particle-wave duality framework introduced by de Broglie,?® the momen-

tum p is related to the wavelength A\ by
h
— — —hk 2.1
P=5 (2.1)

where h is the Planck’s constant (= 6.626 x 1072*J - s) and h = h/2r its
reduced form, while £ = 27 /X is the wave vector. Consequently, the kinetic

energy of neutrons can be expressed as:

B P’ B hk?

 2m,  2m,

(2.2)

Thanks to their neutral charge, specific value of the mass, and particle-wave
duality, neutrons provide a unique capability to probe materials at atomic
scales. They combine high penetration depth with non-destructive measure-
ment properties, making them suitable for experiments in challenging envi-
ronments, such as cryostats or pressure cells.?* 33 The scattering kinematics
is described by the changes in the neutron’s wavevector hk and the corre-

sponding kinetic energy, quantified through the momentum /g and energy
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hw transferred to the sample (Fig.2.5). These variations are defined for the

neutron’s initial () and final (f) states during its interaction with the sample:
hq = Tk — hks (2:3)

h2

n

(K — k) (2.4)

hw:Ei—Ef:2

A scattering process is termed elastic if hw = 0, indicating no energy transfer
between the neutron and the sample. Conversely, hw # 0 the process is classi-
fied as inelastic. The accessible length scale (1) in an experiment is determined
by the momentum transfer (¢). For elastic scattering, the scattering triangle

shown in Fig.2.5b is isosceles and Eq.2.3 reduces to:

4 0
q= T:Tsiné (2.5)

When combined with Bragg’s law, A = 2dsin(#/2), this yields:

[ = " (2.6)
This relationship explains why the momentum transfer ¢ is expressed in units
of inverse length (e.g., inverse Angstrom Afl). Hence, as a general rule, prob-
ing larger structures requires smaller scattering angles (low ¢), while inter-
atomic distances are investigated at larger angles (high ¢). For simplicity, &
will be omitted in further discussions.
Neutrons are typically delivered in a monochromatic beam, characterized by a
constant wavelength and amplitude. The beam can be represented as a plane

—

wave function ¢ (7)
() = V1 Pexplik - 7) (2.7)

where the physical boundary given by the beam volume V is used as the
normalized amplitude. The interaction of neutrons with the atomic nuclei of

a sample occurs via the strong nuclear force, producing, due to its isotropic
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() (b)

g, hw

Figure 2.5: (a) Schematic representation of a scattering event in which a neu-
tron with initial wavevector k; and energy Fj; transfers momentum ¢ and energy
hw to the sample, exiting with a final wavevector k?; and energy FEi.(b) The
scattering triangle illustrating the momentum transfer §. Adapted from Ref.?3

and short-range nature a spherical wave:

e (F) = —gexp(ik -1 (2.8)

The amplitude of the scattered wave is modulated by a constant b, known
as the nuclear scattering length. This constant is an intrinsic property of the
nucleus, varying irregularly across the periodic table and among distinct iso-
topes of the same element due to the non-linear spin coupling between the
neutron and the nucleus (Fig. 2.6).3! This variation in spin coupling explains
why the two most abundant isotopes of hydrogen, 'H (protium) and ?H (deu-
terium), have different scattering lengths: -3.74 fm and 6.68 fm, respectively.
Notably, this difference enables the powerful method of isotopic substitution,
the exchange of hydrogen isotopes within a sample to enhance or suppress the
scattering signal.

These differences arising from the scattering length propagates to the total
scattering cross section og, which is one of the fundamental quantities in neu-

tron scattering. This is defined as o3 = N;/®q, where N represents the total
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Figure 2.6: Nuclear scattering length, expressed in fm (107'°m) and its non-
monotonous dependence on the atomic number Z.

number of neutrons scattered per second, and P is the incident neutron flux,
i.e. the number of neutrons crossing a unit area per unit time. The total
scattering cross section is constrained by the geometry of the system so it is
usually better referred to in the general case to the double differential cross
section, d*c /dddw, that is related to og via integration over the solid angle dS2

and energy transfer dw:

ds?

(2.9)

dew

The double differential cross section represents the probability for neutrons to
be scattered per second into a solid angle df? in a given direction and with an
energy change dw. The total cross section o, is related to the scattering length
b via:

oy = 4m|b)? (2.10)

and if b as units of length (usually expressed in femtometres (fm): 10'° m), o,
is in barns (b = 1072® m?).
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Table 2.1: Scattering cross sections for selected isotopes, expressed in barns
(10724 cm?). Notably, 'H has a much larger incoherent scattering cross section
compared to its 2H counterpart. For a complete list, refer to the NIST website:
nenr.nist.gov.

Isotope Ocoh Oinc
'H 1.76 80.27
H 5.59 2.05
C 5.559 0
Q) 4232 0
Na 11.01  0.50
AY 0.018  5.08
Al 1.495  0.008

For a real sample made up of different isotopic species, each with its scatter-
ing length b; and random orientations of nuclear spins, the scattering length
is given as an average value of possible configurations (b) and a fluctuation
around it Ab:

b= (b) £ Ab (2.11)

where Ab = 1/ (b2) — (b;)? is the standard deviation. By combining Eq.2.11

with Eq.2.10 the average scattering cross section (os) becomes a sum of two

components:
(0g) = 47 (b*) = 4 (b>2 + 47 (AV?) = Ceon + Tine (2.12)

The coherent cross section (o) results from the constructive interference
of scattered neutron waves, providing structural information about the ar-
rangement of atoms. In contrast, the incoherent cross section (o) arises
from non-interfering scattered waves and offers no direct structural insights,
instead reflecting only the isotopic composition of the sample. Examples of
coherent (ocon) and incoherent (o) cross section for selected isotopes are

listed in Tab.2.1. As a result, the double differential cross section can be then
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decoupled accordingly into a coherent and incoherent part:

d*c B d*o N d*c (2.13)
dQdw )] \ dQdw oh dQdw / . . '

Dynamic structure factor

The real fingerprint of scattering event is the dynamic structure factor S(q,w)
related to the double differential cross section via:
d’c

m X USS(Q7 w) = acthcoh(q: w) + UincSinc(qa CU) (214)

Hence the two terms of Eq.2.13 can be written as:

d*c
(dew> X Z Z ba,cohbﬁ,cohscoh (q, CU) (215)
a B

coh

o o S 0 e Sime(a,w) (2.16)
dQdw o — a,incinc q, .

where the sums run over the isotopic species {a, 8} while S;.(¢,w) and Seon (g, w)
are called incoherent and coherent dynamic structure factors, respectively.
These functions are crucial as they enable to gauge structural and dynamic
information about the sample from the raw neutron scattering data collected
by the detector. Specifically, S(q,w) can be related, through time and space
Fourier transforms (F), to the Van Hove correlation functions, which describe
the self- and pair-correlations of particle positions (see Eq.1.13 and Eq.1.14 in
Chapter 1):34

Seon(q, W) = Frisquw [G(F, t)] (2.17)
Smc(q, w) = ‘FT_"J—WM [Gself (77, t)] (2.18)
with
Gpair (7, 1) ~ (73(0)75(t)) 2.19)
Gself(ﬁ t) ~ <7:;(O)Fz(t)> (2 20)
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Therefore, Si.(q,w) and Seon(q,w) provide insights into self- and collective
correlations, respectively, but in the reciprocal space and energy domain. This
representation, as will be shown, facilitates more convenient modeling. As
previously mentioned, elastic scattering occurs when the final neutron energy
equals the initial energy. However, in practice, this condition depends on the
spectrometer’s resolution, i.e. the smallest distinguishable energy transfer.
If the energy transfer is zero or smaller than the spectrometer’s resolution,
the scattering appears elastic and S(g,w) becomes a narrow peak (Fig.2.7).
When the energy transfer is not zero and the neutron induced an excitation
in the sample (such as phonons), the scattering becomes inelastic giving rise
to signals a well separated from the elastic peak. For energy transfers that
can be matched by AF,e resulting from random dynamic processes (such
as translational diffusion or rotations) the scattering process is classified as

quasi-elastic, and it manifests as a broadening of the elastic peak.

3 S(q, a))
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quasi-elastic

inelastic
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Figure 2.7: Dynamic structure factor and the three different regimes: elastic,
quasi-elastic and inelastic. Adapted with permission from Ref.3® Copyright

2019, Cambridge University Press.
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Susceptibility The scattering function S(q,w) can be expressed in terms
of alternative physical quantities; a common approach is to relate it to the

imaginary part of the dynamic susceptibility:

S(q,v)

1+ n(v) (221)

X'(q,v)=m

where kg is the Boltzmann constant and n(v) the Bose occupation factor:

n(v) = }; (2.22)
exp () — 1

From a theoretical perspective, x”(q, v), is related to the response function in
the framework of the linear response theory.?” 33 It represents the imaginary

part of the complex generalized susceptibility x(q,v):

x(q,v) =X'(¢.v) +ix"(q,v) (2.23)

and can be interpreted as the loss component of the system’s response to an ex-
ternal perturbation, such as neutron scattering. This relation makes x”(q, v)
particularly valuable for comparing neutron scattering data with other loss
moduli, such as the mechanical loss modulus G”(v) or dielectric loss modulus
e"(v).4042 Additionally, susceptibility representation offers the advantage of
resolving different dynamic processes as distinct peaks at characteristic fre-
quencies, Vpay, unlike S(q,w), where translation, rotations and vibration are

convoluted in the same broadening of the elastic peak.*3
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Polarization analysis

In a QENS experiment, the double differential scattering cross section, reads
as a linear combination of the respective coherent and incoherent dynamic
structure factors (Eq.2.14). The large majority of case studies are based on
the approximation Sy (q,w) =~ Sinc(q,w) owing to the ubiquitous presence of
'H whose scattering cross section is predominantly incoherent (Table 2.1).
The only way to unambiguously solve this approximation and get the two
S(q,w) separately is by using polarization analysis (PA) option implemented
on QENS spectrometers. This mechanism relies on the fact that neutron scat-
tering probabilities depend not only on the isotope but also on the spin state of
the neutron.?® The interaction potential in a neutron scattering event can be
expressed as having two components: a spin-independent term, which governs
the exchange of energy and momentum with the sample, and a spin-dependent
term, which can cause transitions between the neutron’s spin states. Since neu-
trons are spin 1/2 particles, they can exist in two spin eigenstates, parallel (|1))
or antiparallel (|{)) to a chosen quantization axis. In unpolarized experiments,
the incident neutron beam has 50% of spin up 1) and 50% of spin down |J)
neutrons while with PA a supermirror polarizer is implemented to transmit the
|4) state of the neutron beam (Fig.2.8). Subsequently, a precession coil flipper
reverses the spins, creating two distinct scattering scenarios: spin-flip events
() = 1)) and non-spin-flip events (|}) — |})). These outcomes are analyzed
using a spin filter to resolve the final neutron spin state along a specific axis.
The results yield two distinct dynamic structure factors corresponding to spin-
flip (S|4 (g, w)) and non-spin-flip (S)}y-(y)(q,w)) scattering events. These
two functions are related to Sine(q, w) and Scon (g, w) given that in neutron spin
incoherent scattering, there is a 66% probability of spin-flip, whereas coherent

scattering events involve no spin flip:

S (2, w) = Seon(q,w) + 3Sine(g, w) (2.24)

5\¢>—>|¢>(q,w) = %SinC(QJw)

114



Chapter 2 2.2. Quasi-Elastic Neutron Scattering (QENS)
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Figure 2.8: Mechanism of polarization analysis.

These are then combined to separately determine Sine(q, w) and Seon(q, w):

Seon(,w) = Spyoy (@ w) — 385 (0,w) (2.25)

Sinc(Qa CU) = %S\H%VD (Q7 w)

Such notable results bear an intrinsic limitation. The separation of the neu-
tron beam in spin-flip and non-spin-flip event effectively cuts the flux, leading
to a decrease in counting statistics. As a result, longer measurement times
compared to unpolarized instruments are typically required to achieve an ac-
ceptable signal-to-noise ratio. The use of polarized QENS is driven by its
ability to both extend the scope of accessible dynamics and enhance the accu-
racy of data interpretation. It uniquely enables the separation of the coherent
scattering contribution, which carries information on spatial correlations and
collective motions at mesoscopic length scales and picosecond timescales.® 44
In hydrogen-rich samples, this signal is typically masked by dominant incoher-
ent scattering, and polarization analysis is essential to extract it reliably.

Equally important is the improved interpretation of incoherent dynamics.
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Even small coherent contributions (such as those from protein hydration layers
in solution) can distort relaxation parameters, particularly at low and inter-
mediate ¢, where the assumption of incoherent dominance is often taken for
granted. As demonstrated by Sarter et al.,*> coherent contamination can sig-
nificantly bias unpolarized QENS results. By resolving the two components,
PA-QENS allows a more accurate application of dynamical models and clarifies

the conditions under which the incoherent approximation remains valid.

2.2.2 QENS methods

Spectrometers

Neutrons produced at reactor or spallation sources typically have energies on
the order of MeV, which must be reduced to the eV or sub-eV range to match
the energy scales relevant to atomic and molecular motion. This reduction is
achieved using moderators: for example, cold neutrons (below 25 meV) are
produced using liquid hydrogen at 25 K, while hot neutrons (up to 2 eV) are
generated with solid graphite at 2400 K. After this initial moderation, the
neutrons are delivered to spectrometers via neutron guides, which function
similarly to fiber optics. Different types of spectrometers are optimized to
target specific spatial and temporal ranges.“® 4" The key parameter to con-
sider in a spectrometer is its energy resolution, AFE,., which determines the
upper limit of the observable timescale, Ats, according to the Heisenberg

uncertainty principle:3?
h

AEres

As a result, instruments with high energy resolution (small AE,.) are ca-

Aﬁobs ~

(2.26)

pable of detecting slower motions (large Atops), while those with lower en-
ergy resolution are better suited for probing faster motions. The energy res-
olution is determined by measuring the scattering from a strongly incoher-
ent standard material, typically Vanadium (see Table 2.1), whose response is
well-approximated by a d(w), representing the narrowest possible broadening.

QENS spectrometers are typically classified into three main types: direct ge-
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ometry, inverted geometry, and Neutron Spin Echo (NSE).32 4 The primary
distinction is that the first two operate in the energy domain to probe energy

transfer, while NSE functions in the time domain.

Direct geometry The energy transfer is calculated by directly collecting a
range of final AE; energies knowing the incident energy. In practice this is
done by counting the arrival time of neutrons, with a defined incident energy
E; (monochromatic beam), relative to a starting time ¢ = 0, in a operational
mode known as Time-of-Flight (ToF) (Fig.2.9). The neutron energy transfer
can be calculated by knowing the path lengths L; and L, as well as the flight

times ¢, and ty (Fig.2.9).
L\ [(L\*
) -@)] e
t— 12 to

The ¢ range is traditionally spanned by arrays of tubes filled with *He. Here,

AE:Ei—Ef:%mn

the position in the solid angle of the scattered neutrons is detected by look-
ing at the emission in opposite direction of tritium and a proton following

absorption by *He gas:
sHe +n — *H + "H + 0.764 MeV (2.28)

On the LET ToF spectrometer at the ISIS Neutron and Muon Source used in
this work, the detection system consists of tubes that are 4 m tall and cover a
wide scattering angle range (5°-140°).4° LET uses repetition-rate multiplica-
tion (RRM), which takes advantage of the full time frame by simultaneously
employing multiple incident energies and analyzing each one independently.
A distinctive feature of LET is its ability to simultaneously provide three dif-
ferent energy resolutions in a single measurement, corresponding to distinct
incident energies. This capability significantly extends the accessible dynamic
range. Additionally, LET includes a polarization analysis option,*®®? which
enables the separation of coherent and incoherent scattering functions, offer-

ing valuable insights into both collective and single-particle dynamics. The

117



Chapter 2 2.2. Quasi-Elastic Neutron Scattering (QENS)

detector bank

Figure 2.9: Schematic ”bird’s of eye” view of a direct geometry Time-of-Flight
spectrometer. LET spectrometer at ISIS follows this scheme.

primary drawbacks of PA option on LET is the poorer statistic compared to
their unpolarized counterparts (because the flux is effectively split); moreover,
the energy resolution of LET’s PA configuration is relatively low, with ongo-
ing project to complement it with high-resolution instruments featuring PA

capabilities.?

Inverted geometry Inverted geometry spectrometers operate on the op-
posite philosophy of direct geometry instruments, by analyzing a fixed final
energy E; and tracing back a range of neutron incident energies AE; (white
beam). This final energy discrimination is achieved through an energy ana-
lyzer composed of a single crystal. The crystal’s lattice spacing, d select a

certain A through Bragg’s law:
A = 2dsind (2.29)

Neutrons scattered from the sample travel to the analyser array and are scat-
tered back toward the detector bank only if their final wavelength satisfies the

Bragg condition. This process is commonly referred to as neutron backscatter-
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ing (NBS). The high energy resolution achieved in this setup is not a general
feature of NBS per se, but rather a consequence of operating the analyser
crystals at scattering angles close to 20 ~ 180° (0 — 90°). In this condition,
the contribution of angular uncertainty to the wavelength uncertainty becomes
negligible, and the resolution is determined almost entirely by the quality of
the analyser crystal itself (i.e., the spread in lattice spacing Ad/d). This can
be quantified by propagating uncertainty through Bragg’s law, considering 6

and d as independent variables:?

(%)2 _ <%)2 + (Abeoth)? (2:30)

where A\ is the spread in wavelength. As 8 — 90°, cotd — 0, and thus the
angular term vanishes. This makes the crystal’s intrinsic properties the pri-
mary determinant of energy resolution, enabling performance that typically
surpasses that of common direct geometry instruments.’* For a full compari-
son between the different spectrometers used in this project refer to Table2.2.
On IRIS and IN16b (Fig.2.10), the two indirect geometry spectrometers used
in this project, the crystal analyzers are made of pyrolytic graphite PG(002)
and silicon Si(111), respectively. Technically, to avoid intensity losses, IRIS
operates under near-backscattering conditions, as the analysed beam is scat-
tered at an angle of 20 ~ 175° slightly below the horizontal plane (exact
backscattering).5>>7

Because of how neutrons are produced at spallation sources, IRIS operates in
time-of-flight (TOF) mode, which is the most efficient and practical method
for neutron energy analysis. TOF maximizes neutron utilization by capturing
the full energy spectrum in a single pulse, avoiding the flux losses typical of
mechanical monochromators or choppers. In contrast, IN16B operates at a
reactor source, where the same combination of time-of-flight and inverted ge-
ometry is achieved using a flexible, high-speed four-disk chopper system with
multiple slits. This operational mode called BATS (Backscattering and Time-
of-Flight Spectroscopy)®® 5 allows to combine both NBS and ToF advantages

of having high resolution with a wider energy range compared to the standard
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IN16b mode (from £30ueV to £150ueV’). The additional advantage of this
hybrid solution at a reactor source is that it offers greater flexibility, allowing
repetition rates up to an order of magnitude higher, since the spectrometer is

no longer constrained by the source frequency as it is in spallation sources.

Table 2.2: List of QENS spectrometers used in this project with their class, the
g-range accessed and the energy resolution AF,. and energy transfer hw.®*)
the three resolution corresponds to different incident energies (E; = 3.84,1.81
and 1.05 meV)

name class g-range (A~1) AFE,es (peV) hw (peV)

LET (ISIS) direct ~03-22  ~131/45/22%)  ~ 42000
IRIS (ISIS)  inverted ~ 0.42—1.85 ~ 175 ~ £500

BATS (ILL) inverted  ~0.2—1.8 ~35 ~ 150
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Figure 2.10: Schematic view of (a) IRIS spectrometer at ISIS (Harwell, UK)
and (b) IN16b (BATS mode)®® spectrometer at ILL (Grenoble, France).
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Neutron Spin-Echo Neutron Spin-Echo (NSE) spectroscopy, originally de-
veloped by Ferenc Mezei (1972),5% 6! offers the highest energy resolution among
techniques for studying quasi-elastic phenomena, without relying on flux-
limiting components such as monochromators, energy analyzers, or choppers.
Unlike time-of-flight or backscattering spectrometers, which measure scattered
neutrons at specific angles and energies, NSE determines energy differences by
analyzing changes in the polarization of the neutron beam. This innovative ap-
proach provides an energy resolution two orders of magnitude higher—reaching
1073 peV compared to the 107! eV achieved by leading backscattering spec-
trometers. NSE enables the investigation of slow dynamics on timescales up
to 100 ns, within a g-range typically associated with large structures such as
polymers and micelles.%> %3 This capability makes it particularly suited for
studying both the dynamics and spatial organization of such systems, which
are often complementary to structural studies performed using techniques such
as SANS.

The following provides a general overview of the method, leaving a more com-
prehensive and detailed treatment to specialized literature.3? 33 46, 60, 61 At jtg
core, NSE draws inspiration from NMR. However, rather than monitoring the
spin of nuclei within a sample, NSE tracks the echo of neutron spins as they
interact with the scattering system. A typical NSE spectrometer consists of
two branches, each dominated by identical solenoids that generate magnetic
fields, with the sample positioned at the junction between them (Fig.2.11).
Neutrons entering the first solenoid are velocity-selected (thus in wavelength
A) and polarized along the beam direction with a supermirror polarizer. Be-
fore entering the first solenoid, a m/2 spin flipper rotates the neutron spins to
a direction perpendicular to the magnetic field B;. Inside the first solenoid,
the neutron spins undergo Larmor precession, accumulating a total precession
angle ¢ over the path length [:

L L

1 A Ly
p=wr=212 [ Bq=""n / Bidi (2.31)
v Jo h 0
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B
‘D ==y, Bt

Figure 2.11: Schematic representation of the neutron spin-echo (NSE) princi-
ple. Adapted from Ref.%*

where w is the Larmor precession frequency, 7, is the neutron gyromagnetic
ratio, Ly is the length of the first solenoid (equal to Ls), v is the neutron
velocity, m,, is the neutron mass, A is the neutron wavelength, and [ B, dl
accounts for non-uniformities in the magnetic field over the path and 7 is the
flight time. This precession causes the spins to fan out perpendicular to the
beam direction, with faster neutrons experiencing a smaller precession angle
and slower neutrons undergoing greater rotations. When neutrons exit the first
solenoid, a 7 spin flipper reverses the sense of precession by 180°, effectively
swapping the positions of the fastest and slowest neutrons while preserving
their rotational sense. The second solenoid, identical to the first, refocuses the
spins such that their polarization is restored. If no interaction occurs between
the two solenoids, the polarization will be completely recovered, resulting in
the phenomenon known as echo. However, when neutrons interact with the
sample, quasi-elastic processes can alter their velocities, leading to incomplete
recovery of the polarization. By measuring the small differences in polariza-
tion, NSE can extract precise quantitative information about the dynamic
processes within the sample. The polarization analyzer selects only the spin

projections parallel to the axis, expressed as the average of the cosine of the
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total Larmor precession angle o1 = 1 — 9. This precession angle differ-
ence is directly linked to the energy transfer hw associated with quasi-elastic

phenomena and can be expressed as:

B fyLBLh B yLm2BL3
 omyd N 2mh?

©T w = tpw (2.32)
Here, the constant tg, recalling Eq.2.31, has units of time (known as Fourier
time) and depends on the magnetic field strength (i.e. current in the solenoids)
and the cube of incident neutron wavelength (A3). In practice, during a typical
NSE measurement the Fourier time is scanned by varying the solenoid current

at a fixed wavelength. If the spin polarization reads as:

P, = (cos(p)) = /cos (M> dv (2.33)

v

the difference in spin polarization due to quasi-elastic energy transfer will be
P, = (cos(wtpy). This value must be averaged over all final neutron energies,
which generate a distribution of precession angles. The average is obtained
through an energy-weighted integral of the polarization, modulated by the

scattering function S(g,w):

[ S(q,w)cos(wtg)dw
[ S(q,w)dw

P.(q,trp) = (2.34)
where [ S(g,w)dw is the static structure factor S(¢). Notably, the numerator
corresponds to the real part of the intermediate scattering function (g, tr)
with the static structure factor S(q) being interpreted as I(q,tr) at tp = 0.
Consequently, Eq.2.34 can be rewritten as a normalized intermediate scat-
tering function: lhom(q,tr) = 1(q,tr)/I(g,0). This normalization highlights
one of the main strength of NSE: despite its complex theoretical foundation,
the direct access to the intermediate scattering function in the time domain
eliminates the need for normalization via deconvolution required in the en-
ergy domain, relying instead on a straightforward division. Importantly, the

difference in neutron polarization must reflect only variations in velocity and
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not contributions from spin-incoherent scattering. As outlined in Eq.2.24,
spin-incoherent scattering has a 66% probability of flipping the neutron spin
during scattering. To account for this, the scattering function in Eq.2.34 is

adjusted to remove the incoherent component:

1
SNSE(CLW) = Scoh(Q7w> - gsmc(q,w) (235)

This adjustment ensures that neutron spin echo primarily captures coherent
scattering, which does not flip the neutron spin, while including only a minor
contribution from incoherent scattering. Consequently, NSE is particularly
well-suited for studying collective dynamics. When studying a polymer or a

k,62 65 similarly to what happen in SANS, the scattering originates

gel networ
from the contrast between solvent and solute (typically protonated polymer in
fully deuterated solvent to enhance the signal). As a result, the dynamics of
the polymer are indirectly inferred from the "holes” in the dominant coherent
scattering signal originating from the solvent. Investigating ¢ values well below
the structure factor peak of heavy water ensures sensitivity to the polymer’s
structure factor. The neutron spin-echo spectrometer used in this project is
IN15 at ILL, which provides a maximum Fourier time of 1 us and covers a ¢
range from 0.01 to 0.42 A~', typical of that achieved by SANS instruments

(Fig. 2.12).56
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Figure 2.12: Overview of the quartz sample holder containing the FmocFF gel,
with the IN15 neutron spin-echo spectrometer at ILL visible in the background.
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Sample holders The choice of sample size and geometry in neutron scatter-
ing experiments involves a critical trade-off between maximizing count rates
and minimizing multiple scattering effects. Multiple scattering refers to the
phenomenon in which a neutron, after scattering once within the sample, un-
dergoes one or more additional scattering events before reaching the detector.
This undermines the ability to precisely determine the energy and momentum
transfer of the neutron, as the path length is altered and it becomes impossible
to uniquely assign an energy change to a single scattering event. To mitigate
these effects, a commonly accepted guideline is to design the sample such that

approximately 90% of the incident neutron beam is transmitted through the

4
Incident beam
cross section \

Figure 2.13: (a) Example of standard cylindrical Al sample holder used for
time of flight or backscattering experiment. Reproduced from Ref.*? with
permission from the Royal Society of Chemistry. The red square identifies the
neutron beam cross section, typically around 3 x 3 cm?. (b) Sample holder
after a measurement, with traces of F8 gel loaded with Doxorubicin in the
inner cylinder.
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sample, allowing only ~10% to be scattered. This ensures that the probabil-
ity of multiple scattering is sufficiently low while still providing an adequate
signal for analysis. This trade-off directly influences the choice of sample path

length, which is governed by the Beer—Lambert law:
I = Iye nostoa)t (2.36)

where [ is the intensity after attenuation through a sample of thickness ¢, I
is the incident intensity, n is the number density, o, and o, are the total scat-
tering and absorption cross sections.

Annular sample holders are used because they match the cylindrical geome-
try of the detector banks, ensuring a uniform path length in all directions.
This helps reduce angular dependency and makes multiple scattering more
isotropic and evenly distributed. In this project, the sample thickness (an-
nular gap) ranged from 0.1 mm to 0.25 mm. Thinner samples were used
for hydrogen-rich systems to reduce multiple scattering, while thicker samples
were required for solute diffusion studies in deuterated solvents to increase
the count rate. Aluminum (Al) is commonly chosen as a material for sample
holders due to its affordability and its transparency to neutrons in the g-range
probed by direct and indirect spectrometers, owing to its low coherent, inco-
herent, and absorption cross-sections. However, aluminum is susceptible to
degradation when exposed to corrosive samples or, over time, even to water.
In this work, a cylindrical sample holder geometry was utilized, where the
sample is uniformly distributed in the space between two concentric cylinders
(Fig. 2.13). This design is usually preferred for liquid-like sample as it ensures
an isotropic scattering with constant sample thickness, which can be adjusted
by modifying the radius of the inner cylinder. In NSE experiments, quartz
cells are typically used because they have low incoherent scattering, minimiz-
ing background and preserving polarization. Introducing materials with high
incoherent cross-sections would worsen the data quality by adding unwanted
depolarization. The sample geometry is usually a simple slab, as NSE does not

require reproducing a detector solid angle like in time-of-flight instruments.
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For the gel samples used in this study, three different loading procedures
were employed, tailored to the specific gelation methods of each sample. For
FmocFF gel the sample was transferred in its liquid state after addition of GdL
by placing the solution at the bottom of the outer cylinder. The inner cylinder
was then inserted, spreading the liquid evenly within the interstitial space. For
F8 gel and its modified version the procedure was similar to that used for the
FmocFF gel. However, since the F8 gel exhibits self-healing properties, it was
loaded in its pre-formed gel state. For the bis-urea gel the hot solution was
poured into a pre-heated outer cylinder and then compressed with the inner

cylinder to ensure uniform distribution during the gelation process.
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Data analysis

Data reduction Raw neutron data are recorded as counts/time versus de-
tector positions and must be converted into S(q,w) (Fig.2.14) through a pro-
cess known as data reduction.®® 3* This includes a series of operations that
are nowadays encoded in python-based scripts within the Mantid softwareS”
tailored to the specific spectrometer, so that the action required by the ex-
perimenter in minimal. These operations include incident beam normalization
to counting time and flux, corrections for detector efficiency across the solid
angle, detector grouping, and energy binning. The latter two steps are partic-
ularly important, as they determine the final granularity of ¢ range (defined
by the detector coverage and typically spanning 0.2A~! < ¢ < 2A~') and
influence the statistical quality within the energy window. For polarization
analysis, an additional correction is applied to account for the time-dependent
efficiency of the *He polarizer, which determines its ability to effectively flip
the spin.5?

In addition to standard steps such as background subtraction, detector effi-
ciency, and instrument resolution corrections, NSE data processing also in-
volves (1) fitting the raw phase-dependent neutron counts at a given Fourier
time ¢t with a damped cosine function, and (2) calculating the polarization
from the amplitude of this fit using the up and down spin counts. Unlike direct
or indirect spectrometers, NSE data reduction is less automated and requires
careful tuning of fitting parameters, so the detailed processing is typically

entirely carried out by the instrument scientist.

Energy domain Incoherent QENS

The primary challenge of this method lies in disentangling the plethora of dy-
namical processes that contribute to the broadening of the elastic line. The
standard method to extract individual contributions involves fitting Sin(q, w),

using least-square minimization.®® % The observed peak broadening is typi-
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Figure 2.14: Representative QENS spectrum as a function of energy transfer
and intensity measured for DoO/Et-Dg with 0.3 wt.% bis-urea gelator and 5
wt.% paracetamol, recorded on LET at T'= 290K and F; = 3.84 meV. Inset
(a) 2D contour map in g — hw space, highlighting the specific cut along ¢ used
to extract the spectrum shown in the main panel. Inset (b) 3D visualization
of the QENS intensity as a function of ¢ — hw.

cally modeled as a sum of Lorentzian functions, £(q,w), centered at the origin:

1 7(q)

T Z T (a2 PP (2.37)

L(v(q),w) =
where v(q) is the Half Width at Half Maximum (HWHM). Careful consid-
eration must be given when fitting a QENS signal with arbitrary sums of
Lorentzians, as each corresponds to distinct physical processes. The optimum

number of Lorentzians cannot be determined a priori but depends on the
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spectrometer’s resolution, the accessible energy window, and sample charac-
teristics, such as the nature of the moving components. In fact, for a sample
to produce a measurable QENS signal, its dynamics must lie within the in-
strument’s "sweet spot,” defined by its energy resolution and energy window.
Motions slower than the resolution limit (e.g., immobile gel networks or sample
holders) contribute as elastic signals modeled by d(w)-functions. Conversely,
processes faster than the instrument’s range appear as a background, typically
modeled as aw + . In the systems studied in this thesis, no more than two
distinct dynamical processes (Lorentzians) are considered: one representing
slower isotropic translational diffusion (narrower Lorentzian) and another ac-
counting for faster localized motions (broader Lorentzian).”™ Modeling these
localized motions is particularly relevant for studies on lateral protein chain
dynamics®*® while for small molecules, a single Lorentzian representing center-
of-mass motion often suffices.” The final model for the incoherent structure

factor Siyc(g,w) accounting for these contributions, is expressed as:
Sinc(q, w) = Agd(w) + Z A Li(w,v(q) + aw + B (2.38)

However, this model assumes an infinite observation time, which is unattain-
able in practice.?® 33 Therefore, the instrument resolution, R(w), must be
included through a convolution (denoted as ®) with the fitting functions (i.e.
d and Lorentzian)(Fig.2.15). The resolution function R(w) is obtained by fit-
ting the Vanadium spectrum with a sum of an arbitrarily large number of

Gaussian functions G(w):

G(w, 7, wp) = — M} (2.39)

exp |—
\V2ro p{ 207

where wy is the peak centre and o is Full Width at Half Maximum (FWHM) of
the bell shape function. The advantage of using G(w) is that the convolution

of a Gaussian and a Lorentzian is an analytical function called Voigt function
Vv,
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Figure 2.15: Visual example of convolution between a J-like function g(x)
and an asymmetric function h(x). The function f(x)=g(x)®h(x) represents a
"blurring” of function g(x) by function h(x). Reprinted with permission from
Ref.3! Copyright Oxford University Press.

V(w,0,7) =G(w,0) @ L(w,7) = h G o)L(w—u',7y)dw (2.40)
400

This convolution combines the Gaussian’s broadening effects with the Lorent-
zian’s sharpness, simplifying the fitting process, especially in script-based anal-
yses where the Voigt function is accessible (e.g., via Faddeeva function available
in python).%° Tmportantly, due to the properties of 6-functions, the first term

of Eq.2.38 simplifies to:
R(w) ®d(w) ~ R(w) (2.41)

The fundamental parameter obtained through fitting is the g-dependent Lorent-
zian broadening ~y(q). Its physical significance becomes clear when the Lorent-
zian L(7y(q),w) is anti-Fourier transformed into space and time coordinates.
This yields the probability density function P(r, t|rg, o) in an isotropic medium
(Eq.1.12) which solves the second Fick’s law (Eq.1.2). Recalling the relation
between the self-correlation function, Gge(r,t) and the incoherent dynamic

structure factor Siyc(q,w), 7(¢) becomes:

/yﬁck(CD = l)selfq2 (242)

As a result, larger broadening in ¢ of the y(q) corresponds to a larger slope,
corresponding to a larger diffusion coefficient Dy (Fig.2.16). The diffusion
model described by Eq.2.42 is named Fickian as it represents the simplest
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case of Brownian motion where a particle undergoes random collisions with
its surrounding solvent in a homogeneous medium. However, for ¢-values
probed by QENS that approach interatomic distances, deviations from Fickian
diffusion emerge, particularly in complex environments. These deviations from
linear g-dependence of v(q) are captured by so-called jump-diffusion models.
Among the various formulations, the model widely employed in this thesis is

that developed by Teixeira et al.”™

l)selfq2

= <7 2.43
1 + Dselfqures ( )

Yiump(q)
Here, diffusion proceeds not continuously but via discrete steps or ”jumps,”
required to overcome energy barriers imposed by structural organization, such
as hydrogen bonds network.”™ ™ The parameter T, is the residence time
representing the time-interval between successive jumps (Fig.2.16). In this
model, the diffusion coefficient D¢ is obtained from the slope of the curve
at low-¢q while the residence time is related to the asymptotic behavior of the

curve at high-q:

: 2
%ump(Q) qTO> Dgeirq

1
Yiump(9) m —

Thus, the Teixeira jump-diffusion describes a confined diffusion process at
atomic scales (high-¢) that transitions to an unhindered process at larger
scales (low-¢). It is worth mentioning that, in some complex systems like
zeolites,>” an asimptotic value for v(q) can be observed even in low-q region.
This g-independent v(q) is characteristic of localized motion, with the onset
of the plateau marking the spatial scale at which confinement becomes signif-

icant.™ 76
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140C))
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Figure 2.16: Fickian diffusion with linear dependence of HWHM on ¢* (red)
and Texeira jump-diffusion (blue) with deviation from linearity at high g.
Here the diffusion coefficient D¢ is taken as the curve’s slope at low-¢ and
the curve’s asimptote is the reciprocal of the residence time 7..c. Adapted with
permission from Ref.?® Copyright 2019, Cambridge University Press.
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Coherent QENS
Although the QENS signal inherently carries information about collective dy-
namics (Eq. 2.14), its analysis is often overlooked in practice, particularly
in ToF and NBS. However, coherent contributions can become significant in
scenarios where the incoherent component does not strongly dominate, such
as when a substantial portion of the sample is composed of deuterated sol-

vents.3% 43

This interference can affect the incoherent spectrum, with one
notable example being the de Gennes narrowing.”” This phenomenon causes
the QENS signal to narrow near the peak of the structure factor S(q), which
describes the static local arrangement of atoms. De Gennes elucidated this

relationship by linking S(gq) to the average square of the energy transfer:

(2.44)

indicating that particles move slower in regions of higher correlation (e.g, for
D0, this occurs around ¢ ~ 2A~!, corresponding to the local caging of water
molecules at ~3A).% This effect can lead to an underestimation of the peak
broadening. The structure factor S(q) is related to the coherent scattering

function Seon(q,w) via:

S(q) = /_Oo Seon (g, w)dw (2.45)

thus, a complete removal of the narrowing effect in the total spectrum requires
isolating the coherent contribution (note: this integral is inherently approxi-
mate, as the neutron energy exchange is physically bounded and not infinitely
available). The limited success of coherent QENS analysis arises from two
main challenges: the complexity of separating coherent and incoherent spec-
tra and the lack of robust analytical models due to the many-body nature of
the problem.?® Recent instrumental advancements, such as polarization anal-
ysis (PA) implemented on QENS spectrometers like LET, have enabled the
acquisition of purely coherent spectra with sub-meV resolution, effectively ad-

dressing the first challenge.’® These developments have promoted a growing
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interest in coherent QENS, that can give per se new insights into liquid collec-

43,44, 7880 o1 can be considered as a non negligible contamination

tive dynamics
of Sinc(q,w) especially for studies of proteins in solution.*” 8! However, this
technological advancement is accompanied by a demand for analytical model-
ing of coherent QENS. Among the few models available, two key approaches

can be identified:

e Vineyard-Skgld model,®? which consists in expressing the Seon (g, w) as:

e (9
Scoh(Q? w) - Smc ( S(q) ) ) S(Q) (246)

Heuristically this model assumes that the coherent signal diffusive dy-
namic is given by a modulation of the incoherent scattering function via
the structural correlations given by the structure factor (to be measured
in a joint diffraction experiment). The main advantage of this method is
the possibility to fit the coherent data with all the models for incoherent
QENS described above, as demonstrated by Burankova et al. in their

® However, as the authors suggest this inter-

studies on ionic liquids.
pretation yields a diffusion coefficient which should be collective-like in
nature as if it were self-like. In addition, the model’s accuracy diminishes

for g-values far from the structure factor peak.™: 83

e Dynamic Susceptibility-Based Approach: this method, employed by Arbe
and Colmenero in their pioneeristic works on collective dynamics at
the mesoscale of monoatomic liquid like D,O* ™ and Tetrahydrofuran
(THF)®® consists in converting the Seon(q,w) in form of imaginary part
of dynamic susceptibility x7,(¢,v) and fitting the model with a sum of

Debye-like relaxations:

V" (q)
Xcoh q,v ZA 1/2 + Vmax(q>2 (247)

where the relaxation time of the process 7 is linked to the peak frequency

Vimaz Via T = (2TVpmae) ", and A; is the amplitude of the function. This
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function can be generalized to the Cole-Cole distribution, which accounts

for a stretching parameter o €[0,1]:1942: 84
l1—a
v T
( ) COS 5
S (2.48)

u 11—« o v 2—2«
1+ 2( ) sin — + ( )
yma:p 2 Vmax

X”(V7 Vmaz AO, 04) = AO
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Time domain After data reduction, NSE data are in the form of the inter-
mediate scattering function, a correlation function similar to those obtained
with techniques like dynamic light scattering or fluorescence correlation spec-
troscopy. This allows for straightforward fitting of the data by directly visu-
alizing the relaxation times in the time domain, avoiding the complex fitting
procedures required by time-of-flight or backscattering methods. The most

general function used for fitting is the stretched exponential

I(g, t) ~ exp [— (;)5] (2.49)

which extends the single-exponential decay model by introducing a stretching
parameter § € [0, 1] alongside the characteristic relaxation time 7. This ex-
pression represents a distribution of multiple relaxation rates that reduces to

a single relaxation process for 5 ~ 1.

(Note: all the fits above mentioned have been performed using python 3.5.2
scripts, employing curve_fit command from scipy.optimize, whilst the plot
were made by the matplotlib package. The fitting models were stored in a

library script and assembled according to the experiment in bespoke scripts.)

2.3 Subcutaneous Injection Site Simulator

The Subcutaneous Injection Site Simulator (SCISSOR) operates as a source-
sink system, where a drug formulation initially contained in a deposit cham-
ber (source) flows into a collection chamber (sink) where the concentration
over time is measured. The additional features engineered into SCISSOR are
specifically designed to replicate, in vitro, the physiological conditions follow-
ing subcutaneous injection (Fig.2.17).28%% Central to SCISSOR’s functionality
is a specialized cartridge containing an artificial extracellular matrix (ECM)
designed to mimic the subcutaneous tissue environment. Hyaluronic acid (HA)

forms the primary component of this ECM, chosen for its prevalence in con-
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nective, epithelial, and neural tissues, offering superior physiological relevance
compared to alternatives like collagen or polyethylene glycol (PEG). This vis-
cous HA-based matrix serves a dual purpose: it provides initial resistance to
formulation dynamics, simulating the flow characteristics encountered in vivo,
while also enhancing the stability of the formed depot, preventing rapid dis-
persion.®® The drug formulation is carefully injected into this cartridge over
a period of approximately 20 seconds, ensuring a slow and steady introduc-
tion. This ability to inject formulations, rather than having them pre-loaded
in a reservoir, is crucial for replicating the physiological stress conditions that
can induce aggregation and precipitation of the active pharmaceutical ingre-
dient (API). These phenomena are often associated with suboptimal in vivo
release in human subjects, making their accurate simulation in vitro partic-
ularly valuable for predicting drug behavior. To reproduce uptake from the
injection site, the cartridge features two dialysis membranes on opposite sides,
modified with a grid pattern of holes that act as absorption points into blood
or lymphatic capillaries. As it has been proved such barrier provides a reten-

tion of the HA and regulate the passive transport as a function of molecular

Figure 2.17: SCISSOR layout. (a) Cartridge filled with hyaluronic acid. (b)
Cartridge immersed in the buffer chamber, equipped with UV-vis fiber optics
(yellow), while red arrows indicate the direction of the drug flow out of the
cartridge. Note: the chamber shown has a volume of 300 mL, whereas a 60 mL
chamber was used for the measurements. (c) Overview of the multi-chamber
setup, enabling parallel measurements and the production of triplicates.
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t.86 The cartridge is then immersed into the acceptor chamber, typically

weigh
a beaker containing physiological buffer that mimics the ion composition and
pH of the hypodermis, functioning as an ”infinite sink” for the released drug.
Sink conditions are generally defined as the ability of the dissolution media
to dissolve at least three times the amount of drug in the dosage form.?” The
importance of ”infinite sink” conditions lies in maintaining a consistent con-
centration gradient, the primary driving force for drug dissolution and release,
thus preventing the dissolution rate from becoming a rate-limiting factor that
could mask other release mechanisms. In practice, the volume of the sink
medium can vary, typically ranging from 60 to 300 ml, depending on the spe-
cific requirements of the study and the properties of the drug being tested.
The choice of the buffer, crucial for maintaining physiological conditions, are
usually between phosphate and carbonate buffer. Both guarantees the ion
composition found in physiological fluids, the maintain the pH at 7.4 and re-
sist to changes, compatible with biological systems. While phosphate buffers
are commonly used in drug release studies, carbonate buffers are increasingly
preferred due to their greater physiological relevance. Carbonate buffers more
closely mimic the bicarbonate buffer system present in human interstitial fluid,
which is the primary buffer system in the body. Furthermore, carbonate buffers
have shown superior performance in maintaining pH stability over extended
periods, making them particularly suitable for long-term drug release stud-
ies.”® The carbonate buffer used in this project primarly consisted of sodium
bicarbonate (NaHCOg3, 25 mM) as the key buffering agent, supplemented with
sodium chloride (NaCl, 110 mM) to maintain physiological osmolarity. Other
essential components include calcium chloride dihydrate (CaCly-2H50, 1.36
mM), magnesium chloride hexahydrate (MgCly-6H,0, 0.443 mM), potassium
chloride (KCl, 5.36 mM) to mimic the ion composition of interstitial fluid.
Sodium azide (NaNs, 3.08 mM) is included as a preservative. The buffer is
prepared by first adding 0.5 M hydrochloric acid to a final concentration of 4.5
mM in Milli-QQ water. The salts are then dissolved in this solution, and the
volume is adjusted to the final desired amount with additional Milli-Q water.

After mixing, the solution is left overnight at room temperature to allow pH
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equilibration and the pH is checked and adjusted to 7.40 if necessary (note: the
buffer has been prepared by Debra Ashard at AstraZeneca). The advantage of
SCISSOR is that it incorporates the two key components (cartridge-chamber)
in an all around system that offers precise control over several environmental
parameters, crucial for accurately simulating the subcutaneous space. The
system maintains a constant temperature of 34°C, while a continuous CO, gas
flow is employed to maintain pH stability at 7.4. To prevent local saturation
and maintain concentration gradients, the buffer is continuously stirred and
refreshed using a pump system. This circulation mimics the dynamic nature of
interstitial fluid in vivo, ensuring more realistic drug release conditions. The
system is equipped with built-in cameras that monitor extracellular matrix
changes post-injection and track the evolution of the injected formulation, in-
cluding gel depot swelling or erosion and aggregation or precipitation of liquid
formulations. Additionally, these cameras are utilized to set and monitor the
height of the cartridge, which is crucial as it influences hydrostatic pressure
within the system, thereby accurately simulating the interstitial pressure found
in the hypodermis.®

The concentration profile over time is monitored using a UV-vis fiber optic
immersed in the buffer, enabling non-invasive, continuous concentration mea-
surement without the need for withdrawing aliquots at fixed intervals. UV-Vis
spectroscopy operates on the principle that molecules absorb specific wave-
lengths of light, causing electrons to transition from their ground state to an
excited state.”® 19 This occurs when a photon with energy matching the dif-
ference between two electronic states of a molecule is absorbed. Ultraviolet
light spans wavelengths from 100 to 400 nm, while visible light ranges from
400 to 800 nm. The specific wavelengths absorbed depend on the electronic
transitions between molecular energy levels. The transitions that occur dur-
ing absorption can be classified into different types based on the nature of the

electronic states involved:

e 0— o*: promotion of o electrons (involved in single bond) to the excited
state o*. This transition usually requires high-energy UV light (shorter

wavelengths, generally below 200 nm);
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e n— m*: transition of non-bonding electrons (n) to the excited 7* orbital.

This requires less energy (200 - 400 nm);

e m— 7*: transition of an electron of bonding 7 orbital (involved in mul-
tiple bonds) to the excited orbital 7*.

This last transition is typically observed in conjugated systems, where the
overlap of 7 orbitals enables electron delocalization across adjacent atoms.
This delocalization causes the energy levels to split into multiple closely spaced
molecular orbitals, such as 7, 7, and their corresponding excited states my, m,.
The resulting reduction in the energy gap between bonding and excited states
makes the absorption of lower-energy (longer wavelength) light more favorable.
This phenomenon is linked to chromophores, specific parts of molecules (aro-
matic rings, double bonds, carbonyl group etc.) that exhibit strong UV-vis
absorption. For instance, in this study Ibuprofen sodium effectively absorbs

101 while Insulin'®? and Lysozyme!® due

UV light due to its aromatic structure,
to the presence of aromatic amino acids like tyrosine and tryptophan. The ab-
sorbance A(\) appears as a smooth band rather than a sharp peak because
electronic transitions are accompanied by simultaneous changes in rotational
and vibrational energy levels. This function can be expressed by the differ-
ences between incident Iy and transmitted light I. According to Beer-Lambert
law this quantity is proportional to concentration ¢ of the absorbing substance

in solution, path length [ in the fibre optic:

A(N) = log% ez (2.50)

where the molar extinction coefficient, €()), is determined by a calibration
curve, obtained with the serial addition method. A stock solution of the
drug at a known concentration was prepared, and small, measured volumes
of this solution were sequentially added to a fixed volume of solvent. After
each addition, the UV-vis absorbance response was recorded. The measured
absorbance values were then plotted against the corresponding drug concen-
trations. A linear regression was applied to the resulting data to establish the

concentration-response relationship, providing a reliable basis for determining
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drug concentrations in subsequent samples.
In this work, the concentration is determined by calculating the area under the
curve of the second derivative of the Beer-Lambert Law. The first derivative
of the absorption curve yields the slope of A(\) versus A:

dA(N)

- l-c-e'(N) (2.51)

The second derivative, instead, yields the rate of change of the slope

d2A(N)

W =[-c- 5,/(A) (252)

Baseline scattering from turbidity contributes to only a slow rate of change
in the slope, while absorbance from the sample results in faster changes that
are captured in the second derivative. This allows for more precise detection
of small or closely spaced absorption peaks that are indistinguishable in the
raw spectrum, while minimizing the effect of linear scattering baselines.!%4-108
However, second derivative spectroscopy significantly reduces the signal-to-
noise ratio, decreasing the signal by approximately tenfold and increasing noise
by a factor of six. The dissolution data, expressed as the percentage of the
released drug, were generated using the AuPro 7 software from Pion. Given
the complexity of the system, with multiple release mechanisms and barriers,
we opted for a qualitative comparison of the released drug amounts, without
fitting the data to a specific model or calculating a diffusion coefficient,'*® to
avoid overinterpretation of the results. The major drawback of SCISSOR is its
limited ability to replicate in vivo conditions, such as cellular crowding, which

significantly impacts the bioavailability of the drug (Fig.2.18).
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Figure 2.18: The painting highlights the crowding during release: the insulin
crystal (yellow), the fused vesicle and cell membranes (green), and the extra-
cellular matrix (browns). Acknowledgment: David S. Goodsell, RCSB Protein
Data Bank, and Scripps Research. DOI:10.2210/rcsb,db/goodsell — gallery —
044.
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Abstract

Over recent decades, medicine development has increasingly turned to bio-
logics for their higher efficacy and reduced side effects compared to small
molecule drugs. However, the necessity for parenteral administration of these
labile compounds poses significant challenges, requiring frequent injections
and highlighting the need for sustained release systems to improve patient
adherence. Drug delivery vehicles are currently regarded as acting as a diffu-
sion barrier and, particularly supramolecular gels, offer a promising solution
due to their tunable properties and biocompatibility. This study focuses on
diffusion within a peptide supramolecular hydrogel based on the ultra-short
Fmoc—diphenylalanine (FmocFF) moiety, exploring its potential as a drug de-
livery carrier. By examining dynamics at different timescales, we aim to decou-
ple steric and non-steric effects of the fibre network on solute diffusion. Using
Quasi-Elastic Neutron Scattering (QENS), we investigate solvent dynamics,
gelator network structure, and the picosecond self-diffusion behavior of vari-
ous drugs to focus solely on hydrodynamic interactions. In vitro release studies
will measure bulk diffusion over 12 hours using the Subcutaneous Injection Site
Simulator (SCISSOR), mimicking possible interactions occuring during drug
release. Our results demonstrate that from molecular-level to bulk diffusion,
hydrodynamic interactions are mitigated and masked by factors such as steric
confinement and surface erosion. This work highlights the necessity of bridging
short-time to long-time scale bulk diffusion mechanism to tune drug release

and ultimately design better drug delivery vehicles.
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3.1 Introduction

Over the last decades, the pharmaceutical field has seen an increase in the use
of biologics as therapeutic agents, which are generally more effective in treat-
ing disease states compared to small molecule drugs and often result in fewer
side effects.’™ The route of administration for compounds such as proteins
or monoclonal antibodies poses a significant challenge. The oral route, which
is the best option for patient adherence, is not viable for biologics and bio-
similars due to the harsh environment of the stomach and digestive enzymes,
which would degrade these compounds before they can be absorbed and exert
their therapeutic effect; they currently have to be injected.® 5 Parenteral ad-
ministration, whether intravenous, intramuscular, or subcutaneous, often leads
to rapid drug absorption from the injection site. This rapid absorption can
result in high peak plasma concentrations (Chax), which may cause adverse ef-
fects due to the sudden drug’s high concentration in the bloodstream.® While
this rapid onset can be advantageous in many clinical situations, it may also
present challenges. For drugs requiring sustained therapeutic levels, the rapid
absorption and high C',,x may necessitate frequent injections, often on a daily
basis, to maintain the desired effect and avoid potential toxicity associated
with peak concentrations. This need for frequent administration can, however,
negatively impact patient compliance, particularly in cases requiring long-term
treatment or self-administration, thereby reducing the overall effectiveness of
the therapy.” This issues creates a need for sustained drug release systems to
reduce injection frequency, improve patient adherence and reduce healthcare
costs. One promising approach is the development of gel-based vehicles, due to
their enhanced viscosity compared to liquid formulations.® ! These materials
consist of a large liquid fraction retained by a solid network traditionally based
on covalent bonds between polymeric fibres.!? Recently, there has been grow-
ing interest in supramolecular gels, where the fibre entanglement is formed
through non-covalent bonds by very small concentration (< 1 wt.%) of low
molecular weight gelators (LMWG) that self-assemble upon physical changes

in e.g. temperature, pH, or ion concentration.'® Compared to polymeric gels,
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supramolecular gels are more reversible and can be finely tuned through subtle
modifications to the initial monomers, such as altering their electrostatic inter-
actions, hydrophobic properties, or other physicochemical characteristics.!# 1°
In this regard, it has been shown that modifying a neutral, phenylalanine (F)
based peptide LMWG (FEFKFEFK) by incorporating at both ends charged
residues such as lysine (K) (KFEFKFEFKK) can significantly promote greater
retention of an anticancer drug.'® Such tunability, combined with the biocom-
patible nature of LMWGs and their aqueous solvents, makes these gels highly
promising for drug delivery applications.!” Currently, drug release from gel
matrices is often interpreted in terms of the relative size between the drug
Targ and the mesh rpeqn. For rgrg < Tmesn the drug undergoes diffusion-
controlled release, while if rgyye > Tmesn the drug can be trapped within the
matrix, leading to more complex release mechanisms such as surface erosion
or swelling.!! These studies are typically based on experimental data collected
over several hours, which measures the drug’s flow from a gel reservoir to a
receptor buffer driven by concentration gradient.'® This approach can be in-
fluenced by multiple factors such as pH, temperature, buffer composition and
its agitation. Moreover, in equilibrium systems without concentration gra-
dients, drug diffusion is affected by steric confinement (collisions with fibres
slowing down the physical random diffusion pathway) and hydrodynamic in-
teractions (resulting from fibre surface chemistry). These complexities make
it challenging to develop analytical models for drug release, which are often
more descriptive than predictive.'® 2! To address these challenges, we propose
to decouple these effects by studying diffusion at the molecular level, focus-
ing primarily on hydrodynamic interactions. While techniques such as Pulse
Field Gradient NMR (PFG-NMR) and Fluorescence Correlation Spectroscopy
(FCS) have been used to study diffusion in gels, they typically probe molecu-
lar displacements, occurring over ms, on the order of hundreds of nm to um.
At these scales, the measured diffusion is significantly influenced by the gel’s
mesh structure and steric confinement effects. In contrast, our approach aims
to examine diffusion at shorter time and length scales, before the diffusing

molecules encounter the physical constraints of the gel network.??24 Molecu-
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lar dynamics (MD) simulations can help quantify hydrodynamic interactions
by obtaining individual trajectories, but they require experimental validation
to refine force fields.?> Quasi-Elastic Neutron Scattering (QENS) simultane-
ously accesses spatial and time correlations associated with diffusive dynamics
on the molecular level, focusing on hydrodynamic interactions and minimizing
steric confinement effects.?* 2628 This method has been employed to resolve
subtle differences in drug diffusion in a prototypical bis-urea supramolecular
gel, revealing slightly faster diffusion in gels compared to pure solutions for
small drugs like ibuprofen sodium and paracetamol.?? This finding suggests
that diffusion at the molecular level is governed by more nuanced parameters
than mesh size, which must be understood to design better materials tailored
to specific drug release kinetics.

In this study, we report a comprehensive investigation of FmocFF hydrogel

30-33  The approach involves examining

as a potential drug delivery carrier.
the solvent dynamics, the structure of the gelator network, and the picosec-
ond self-diffusion behaviour of a diverse range of drugs using QENS. The set
of drugs includes ibuprofen sodium as an example of a small drug, and two
model proteins, insulin and lysozyme. Additionally, in vitro experiments using
the Subcutaneous Injection Site Simulator elucidate the drug release kinetics
from the gel matrix over 12 hours.®* This analysis aims to delineate the mech-
anisms influencing drug diffusion across different time scales and to determine
if short-time diffusion probed by QENS correlates with long-term release pro-

files.

3.2 Material and Methods

3.2.1 Sample preparation

FmocFF (98% purity) was purchased from Bachem. Sodium deuteroxide so-
lution (40 wt.% in D20, 99.5 atom% D), glucono-é-lactone (GdL), ibuprofen
sodium (IBU), lysozyme from chicken egg white (LYS), and recombinant hu-

man insulin (INS) (both as lyophilized powders) were obtained from Sigma
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Aldrich. All chemicals were used without further purification. The FmocFF
hydrogel formation was triggered by a pH change, achieved through a care-
fully controlled process.*® Initially, 5 mg of FmocFF gelator (0.5 wt.%) was
dissolved in 1 ml aqueous NaOH solution at pH around 10.4; this high pH
needed for the deprotonation of the C-terminal carboxylic acid of FmocFF,
was achieved with one mole equivalent of NaOH (0.1M). Once the FmocFF
was added, the solution has been through cycles of vortexing and sonication
to ensure complete dissolution of the solid gelator. Following dissolution, 6.4
mg of GdL was introduced to the solution. GdL was chosen for its ability
to gradually lower the pH over an 18-hour period, unlike faster-acting acids
such as HCl. This gradual pH reduction not only minimizes solvent mixing
effects but also guarantees a more uniform gel formation, thereby enhancing
reproducibility.®® After the addition of GdL, the drug compounds dissolved
in H,O were introduced to the solution to achieve a final concentration of 5
wt.% for ibuprofen sodium and 2.4 wt.% for insulin and lysozyme. The lower

concentration for the two proteins is due to a balance between ensuring a
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Figure 3.1: (a) Molecular structure of FmocFF; (b) vial inversion test of the
FmocFF 0.5 wt.% gel in water after setting for 18 hours; (c) molecular struc-
ture of ibuprofen; tertiary structure of (d) insulin and (e) lysozyme.
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sufficient signal for QENS measurement and maintaining gel stability. Subse-
quently, while still in solution, the sample was transferred to a double-walled
cylindrical aluminium can for neutron experiments, and into the syringe for
SCISSOR experiment. To confirm successful gel formation, a control aliquot
was subjected to the vial inversion test (Fig.3.1b). The use of deuterated sol-
vent (D,0O and NaOD) was necessary for QENS experiments to emphasize the
signal from the drug against the background. For comprehensive data anal-
ysis, each drug was measured both in gel and pure solution, along with pure
deuterated backgrounds (unloaded gel and solution), all prepared following the

same procedure also without the gelator to guarantee an accurate comparison.

3.2.2 Quasi-elastic neutron scattering (QENS)

Time-of-Flight and Backscattering spectroscopy

QENS probes diffusive random motions such as translations and rotations
involving energy exchanges between neutrons and sample typically below 2
meV.30 The main observable in QENS is the dynamic structure factor S(g,w),
a function of momentum hq and energy hAw transfer that carries information
about the time-dependent ensemble-average particle positions. This function
appears as a spectral line broadening around the zero energy exchange hw =

0 peak, and it can be modelled with a Lorentzian function:

L,(q) = (3.1)

where the v(q) is the g-dependent linewidth (half-width at half-maximum,
HWHM) and relates to the self-diffusion coefficient via v(q) o< Dyrq®. How-
ever, QENS in a drug-loaded gel system can arise from a superposition of the
contribution from the drug, the solvent and the network. Different energy
resolutions and energy ranges covered by QENS spectrometers enable discrim-
ination between the distinct sources of scattering across various energies hw.
In fact, the energy resolution sets the slowest motion that can be probed by

the instrument while the energy window yields the fastest accessible dynamics
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via the relation ¢ oc (2mhw) .

The momentum transfer, on the other hand,
provides the length scales accessible via L = 27/q, thus making it possible
to decouple the solvent and gelator dynamics by probing relatively larger and
smaller ¢, respectively.

Solvent dynamics in the FmocFF gel has been measured with the Time-of-
Flight indirect geometry spectrometer IRIS at the ISIS facility, Rutherford
Appleton Laboratory (Didcot, UK). The instrument operates with an energy
resolution of 17.5 pueV FWHM, covering a range of -300 pueV < hw < +1200
peV and 0.3 A~' < ¢ < 1.8 A~'. These parameters correspond to displace-
ments on timescales of 0.5-30 ps and lengths of 3.5-21 A. The main contribution
to the QENS spectrum arises from the incoherent cross section of mobile 'H,
with the hydrogen atoms in the gel network contributing only to the elastic
line.

Drug diffusion in the FmocFF gel was measured at the hybrid Backscattering
and Time-of-Flight (BATS) option on the IN16b spectrometer at the Insti-
tut Laue-Langevin (ILL, Grenoble, France). This instrument accesses the
same length scale as IRIS but with a much narrower energy range (-150 peV
< hw < +150 peV) and a smaller energy resolution (3.5 peV) FWHM thus
enabling study of dynamics on the order of 1-200 ps. At this dynamic scale,
the diffusion of the center of mass of small drugs is observed, along with the
combined translational and rotational diffusion of proteins, while the solvent
and the gelator network move too quickly and too slowly, respectively, to be
examined. Additionally, by using a fully deuterated solvent, the drug signal
is enhanced from the solvent background exploiting the different incoherent
scattering cross sections of 'H and ?H isotopes. In both experiments, samples
were placed inside double-walled cylindrical aluminum cans with a 0.3 mm
gap. These were sealed using indium wire and then inserted into a standard
cryo-furnace to ensure temperature control during the 4.5 h long data acquisi-
tion. The data were firstly reduced using standard routines in Mantid,?” and
subsequently analysed with python scripts.

For data analysis, the models for the S(gq,w) have to be convoluted with the

energy resolution R. This operation is implemented by measuring the scat-
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tering of the vanadium and analytically represented by fitting with a sum of
Gaussian functions, one in the case of BATS and multiple in the case of IRIS
(Fig. S1). The analysis of solvent diffusion in FmocFF gel, measured on IRIS,
consisted of a sum of two Lorentzian functions £.(¢) convoluted with the fit
of vanadium sample. The first, narrow ¢-dependent Lorentzian represents sol-
vent molecule translations, while the second, included for the broad energy

range of IRIS, accounts for faster processes such as rotations:

S1,0(¢,w) = (@) Lo (4) + 0(0) Lr, ()
+c(g)01(w) (3.2)

For BATS data, an additional scattering contribution from the empty cryo-
furnace was fitted with a polynomial and subtracted from the spectra to avoid
the noise from direct subtraction and error propagation. The modeling of
the drug diffusion in the FmocFF gel followed a two-step procedure: first the
deuterated solvent background was described with only one Lorentzian, due
to the narrow energy range of BATS, a Dirac function d(w) representing the
elastic contribution of the gel network and the empty Al can, and a sloped

apparent background aw + 8 accounting for faster motions:

90,0(¢:w) = (@) L pen (0) + (@)01 (W) + aw + 5 (3:3)

Subsequently, the free fit parameters a(q), Vsolvent; 0(q), @ and [ obtained
through a g-independent analysis, were fixed and passed to the fit of the drug

loads:

Sarug(0,w) = [6(@) Loy, (@) + (1 = () Loy, (4)]
+d(q)92(w) + (1 =) - Sp,0(g,w) (3-4)

Here two additional Lorentzian functions account for the global centre-of-mass
diffusion £, (¢) and the faster localized motions L., (¢), an additional Dirac
function accounting for the elastic scattering of immobile drug molecules and

a calculated scaling factor ¢ to account for the volume fraction occupied by

171



Chapter 3 3.2. Material and Methods

the drug:3®
emdrug

—_ 3.5
i ‘/solv + emdrug ( )

where 6 is the drug specific volume (fixs/rys = 0.74 ml/g and Oy = 0.97
ml/g), m is the mass of the drug dissolved (Mproteins = 24 mg and mypy = 50
mg), for a Vioent = 1 ml leads to a ¢ ~ 1.7% for the proteins and ¢ ~ 4.6% for
ibuprofen sodium. Finally, to determine quantitatively the diffusion coefficient
D from line broadening, a model is imposed on ¢?. In the case of a continuous

free diffusion the dependence is linear, with the diffusion coefficient D being

the slope
7(q) = Dg? (3.6)
For more complex systems, this relation can be generalized to a jump-diffusion
mechanism:>* Da?
q
=1 3.7
) =17 D (3.7)

At the small ¢ limit, the above equation reduces to eq.3.6 while at higher ¢
values, corresponding to the first coordination shell, the linewidth v(q) tends
to an asymptotic value 1/7. The term 7, known as residence time characterizes
a hindered diffusion process at the molecular level. According to this model
instead of continuous movement, molecules undergo a series of discrete jumps
with static waiting periods.

The above diffusion coefficient should be more correctly named “apparent”
since it has a dependence on rotations and translations D = D(q, Dy, D).
This relation can be made explicit with a concept from colloid physics for

short-time self diffusion,** 2 by solving the equation:

Dll+) +(Dy—D)¢*
ZBZ DI+ 1) + (Dt D) " (38)

where D; and D, are the translational and rotational diffusion, respectively,

while

Bi(g) = (21 + 1) / prr(r) i3 (gr)dr (3.9)
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contains the [th-order spherical Bessel function of first kind and pg(r) the
hydrogen density at radius r.

Neutron Spin-Echo

Neutron Spin-Echo (NSE) measurements were carried out on the IN15 spec-
trometer at ILL to study the geleator network dynamics. Here, the observable
is the normalized intermediate scattering function 1(q,t)/I(q,0), related to
S(q,w) via Fourier transform in the time domain. This function represents an
autocorrelation, similar to dynamic light scattering (DLS) or FCS, decaying
from 1 at zero lag time to 0 at longer times. IN15 can probe time scales of
0.5 - 500 ns with a ¢ range of 0.025 A~! < ¢ < 0.088 A, corresponding to
the length scale of 70-250 A. Multiple diffusive phenomena can be modeled
by analyzing the number of slopes in the decay, corresponding to multiple
Lorentzians in the energy domain. The sample of the gel set in deuterated sol-
vent was placed in a 2 ml quartz cuvette and measured for 12 h to maximize
the signal to noise ratio. The data have been fitted with a single exponential

decay with only two free parameters,

1(q,t)
I(q,0)

= A(q) -exp (=T'(q) - t) (3.10)

the amplitude A(g) and the g-dependent relaxation rate I'(g).

3.2.3 Subcutaneous Injection Site Simulator (SCISSOR)

The drug release measurements have been performed on a Pion N3 Subcuta-
neous Injection Site Simulator (SCISSOR), a device engineered to emulate, in
vitro, the drug release kinetics observed in vivo following subcutaneous injec-
tion.3% 13748 Fundamentally, the apparatus operates on a source/sink princi-
ple, i.e. measuring the concentration driven mass flow from a central cartridge
(source) to an external buffer (sink). The cartridge contained hyaluronic acid
(HA) - based extracellular matrix (ECM), while a 60 ml beaker was filled

with carbonate-based buffer to reproduce the physiological conditions emulat-
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ing the ion composition and pH of the hypodermis (pH~ 7.4) and emulate
the sink conditions of the body. A volume of 0.5 mL of the drug formulation
was slowly injected (over approximately 20 s) into the cartridge with a 1 ml
hypodermic syringe with a 16 mm 23 G needle. The injection is followed by an
equilibration time ¢ < 1 h to let the whole system stabilize to subcutaneous
temperature T = 34 °C and pH 7.4. The temperature of the system is kept
constant at 34 °C and the pH between cartridge and buffer is kept constant
by a continuous CO, gas flow and controlled with calibrated pH electrodes.
To avoid artifacts in mass transfer due to saturation of the concentration in
the buffer, the system continuously stirs and refreshes the buffer using a pump
system. Extracellular matrix changes post-injection were monitored using the
built-in cameras. Each formulation was measured in triplicates.

The concentration profile over time is recorded using a UV-vis fibre optic im-
mersed in the buffer, allowing for concentration determination without the
need to withdraw aliquots at specific time intervals. After obtaining a calibra-
tion curve for the specific drug (Fig. S10), the system operates fully automated,
inferring on the concentration by calculating the area under the curve of the

second derivative of the Beer-Lambert Law;95!

d2A(N)

W =[.-c- 6//()\) (311)

where A()) is the absorption at wavelength lambda, [ is the sample thickness,
c is the concentration and €’()) is the second derivative of the molar extinc-
tion coefficient e. The second derivative allows for more precise identification
of small and closely situated absorption peaks, which are not distinguish-
able in the original spectrum, and eliminates linear baselines from scattering
(Fig. S11). The dissolution data, expressed as the percentage of the released

drug, are then plotted using the integrated software AuPro 7 from Pion.
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3.3 Results and Discussion

3.3.1 Water diffusion in FmocFF gel

We started with modelling the pure solvent to compare to the bis-urea gel?* and
to generate a baseline for solute diffusion. The model eq.3.2 correctly describes
the QENS data for HoO:NaOH + GdL diffusion in FmocFF gel that requires
an additional broad Lorentzian function (Fig. S2) due to a long asymmetric
tail in the energy gain axis.”> The result shows that the FmocFF fibre net-
work does not affect pure solvent dynamics, consistent with earlier results on
a different gel system.”® As shown in Fig. S3, v(q) for HyO in bulk solvent and
in FmocFF gel superimpose over the entire g range and for all probed temper-
atures (275 K, 285 K, 295 K, 305 K). As expected for hydrogen bonded liquids
the linewidth trend deviates from linearity and was therefore modeled with
jump diffusion in ¢? according to eq.5.2. Values for the diffusion coefficient D
obtained from the fit are identical as their differences are within one standard
deviation (o, Table 4.1). This result, along with others on hydrogen-bonded
and organic solvent dynamics in supramolecular gels,?* 2" does not allow gen-
eralization of the solvent behavior. In these prior studies, toluene diffusion was
unaffected,?” while water diffusion was slowed in a supramolecular gel based
on an a-D-mannopyranoside derivative,?” while another study showed an in-
creased diffusion for water-ethanol mixture in the presence of a bis-urea gel.?*
In the latter, the main hypothesis for the faster diffusion of water/ethanol
mixture is that the hydrophobicity of the fibres disrupts the hydrogen bond
network of the solvent, thus locally reducing the viscosity. Our results in the
FmocFF gel reflect its unique structure, distinct from the bis-urea gel. At pH
3.6-3.9, the FmocFF gel forms a network of entangled nanocylindrical fibres
(3 nm diameter) arranged in anti-parallel S-sheets with 7-stacked fluorenyl
groups.?’ This arrangement likely influences solvent-gel interactions more sig-
nificantly than gelator concentration alone would do. The gel’s translucence
for visible light, even at 0.5 wt.% FmocFF, indicates that the fibres or aggre-

54, 55

gates are significantly smaller than visible light wavelengths, suggesting
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Table 3.1: Fit results for diffusion coefficients (D) and residence times (7) for
bulk solution and FmocFF gel, measured on IRIS and fitted using a jump
diffusion model (Eq. 5.2).

sample T [K] D [1077m?/s] 7 [ps]

solution 1.50 + 0.03 2.4+ 0.2
275

FmocFF gel 1.54 4+ 0.03 2.7+ 0.1

solution 1.94 £ 0.03 1.6 £0.2
285

FmocFF gel 1.98 £+ 0.04 1.8 +£0.2

solution 2.46 + 0.06 1.2 +0.2
295

FmocFF gel 2.55 £+ 0.04 1.5 £0.2

solution 3.01 £ 0.10 0.9+ 0.1
305

FmocFF gel 3.13 £ 0.10 1.2 +0.2

a high surface area exposed to the liquid. This structural characteristic may
promote specific interaction sites between solvent and gel network, in contrast
to the bis-urea system, where an increase in gelator concentration from 0.3
wt.% to 0.5 wt.% leads to larger crystalline areas, reducing the available fiber
surface area and diminishing the effects of hydrophobic moieties on solvent dif-
fusion.?* Notably, the solvent phase within the pores of the gel network is not
substantially different from its gel-free counterpart, despite the macroscopic
differences in bulk viscosity between the FmocFF gel and the pure solution.
This finding suggests a baseline for drug diffusion studies, indicating that any
observed drug diffusion is not driven by fast solvent dynamics. Instead, other
factors, such as interactions with the gel matrix or the drug’s own properties,

must be considered.
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3.3.2 Picosecond drug diffusion in FmocFF gel

We used QENS to investigate the hydrodynamic effect of the gel fibre surface
on diffusion of three model drugs: ibuprofen sodium, insulin and lysozyme.
Ibuprofen sodium allows comparison with previous studies on a different gel
system,?? while insulin and lysozyme, differing in size and complexity, enable
examination of molecular dimension effects on diffusion.

Firstly, the QENS spectra of ibuprofen sodium, summed over ¢ have been
inspected, allowing comparison of the spectra at maximum statistics, but at
the expense of information carried by momentum transfer. As a result, only a
qualitative comparison between drug diffusion in solution and gel can be made
showing a slightly wider signal for the solution sample. To quantitatively assess

this difference, a fit based on eq.3.4 was imposed using one Lorentzian function,

----- solvent fit
-- 11
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----- Dirac
solvent data
LYS gel 295K
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Figure 3.2: Example BATS spectrum of 2.5 wt.% lysozyme (full circle symbols)
in FmocFF gel (0.5 wt.%) (light point symbols), at T = 295K and ¢ =
1.3A! and corresponding pure deuterated solvent. Full line represents the fit
of eq.3.4 consisting of the combined solvent and container contribution (dotted
lines), global protein diffusion (narrow thick dashed line) and internal protein
diffusion (dash-dotted line) convoluted with the spectrometer resolution.
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in addition to that of the solvent, to describe the drug dynamics (Fig. S4). A
jump diffusion model was applied to the linewidth 74yue(g) attributed to the
drug molecule diffusion (Fig.3.3 and Fig. S5) as previously done for ibuprofen
diffusion in a different supramolecular gel.? The result indicates that diffusion
of ibuprofen sodium is substantially slower in FmocFF gel compared to the
pure solution, as indicated by the model-free approach. This finding contrasts
with previous observations in a bis-urea gel where ibuprofen sodium was found
to diffuse ~10% faster than in the pure solution;? in FmocFF gel, instead,
it diffuses ~40% slower, highlighting that the drug diffusion is highly system-
specific. This observation could be attributed to an enhanced drug-gelator
interaction especially considering the higher FmocFF gel concentration (0.5
wt.%) compared to the bis-urea gel (0.3 wt.%), the different surface chemistry
and the different viscosity of the solvent. However, this hypothesis cannot be
fully explained by QENS alone, as it provides the ensemble representation over
what occurs within the gel, averaging diffusion of different drug populations
such as molecules in the bulk, in close proximity to the fibre and those attached
to the fibre. The trend of slower drug diffusion in FmocFF gel compared to
pure solution persists when increasing the solute size from small molecules to
proteins. In this case, modeling the S(¢,w) requires an additional component
to account for fast dynamic processes associated with internal fluctuations of
the protein’s backbone and side chains, which contribute to the signal. Thus,
for proteins the final fit of eq.3.4 comprises a contribution arising from the sol-
vent plus a sum of two Lorentzian functions: a narrow one whose ¢-dependence
encodes the global diffusion coefficient, and a second broader one accounting
for faster relaxations from the internal dynamics (dash-dotted line in Fig.3.2,
Fig. S6 (insulin) and Fig. S7 (lysozyme)). This internal diffusion is usually
found to be approximated by jump diffusion®® °¢ but is beyond the scope of the
current work on BATS. The g-dependence of the v(¢) in Fig.3.3(b-c) proves
that the dynamics is not localized and it is a diffusion process. This follows a
Fickian diffusion (eq.3.6) different from the jump diffusion found for ibupro-
fen sodium (Fig. S8). This finding is expected for centre-of-mass diffusion of

large diffusing solutes like proteins that are not hindered by the surrounding
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hydrogen bond network, in contrast to small molecules that experience more

hindrance from this network, resulting in a diffusion process characterized by
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Figure 3.3: Summary of the fitted narrow Lorentzian linewidths g1 (q) corre-
sponding to the apparent centre of mass diffusion at 7' = 295K of (a) ibuprofen
sodium fitted with a jump-diffusion (eq.5.2); (b) insulin and (c) lysozyme fit-

ted with Fickian model (eq.3.6).
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Figure 3.4: (a) Apparent diffusion coefficient (i.e., translation and rotation
combined) of 25 mg/ml insulin and lysozyme in 0.5 wt.% FmocFF gel (full
symbols) and in pure solution (empty symbols), respectively. Dashed lines:
Predicted apparent diffusion, assuming Stokes-Einstein diffusion of spheres
and the literature hydrodynamic radius for monomeric insulin and lysozyme,
accounting for the temperature dependent viscosity n(7') of D20.5" (b) Collec-
tive diffusion function D(q) = 1/T'(¢q) plotted as a function of ¢ for FmocFF
gel network. Inset: normalized intermediate scattering function I(q,t)/I(q,0)
of FmocFF gel in recorded on IN15 at T' = 290 K (curves are offset in y-axis
for visibility). Solid curves are the result of fit with Eq.3.10 (Fig. S9).
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jumps between sites.? %2 Fig.3.4a compares the short-time diffusion coeffi-
cients of insulin and lysozyme in solvent and gel environments, highlighting
differences in aggregation behavior and interactions with the FmocFF matrix.
The short-time self-diffusion measurements of the drugs in pure solvent show
that insulin diffuses more slowly than lysozyme, even though it has a smaller

hydrodynamic radius (Fig.3.4a). According to the Stokes—Einstein relation:

kgT

D, =—2="
" 6mn(T)Ry

(3.12)

where 7n(T') is the temperature-dependent viscosity and Ry, is the hydrody-

59-61) "a smaller protein should

namic radius (insulin: 1.5 nm,*® lysozyme: 2 nm
diffuse faster. However, the measured diffusion coefficient for insulin is signif-
icantly lower than that predicted by eq.3.12 for a monomeric sphere (dashed
lines in Fig.3.4a). This discrepancy clearly indicates that insulin forms larger
aggregates in solution. This finding aligns with a reported TEM observation
of insulin aggregation at pH 3 into spherical agglomerates of 100-500 nm al-
ready at a concentration of 0.125 mg/ml.%> The higher concentration of the
present study together with the pH change which gradually crosses the iso-
electric point of insulin (pH ~ 5.8) may promote such aggregation.
Lysozyme on the other hand does not show any aggregation in solution with
values for the diffusion coefficient D only slightly above the monomer region,
with a more pronounced effect at lower T (Fig.3.4a). This small excess can
be explained by the higher complexity of the dynamics associated to proteins
with respect to small molecules.?®

On the ps/ns timescale, protein translations couple with rotations, while re-
solving small drug rotations requires higher ¢q. Therefore, the protein diffu-
sion coefficient extracted from QENS spectra should be more accurately be
named ”apparent” to account for the combination of translational D; and ro-
tational D, diffusion coefficients D = D(q, Dy, D,). Hence, the small excess
for the lysozyme expected translational diffusion coefficients can be attributed
to the contribution of rotational diffusion. The impact of the latter can be
quantified with the formalism of eq.3.8 by using the program HYDROPRO,®
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and that has been accounted for in the calculation of the dashed lines in fig-
ure 3.4a. Neutron backscattering spectroscopy provides access to short-time
self-diffusion, offering an unambiguous measure of lysozyme’s hydrodynamic
size in solution. After accounting for rotational contributions, the translational
diffusion coefficient (D;) of lysozyme aligns to the monomer region Fig.3.4a.
These findings complement and extend previous Neutron Spin Echo studies at

63,64 yeinforcing the argument for the absence of signif-

similar concentrations,
icant lysozyme aggregation at these low concentrations.

When loaded in the FmocFF gel, both insulin and lysozyme exhibit slowed
short-time diffusion. Assuming insulin is in cluster form, the slowdown follows
a size-dependent rule: lysozyme is on average 30% slower in the gel compared
to the solvent, while insulin is on average 40% slower. This difference can
be explained by the drug size approaching the mesh size of the gel or by en-
hanced protein aggregation within the gel.>* It is also important to stress that
the proteins stay in solution and they do not precipitate since the diffusion
coefficients do not drop to zero but follow a Stokes-Einstein temperature de-
pendence. If the size effect can explain the different sieving effects of the gel
for insulin and lysozyme, the comparison between ibuprofen sodium (r, ~ 0.7
nm)% and lysozyme (r, ~ 2 nm) presents a more complex scenario. One pos-
sible explanation is that ibuprofen sodium has a higher tendency to interact
with the fibres compared to lysozyme. The strong interaction of ibuprofen
sodium with the fibres has been supported by evidence showing its affinity to
bind to the N-terminal residues and fibril edges of AfB149 and A4 amyloid
polypeptides.®® Given that diphenylalanine (FF) is one of the crucial aggrega-
tive motifs in Alzheimer’s 3-amyloid polypeptides,®” its affinity for ibuprofen
sodium could explain the significant slowing down of this drug in the FmocFF

gel.

3.3.3 FmocFF fibre network dynamics

Both the previous® and the current QENS studies on drug diffusion in gels

have relied on the assumption that the gel scaffold contributes only to the

182



Chapter 3 3.3. Results and Discussion

elastic response, essentially behaving as a solid. However, at the temporal
and spatial resolution probed by QENS, the network and fibres within the
gel may influence drug dynamics beyond a merely static hindrance. In fact,
as it has been recently indicated, tracer molecules in polymer matrices may
adhere to the fibres and follow their dynamics.®® This effect is particularly
relevant in supramolecular gels, where non-covalent bonds make the structure
potentially more flexible than polymer gels with covalent bonds. Furthermore,
such effect might be even more relevant when moving from small molecular
drugs to larger solutes like proteins, whose dynamics is significantly slower.
To unambiguously determine whether gelator dynamics contributes to drug
diffusion we performed NSE on unloaded FmocFF gel. The ¢ range probed
by IN15 covers the same probed by Small Angle Neutron Scattering (0.25-0.88
nm~! corresponding to lengths of 7-25 nm via [ = 27/q), which can be used
to probe both primary fibres and some features of the network, without intro-
ducing artifacts due to drying or freezing the sample, as would be necessary
for electron microscopy.®>"* The normalized intermediate scattering function
I(q,t) shows the beginning of a decay above 100 ns over the observed ¢ range
(Fig. S9). This behavior suggests the presence of relatively rigid fibres whose
dynamics are nearly frozen on the timescale probed by the NSE spectrometer.
To quantitatively assess the relaxation time of the process, the scattering signal
is fitted with a single exponential decay (Fig.3.4b (inset) and Fig. S9). The
fit based on two free parameters reproduces the trend of the experimental
data. The pre-factor A(q) is approximately ~ 1 while the relaxation rate I'(q)
in eq.3.10 can be associated with a characteristic ¢-dependent diffusion co-
efficient, denoted collective diffusion function D(q) = T'(q)¢* (Fig.3.4b). At
the length scale where we probe drug diffusion, the hydrogel fibres’ movement
is negligible, being three orders of magnitude slower than drug movement.
Consequently, fibre dynamics do not significantly influence our observations
of drug behavior. We speculate that the low values of D at low ¢ might be
associated with de Gennes narrowing approaching the gel mesh size.” Hence,
the hypothesis of an elastic contribution arising from the fibres holds true over

the investigated ¢ range and on the ps/ns time scale probed with QENS.™

183



Chapter 3 3.3. Results and Discussion

3.3.4 In vitro drug release

We conducted SCISSOR experiments to provide a macroscopic counterpart to
the short-time diffusion studied with QENS and to understand drug behavior
over longer time scales relevant to practical drug release applications. However,
before interpreting SCISSOR data it is crucial to understand the sequence of
events leading to the final release profiles. The injection process exposes the
formulation to multiple stresses, including shear forces, localized heating, and
pressure changes as it passes through the needle. This step is then followed
by the interaction of the formulation with ECM, which increases viscosity and
reduces the release rate.*> Subsequently, the formulation diffuses within the
cartridge and through the cartridge membrane to the buffer driven by concen-
tration gradient. A qualitative analysis of injection into the cartridge reveals
significant differences among the formulation of the three drugs, even in their
pure solution formulations (Fig.3.5). A notable effect observed is the decrease
in injection chamber clarity, attributed to a pH drop following the addition of
formulations at pH between 3.6 and 3.9 (Fig. S12). The two studied proteins
exhibit different behaviors post-injection due to their distinct isoelectric points
(pl). Lysozyme (pl 10.7) shows no visible precipitation, whereas insulin (pI 5.4)
undergoes significant aggregation as the pH crosses its pl, before recovering
as pH re-equilibrates to 7.4, a previously observed phenomenon.?* ™ A de-
crease in the injection cartridge clarity is also observed for ibuprofen sodium,
even though the formulation remains above its pK, of 4.9, keeping the drug
in the ionized form and thus limiting its precipitation. Hence, the decrease in
clarity can be attributed to the higher concentration of the drug compared to
proteins or specific drug-HA interactions. We started from the pure solution
formulations to have a reference for the respective gel. The release curves cor-
relate with injection chamber images, with lysozyme rapidly released into the
buffer (with 30% released within the first 30 minutes) while ibuprofen sodium
takes about 4 hours to achieve the same released amount (Fig.3.5). The study
primarily focuses on the first 12 hours, as it has been observed that after this

period the degradation and leakage of HA may affect the measurements.*6 The
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Figure 3.5: Release curves obtained from SCISSOR experiment for (a) ibupro-
fen sodium, (b) insulin and (c) lysozyme. The data represent mean + standard
deviation from 3 repetitions (except for the lysozyme in gel which is here re-
ported in 2 repetition for clarity. The third repetition is reported in Fig. S13).
Images of the inner cartridge at the injection (left column) and after 24 h
(right column) for both solution and gel formulation.
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Figure 3.6: (a) Percentage difference (Dgo — Dge) - 100/Dg of ibupro-
fen sodium, insulin and lysozyme diffusion coefficients between solution and
FmocFF gel. (b) Difference of drug released from solution and FmocFF gel at
T = 34 °C after 6 h on SCISSOR. Inset: cumulative amount of drug released
after 6 h from pure solution and FmocFF gel.

three drugs exhibit distinct release kinetics, with ibuprofen sodium showing
a steady release rate and lysozyme having a biphasic release process (rapid
<1 h followed by slower release). This diversity between ibuprofen sodium
and lysozyme correlates with visible loss of clarity observed for the small drug
in the injection compartment. In contrast, insulin shows significant retention
in the cartridge, with only 10% gradually released after 6 hours, likely due to
a lag time as a result of dissolution of the precipitated formulation as the pH
returns to 7.4.34

Taking advantage of FmocFF gel’s thixotropic properties,3 ™

we set the gels
directly in syringes, where they could be injected as a temporary sol under
stress, before reforming into a gel at the injection site. The gel depot formed
in the injection cartridge introduces an additional barrier to the release com-
pared to liquid formulations. Upon immersion in HA, a pH gradient establishes
between the hydrogel and its surrounding, leading to an ion diffusion to equili-
brate the system pH.™ During this process, the gel depot undergoes structural
modifications, like surface erosion, as shown in Fig.3.5. The two-step release
process (FmocFF gel to HA, then HA to buffer) affects the three drugs differ-

ently (Fig.3.5). Ibuprofen sodium shows no significant difference between gel
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and liquid formulations: this aligns with the hypothesis that small drugs with
a hydrodynamic radius smaller than the mesh size of the gel are released from a
gel via a simple diffusion-controlled mechanism. In contrast, the two proteins
exhibit distinct behaviors within the first 12 hours: insulin remains mostly
within the FmocFF gel, likely due to large cluster size and the increased viscos-
ity of the medium, while lysozyme shows rapid initial release, likely driven by
molecule migration from the gel surface followed by slower diffusion-controlled
release. Among the three drugs, lysozyme displays the most promising sus-
tained release profile, significantly delaying the time to achieve 15% drug re-
lease compared to liquid formulations by approximately 12 hours (Fig.3.5 and
Fig.3.6b). While the interplay of multiple effects (diffusion, surface erosion and
potential swelling) presents challenges for quantitative analysis, our SCISSOR
experiments provide valuable insights into the long-term drug release behavior
of FmocFF hydrogel. The results indicate that the hydrogel provides sustained
release for larger drugs, while smaller drugs show no significant difference in
release compared to the solution. Importantly, these findings highlight the
critical role of timescale in drug release studies as QENS revealed significant
differences in molecular mobility for ibuprofen sodium at ps timescales, which
are not detectable in the 12 hour release profiles of SCISSOR (Fig.3.6).

3.4 Conclusion

This study provides crucial insights into the diffusion behaviour of drug molecules,
of different molecular sizes, in FmocFF hydrogel across various timescales. Our
multi-scale approach, using neutron scattering and bulk release methods, demon-
strates that the FmocFF gel in aqueous solvent consistently slows down the
release of the diverse set of drugs examined: ibuprofen sodium, insulin, and
lysozyme. At the picosecond timescale, QENS data show an average 40% de-
crease, from bulk solution to gel, in the self-diffusion of drug molecules. This
difference disappears in 12-hour bulk release studies probed by SCISSOR, ex-
cept for lysozyme, whose release remains sustained even at longer timescales. In-

sulin shows no direct correlation between short and long-time diffusion, with
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significant slowing at the molecular level but less pronounced retardation after
12 hours. Notably, QENS results for insulin in pure solution reveal strong ag-
gregation, deviating from the theoretical diffusion expected for monomers. The
case of ibuprofen sodium highlights two crucial insights of our investigation. First,
short-time self-diffusion is system-specific; while in another gel system, ibupro-
fen diffusion was faster than in pure solution, FmocFF hydrogel slows it down,
indicating specific drug-gel interactions. Second, the slowing effect at short
timescales is comparable to that of larger drug compounds but diminishes at
longer timescales, demonstrating the limitations of relying solely on the Stokes-
Einstein equation or simple drug size/mesh size ratios to describe self-diffusion
in complex liquids such as gels. These results reveal the limits of QENS and
SCISSOR when taken individually but highlight the advantages of their com-
bined use. QENS provides unambiguous access to hydrodynamic interactions
without considering the steric confinement of the gel network. Moreover neu-
tron scattering reveals that drug diffusion is neither governed by the aqueous
solvent entrapped in the network (IRIS data) nor by the gelator dynamics
(NSE data). SCISSOR, while unable to resolve individual factors affecting
diffusion, provides insights more directly applicable to pharmaceutical drug
delivery by incorporating physical boundaries and macroscopic effects not cap-
tured in molecular-level QENS measurements (such as membrane permeation
and solution mixing effects). This work underscores the importance of observa-
tion timescales in identifying factors affecting diffusion in gels, distinguishing
between steric and non-steric influences. It also paves the way for integrat-
ing the observation timescale with complementary techniques like FCS and
PFG-NMR. This approach can help the community optimize formulations to
match specific drug-gel combinations, rationalizing the design of release kinet-
ics to achieve a control across multiple timescales. Future directions include
expanding the range of drug molecules and hydrogel compositions to establish
broader structure-function relationships.®* The ultra-short peptide sequence
of FmocFF can serve as a reference platform due to its ability to gel with var-
ious solvents, leading to macroscopically different features.” This multi-scale

procedure could ultimately lead to a unified theoretical framework bridging
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short-time and long-time diffusion behavior in hydrogels, facilitating ab ini-
tio modeling and shifting drug release studies from a descriptive to a more

predictive approach.
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3.5 Supporting information

Spectrometer resolution functions

0.030 0.00005
7 0.025 % 0.00004
= =]
5 0.020 5 0.00003
2 2
8 0.015 S, 0.00002
2 2z
% 0.010 2 0.00001
2 3
£ 0.005 £ 0.00000
0.000 —0.00001 o ——55—6"—"50" 40
hw [peV] hw [peV]
0.030 0.00016
0.025 _0.00014
é ’ é 0.00012
5 0.020 5 0.00010
§0015 g 0.00008
= = 0.00006
% 0.010 2 0.00004
%0005 2 0.00002
- ~  0.00000
0.000 =0.00002— o T —
hw [peV] hw [peV]
0.00020
a @ 0.00015
g 5
4 & 0.00010
& 5
= 2 0.00005
2 a
8 8
E £ 0.00000
=0-005—45——55 % 20 40 ~0.00005—35——55— 20 40
hw [peV] hw [peV]

Figure S1: Fit of the energy resolution measured with vanadium on IRIS (left
column) and IN16B in BATS mode (right column) at ¢ = 0.6 A~! (top row),
¢ = 1.3 A=! (middle row), ¢ = 1.7 A=! (bottom row). Fit with a sum of four
and one Gaussian functions for IRIS and IN16B, respectively.
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Example IRIS spectra
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Figure S2: Example IRIS spectra of pure solution (left column) and FmocFF
gel (0.5 wt.%) ¢ = 0.6 A~" (top row), at ¢ = 1.2A~" (middle row) and at
q=1.7A" (bottom row) at T = 295 K.
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Figure S3: Lorentzian linewidth ~ assigned to the solvent in the pure solution
(empty symbols) and in the gel (full symbols). Fits of a jump diffusion process
(dotted line: solution, continuous line: gel)
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Example BATS spectra
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Figure S4: Example BATS spectrum of 5 wt.% IBU (full orange circle symbols)
in pure solution (left column) and in 0.5 wt.% FmocFF gel (right column) at
¢ = 0.6A~" (top row), at ¢ = 1.2A~" (middle row) and at ¢ = 1.7A~"
(bottom row) at T = 295K and corresponding unloaded background (blue
circle). Full line represents the fit of consisting of the combined solvent and
container contribution (dotted lines), global diffusion (narrow thick dashed
line) convoluted with the spectrometer resolution.
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Figure S5: Summary of the fitted narrow Lorentzian linewidths ~y(gq) corre-
sponding to the apparent centre of mass diffusion fitted with a jump-diffusion
model of IBU at T = 280 K. Drug in pure solution (empty symbols) and in
FmocFF gel (full symbols). (Associated data recorded on BATS)
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Figure S6: Example BATS spectrum of 2.5 wt.% INS (full orange circle sym-
bols) in pure solution (left column) and in 0.5 wt.% FmocFF gel (right column)
at ¢ = 0.6 A" (top row), at ¢ = 1.2A~" (middle row) and at ¢ = 1.7A~!
(bottom row) at 7" = 295K and corresponding unloaded background (blue
circle). Full line represents the fit of consisting of the combined solvent and
container contribution (dotted lines), global protein diffusion (narrow thick
dashed line) and internal protein diffusion (dash-dotted line) convoluted with
the spectrometer resolution.
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Figure S7: Example BATS spectrum of 2.5 wt.% LY'S (full orange circle sym-
bols) in pure solution (left column) and in 0.5 wt.% FmocFF gel (right column)
at ¢ = 0.6 A" (top row), at ¢ = 1.2A~" (middle row) and at ¢ = 1.7A~!
(bottom row) at 7" = 295K and corresponding unloaded background (blue
circle). Full line represents the fit of consisting of the combined solvent and
container contribution (dotted lines), global protein diffusion (narrow thick
dashed line) and internal protein diffusion (dash-dotted line) convoluted with
the spectrometer resolution.
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Figure S8: Summary of the fitted narrow Lorentzian linewidths ~y(q) corre-
sponding to the apparent centre of mass diffusion fitted with a Fickian model of
INS (left column) and LYS (right column) at 7' = 280K (top) and T' = 310K
(bottom). Drug in pure solution (empty symbols) and in FmocFF gel (full
symbols). (Associated data recorded on IN16b in BATS mode)
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FmocFF gel in recorded on IN15 at 290 K (curves are offset in y-axis for
visibility). Solid curves are the result of fit with eq.10.
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SCISSOR results
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Figure S10: Calibration curves obtained via linear regression of the concen-
tration values obtained via serial addition method and taking the area under
the curve (AUC) of the second derivative of the UV-vis absorption spectra for
(circles) ibuprofen sodium (R? = 0.998), (triangles) lysozyme (R? = 0.995)
and (squares) insulin (R? = 0.998).
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Figure S11: Second derivative of UV absorption spectra of the SCISSOR re-
lease data for ibuprofen sodium (top row), insulin (middle row), and lysozyme
(bottom row) in pure solution (left column) and FmocFF gel (right column)
at T = 34 °C. Dashed lines indicate the spectral region used for concentration
calculations. Legend shows sampling time points in minutes
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Figure S13: Release curve obtained from SCISSOR experiment for lysozyme
after 12h. The data represent mean + standard deviation from 3 repetitions.
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Data Availability Statement

The neutron data are permanently curated by the ISIS facility and can be ac-
cessed by the experiment number RB1830530, https://doi.org/10.5286/
ISIS.E.RB1820530 and by ILL via the DOI: https://doi.org/10.5291/
ILL-DATA.9-11-1951-

https://doi.org/10.5291/ILL-DATA.9-13-1044 (BATS)
https://doi.org/10.5291/ILL-DATA.9-13-1042 (IN15).
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Abstract

Small molecule drugs, despite the spread of more complex therapeutics, remain
essential in modern medicine. The oncologic drug Doxorubicin (DOX) serves
as a model compound to study the challenges faced by small molecules, with
its clinical use limited by toxicity and suboptimal pharmacokinetics, highlight-
ing the need for improved delivery methods. Peptide-based supramolecular
hydrogels offer promising solutions due to their biocompatibility, ease of tun-
ability, and ability to control drug release. This study employs quasi-elastic
neutron scattering (QENS) to investigate how electrostatic modifications of
B-sheet-forming peptides influence DOX sub-nanosecond self-diffusion within
supramolecular hydrogels. Our findings reveal that non-covalent interactions,
particularly cation—mr, significantly slow DOX diffusion, correlating with pre-
existing long-term drug release studies on the same system. The results high-
light the complexity of drug-fiber interactions at molecular level and emphasize
the potential of this specific class peptide-based hydrogels as a reference drug

delivery vehicle to study tunable transport across different timescale.
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4.1 Introduction

Despite the rise of new therapeutics like proteins, antibodies, nucleic acids, and
living cells,! small molecule drugs (<900 daltons) remain crucial in modern
medicine due to their ease of synthesis, stability, ability to cross biological bar-
riers, and suitability for oral administration.? However, challenges such as poor
solubility or short half-life due to absorption hinder their delivery and efficacy.
Doxorubicin (DOX), a widely used chemotherapeutic, exemplifies the success
and drawbacks of small molecule drugs.>* Despite its effectiveness against
various cancers, its clinical impact is constrained by severe off-target toxicity
and suboptimal pharmacokinetics, underscoring the need for improved deliv-
ery methods.*Conventionally, drug delivery strategies focus on three different
approaches: modifying the drug, altering the microenvironment or designing
delivery vehicles. Although DOX modification strategies, such as the PE-
Gylated liposomal formulation Doxil®, have enhanced pharmacokinetics and
reduced toxicity,® persistent challenges in achieving precision targeting and
minimizing systemic side effects have stimulated interest in alternative deliv-
ery vehicles.”

In this regard, hydrogels stand out as highly versatile materials with proper-
ties that make them ideal for drug delivery applications.®  Their entangled
polymer networks enable effective drug encapsulation while maintaining ex-
cellent biocompatibility due to their high water content (> 99%). Moreover,
their mechanical properties, swelling behavior, and degradation rates can be
precisely tailored to match the requirements of specific tissues and drug re-
lease profiles.!® Injectable hydrogels form localized depots at the injection
site, enabling controlled drug release while minimizing off-target toxicity and
leakage, which together reduce dosing frequency and enhance patient adher-
ence.'l 2Notably, many hydrogels are stimuli-responsive, allowing targeted
drug release in response to environmental changes such as pH or temperature,
further enhancing their therapeutic potential.!3 4 The subclass of supramolec-
ular gels, based on the non-covalent physically-triggered self-assembly of low-

molecular-weight gelators (LMWG) at small concentrations (< 1 wt.%), of-
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fers distinct advantages in terms of tunability and adaptability.'> ' Unlike
polymer-based gels, their properties can be easily adjusted through simple
molecular modifications, providing a versatile platform for finely tuning drug
release while ensuring biodegradability and low toxicity.!® Among supramolec-
ular gels, peptide-based systems stand out for their inherent biodegradability,
minimal toxicity, and the ease of tailoring their properties through precise
molecular design.!®

One notable example is the development of a series of peptide hydrogels using
amphipathic short peptides (8 to 12 amino acids) with alternating hydrophilic
and hydrophobic residues. These peptides self-assemble into antiparallel (-
sheet-rich fibers, with hydrophobic cores buried between the (-sheet layers,
resulting in stable, shear-thinning and injectable hydrogels.2*?? Importantly,
subtle electrostatic modifications of the LMWGs in this family of hydrogels
have been shown to favour DOX retention, establishing a direct relation be-
tween macroscopic drug release and a range of molecular interactions between
the drug and the hydrogel network, including hydrophobic, electrostatic, and
cation-m or 7-m stacking.?3

However, establishing a direct correlation between molecular-level hydrody-
namic interactions and macroscopic drug release observations is neither straight-
forward nor unambiguous.?* Common drug dissolution methods probe drug
dynamics over several hours, capturing a superposition of steric and non-steric
drug-fiber interactions, as well as gel swelling and erosion.® ' Quasi-elastic
neutron scattering (QENS) stands out among techniques for probing drug
diffusion at the molecular level.?> 2" By capturing motions on picosecond to
nanosecond timescales, QENS decouples long-timescale effects like steric con-
finement and gel erosion, which dominate during long-term drug release, iso-
lating hydrodynamic interactions effective over molecular-scale displacements.
This approach unambiguously reveals the influence of subtle changes in local
environments, such as hydrophobic fiber-induced alterations, on the diffusion
of small molecule drugs.?® This study aims to investigate the molecular-level
dynamics of DOX in peptide hydrogels using QENS, focusing on how elec-

trostatic modifications of the self-assembling peptides influence sub-nanoscale
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diffusion, thereby linking these minute effects to the macroscopic drug release

behavior previously observed.?

4.2 Materials and methods

Sample preparation

Peptide powders were purchased from LifeTein®) LLC (US) as HCI salts with
over 95% purity and stored at -20°C. Doxorubicin hydrochloride (DOX, pu-
rity ~95%) was obtained from Fluorochem (UK), while all other solvents and
reagents were purchased from Sigma-Aldrich. Following the previously out-
lined method,* 2® peptide hydrogels (both unloaded and DOX-loaded) were
prepared by dissolving peptide powder and /or DOX in deuterium oxide (D5O)
(used instead of HyO to minimize hydrogen signal interference in QENS). The
pH was then adjusted to 5-5.7 through incremental additions of 50 mM NaOD
(replacing NaOH). After each NaOD addition, samples were vortexed, and
gentle centrifugation was used to remove any trapped air bubbles. Final con-
centrations were set at 14 mM for the peptide and 5 wt.% for DOX (86 mM
instead of 240 M) and samples were then stored overnight at 4 °C before use.
The higher amount of drug loaded is due to the requested signal for QENS
for small drugs.?®® The peptide sequences used are FEFKFEFK (F8), FK-
FEFKFK (FK), and KFEFKFEFKK (KF8K) (F: phenylalanine; E: glutamic
acid; K: lysine): FK and KF8K sequences carry charge +2 while F8 carries a

neutral charge in the studied pH range.

Quasi-Elastic Neutron Scattering (QENS)

QENS is utilized to examine random movements, including translation and
rotation, which involve energy exchanges between neutrons and the sample,
generally below 2 meV.2? The primary quantity analyzed in QENS is the dy-
namic structure factor S(¢q,w), which depends on the transfer of momentum
hq and energy hw, providing details about the time-dependent average posi-

tions of particles in the ensemble. This function is observed as a broadening

219



Chapter 4 4.2. Materials and methods

of the spectral feature centered at zero energy exchange (hw = 0), known as
the elastic peak, and is typically described by a Lorentzian function:

L= 1 (1)
where v(q) is the linewidth that depends on ¢ (half-width at half-maximum,
HWHM) and is connected to the self-diffusion coefficient via y(q) oc Dgeirq?.
Doxorubicin diffusion has been measured with the Time-of-Flight indirect ge-
ometry spectrometer IRIS at the ISIS facility, Rutherford Appleton Laboratory
(Didcot, UK), using the PG002 analyser reflection to yield an energy resolu-
tion (FWHM) at the elastic line of 17.5 peV and -500 peV < hw < 4500 peV
and 0.4 A=! < ¢ < 1.5 A~! corresponding to displacements in the time scale of
0.5-30 ps and lengths of 4-16 A. The main contribution to the QENS spectrum
arises from the large incoherent cross section of mobile 'H, with the isotopes
in the solid gel network contributing only to the elastic line.?® 3 Furthermore,
employing a fully deuterated solvent enhances the drug signal relative to the
solvent background by taking advantage of the distinct incoherent scattering
cross-sections of the 'H and 2H isotopes. Samples were placed inside double-
walled cylindrical aluminum cans with a 0.25 mm gap. These were sealed using
indium wire and then inserted into a top loading closed cycle refrigerator to
ensure temperature control during 4.5 h long data acquisition. The data were
firstly reduced using standard routines in Mantid,?! and subsequently anal-

32 Before conducting a quantitative analysis of the

ysed with python scripts.
diffusion coefficients, a model-free qualitative inspection of the spectra was
performed by summing over ¢ to improve statistical quality. This comparison
highlights a clear distinction between the drug signal and the solvent back-
ground in the DOX-loaded versus DOX-unloaded gels (Fig.4.1). Significant
differences are observed between the spectra of the drug in solution and in the
gel states, while only minor variations are evident across different gel sequences
(Fig.S1). To accurately analyze the QENS spectra, it is essential to account
for the intrinsic spectral shape of the instrument, by making a convolution

between the energy resolution and the sample spectra. In QENS, the model
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scattering function S(g,w) typically comprises Lorentzian and elastic contri-
butions. Convolution with a Gaussian resolution function yields Voigt profiles,
which can be analytically computed using the Faddeeva function. Taking ad-
vantage of this, we fit the energy resolution function R with a sum of Gaussian
functions, enabling an efficient analytical convolution R ® S(¢,w) and avoid-
ing numerical convolution with potentially noisy measured resolution data. To
obtain the energy resolution function R, we measured the purely incoherent
scattering of a vanadium standard in the same geometry as the samples, ef-
fectively representing the instrument’s response. The vanadium spectrum was
then fitted with a dominant central Gaussian peak centered at zero energy
transfer, accounting for the majority of the resolution function and five addi-
tional, smaller Gaussian components to model the asymmetric tails and fine
structure of the resolution (Fig.4.2 and Fig.S2).3? The modeling of DOX diffu-
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Figure 4.1: Model-free comparison of QENS spectra summed over ¢ DOX-
loaded and unloaded KF8K gel. Inset: picture of inverted vials of (left) DOX-
unloaded and (right) DOX-loaded KF8K hydrogel.
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Figure 4.2: Energy resolution obtained from the fit, consisting of a sum of six
Gaussian functions, of Vanadium spectrum measured on IRIS.

sion is preceeded by the fit of the deuterated unloaded solution and unloaded
gel including one Lorentzian, a Dirac function §(w) representing the elastic
contribution of the gel network and the empty Al can, and a g-dependent
sloped background a(q)w + 5(q) for faster motions:

Sp,0(q; w) = a(q)Lryyen (@) + 0(q)0(w) + a(q)w + B(q) (4.2)

For the drug-loaded samples, we employed a model where the free fit param-
eters a(q), Ysolvent, 0(¢), a(q), and [(q) obtained from g-independent analysis

of the solvent were fixed:

Sarug(q,w) = (@) L4, (@) + (1 = ¢) - Spyo(q, w) (4.3)
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Here, L., (q) represents the Lorentzian function for the center-of-mass diffu-
sion of DOX, and ¢ is the volume fraction occupied by DOX ( set to ¢ ~ 4.6%

in accordance with previous QENS studies on small drugs).?®

4.3 Results and discussion

In the complex system studied in this work, the QENS signal may arise from
the dynamics of the solvent, gel network, and drug molecules. These con-
tributions can be distinguished by taking advantage of dynamical separation
and selective deuteration. Our primary focus is on DOX, whose diffusion lies
between the fast dynamics of water molecules and the slow fluctuations of the
peptide network. The HWHM resulting from the fit of the solvent background
(i.e., the unloaded solution and gel) according to eq. 4.2 (Fig. S3-S4) shows
no discernible differences between the solution and all gel sequences across the
observed ¢ range and probed temperatures (Fig. S5¢,d). Hence, any differences
in DOX diffusion cannot be primarily attributed to changes in the dynamic
behavior of the respective background.?® The most notable variations arise
from the Dirac intensity b(q), which represents the elastic contributions of the
solid gel network and follow, as expected the trend: sol < F8 < FK < KF8K
(Fig. S5(e)-(f)). The fitting results for the solvent were subsequently incor-
porated into the model for DOX (eq.4.3), which involved a single Lorentzian
function to minimize the number of fitting parameters (Fig. S3-S4), ensuring
stability across the investigated ¢ range. To determine the diffusion coefficient
(D) a jump-diffusion model was applied to the g-dependent line broadening,
Varug (¢), derived from the spectral fits:

Dq?

“11rDg (44)

f)/drug(Q)
This model describes a diffusion process that transitions from continuous
Brownian motion at small ¢ (y(q) ~ Dg?) to an asymptotic plateau at higher
q (v(q) ~ 1), reflecting motion that occurs through discrete ”jumps” sepa-

rated by a characteristic residence time 7, rather than as a continuous trajec-
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Figure 4.3: Example IRIS spectrum of 86 mM DOX in FK gel (14 mM), at
T =310 K and ¢ = 0.8 A~'. Full line represents the fit of eq.4.3 consisting of
the combined solvent and container contribution (dotted lines), drug diffusion
(narrow thick dashed line) convoluted with the spectrometer resolution.

tory. The jump-diffusion framework has been successfully applied to solvent
molecules and small drugs,?® 33 though it is less effective for larger molecules
like proteins.®* Although DOX is larger than other studied drugs like ibupro-
fen sodium or paracetamol, it still falls within the category of small molecule
drugs and its y(q) values in pure solution at 280 K, 295 K, and 310 K demon-
strates this jump-like behavior, with temperature-dependent linewidth broad-
ening (Fig. S6a). The first finding of this study is the significant retardation
effect of the gels on DOX diffusion compared to the solvent alone. This re-
tardation is observed at all temperatures, with a reduction in diffusion of
approximately ~ 70% (Fig. 4.4 and Table 4.1). The nonzero linewidth at
low-¢q (Fig. 4.4) likely arises from the limited ¢ range rather than macroscopic
confinement effects caused by the gel fibers. This would appear as a plateau
in the linewidths below g ~ 27/ Lcont, as shown in other confined media like

zeolites.?® According to Volino-Dianoux model of confined diffusion,*® given
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Figure 4.4: Summary of the Lorentzian linewidths 74y (g) corresponding to
the centre of mass diffusion at (a) 7" = 280K and (b) 7' = 310K of DOX

fitted with a jump-diffusion model (Eq.4.4). F8, FK, and KF8K linewidths
are shown separately in Fig.S8 for the ease of visualization.
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the typical mesh size of this hydrogel family (20 — 40 nm)* confined motions
would only become apparent at ¢ < 1072 A=, which is an order of magni-
tude smaller than the ¢ range accessed in this study. Before discussing the
results, it is important to recall the underlying assumption of this model: that
the drug signal primarily consists of incoherent scattering, while the deuter-
ated solvent background predominantly contributes coherent scattering. Re-
cent neutron polarization analysis studies on proteins in solution have shown
that non-negligible coherent contamination in the solute spectrum can lead to
overestimation of peak broadening.?” According to this study, this assumption
strictly holds true where the incoherent signal dominates over the coherent,
over a g-range that can be identified with neutron diffraction or by compar-
ing the integrated spectral intensities of the drug and buffer. As shown in
Fig.S7, the spectral intensities the DOX-loaded sample overlap at ~ 1.1A~1
with those of unloaded deuterated backgrounds that become dominant above
~ 1.3A~!. This indicates that above ~ 1.3A~!, significant coherent contam-
ination, likely originating from the hydration shell of the drug,®” occurs and
must be excluded to ensure the analysis primarily reflects incoherent contribu-
tions. Fig. S6 provides a complete analysis of the spectrum above this cutoff,
with noisier Lorentzian linewidths that may reflect the coherent contamina-
tion. The measurement of DOX in pure solution provides a crucial and novel
reference as it allows to account for the general effects of this family of pep-
tide hydrogels, including F8, which was used as the reference in the previous
study,?® where its retardation effect was overlooked. Examining the molecular
structure of the gel shown in Fig. 4.1a, the F'S gel offers one primary interaction
site via hydrophobic or -7 stacking between the aromatic rings of DOX and
the phenyl ring at the fiber edges. Alternatively, a cation-7 interaction between
DOX and lysine residues on the fiber surface could also occur.?* However, this
latter interaction was not considered significant on the UV-vis time scale, likely
due to its transient nature and the proximity of oppositely charged glutamic
acid residues, whose carboxyl groups may weaken the interaction. Cation-7
interactions are highly dependent on the specific cation, the 7w-system involved,

and the surrounding environment.?® With QENS, which probes subtle hydro-
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Table 4.1:  Jump diffusion coefficients (D), obtained from eq. 4.4), for DOX
diffusion in pure solution and F8, FK, KF8K gel

sample T [K] D [107°m?/s]
solution 0.80 £ 0.06
FK gel 280 0.39 + 0.03
KF8K gel 0.22 £ 0.03
solution 1.34 £ 0.02
295
KF8K gel 0.24 £ 0.02
solution 2.05 £ 0.37
F8 gel 0.61 £ 0.06
310
FK gel 0.59 £ 0.06
KF8K gel 0.40 £ 0.02

dynamic changes and ensemble-average diffusion on a timescale where such
transient interactions might occur, it is plausible that this technique captures
the breaking and reformation of these interactions at the fiber surface. This
observation regarding the fiber surface effect on the neutral gel sequence F8 es-
tablishes a crucial baseline for the other studied gel sequences, FK and KF8K.
While these sequences have electrostatic modifications at the fiber edges, they
share the same surface chemistry as the neutral F8 gel.

A key breakthrough enabled by IRIS’s energy resolution is the detection of sub-
tle differences in DOX diffusion among the gel sequences, with a progressive
slowdown observed from the neutral F8 to the lysine-rich, positively charged

FK and KF8K sequences (Fig.4.4). This trend mirrors the order of slowing in
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drug release studies, highlighting a clear correlation between short-timescale
diffusion probed by QENS and long-timescale release behavior. However, be-
fore addressing the implications and correlations across time scales, it is im-
portant to first highlight the intrinsic differences between these two types of
diffusion. The QENS-derived coefficient represents the self-diffusion of individ-
ual particles (H atoms of DOX, in this case), reflecting the ensemble-averaged
dynamics at the molecular level. This self-diffusion is the thermodynamically-
driven Brownian motion and exists even with homogeneous particle distribu-
tion. In contrast, the long-time diffusion coefficient represents bulk diffusion,
determined by the concentration gradient between a drug reservoir and a re-
ceptor buffer, and is obtained by fitting the time-dependent drug concentration
profile. Although the bulk diffusion coefficient approaches the short-time dif-
fusion coefficient at high momentum transfer ¢ (corresponding to very short
length scales), the two parameters describe fundamentally different mecha-
nisms and environments governing the drug dynamics. To correlate the diffu-
sion coefficients obtained by QENS and UV-vis, we reference the coefficients
derived from fitting the Higuchi equation, using the first burst release data.?
This choice is based on the fact that the second release phase (after 17 hours)
is likely influenced by imperfect sink conditions and receptor buffer saturation,
which can slow the release. The two diffusion coefficients differ by two orders
of magnitude (Dyy ~107"m?/s and Dqrns ~ 107°m?/s) and thus they are
normalized for comparison in the scatter plot (Fig.4.5). Despite the limited
sample size of three gel sequences, a positive correlation suggests that the im-
pact of gel modification extends across two orders of magnitude. This indicates
that the specific drug-gel interactions influencing short-time diffusion also af-
fect long-time diffusion, even before steric confinement from the gel matrix
becomes significant. The differential slowing down of bulk diffusion from FK
and KFS8K sequences has been attributed to differences in their chemistry.?
The observed differences between FK and KF8K gels arise from variations in
the fiber edge structure, which dictate the strength of cation-7 interactions,
the dominant force over electrostatic repulsion. In FK, the presence of a sin-

gle lysine per edge leaves sections of the hydrophobic core exposed, enabling
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Figure 4.5: Correlation between the self-diffusion coefficient measured with
QENS (Dqexs [107%m?/s]) and bulk diffusion coefficient from Ref.?® (Dyy
[107"m?/s]) of DOX in F8, FK and KF8K hydrogels at T' = 310K, normalized
to their respective maximum values. The scatter plot shows the experimental
data with error bars representing the uncertainty in both measurements. The
dashed red line represents the trend observed in the data.

additional hydrophobic interactions with DOX and weakening the strength of
the cation-7 interaction. In contrast, KF8K’s two lysines per edge provide a
different configuration: one lysine shields the hydrophobic core while the other
aligns to the those decorating the surface. This difference in edge architecture
significantly increases drug retention in KF8K compared to FK, although they
share they same charge (Fig.4.1b). Specifically, KF8K retains 70% of DOX
after 72 hours, whereas FK continuously allows drug release over the same
period. Such hypothesis is supported by experimental conditions, particularly
the low DOX-to-peptide molar ratio (240 uM DOX to 14 mM peptide), which
enables precise control over the binding capacity. As a result, KF8K achieves
a final bound DOX concentration of 170 pM.

Unlike drug release studies, where the strong UV absorbance of DOX enables
measurements at low concentrations, QENS experiments operate under sig-

nificantly different conditions. The technique requires a high concentration of
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hydrogen-rich scatterers to distinguish the drug signal from the deuterated
background. Consequently, the DOX concentration in QENS experiments is
increased to 86 mM, compared to 240 uM in UV-vis studies. This substan-
tial difference means that QENS provides orthogonal insights. Under these
conditions, where all available cation-m interaction sites are likely saturated,
QENS measurements are expected to capture the ensemble-averaged behav-
ior of multiple DOX populations within the gel network.?® 4° One population
likely consists of bulk-like DOX molecules moving through the gel pores with-
out direct interactions with the fibers, primarily influenced by hydrodynamic
interactions. Another population may reside near the fiber surfaces, involved
in transient cation-7 interactions with lysine residues. However, these inter-
actions could be weakened by the competing effect of neighboring carboxylic
acid groups.?? This population is likely common across all three gel sequences
investigated in this work and therefore does not account for the differential
slowing down observed. A third population may include DOX molecules di-
rectly interacting with fiber edges, exhibiting strong interactions in the KF8K
and weaker interactions in FK and F8. However, this population likely has a
minimal impact on the average diffusion coefficient measured by QENS. With
bound DOX accounting for only ~ 0.2% of the total concentration, even as-
suming all fiber edges are exposed rather than hidden within larger bundles,
these interactions are difficult to be detected with this technique. Hence, while
the hypothesis of multiple DOX populations sheds light on the range of non-
covalent interactions with the gel fibers, it may not fully account for the QENS
results, particularly given the high DOX concentration used in these experi-
ments. In fact, at the elevated DOX concentration in our QENS experiments,
it is plausible that aggregation could occur, introducing a new factor that
may dramatically alter the system’s behavior. DOX aggregation has already
been observed in previous studies in solution using transmission electron mi-

41,42 and favored by

croscopy, dynamic light scattering and MD simulations,
the presence of amphiphilic 3-sheet forming peptide.®> These studies show
that this amphiphilic molecule forms dimers even at very low concentrations

(73uM at pH 7.4) and at concentrations around 1 mM, aggregates of approx-
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imately 40 molecules are present, with sizes approximately three times that
of the monomer (~ 1.2 nm). The different fibre edge compositions and their
effect on aggregation might explain the different observed diffusion coefficient.
The varying fiber edge compositions in our gel systems likely influence DOX
aggregation, which may help explain the observed differences in diffusion co-
efficients. Gels can create localized regions where DOX binds with varying
strength, primarily through hydrophobic interactions and -7 stacking. For
example, the KF8K gel, with more stable binding sites, could promote aggre-
gate formation and increase cluster size, while the FK and F8 gels, with less
stable interactions, would support weaker binding and fewer aggregates. Given
that pH significantly influences DOX aggregation behavior,*! it is important to
assess whether the observed differences in diffusion coefficients and aggregation
across gel sequences arise from varying protonation states of DOX, due to pH
differences (5.0-5.7). This can be evaluated with the Henderson-Hasselbalch

equation:

pH = pK, + logio (%) (4.5)

where pK, is the acid dissociation constant of DOX (pK, ~ 8.2 for the primary
amine group, ~ 9.5 for the hydroxyl group), [A~] is the concentration of the
deprotonated form, and [HA] is the concentration of the protonated form. Our
calculations reveal that the difference in DOX protonation between pH 5.0 and
5.7 is minimal, with 99.94% of molecules protonated at pH 5.0 and 99.68% at
pH 5.7 for the primary amine group. Such small variation (0.26%) suggests
that pH-induced changes in DOX protonation are unlikely to significantly in-
fluence its aggregation state or contribute substantially to the observed differ-
ences in diffusion coefficients across gel sequences. Consequently, the observed
diffusion behaviors are driven by variations in gel fiber composition and their
interactions with DOX aggregates, rather than pH-induced effects on DOX
protonation, providing a more comprehensive explanation than the multiple
population model alone. Another hyphotesis is that the differential slowing
down of DOX diffusion is due to the altered solvent environment around the

molecule. In previous studies, faster diffusion of solvent and drug in gels was
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Figure 4.6: Arrhenius plot showing the temperature dependence of the jump-
diffusion coefficients obtained via eq.4.4 for DOX in solution (circles) and
DOX in KF8K gel (cross). Data reported in In(D) vs 1000/7 to simplify the
visualization of the fit (lines) according to eq.4.6. In this representation the
slope represents the Arrhenius activation energy FE, while the intercept is the
pre-exponential factor A.

linked to the disruption of the solvent network caused by the hydrophobic na-
ture of bis-urea supramolecular gels.?® 33 In contrast, the gels used here, with
their hydrophilic surfaces, may have the opposite effect, structuring water near
the fibers and increasing local viscosity.** Additionally, the charged nature of
the DOX molecule itself could further influence the structure of the surround-
ing solvent. This combined effect may account for the observed differences
in diffusion, with the KF8K gel, having two lysine moieties per fiber edge,
enhancing hydrophilicity and water structuring, while FK and F8 gels exhibit
a less pronounced effect. To further support this hypothesis, the temperature
dependence of DOX diffusion can be described using an Arrhenius-type rela-
tionship, where the observed changes in diffusion can be linked to the increase

in local viscosity around the gel fibers. This relationship is expressed by the
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equation:

D = Aexp <—}§;> (4.6)
where D is the measured diffusion coefficient, A is the Arrhenius pre-exponential
factor, E, is the Arrhenius activation energy, R the gas constant and T the
temperature. From Fig.4.6, it is clear that both environments exhibit compara-
ble activation energies for diffusion within the confidence bounds, as indicated
by the nearly parallel slopes of the Arrhenius plots. In the case of solution, the
activation energy can be attributed to the hindrance from the hydrogen-bond
network, while for DOX in KF8K gel, the energy barrier reflects the combined
effects of various non-covalent interactions, such as cation-7 interactions and
hydrogen bonds. These interactions, sharing similar non-covalent nature, con-
tribute similarly to the overall barrier. However, despite the comparable ac-
tivation energies, the two systems differ significantly in their pre-exponential
factors In(A), as shown by the different intercepts on the Arrhenius plot. The
pre-exponential factor, often interpreted as a frequency factor, represents the
likelihood of diffusion and its lower value in the KF8K gel might indicate that
diffusion in this environment is less likely to occur than in solution. This can
be viewed as a consequence of the gel structuring due to gel network, which
potentially restricts the availability of free pathways for diffusion, thereby re-

ducing the diffusion rate.*

4.4 Conclusions

This study provides critical insights into the role of subtle electrostatic modifi-
cations in [-sheet-forming peptide gelator to control molecular-level diffusion
of DOX within hydrogels. QENS demonstrates that this class of hydrogels,
including the neutral peptide sequence, effectively slows the dynamics of DOX
even at very short time scales. Notably, QENS diffusion coefficients reveal a
strong correlation with long-term drug release studies, with a slowing down of

diffusion proportional to the number and position of terminal lysines at the
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fiber edges (F8 FK KF8K), reflecting the strength of cation—m interactions
that contribute to DOX retention.

While the higher DOX loading required for QENS experiments alters the sto-
ichiometry of end-lysine/DOX interactions crucial in prior studies,?® it pro-
vides orthogonal insights. At the high DOX concentration used here (86 mM),
cation—m binding sites are likely saturated. As a result, QENS highlights the
average slowing of diffusion as an outcome of multiple non-covalent interactions
and mechanisms. These could include the existence of multiple populations
of DOX molecules experiencing distinct forces (bulk-like dynamics, 7—m stack-
ing, hydrophobic and cation—7 interactions), an increase in local viscosity due
to solvent structuring by hydrophilic gel fibers, or DOX aggregation driven
by local increase in concentration at stronger binding sites. The high loading
of DOX, coupled with the stabilization of aggregates via peptide modifica-
tion, presents a potential strategy to address the challenges associated with
hydrogels for small oncologic drugs. Such drugs, often smaller than the hy-
drogel mesh size, can rapidly leak and cause off-target toxicity. The localized
DOX-loaded depots, which can swell or degrade in response to the acidic pH
characteristic of tumor environments,* offer a promising avenue for controlled
drug release.” 13 46, 47

Our findings highlight the importance of adopting a multi-scale approach to
study drug dynamics in complex materials such as hydrogels. By probing
molecular-level dynamics at the shortest accessible time scales, our study com-
plements existing research at the opposite end of the temporal spectrum, offer-
ing a more comprehensive description of how drug-fibre interactions evolve and
influence drug release. Across time scales, the factors governing drug trans-
port evolve, transitioning from non-steric to steric interactions, gel erosion or
swelling, and shifts in diffusion mechanisms from Brownian motion to concen-
tration gradient-driven processes. To fully capture this complexity, involving
methods that probe intermediate time scales will be essential for bridging the
gap between short-term dynamics and long-term drug release. This approach
could boost traditional drug delivery studies, which typically focus on specific

drug-hydrogel systems at a single time scale, by shifting from a phenomenolog-
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ical description®® to the systematic development of models that predict drug
release based on molecular-level drug-fiber interactions. The class of pep-
tides, examined here, represents an ideal toolbox for further investigation. By
exploiting the functional diversity of the 20 natural amino acids, this pep-
tide library enables systematic exploration of correlations between short- and
long-time-scale drug dynamics. This approach can initially focus on further
exploring the behavior of DOX as a reference model and later extend to other

small-molecule therapeutics.

4.5 Supporting information

Model-free QENS spectra
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Figure S1: QENS spectra of DOX in solution, F8, FK and KF8K gels at
T = 310K, normalized to peak maximum and summed over ¢. (Plot in lin-

log)
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Spectrometer resolution functions
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Figure S2: Fit of the energy resolution, measured with vanadium on IRIS,
consisting in a sum of six Voigt functions. Plot shown in lin-log scale for a
better visualization of the different Gaussian functions.
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Fit: DOX in solution
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Figure S3: Example IRIS spectra of (right column) DOX in pure solution and
(left column) respective background at 7" = 310 K. The solid lines represent
the fits according to eq.3 and eq.2, respectively.
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Fit: DOX in KF8K gel
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Solvent fit parameters
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Figure S5: Fit parameters of deuterated background according to eq.2: (a)-(b)
Lorentzian intensity a(q) ;(c)-(d) Lorentzian v4,1(q);(e)-(f) Dirac intensity b(q)
at T'= 280K (left column) and 7' = 310K (right column).
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DOX fit parameters: v(q)
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Figure S6: Summary of the Lorentzian linewidths vygmg(g) corresponding to
the centre-of-mass diffusion of (a) DOX in pure solution as a function of tem-

perature and (b) DOX in solution and KF8K gel at 7" = 295 K, fitted with a
jump-diffusion model (Eq.4.4).
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Integrated spectral intensity
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Data accessibility

The neutron data are permanently curated by the ISIS facility and accessible

via the experiment number RB2310608, https://doi.org/10.5286/ISIS.E.
RB2310608-1
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Chapter 5

Abstract

Binary mixtures of water with lower alcohols display non-linear phase be-
haviour upon mixing which are attributed to potential cluster formation at
molecular level. Unravelling such elusive structures requires the investigation
of hydrogen-bonding sub-nanosecond dynamics. We employ high-resolution
neutron time-of-flight spectroscopy with polarization analysis in combination
with selective deuteration to study the concentration-dependent structural dy-
namics, in the water rich part of the phase diagram of water-ethanol mixtures.
This method enables the simultaneous access to atomic correlations in space
and time, and allows us to separate spatially incoherent scattering probing
self-diffusion of the ethanol fraction from the coherent scattering probing col-
lective diffusion of the water network as a whole. Our observations indicate
an enhanced rigidity of the hydrogen bond network at mesoscopic lengthscale
compared to the intra-molecular scale as the ethanol fraction increases, which

is consistent with the hypothesis of clusters.
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Chapter 5 5.1. Introduction

5.1 Introduction

Due to their role in food and pharmaceutical industry, as well as for biologi-
cal and chemical research, water! and its binary mixtures with monohydroxy
alcohols? have been the subject of sustained focus. Water and lower alco-
hols, such as methanol, ethanol and 1-propanol,® display intriguing properties
e.g. negative excess entropy,* non-ideal phase behaviour upon mixing, and
non-monotonous dependencies of volume, refractive index and viscosity on the
mixing ratio.> ¢ These macroscopic properties relate to the molecular complex-
ity of the water hydrogen-bond network perturbed by the amphiphilic nature
of alcohol molecules.” ® The microheterogeneity at the molecular level is com-

9-12

monly interpreted in terms of local clusters, whose topology and tempera-

ture, pressure and concentration dependence has been systematically examined

13-16 yyyiclear

through structural methods such as X-ray and neutron diffraction,
magnetic resonance spectroscopy (NMR)!" or simulations.'?® 8 However, the
structural description is not accompanied by a comprehensive dynamic pro-
file, due to the difficulty of tracking the elusive nature of H-bonded associates,
whose lifetimes are typically on the order of picoseconds or less.?® Pulsed-
field gradient NMR spectroscopy (PFG-NMR) allows the measurement of the
molecular self-diffusion'” despite averaging over the cluster fluctuations, which
are ~10? times faster than the NMR time resolution (millisecond). MD simu-
lations match the desired observation scale for self diffusion of the individual
species although the choice of the intermolecular force fields need experimental
support.212% Along with the self-diffusion of individual species, studying the
dynamics of the H-bonded network as a collective ensemble is equally impor-
tant. Dielectric spectroscopy (DS) has been widely used to identify collective

26-31 Here, a low-frequency mode

dipole relaxation of water-ethanol mixtures.
(corresponding to a timescale of ~10 ps) has been attributed to the coopera-
tive dynamics of the whole network which becomes less flexible with increasing
ethanol ratio.?* 33 However, these observations do not contain direct informa-
tion on the spatial correlations. Neutron spectroscopy simultaneously accesses

spatial and time correlations at the molecular level by measuring momentum
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Chapter 5 5.2. Material and Methods

transfer g and energy transfer fiw and provides an ideal probe complementing
NMR, MD simulations and DS.
Quasi-elastic neutron scattering (QENS) has been successfully employed to

34,35 and in water-ethanol

study the single-particle self-dynamics in pure water
mixtures,* focusing on the ensemble-average response of hydrogen atoms that
dominate the incoherent scattering. In contrast, measurements of collective
motions have been limited to the ns timescale®?” with their impact on the ps
timescale often minimized by limiting the coherent scattering length in the
samples. Polarization analysis (PA)3* 39 is the only way to unambiguously
separate the coherent and incoherent QENS signals and it has already been
applied to H-bonded liquids*®“? building on theoretical concepts of collective
density fluctuation in liquids on the mesoscale (0.4A~'< ¢ < 1.9A~1).*3 The
recent progress of polarization analysis on cold neutron spectrometers with
sub-meV resolution allowed the heterogeneous coherent structural relaxation

of water (D20) to be unravelled.* 45

Building on this result, we combine
selective deuteration and PA to simultaneously measure self-diffusion of in-
dividual species in water-ethanol mixtures while analysing collective density

fluctuations as a function of alcohol concentration.

5.2 Material and Methods

We performed neutron spectroscopy with polarization analysis on the cold neu-
tron time-of-flight spectrometer LET at the ISIS facility, Rutherford Appleton
Laboratory, Didcot, UK.3? 46 The multi-chopper system of this direct geometry
instrument provides three different sequential incident energies E; of 3.84, 1.81
and 1.05 meV in a single measurement associated with three distinct energy
resolutions, respectively AE~ 131pueV (3.4%E;), AE~ 45ueV (2.5%E;) and
AE~ 22peV (2.1%E;) FWHM (example plots in the SI). We obtain separate
QENS spectra for the coherent Seon(q,w) and incoherent Siy.(q,w) scattering
functions. We used specific deuteration, mixing deuterium oxide (D2O) and
ethanol-OD (C3H;0D) to distinguish water and ethanol at different ethanol
mole fractions (0.0, 0.02, 0.05, 0.08, 0.12, 0.16, 0.20, 0.25, 0.30) near the max-
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Figure 5.1: (a) Comparison of the coherent (open squares), incoherent (full cir-
cles) and total (red) scattering functions measured on LET on D,O/CoH;0D
at 0.12 ethanol mole fraction, T=285 K at ¢=1.6 A~*. (b) Example incoherent
scattering function at g=1.4 A=! recorded on LET at F;=3.84 meV. Fit (red
solid line) according to eq.5.1 consisting of a sum of two Lorentzians (dashed
and dash-dotted line) and an almost negligible flat apparent background (dot-
ted line).
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Figure 5.2: Diffusion coefficients D (full red circles) and residence times Tyes

(open red circles) of DoO/CyH;0D mixtures as a function of ethanol mole
fraction zgop at T=285 K and E;=3.84 meV retrieved by imposing a jump
diffusion model eq.5.2 on the HWHM vs ¢* of the fitted Sin.(q,w). Hydrogen-
rich mixtures HyO/CyH;OH previously studied on LET without polarization
analysis is reported for comparison (full blue squares D, open blue squares
Tres)-2¢ The error bars denote the 1o confidence bounds from the diagonal
elements of the covariance matrix of the fits, which are smaller than symbols
for most data.
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imum of macroscopic viscosity. Therefore, Scon(q,w) will represent DoO dy-
namics, while the five non-exchangeable hydrogens of CoH5OD give the higher
incoherent scattering cross section and dominate Si(q,w). In addition, a
mixture of D;O and ethanol C;D50D was measured to account for the effect
of selective deuteration on the coherent structural relaxation of the hydrogen
bond (HB) network.

5.3 Results and Discussions

Examples of coherent and incoherent QENS spectra are depicted in Fig. 5.1(a)
displaying the comparison of the collected coherent, incoherent and calculated
total scattering. While for pure D5O the coherent term is dominant over the
incoherent especially at ¢ near the peak of the structure factor S(g),** already
at low alcohol concentration the coherent term is masked throughout the whole
¢ range by the incoherent response arising from the non-exchangeable hydro-
gens of ethanol (see Fig. 5.1(a) and Fig.S1). Thus, only polarization analysis
allows Seon(q,w) to be accessed and at the same time to circumvent the De
Gennes narrowing!” which may affect the Si,.(g,w) when not separated from
the Scon(q,w). It has been shown how this leads to an underestimation of the
self diffusion coefficient when there is no clear separation between coherent
and incoherent spectra.

Firstly we focused on the self-diffusion by fitting the reduced incoherent spectra
with Sine(q, w) ® R(q, w) wherein the spectrometer resolution function R(q,w)
is obtained by fitting a vanadium sample (Fig. S2) for each ¢ independently
and Sic(g,w) is described by well established model for HyO,*

Sine(q,w) = @1(9)%#% + ag(q)%% +b(q), (5.1)
consisting of a sum of two Lorentzian functions with amplitudes a;(q) and
half width at half maximum (HWHM) ~;(q) accounting for slow translational
process (i=1) and fast motions (i=2) with a small flat background b(q) aris-

ing from instrument, sample, and sample environment contributions (Fig.5.1
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and Fig. S3). Subsequently, the fit of the resulting HWHM for the narrower

Lorentzian 7;(q) with the jump diffusion model,*

Dyq?

- 1 + TI‘GSDSq2 (5‘2)

n(q)
(see Figs. S4, S5, S6) yields the self-diffusion coefficients D, and residence
times 75 displayed as a function of ethanol mole fraction xg;0op in Fig. 5.2.
Herein values found on HyO/CyH5OH mixtures in the absence of polarization
analysis are reported for comparison.?® We find D, for pure H,O and D,O con-
sistent with previously published values.?* 4% 4® The overall trend of D, for the
partially deuterated mixture shows a minimum near 0.2 mole fraction ethanol
corresponding to the maximum of the macroscopic viscosity and aligns with
the results for the ensemble average self diffusion of fully protiated mixtures.3°
Compared to those results, the larger decrease of the Dy found in the present
work is in good agreement with PFG-NMR results,!” where it is attributed
to the H-bonded caging effect of water molecules around the alkyl group of
ethanol. It is remarkable that PA with selective deuteration allows to observe
a similar trend for the self-diffusion of the ethyl group protons to that observed
by NMR but with a higher time resolution (from ms to ps). We further ana-
lyze the coherent neutron scattering data in terms of the imaginary part of the
dynamic susceptibility x”(q,v) = 7S(q, v)[1+n(v)]~!, where v is the frequency
and n(v) the Bose occupation number given by n(v) = (e™/¥s7 — 1)1 allow-
ing us to analyse the data in a model-free manner in the absence of analytical
models describing the broadening of the coherent dynamic structure factor, es-
pecially at the mesoscale (cf. Figs. S7, S8 and S9).40 42744, 49,50 \oreover, the
conversion to dynamic susceptibility enhances the dynamic components of the
spectrum displaying them as separated peaks. In the case of D2O, X7, (¢, v)
displays two main dynamic features: a structural relaxation in the low fre-
quency region (v < 10 GHz) associated with non-vibrational motion and a

44,51 Tncreasing the fraction of

higher frequency process linked to vibrations.
ethanol CoH50D in D50, the first clear effect of perturbation of the pure wa-

ter system brought on by ethanol is the appearance of the a peak in the low
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Figure 5.3: Imaginary part of the dynamical susceptibility for the coherent spec-
trum of D2O (a) and C2H50D in D2O at 0.02 ethanol mole fraction (b). Spectra
recorded at 285K with E;=3.84 meV in the range (orange) 0.4 A-1< q <19 A1
(black). The ethanol rich sample shows a g-dependent peak at v ~ 10 GHz while
for pure D2O the maximum is almost g-independent. The solid lines stand for the
fit according to eq.6.2 consisting of the main Debye process (dashed lines, scaled by
a factor 100 for visibility) depicted at smallest (lightblue) and highest (darkblue) q,
and of the second Debye process (dotted lines, scaled by a factor 0.6 for visibility).
Error bars hidden beneath markers.
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Figure 5.4: (a) Relaxation times 71(¢q) and (b) amplitude A;(g) of the main re-
laxation process of Xgoh(q, v) as a function of ethanol mole fraction at T=285 K
and for E1=3.84 meV (solid symbols: CoH50D in D20). Values obtained from the
fit through eq.6.2 and 71 retrieved from the peak position v;"** = (2771)~t. Open
symbols: CoD50D in D20, 0.12 ethanol mole fraction and T=290 K. Inset: 1 vs
ethanol mole fraction at ¢=0.4 A=' (red) and ¢=1.9 A~! (blue). A; is obtained
from the spectra solely normalized to the incident beam intensity. Error bars hid-
den beneath markers.
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7

frequency region (v ~ 10 GHz, Fig. 5.3). To quantitatively model x7, (¢, v)

we use a linear combination of Debye-like relaxations,

Xeon (¢, V) = Z&(@Lﬂ(q) (5.3)

v ()

i.e. Lorentzians in susceptibility with peak position v*** and amplitudes A;(q)
with index 7, corresponding to exponential decays in the time domain with the

relaxation time 7;(q) = (QWVmax(q))_l. In this picture we find two processes,

i
as for pure D,O: a main slow relaxation at low frequencies, also referred to as
“a-relaxation”, and a second mode in the THz region (Fig. 5.3). The result-
ing 71(q), associated with the peak position of the main relaxation process, is
depicted in Fig. 5.4 for the coherent part. Different models have been tested,
with a variable number of generalized Debye processes (i.e. Cole-Cole or Cole-
Davidson relaxations) but the presented model with a sum of two Lorentzians
provides the best match without over-fitting the experimental data. For pure
D,0, we observe a ¢-independent relaxation 1ps < 71 < 3ps up to 1.2 A~?
followed by a maximum at ~ 1.7 A~! associated with the D,O nearest neigh-
bour distance. This result shows a good agreement with the recent work on
pure D>O by Arbe et al. who interpret the ¢-independent 7 as consequence
of the combination of terms making up the Seon(q,w).** This comprises three

main components,

Seon(q,w) =D b2 Sap (g, w) (5.4)
o,
Sas(q,w) = S5 (q, w) + S3=(q,w) + 5537 (¢, w) (5.5)

where S,5(q,w) are the partial dynamic structure factors of all pairs of atomic
species o and 5 (H, D, O and C for water-ethanol mixture) weighted by their
coherent scattering lengths 02, and bfoh; Sself and S4st refers to the same
and distinct particles of the same species «, respectively. With the help of
MD, Arbe et al. interpreted the g-independent 7 < 1 A~! as a consequence of

the cancelling out of S and S5 45 In our work, we find that in the range
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between 0.02 and 0.3 ethanol mole fraction the relaxation times increase by
up to one order of magnitude to 8ps < 7 < 20ps (Fig. 5.4). This finding
aligns to what has been shown for the same system by dielectric spectroscopy
(DS) in the microwave region: the analysis of the dielectric loss for water-
ethanol mixtures in terms of Debye relaxations reveals that 77, associated
with the structural reorganization of the HB network, 2633 linearly increases
with ethanol mole fraction. According to the ”wait-and-switch” model, 2633
the fluctuation of the hydrogen bond donors and acceptors between water and

the -OH group are hindered by the reduction of available hydrogen bonding

"

" n(q,v) confirms

sites with increasing ethanol fraction. Our model fit for y
this dynamical observation while adding structural information encoded in gq.
Two distinct regions can be distinguished in figure 5.4 also at lower incident
energies (Fig. S10): for 0.4A~'< ¢ < 1.2A~' (¢, v) has a marked ¢ depen-
dence while the slope observed for pure water in 1.2 A~'< ¢ < 1.9 A~! flattens.
The overall increase in the relaxation time is more pronounced in the low ¢
region and is not linearly related to mole fraction. Looking at 77 as a function
of ethanol mole fraction for two ¢ values it is clear how two different functional
forms describe the relaxation time for meso- to intra-molecular scale (Fig.5.4a
(inset)). We note that the susceptibility representation can lead to instabilities
in the total spectral area calculation for some samples due to noise in the high
frequency region (cf. Fig. S11). Importantly, the observed time scales may
be influenced by limitations imposed by the spectrometer energy resolution
(cf. Fig. S12) and be reflecting maxima of distributions of times, as possibly
expected for clusters with a distribution of lifetimes. We note that the reso-
lution has not explicitly been accounted for in y.., but is nearly independent
of ¢ for a given incident energy (Fig.52).

Interestingly, the observed steeper increase of 7 (xgiop) at low ¢ (inset of
Fig.4(a), ¢ = 0.4 A=1) corresponds to length scales that can be associated with
the angular reorientations of the molecular dipoles probed by DS in terms of
an “effective ¢”.°2 Thus, at this low ¢, the dipole reorientations seen by DS can
be connected with collective density fluctuations seen by coherent QENS, as

previously reported for pure water.’? These density fluctuations may be asso-

263



Chapter 5 5.3. Results and Discussions

ciated with short-lived concentration fluctuations due to transient mesoscale

54

inhomogeneities® seen, e.g., by simulations,® small-angle scattering,®® and

indirectly inferred by thermodynamic analysis.’® The distinct g-dependence

"
inc

of x.(q,v) illustrates the key information from polarization analysis to ac-
cess collective motions. Here, the relaxation time 7 displays a strong g-
dependence over the entire ¢ range consistent with the underlying diffusive
process with a self-diffusion coefficient given by Dy ~ (7i"°¢*)~! (Fig. S13).
While 7" and 7{°" for DO are one order of magnitude apart in the low ¢
region(Fig. 5.4(a), Fig. S13),% self- and collective relaxations for the binary
mixture attain the same time window already at small ethanol fraction. There-
fore the g-dependence of 7 implies a diffusive process that is collective in
nature as it arises from the pair-correlation function embodied in the coherent
part of the spectrum in x”, (¢q,v). As such, the “wait-and-switch” between
different hydrogen-bonding sites is driven by approaching molecules at the ps
time scale and neutron data with PA can directly probe these motions. In con-
trast to the increase in 71, we observe a divergent trend for the per-deuteration
(Fig.5.4 open symbols): the relaxation profile DoO/CyD50D is closer to that
of pure DO than to its partially deuterated DoO/CoH5OD counterpart at the
same ethanol mole fraction. This effect of deuteration might be linked to the
interplay between the terms that make up the Scon(q,w) (eq.5.5). It is likely
that in the fully deuterated mixture the self and distinct terms cancel out
similarly to the case of water,* while for DoO/CyH;0D they do not. This
cancellation leads to the absence of the prepeak, expected in the mesoscale, in

S(q) which is obtained by integration over the final energy,

S(Q) = / SCOh(Q? w)dw (56)
(Fig. S14). The prepeak usually appears as a shoulder on the low-g side of the
S(¢) maximum and, although its origin is still debated, in case of other lower
alcohols is thought to be related to H-bonded molecular associates at distances
longer than the first coordination shell.'® °7 There is an increasing consensus

regarding the significance of deuteration in observing the prepeak.®® It has
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been shown that the prepeak in the coherent structure factor of methanol
is only visible in CH30D and not in CD30D, 3% 4142 consistent with MD
simulations. This observation agrees with the picture of the cancellation of
the different partial factors for H and D depending on the ¢ range. The
connection between structure and dynamics embodied in 7 is clearly depicted
in the plots of the amplitude A;(q), i.e. the second free fit parameter of eq.6.2,
for xI" .(q,v) (Fig. S13) and x”, (¢, v) (Fig. 5.4b). Due to the normalization of
the spectra to the incident beam intensity, A;(q) (Fig. 4b) reports the different
coherent scattering intensities depending on mixing ratio, which in terms of
average over ¢ are similar across the range explored (cf. figure S15). While
for the incoherent spectra A;(q) is constant in ¢ with only a non monotonous
dependence on the ethanol mole fraction (see Fig. S13), the amplitude of the
main coherent relaxation process has an additional g-dependence (Fig.5.4b).
In particular for D,O, A;(q) matches the S(q) shape** with a gradual drop
for ¢ > 1.1 A=! and conversely an increase for ¢ < 1.1 A~' upon ethanol
addition. Even for A;(q) the fully deuterated mixture (open symbols) better
aligns to the case of pure D,O than to its partially deuterated counterpart.
These findings for A;(q) are consistent with the picture of Seon(q,w) being
Sinc(¢, w) modulated by the structure factor S(q).

5.4 Conclusions

In conclusion, employing the newly established sub-meV resolution polariza-
tion analysis and partial deuteration, we simultaneously measure: (i) self-
diffusion of ethanol in the water matrix circumventing de Gennes narrowing;
(ii) collective density fluctuations of the hydrogen bond network in the picosec-
ond regime on a ¢ range from the meso- to intra-molecular scale. Compared
to pure water, we observe a slower collective relaxation time upon increasing
ethanol fraction with a steeper decrease in the mesoscale (0.4-1.2 A=) where
the prepeak for lower alcohols has been observed. Coherent QENS reveals
that the addition of small amounts of ethanol renders the hydrogen bond net-

work significantly more rigid compared to pure water, consistent with long
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lived H-bonded cluster-like mesostructures. By studying a binary molecu-
lar mixture, this work fills a gap around the H-bonded fluids in the ps and
mesoscale, that were previously only investigated as mono-molecular systems
by high-resolution polarized QENS,** %8 and provides a non-MD dependent
experimental basis suggesting the existence of clusters in water-ethanol mix-

tures.

5.5 Supporting information

Polarization analysis

In a quasi elastic scattering experiment, both collective and self motions con-
tribute to the broadening of the elastic peak (figure S1), and the double differ-
ential scattering cross section, i.e. the probability that a neutron is scattered
by a nucleus into a solid angle element 02 and with a change in energy dhw,
thus reads as linear combination of the coherent S°%(g,w) and incoherent

Sn¢(q, w) dynamic structure factors

2
agﬁh o< Zb b SR (q,w) + ZAb2 Sine (g, w) (5.7)

where the sums run over the atomic species «, 5 (H, D, O and C for water-
ethanol mixtures) weighted by their scattering lengths b, 5. S°"(q,w) and
Sin¢(q,w) are related via time and real space Fourier transform to the Van
Hove correlation functions G,s(r,t) and G*(r,t) describing the correlations
between the position of distinct nuclei at different times and of the same nu-

&%a
0NOhw

~ S§"¢(q,w) due to the ubiquitous presence of hydrogen atoms whose scatter-

cleus at different times, respectively. For the majority of studied systems

ing is predominantly incoherent. However, this approximation shows limits for
poorly incoherent scattering samples or for those systems in which the solvent
contribute is masked by deuteration. In this cases both coherent and incoher-
ent terms coexist making data interpretation more complex. The only way to

decouple the two contributions from eqn.(5.7) is by polarization analysis (PA),
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a method that relies on the principles that the neutron scattering probability
is not only isotope but also spin-dependent and that for incoherent scattering
the neutron spin has a 66% probability to flip while for coherent scattering no
spin flip happens. In an unpolarized experiment the incident neutron beam
has 50% of spin up |1) and 50% of spin down [|) neutrons while with PA a
supermirror polarizer is implemented to transmit the |]) state of the neutron
beam. In order to exploit the link between spin-flip ||) — [1)/non-spin-flip
l4) — |4) and incoherent S™¢(q,w)/coherent S"(q,w) dynamic structure fac-
tors, spin are reversed using a precession coil flipper and the spin polarization
of the scattered neutron beam is analyzed.?® % On LET this last step is made
with a 3He spin filter with a typical initial polarization of 63% and lifetime of
48 hours. The cell was replaced every ~ 24 hours. The polarization corrections
were performed using the correction scheme described in Ref.* The combined
flipper and polarizer efficiencies for the three incident energies E; = 3.84, 1.81,
1.05 meV were 90%, 91%, and 91%, respectively.

The result of this process are two distinct dynamic structure factors related
to spin-flip Sy;y— 1 (q,w) and non-spin-flip S}y, ;)(q,w) events which are then

combined to obtain the separation between Si,.(q,w) and Scon(q,w) as follows:
Sy (@, @) = Seon(q, W) + 3Sme(@:w) | Seon(q,w) = Sy (g w) — 31— (¢ w)

Sipy—=10(4,w) = 3Sie(q,w) Sine(¢:w) = 2S5 (¢, w)
(5.8)
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Figure S1:  Comparison of the coherent (empty squares), incoherent (dark full
circles) and total (red crosses) scattering functions measured on LET at ¢ = 1.0 A~!
(left column) and ¢ = 1.9 A= (right column). In the case of pure DoO (top row) the
coherent spectrum becomes dominant at higher ¢, corresponding to S(q). At lower
q, the incoherent spectrum is dominant and, thus, polarization analysis becomes
crucial to obtain collective-like dynamic information. When mixed with CoH5OD
(0.12 ethanol mole fraction, middle row) there is no ¢ value where the coherent signal
is dominant so polarization is even more crucial to account for collective motion
even at the intramolecular scale. The fully deuterated mixture D2O/C2D50D (0.12
ethanol mole fraction, bottom row), on the other hand, shows a similar behaviour
to that of pure D5O.
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Instrument resolution

Instrument resolution has been accounted for by fitting the vanadium inco-
herent spectrum with a sum of up to five Gaussian functions (depending on ¢
and incident energy), due to the asymmetric shape of the instrument response
(Fig. S2).
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Figure S2: Energy resolution data of LET (symbols), measured on Vanadium foil
at T' = 285K, and fits of a sum (solid lines) of up to 5 Gaussian functions (dashed
lines), at ¢ = 0.7 A=! (left column) and ¢ = 1.1 A~! (right column). The three
different incident energies E; = 1.05meV (first row), 1.81meV (second row) and
3.84meV (third row) provide three distinctly different widths which each weakly
depend on gq.
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Self-diffusion in the partially deuterated mixture

To favour convergence of the fit to physically meaningful values, the sec-
ond Lorentzian has been constrained to be broader than the first Lorentzian,
in agreement with a convolution of these two motions, as done in previous
work.? This constraint prevented cross-talking (i.e. inversion) between the
two Lorentzian functions during the iterative least squares minimization. The
essential fit parameters and goodness-of-fit x? are summarized in the fig-
ures S4 and S5 for different mixing ratios. Other models have been tested
as well, including a Dirac contribution to account for immobile fractions and
un-subtracted empty cell signal, but the finally chosen model presented was

the most aligned with the experimental data.
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Figure S3: Example incoherent scattering function at g=1.3 A=! (left column) and
q=2.1 A1 (right column) recorded on LET at F;=3.84 meV at T=285K. Fit (red
solid line) according to eqn. 1 of the main text consisting of a sum of two Lorentzians
(dashed and dash-dotted line) and an almost negligible flat apparent background
(dotted line). Top row: 0.05 ethanol mole fraction, middle row: 0.16 ethanol mole
fraction, bottom row, 0.3 ethanol mole fraction.
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Figure S4: Plot of the fit parameters according to eqn. 1 of the main text for
D20/C2H50D at 0.08 ethanol mole fraction, at 7=285K and F;=3.84meV. Top
left: Lorentzian width v;(q) associated with the center of mass translation of the
molecule. The solid line stands for the fit of the jump diffusion model. Bottom
left: Lorentzian width of the second faster process v2(¢) that can be attributed to
localized motions with no marked g-dependence. Top right: reduced x? for the fit.

Bottom right: Intensity of the first Lorentzian a;(q).

273



Chapter 5

5.5. Supporting information

200

50

2.5
¥ % [Et-ODJ: 0.20 285K inc ° ® @ [Et-ODJ: 0.20 285K inc
'
\
2,00
\
1.5 e
NX \\
“7\—/.
] RS N Manas e
0.5
0.0
1 2 3 4 5 6 0.5 1.0 1.5 2.0 2.5
- alA~
800
& & [Et-ODJ: 0.20 285K in é é [Et-ODJ: 0.20 285K inc
700} °
.
— 600
_ﬂ L]
g ®e
2 500
<
¢ 5 .
= 400 .
o L]
® ® ~
o . te M ¢ & 300 .
ee®®0 % ® . e ® o
200 o eie
°
100
1 2 3 4 5 6 0 2 3 4 5 6
q*[A7?] q?[A7?]

Figure S5: Plot of the fit parameters according to eqn. 1 of the main text for
D;0/CoH50D at 0.2 ethanol mole fraction, at T=285K and E;=3.84meV. Top
left: Lorentzian width 7 (q) associated with the center of mass translation of
the molecule. The solid line stands for the fit of the jump diffusion model.
Bottom left: Lorentzian width of the second faster process 72(q) that can
be attributed to localized motions with no marked ¢-dependence. Top right:
reduced x? for the fit. Bottom right: Intensity of the first Lorentzian a;(q).

e e
~ ®

a;(g)/(a1(q) +a2(q))
o
(=]

© ¢ [Et-OD]: 0.08 285K inc

6L e ° Ps
b o
0.5 % ®
° °
0.4 i .
0 1 2 3 4 5 6
?[A77]

o I
N )

a;(q)ai(q) + a2(q))
e
=

H ¢ [Et-OD]: 0.20 285K inc

e ®
0.5 ® o s . L] +
®
0.4 ! i L
0 1 2 3 4 5 6
(A%

Figure S6: Fractional intensity of the first Lorentzian aq(q)/(a1(q) +az2(q)) for 0.08
(left) and 0.2 (right) ethanol mole fraction.
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Collective diffusion in the partially deuterated mixture

We also tested the same approach employed for the incoherent spectra on
coherent spectra, i.e., imposing a sum of two Lorentzians convoluted with
the spectrometer resolution (see Figure S7-S8 below). However, the lack of a
theoretical model to interpret the quasi-elastic signal of the coherent part of the
spectrum prevents us from interpreting the underlying collective dynamics.

One heuristic approach is to relate collective to single particle motion via

renormalization by the static structure factor S(g) as proposed by Skold:®2

Scoh(Qﬂ“-))% ) q w
S(q) S“”( S(q)’ ) (5:9)

We did not follow this approach for two main reasons:

(1) Tt fails to predict the correct g-dependence of S(q,w) at ¢ lower than the
peak of the structure factor.*® This would affect our observations which are
more pronounced in the mesoscale.

(2) The interpretation of the resulting apparent collective diffusion function
D.(gq) would be subject to the same lack of theory.

In contrast, the susceptibility picture provides these advantages:

- In this representation, well separated peaks allow to distinguish distinct
processes.

- The results can be directly compared with dielectric spectroscopy.

- Due to the novelty of our data, we benefit from relying on an established
approach for data analysis, permitting to compare with the work on pure D50O.
- The effect of the instrument resolution at ambient temperature does not pose
a substantial problem since the dynamics is sufficiently fast. It would be a limit

for systems with slower dynamics, such as in the supercooled regime.
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Figure S7: Example coherent scattering function at qg=1.3 A~! (left column) and
q=2.1 A1 (right column) recorded on LET at E;=3.84 meV, T=285K and 0.08
ethanol mole fraction. Fit (red solid line) according to eqn. 1 of the main text
consisting of a sum of two Lorentzians (dashed and dash-dotted line) and an almost
negligible flat apparent background (dotted line).

Coherent susceptibility

The conversion to susceptibility x7 , (¢, w) and the model used to fit x7 , (¢, w)

coh

is inspired by previous neutron work on polarized neutrons**
(4:0) = T (5.10)
V)~ —— .
O = T iwr
with the imaginary part given by
X"(q,v) = (5.11)

1+ wir?

The more general case of this symmetric and not stretched Lorentzian-like
function is called Havriliak-Negami relaxation, where the asymmetry and
broadness are accounted for, through the two terms « and S,

(5.12)

1
M) = T Gy

For $ =1 the Havriliak-Negami reduces to the Cole-Cole equation,

" N (wT)*cos(am /2)
Xa.v) = 14 2(wr)'=2sin(an/2) + (wr)2(1-)’ (5.13)
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Figure S10: Imaginary part of the dynamical susceptibility for the coherent spec-
trum of D2O/CoH50D at 0.05 ethanol mole fraction (left column) and at 0.20
ethanol mole fraction (right column). The solid lines stand for the fit according
to eqn. 3 of the main text with blue dashed and dotted lines depicting the main
and the second Debye process (scaled by a factor 0.6 for visibility) respectively. Top
row: E;=1.05 meV in the range (orange) 0.4 A=1< ¢ < 1.1 A=! (black); middle row:
E;=1.81 meV in the range (orange) 0.4A~'< ¢ < 1.5A~" (black); bottom row:
E;=3.84 meV in the range (orange) 0.4A~1< ¢ < 1.9A7! (black).
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Figure S11: Left: Fractional amplitude A;(q)/(A1(q) + A2(q)) of the main relax-
ation process of x”(q,v) as a function of ethanol mole fraction at T=285K and for
E;=3.84 meV. Right: Total amplitude A;(q)+ A2(q). (Cf. eqn. 3 of the main text.)
Due to the poorer statistics when approaching the THz regime the parameters of
the second process A, and 79, representing the vibrational relaxation, display broad
confidence bounds (grey), especially at low q.

and for a = 1 to the Cole-Davidson relaxation,

X" (q,v) ~ (1 + (wr)?)~??sin(B arctan(wr)).
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Figure S13:  Top left: Imaginary part of the dynamical susceptibility for the

incoherent spectrum of DsO recorded at T=285K with F;=3.84meV in the range

04A71< ¢ < 1.9A°1,

Top right: Relaxation times 71(¢) and amplitude A;(q)

(bottom) of the main relaxation process of xi .(¢,v) as a function of ethanol mole
fraction at T=285K and for F;=3.84meV. Values obtained from the peak position

of v}

max
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Apparent static structure factors
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Figure S14: Apparent static structure factor depending on the ethanol-D,O
mixing ratio (cf. legend) obtained by integrating the coherent part (left) and
incoherent part (right) of the LET dynamic scattering function S(q,w) in
the range —260peV < hw < 260peV, which corresponds to approximately
twice the spectrometer resolution line width at this incident energy (E; =
3.84meV, cf. figure S2). The dashed blue lines report the per-deuterated
spectrum measured on the mixture of D,O and Cy;D50D. The intensities of
S(q) are proportional to the measured intensities normalized to the incident
beam intensities. The left and right plots are drawn on the same scale to
render the coherent and incoherent intensities comparable across the plots.
The change in absolute intensity depending on the mixing ratio mainly arises
from the changing total coherent cross section. In the coherent part (left)
we identify a local maximum which might be associated with the pre-peak
near 0.4 A=' and the liquid structure peak near 1.6 A=*. We note that these
observations can depend on dynamical and instrumental effects. Nevertheless,
a corresponding observation, i.e., the presence of a pre-peak in the partially
deuterated mixture and its absence in the per-deuterated mixture has been
reported for methanol solutions based on CD3;0D and CH30D, respectively
(cf. main article for a discussion).
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Cross sections
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Figure S15: Scattering cross sections as a function of ethanol mole frac-

tion, calculated from eq.5.15 with NIST values for isotopes cross sections
(b=10"*cm?).

Thanks to the high degree of polarization and the long measurement time,
both coherent and incoherent scattering signals are sufficient across all mixing
ratios (see Fig. S1). Indeed, due to selective deuteration and polarization
analysis we can differently weigh different species within the different samples.
In this regard, in Fig.S15 we report the total scattering cross section ¥ for

the incoherent, coherent and sum obtained by

v — ; _ Napp,o(1 —zgwop) +NAPEtOD$Et0D ;
- nD2OO-DQO nEtODUEtOD - M UDQO M UEtOD
D20 EtOD
(5.15)

with the number density n expressed in term of the Avogadro number N4,
the density p, molecular weight M, ethanol mole fraction xg,op, and i €
{inc, coh, tot}. As shown in this figure, the incoherent cross section increases

with increasing ethanol ratio, and it exceeds the coherent one near 8% ethanol
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contents. Between the extremes of the mixing ratios ( 100% water and 100 %
Ethanol, respectively ) the incoherent signal rapidly shifts from being due to
D>O to be dominated by ethanol.

Data accessibility

The neutron data are permanently curated by the ISIS facility and accessible
via https://doi.org/10.5286/ISIS.E.RB1920548 and https://doi.org/
10.5286/ISIS.E.RB2210240.
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Chapter 6

Abstract

Understanding structural dynamics on the picosecond /nanometer scale in com-
plex fluids is crucial for advancing various fields, from material chemistry to
drug delivery. We employ polarized quasi-elastic neutron spectroscopy to in-
vestigate the perturbation to the hydrogen-bond network of water-ethanol mix-
tures induced by a supramolecular gel network and by paracetamol (PCM)
molecules. Interestingly, while the supramolecular gelator significantly alters
the macroscopic behavior of the solvent at concentrations of 0.3 and 0.5 wt.%,
it does not affect the hydrogen bond network at the microscopic level. In
contrast, the addition of PCM at 5 wt.%, which does not change the macro-
scopic properties, modifies the structural dynamics of water-ethanol mixtures
at length scales commensurate with and below the PCM-PCM correlation
length in the mixture. This study reveals the intricate interplay between so-
lute, solvent, and gel interactions, demonstrating a lack of direct correlation

between macroscopic and microscopic properties in such complex systems.
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6.1 Introduction

Understanding the dynamics of solute-solvent interactions is crucial for elu-
cidating the fundamental principles governing various physical and chemical
processes within solutions.! The current state of research often overlooks the
significant perturbations that occur in the solvent structure when a solute
or a polymer is dissolved, assuming that the resulting solution retains the
same structural characteristics as the pure solvent. This assumption neglects
the intricate interplay between solute and solvent molecules, which can pro-

2 The limitations

foundly affect the macroscopic properties of the solution.
of this approach become particularly evident when considering complex sys-
tems such as gels. These are a unique class of materials that exhibit solid-like
behavior at the macroscopic level despite being composed of generally more
than 99% liquid, a property arising from the entrapment of fluid within an
entangled network of polymeric fibers.®> A notable sub-class of gels, known
as supramolecular gels, forms when low molecular weight gelator (LMWG)
monomers self-assemble non-covalently in response to an external physical
stimulus.* Thus, with the two-step solvent perturbation induced by monomer
dissolution and fiber formation, the assumption that bulk and trapped solvent
share the same structural characteristics may be too simplistic. Overcoming
this assumption could potentially explain the dynamic behaviour within these
systems which has been shown to be influenced by solvent-network interac-
tion.>" As an example, water-ethanol dynamics show a small but significant
increase when incorporated into prototypical supramolecular gels composed of
bis-urea LMWG.® The complexity of solvent perturbation increases with the
introduction of additional solutes, such as drug molecules, a factor particularly
relevant in pharmaceutical applications where supramolecular gels are stud-
ied as platforms for achieving sustained release in injectable formulations.? 19
Notably, it has been observed that drug dynamics are faster in bis-urea gels
than in the respective bulk solutions.!* These studies have primarily relied on
quasi-elastic neutron scattering (QENS), a spectroscopic method that simulta-

neously probes self-diffusion at ps - ns time scales and A - nm length scales.!?
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While this technique allows for the distinction of solute dynamics from the sur-
rounding deuterated solvent, it fails to capture the changes in solvent molecule
dynamics induced by the solute. To address these limitations, we have cou-
pled QENS with polarization analysis, a technique implemented on only a few
spectrometers world-wide,'® 1* to distinguish single-molecule dynamics of dis-
solved solutes while simultaneously providing information about the molecular
structural dynamics of the solvent.!®1® Our initial investigations using this
method revealed increased rigidity in the hydrogen bond network of bulk DO
upon addition of ethanol at the mesoscopic length scale (0.2 A-l< g <07
A=1) 17 often associated to the cluster region of water and its mixture with
alcohol. In the present work, we apply this approach to study the perturba-
tions introduced by a model small drug (paracetamol, PCM), a bis-urea gel,
and a combination of the two on water-ethanol structural dynamics. This in-
vestigation aims to provide a more comprehensive description of the complex

interplay between solutes, gels, and solvent structure in these systems.

6.2 Materials and methods

Sample preparation

PCM and all solvents were obtained from Sigma Aldrich and used as received
without additional purification, while the bis-urea gelator was synthesized ac-
cording to the published method.!® The sample preparation involved dissolv-
ing 0.3 or 0.5 wt.% of the gelator to the water:ethanol mixture of 7:3 v/v and
to ensure consistency, both gel and respective solution samples were prepared
using the same cycle of heating and cooling. The process began by heating the
samples in a sealed vial up to 70°C to fully dissolve the gelator. The resulting
clear solutions were transferred, while still hot, into double-walled cylindrical
aluminum cans and sealed with indium wires. The samples were then allowed
to cool and set into gel form for a minimum of 30 minutes. For drug-loaded
samples 5 wt.% of PCM were dissolved prior to the heating and cooling cy-

cle. To achieve comparable statistics, different gap sizes were used for the
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sample holders: 1 mm for fully deuterated samples and 0.06 mm for those
containing protiated PCM. Neutron scattering measurements were conducted
with each spectrum taking approximately 6 hours at 290 K. The samples ana-
lyzed included: the perdeuterated solvent mixture (Dy0:C3D50D), a 0.3 wt.%
gel in the deuterated solvent mixture and a 5 wt.% protiated PCM in both
the deuterated solvent mixture and the 0.3 wt.% gel. To gain further insight
into how the gel affects solvent structural relaxation, measurements were con-
ducted on partially deuterated solvents consisting of 7:3 v/v DoO:CoH50D at
two different gelator concentrations (0.3 wt.% an 0.5 wt.%). This approach

also facilitates comparison with results from the pure solvent mixture.!”

Quasi-Elastic Neutron Scattering

QENS with polarization analysis was performed at the cold neutron time-of-
flight spectrometer LET at the ISIS facility, Rutherford Appleton Laboratory,
Didcot, UK.'* ' The LET spectrometer is best adapted to the fast picosecond
diffusion of the solvent molecules, whereas the slower drug molecule diffusion
itself is not optimally resolved. In standard unpolarized QENS experiments,
both nuclear spin-coherent and spin-incoherent spectra are measured together,
with the protiated drug molecule’s contribution masking the coherent signal
from the fully deuterated solvent (Fig.S1). However, by employing LET with
polarization analysis, we can separately record these spectra, effectively re-
moving much of the incoherent signal from the protiated drug molecules. This
option allows us to isolate and analyze the spin-coherent scattering spectra,
thereby gauging the perturbations of the drug and gelator to the deuterated
solvent molecules, which are the main contributors to coherent scattering. As
shown in Fig.6.1, when studying the structural relaxation of the solvent in the
presence of a gel network and drug molecules, deuteration alone is not suf-
ficient to separate the contributions of the individual components. Notably,
the coherent signal becomes the dominant part only at ¢ values around the
De Gennes narrowing of water (Fig.6.1b),!® while at lower ¢ the incoherent

signal prevails (Fig.6.1a). Therefore, without polarization analysis and relying
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Figure 6.1: Comparison of the coherent (circles), incoherent (triangles) and
total (squares) scattering function for a sample with 0.3 wt.% bis-urea gel in
a 7:3 v/v DyO:Ethanol-Dg solvent, containing 5 wt.% paracetamol. Spectra
measured on LET at 7' = 290 K, incident energy £ = 3.84 meV at (a)
¢=10A""and (b) ¢ = 1.9A~". Error bars hidden beneath markers.
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solely on selective deuteration the study of the solvent structural relaxation
would limit to a narrow ¢g-range. We transform the coherent part of the QENS

spectra Seon(q, V) to the coordinates of dynamic susceptibility

Xeon(@: ) = TSean(q,v) [1+n(v)] 7, (6.1)

where v is the frequency and n(v) the Bose occupation number given by
n(v) = (/7 — 1)~1. In these coordinates, the spectra can be analyzed
without relying on specific analytical models, as such models are currently
unavailable for describing the broadening of the coherent dynamic structure
factor, especially at mesoscopic length scales and in the presence of small

15,2024 A 15, 17

molecules. established previously, we model this coherent part

of the signal by a linear combination of Debye relaxations

X::/oh(Qa V) = ZAZ(Q)LM((]) (6.2)

g

Equation 6.2 is synonymous with a sum of Lorentzian functions expressed in
coordinates of susceptibility with the peak position v*** and amplitudes A;(q)
with the summation index 7, corresponding to exponential decays in the time

domain with the relaxation time

7i(q) = (211" (q)) " (6.3)

6.3 Results and discussions

We first perturbed the partially deuterated solvent mixture previously stud-
ied'” by adding two different concentrations of bis-urea gel. The coherent
QENS spectra, expressed as the imaginary part of the dynamic susceptibility
X" (g, V), show no significant difference following the formation of the gel net-
work (Fig.S3). At an ethanol mole fraction of 0.12, where the gel sets, the
peak position reflected in 71(q) (eq.6.3, Fig.6.3a), of the susceptibility exhibits

a trend consistent with that of the pure solution counterpart. Specifically, a
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Figure 6.2: Coherent part of the QENS spectra (symbols) in form of the imag-
inary part of the dynamic susceptibility calculated from eq.6.1 and fits with
the Debye model eq.6.2 (lines), recorded on 7:3 v/v DO:CyD5;0D with 5 wt.%
paracetamol (a) and on a 0.3 wt.% bis-urea gel (b), at 7' = 290 K. The color
encodes data for ¢ from 0.3A~" (red) to 1.9A~" (blue). The fit according
to eq.6.2, consisting of the main Debye process associated to structural re-
laxation (dashed lines, scaled by a factor 100 for visibility) depicted at the
smallest (light blue) and highest (dark blue) q and of the second Debye pro-
cess linked to vibrational contributes (dotted lines, scaled by a factor 0.6 for
visibility).
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Figure 6.3: Relaxation times 7i(¢q) (eq.6.3) of the main relaxation process of
Yoon(@,v) at T = 290K and incident energy E; = 3.84 meV. 71(q) was de-
termined by fitting eq.6.2 and identifying the peak position v = (277;)"!
(Fig.6.2). (a) Comparison of the results for pure D;O and for the partially
deuterated DyO : CoH5;0D 7:3 v/v solvent mixture, corresponding to 0.12
ethanol mole fraction, at T' = 290K, for pure solvent, 0.3 and 0.5 wt.% gel.
The results for pure D,O from the previous paper are reported as a reference.'”
(b) Comparison of the results in the presence (full symbols) and absence (open
symbols) of Paracetamol, for the pure fully deuterated water-ethanol solvent
mixture and for the 0.3 wt.% bis-urea gel based on the same solvent, respec-
tively. The lines are guides to the eye. Error bars hidden beneath markers.
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strong shift towards higher frequencies is observed in the low-g region, reflect-
ing a ¢-dependent relaxation process at the mesoscopic scale. As previously
noted,!” this effect corresponds to an increase in the relaxation time 7; in the
water-ethanol mixture compared to pure D,O. This effect is independent from
whether or not the gel is present. Thus, while the solvent mixture presents a
more rigid structure after ethanol addition, this rigidity is not further enhanced
by the presence of the gel, regardless of whether the gelator concentration is 0.3
or 0.5 wt.% (Fig.6.3a). Based on this reference for the pure unloaded solvent,
we subsequently observed the perturbation to the system due to the introduc-
tion of paracetamol. The susceptibility representation for the perdeuterated
solvent, shown in Fig.6.2, indicates that the main relaxation process displays a
nearly ¢g-independent peak position, with a slight shift towards lower frequen-
cies occurring above ¢ = 1.2 A~1. This trend aligns with previous observations
made on D>0O, which have been explained as a consequence of the combination
of terms contributing to the coherent dynamic structure factor in the low-¢
region.'® The susceptibility x”(q,v), as shown in Fig.6.2 (symbols) alongside
the associated fits from eq.6.2 (lines), reveals a shift in the apparent main peak
position towards lower frequencies upon the addition of PCM to the solvent.
The observed increase in the relaxation time 7 below ¢ = 1.4 A~! largely
exceeds 30 confidence bounds for both paracetamol-loaded solution and gel,
while the respective unloaded samples show overlapping results. The results
on the relaxation times are closely related to the structural organization of
the hydrogen bond network. This relationship is expressed via the apparent
static structure factor S(q), obtained by integrating the coherent spectra over

w within approximately twice the energy resolution full width at half maximum
(FWHM):

S(q) = - Seon (¢, w)dw (6.4)

—o0
Such quantity provides information about the spatial correlations between par-
ticles in the system, reflecting molecular organization at various length scales.
In our previous work on DyO-ethanol mixtures, we observed significant changes

in the structure factor as ethanol concentration increased: a pre-peak appeared
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Figure 6.4: Apparent static structure factor obtained by integrating the co-
herent part of the LET dynamic scattering function S(¢,w) in the range -260
peV < hw < 4260 peV, which corresponds to approximately twice the spec-
trometer resolution line width at this incident energy (E; = 3.84 meV). The
intensities of S(¢) are proportional to the measured intensities normalized
to the incident beam intensities. (a) The dashed blue lines report the pure
D50 while the solid lines represent the spectrum of DyO/ CyD5OH mixture
at 0.12 ethanol mole fraction in pure solution (green) and at two bis-urea
gel concentrations 0.3 wt.% (red) and 0.5 wt.% (dark red). The results from
for D,O-CyD50D 0.12, previously published,!” were rescaled to identical total
signal to be comparable. (b) Results from the integration of D;O/CsD50OD
without (blue) and with (red) 0.3 wt.% bis-urea gel in the presence (full lines)
and absence (dashed lines) of 5 wt.% paracetamol.
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at ¢ < 1.2 A1, indicating the formation of mesoscopic transient structures,
and the decrease in intensity of the main peak near 1.9 A~!, corresponding
to D3O nearest-neighbor correlation length.!'” The introduction of either 0.3
or 0.5 wt.% bis-urea gel does not further alter this structural reorganization
(Fig.6.4a), corroborating our earlier findings on the stability of the hydrogen
bond network in these mixtures. The S(q) for the gel samples overlaps with
that of the bulk water-ethanol mixture in both the pre-peak and main peak
regions, aligning with the results of the relaxation times. Notably, these ob-
servations of unaffected structural reorganization and relaxation times persist
in the fully deuterated solution, confirming that the gel’s minimal impact is
not an effect of partial deuteration (Fig.6.3b and Fig.6.4b). Hence, the addi-
tion of ethanol alters the microscopic solvent structure more significantly than
the introduction of bis-urea molecules, despite the substantial macroscopic
changes associated with gel formation. Dissolved paracetamol molecules, in
contrast, induce substantial modifications to the solvent microscopic structure.
As shown in Fig.6.4b, the S(q) changes upon addition of paracetamol, both
in bulk solution and in bis-urea gel, with a small decrease in the main corre-
lation peak at around 1.9 A=! together with an equally small increase in the
pre-peak region which we attribute to the disruption of the water structure
by the paracetamol molecules. Such a transition suggests that paracetamol
induces a restructuring of the solvent network, weakening short-range correla-
tions while promoting the formation of larger-scale structural features. This
observation of long-range structural changes is particularly noteworthy given
that paracetamol is a neutral molecule. Typically, for uncharged solutes, one
would expect perturbation effects to diminish rapidly beyond the first coordi-
nation shell.l» 2° The persistence of paracetamol influence at mesoscopic scales
thus suggests a more complex solute-solvent interaction than previously an-
ticipated. Interestingly, paracetamol exerts a more pronounced influence on
the solvent molecular structure than the gelator does, despite the gelator’s
more significant macroscopic effect. This counterintuitive trend can be ex-
plained by considering the surface available for molecular interactions: the

higher concentration of dissolved paracetamol molecules results in numerous
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solute-solvent interactions throughout the solution. In contrast, the gelator,
present in minute amounts, has limited contact with the solvent. Consequently,
paracetamol forms a greater number of hydrogen bonds with the liquid, lead-
ing to more extensive restructuring of the solvent network at the molecular
level. This finding is consistent with studies showing how small amphiphilic
molecules can induce mesoscale ordering in aqueous solutions, altering the

hydrogen bond network over long-range correlation distances.?%

6.4 Conclusions

In conclusion, this study provides significant insights into the structural dy-
namics of fully deuterated water-ethanol mixtures perturbed by a bis-urea
supramolecular gel network and paracetamol. The polarization analysis, im-
plemented on the spectrometer LET, allows us to decouple the coherent signal
from the solvent and the incoherent signal arising from the protiated solutes,
providing unprecedented perspective into these complex systems. We find that
for the solvent no difference is observed in the structural relaxation resulting
from the addition of up to 0.5 wt.% gelator, while the self-diffusion, detected
previously with standard QENS at higher energy resolution than LET by
the dominant scattering from the hydrogen protons on the paracetamol drug
molecules, revealed slightly faster dynamics of these drug molecules within
the bis-urea gel.® Surprisingly, with the present polarized QENS study we
observe a solvent structuring upon solute addition of 5 wt.% paracetamol that
substantially increases liquid structural relaxation times at the mesoscopic
length scale. This result constitutes an important complement for the previ-
ous observation of faster solute self-diffusion within a gel network compared
to the pure liquid structure,'! highlighting the complexity of solute-solvent
interactions and indicating that the resulting solution differs from the original
solvent. This research lays a foundation for analyzing coherent dynamics in
solvents containing drugs or other compounds, with applications extending to
different alcohols and concentrations of gels or drugs, potentially utilizing fu-

ture higher-resolution polarized neutron spectrometers to further investigate
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structural relaxations of slower processes.?”
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Figure S1: Comparison of the coherent (red circles), incoherent (empty tri-
angles) and total (black squares) scattering functions measured on LET at T
= 290 K and E;= 3.84 meV for PCM in solvent (left column) and in 0.3 wt.%
bis-urea gel (right column) at ¢ = 1.0 A=* (top row), ¢ = 1.6 A~' (middle
row) and ¢ = 1.9 A=! (bottom row). Error bars hidden beneath markers.
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Figure S2: TImaginary part of the dynamical susceptibility for the coherent spec-
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main text with blue dashed and dotted lines depicting the main and the second
Debye process (scaled by a factor 0.6 for visibility) respectively.
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(a) Comparison of the results for pure

D>0O and for the partially deuterated D,O : CoH5OD 7:3 v:v solvent mixture,
corresponding to 0.12 ethanol mole fraction, at T" = 285 K, in the absence
of the bis-urea gelator as well as for 0.3 and 0.5 wt.% bis-urea gelator. (b)
Comparison of the results in the presence (full symbols) and absence (open
symbols) of PCM, for the pure fully deuterated water-ethanol solvent mixture
and for the 0.3 wt.% bis-urea gel based on the same solvent at 7" = 290 K The
lines are guides to the eye. Error bars hidden beneath markers.
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Data accessibility

The neutron data are permanently curated by the ISIS facility and accessible
via https://doi.org/10.5286/ISIS.E.RB1920548 and https://doi.org/
10.5286/ISIS.E.RB2210240.
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Many biologic and chemotherapeutic drugs require parenteral administra-
tion, with subcutaneous injection being preferred for balancing bioavailability
and patient tolerance.! However, challenges such as rapid uptake and poor lo-
calization persist. Matrix-based drug delivery systems, particularly hydrogels,
provide solutions by enabling sustained, localized release while minimizing
off-target effects. Supramolecular gels are especially promising, offering high
biocompatibility, responsiveness to a range of physical stimuli, and tunability
through subtle modifications of the gelator molecule. Their shear-thinning
behavior further enables on-demand, injectable delivery. Despite their advan-
tages, current drug release studies often rely on bulk dissolution techniques
like UV-Vis spectroscopy, which oversimplify the complexity of drug-gel inter-
actions by primarily viewing the gel as a steric barrier.> 3 As a result, crucial
microscopic factors, such as gel fiber chemistry and non-steric interactions, are
often overlooked. This project hypothesizes that understanding drug diffusion
at the microscopic scale, independent of steric effects, is essential for accu-
rately predicting and controlling macroscopic drug release. Using QENS, this
study isolates the hydrodynamic and non-steric influences of the gel network

on drug diffusion at the ps/ns time scale.

The primary finding of this project is the significant role of gel surface chem-
istry and specific drug-gel affinity in determining drug diffusion. This was
demonstrated by measuring ibuprofen sodium diffusion in an FmocFF hydrogel
and comparing it with previous results on a bis-urea-based system, which fea-
tures distinct solvent properties and gel surface chemistry. Ibuprofen sodium
shows a strong affinity for the gel fibers of FmocFF which leads at a retention
at microscopic level, in contrast with its faster diffusion in bis urea gel. No-
tably, the strong interaction between ibuprofen sodium and the FmocFF gel,
observed through QENS, is not evident in longer timescale release experiments
such as SCISSOR. Moreover, our results highlight a broader phenomenon: the
absence of correlation between microscopic drug diffusion and macroscopic re-
lease profiles. This discrepancy is evident not only for ibuprofen sodium but

also for biologics such as lysozyme and insulin. While the FmocFF gel gener-
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ally slows drug diffusion across both picosecond and hour-long timescales, the
degree of hindrance is inconsistent between these scales and deviates from a
straightforward Stokes-Einstein relationship with drug size. This work repre-
sents an important proof-of-concept that highlights the limitations of relying
on a single experimental method, demonstrating that a multi-technique ap-
proach is essential for understanding drug release mechanisms. While QENS
provides valuable insights into hydrodynamic interactions at the molecular
level, SCISSOR captures macroscopic effects relevant to pharmaceutical drug
delivery, such as membrane permeation and solution mixing. The combination
of these techniques offers a comprehensive view of drug diffusion that neither

method could achieve alone.

Building on this observation, the investigation of Doxorubicin diffusion in
electrostatically modified peptide-based hydrogels highlights the advantage of
focusing on a single drug while systematically tuning the gel fiber chemistry,
using gels with more clearly defined hydrophobic and hydrophilic domains,
compared to the more heterogeneous FmocFF surface chemistry. This ap-
proach demonstrates how short- and long-timescale dynamics can be aligned
to uncover critical insights into drug-fiber interactions. By modifying termi-
nal lysines in the peptide sequence, we identified a direct correlation between
cation—7 binding strength and both short-term diffusion coefficients and long-
term release profiles. While the higher DOX concentrations used in QENS
experiments posed challenges to full comparison with drug release studies,
they also revealed additional factors influencing DOX self-diffusion, such as
aggregation and hydrophilic structuring, which contribute to drug retention.
This work not only demonstrates the ability to tune hydrogel properties via
non-steric surface effects but also introduces the potential for high drug loading
without gel degradation at acidic pH, reducing off-target toxicity and enhanc-
ing DOX efficacy by sustaining release at the tumor site to overcome cancer

resistance.*

Finally, the investigation of diffusion in the bis-urea gel, considering the role of
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the solvent, reveals that the assumption of an equivalence between the solution
and solvent state is an approximation. Through the newly established sub-
meV resolution polarization analysis, combined with selective solvent deuter-
ation, QENS spectrometers are now capable of distinguishing between the
incoherent and coherent components of the spectrum. This enabled the pio-
neering observation of water hydrogen bond network structural relaxation at
the picosecond time scale.® In this thesis, this observation in pure water has
been expanded by perturbing the network with ethanol, specifically at the
mole fraction range where bis-urea gelation occurs. The study reveals that the
structural relaxation slows down and the network becomes more rigid, poten-
tially due to mesoscopic transient ethanol clusters. This increased rigidity is
further enhanced by the dissolution of paracetamol, even though to a lower
extent compared to ethanol, but still within the range detectable by polar-
ized QENS. Surprisingly, the addition of bis-urea LMWG, while resulting in
macroscopic gel formation, does not alter the behavior of structural relaxation.
Despite the limitations of a newly developed method, this observation provides
evidence that the structural networks of the solvent and solution states dif-
fer from a dynamic perspective. Although this approach is still in its early
stages, it holds significant potential for expansion, starting with simpler sys-
tems where the coherent signal can predominantly be attributed to the solvent
rather than the solute. This would include the investigation of small drugs in
solution with varying hydrophilic and hydrophobic properties (like Doxoru-
bicin). Along these lines, it would be of fundamental interest to apply this
experimental protocol to investigate the mechanism of hydrotropes as solu-
bility enhancers, particularly their role in water structuring, which is not yet
fully understood.® Another promising direction involves extending the study
of water-alcohol mixtures to other monohydroxy alcohols, such as methanol,
propanol, butanol, and octanol. This would allow for experimental validation
of whether the length of their carbon chains contributes to the stabilization of

transient cluster-like structures.”
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Limitations of the current studies

Overall, this thesis provides a proof-of-concept to look at the different mech-
anisms governing diffusion at microscopic scale in supramolecular gels but it
also shows the fundamental challenges for advancing these materials toward
practical applications. Despite significant progress in hydrogel research, the
clinical translation of these systems remains highly complex, primarily due to
regulatory hurdles. The approval process for drug-encapsulating hydrogels is
costly and time-intensive, often requiring up to a decade for commercializa-
tion. Addressing key weaknesses in hydrogel systems is, therefore, essential
for streamlining efforts and achieving success. One major challenge faced by
supramolecular hydrogels is scalability, which is hindered by substantial batch-
to-batch variability and poor reproducibility from preparation protocol. For
example, in preparing FmocFF hydrogels, extensive sonication and vortex-
ing to solubilize the hydrophobic gelator were needed, despite these methods
not being recommended in standard protocols. Similarly, the standard pro-
tocol for the modified gels (F8, FK, KF8K) recommends a pH of 7, but in
our experiments, the gelator precipitated at this pH. These gels were found
to be more stable at a more acidic pH, further highlighting the variability
in preparation protocols. Such inconsistencies reflect broader issues already
noted in the literature: the influence of boundary conditions, including sol-
vent choice, gelator concentration, temperature, pH, mixing techniques, and
container properties, on the self-assembly process.® ® These factors must be
thoroughly characterized and standardized to ensure reproducibility and scal-
ability in supramolecular gel production.

The inherent heterogeneity and variability of supramolecular gels also present
significant challenges in studying drug diffusion. While this project demon-
strated the potential of using quasi-elastic neutron scattering (QENS) to probe
hydrodynamic, non-steric interactions between drugs and the gelator network,
correlating these findings with bulk release data remains difficult. Drug loading
limitations in QENS studies, where higher drug concentrations are typically

used, can diverge from the conditions of bulk release experiments. Moreover,
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the analysis and interpretation of QENS data, together with its accessibility
(less convenient than tabletop methods) poses additional barrier that limits
its widespread to systematic comparison with drug delivery studies. Even
in the hypothetical case where QENS became widely accessible, this method
inherently has its limitations, as it provides ensemble-average diffusion mea-
surements, making it difficult to resolve multiple populations within a hetero-
geneous system like a gel (e.g., molecules near the fibers versus those in the
pore center). For future studies, coupling QENS with direct single-particle
tracking methods, such as fluorescence microscopy, could offer a complemen-
tary approach. While labeling introduces perturbations, it enables the visu-
alization of individual molecule trajectories, potentially identifying distinct
populations within the gel matrix and hints of anomalous diffusion.!”

From a translational perspective, addressing in vivo variability remains a sig-
nificant gap in hydrogel drug delivery research. Existing protocols often poorly
represent key biological factors, such as molecular crowding, when using sim-
plified buffer systems. Developing experimental protocols that better mimic
in vivo conditions will be critical for advancing the predictive power of hy-
drogel systems in clinical applications. In this regard future work should pri-
oritize a systematic investigation of a single hydrogel system. The family of
[-sheet-forming peptide hydrogels presented in this thesis are an excellent can-
didate due to their stability, high drug-loading capacity, shape recovery, and
tunability through modifications of the 20 naturally occurring amino acids.
Systematic studies could explore how positional and chemical variations in
these modifications influence final drug-retention properties. Such a framework
could focus initially on a model drug, such as Doxorubicin, and systematically
expand to other compounds with varying molecular size and chemical proper-
ties. Controlled release experiments at a larger scale could benefit from using
standardized tools like SCISSOR, which limit variability across experimen-
tal setups and provide precise control over environmental parameters. While
SCISSOR offers a more reproducible platform for in vitro release studies, gaps
remain in mimicking in vivo conditions, particularly in representing molecular

crowding effects.
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Developing predictive models will be essential for future hydrogel research,
helping to reduce the dependence on expensive experimental clinical trials.
While traditional theoretical models may not immediately account for the
observed complexities, machine-learning approaches hold significant promise.
For example, using databases of release profiles, computational methods such
as Principal Component Analysis (PCA) could be employed to reconstruct and
predict release curves based on predictors such as solution pH or drug molecu-
lar weight.!! These tools, already explored for monoclonal antibody formula-
tions,'? could shift hydrogel drug delivery studies from descriptive methods to
predictive, data-driven approaches, ultimately enhancing bioavailability pre-
dictions and optimizing hydrogel design. By addressing these challenges with
emerging technologies, the field can progress toward the rational design of hy-
drogels for drug delivery, bridging the gap between fundamental research and

clinical translation.
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