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Abstract

Formulating a shampoo is a complex process that has to consider not only the
diverse physicochemical properties of the hair fibre but also customers’ needs.
For this reason, shampoos normally contain surfactants as cleansing base,
polyelectrolytes for a conditioning effect and several additives. The existing
products had years of optimization, but the current environmental issues
require the cosmetic industry to switch to more sustainable formulations. To
replace traditional ingredients with eco-friendly, bio-sourced ones, a detailed
knowledge of the interactions happening at the hair surface is essential. This
PhD project aimed at contributing to this knowledge by using neutron
reflectometry (NR) to study the adsorption of model compounds to hair-
mimetic surfaces. The advantage of NR over other surface techniques is its
ability to characterize buried interfaces and define a hierarchy of adsorption
from mixtures. The biomimetic models can be tuned to reproduce the hair
surface in different conditions. A healthy fibre is hydrophobic, as it is covered by
alayer of lipids, the main one being 18-methyleicosanoic acid (18-MEA), which
has a characteristic methyl branch and is the subject of several studies due to its
interesting properties. Due to weathering, ageing, or treatments like bleaching,
the lipid layer can be damaged, and a hydrophilic surface is exposed. This
modifies the interaction of the hair fibre with components of hair-care products.
Complementing NR with other surface techniques, specific adsorption
behaviours have been identified, addressing factors such as surface
hydrophobicity, surfactant charge or polyelectrolyte size. Results indicate that,
for example, the presence of the methyl branch of 18-MEA modifies the surface
properties compared to a layer of straight chain lipids, or that a fully damaged
hair model surface unexpectedly adsorbs a bilayer of anionic surfactant, thanks

to the balancing of several factors playing a role in the interaction.
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Sammanfattning

Att formulera ett schampo 4r en komplex process som inte bara méaste ta hansyn
till harfiberns olika fysikalisk-kemiska egenskaper utan ocksa till kundernas
behov. Darfor innehaller schampon normalt tensider som rengorande bas,
polyelektrolyter for en virdande effekt och flera tillsatser. De befintliga
produkterna har optimerats under ménga ar, men de aktuella miljéfrigorna
kraver att kosmetikaindustrin byter till mer hallbara formuleringar. For att
kunna ersidtta traditionella med miljovinliga, biologiskt framstillda
ingredienser kravs detaljerad kunskap om de interaktioner som sker pé héarets
yta. Detta doktorandprojekt syftade till att bidra till denna kunskap genom att
anvinda neutronreflektometri (NR) for att studera adsorptionen av
modellféreningar till harmimetiska ytor. Fordelen med NR jamfort med andra
yttekniker dr dess forméaga att karakterisera begravda granssnitt och definiera
en hierarki av adsorption fran blandningar. De biomimetiska modellerna kan
stillas in for att aterge harytan under olika forhéllanden. En frisk fiber ar
hydrofob, eftersom den ar téackt av ett lager lipider, varav den viktigaste dr 18-
metyleicosanoic acid (18-MEA), som har en karakteristisk metylgren och ar
foremal for flera studier pa grund av sina intressanta egenskaper. Pa grund av
vittring, aldrande eller behandlingar som blekning kan lipidlagret skadas och en
hydrofil yta exponeras. Detta forandrar hérfiberns interaktion med
komponenter i harvardsprodukter. Genom att komplettera NR med andra
yttekniker har specifika adsorptionsbeteenden identifierats, med héinsyn till
faktorer som ytans hydrofobicitet, ytaktiva &mnenas laddning eller
polyelektrolyternas storlek. Resultaten visar t.ex. att ndrvaron av metylgrenen i
18-MEA forandrar ytegenskaperna jamfort med ett lager av rakkedjiga lipider,
eller att en helt skadad hdrmodellyta ovantat adsorberar ett tvaskikt av anjoniskt
ytaktivt &mne, tack vare en balansering av flera faktorer som spelar en roll i
interaktionen.
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Introduction

The current environmental issues call for actions to increase sustainability in
every aspect of our society 1-3. The cosmetic industry, with its continuously
growing market 4, can surely have an impact on this, and, embracing the general
trend, is committed to adopt more eco-friendly ingredients and processes 56. To
do this, a deeper scientific understanding of the system, i.e., of the cosmetic
formulation and of its interactions with the consumer’s skin or hair, is essential,
in order to develop products with an improved environmental profile without
losing their performance 5-7.

This thesis aims at contributing to this knowledge, specifically in the field of
hair-care rinsing applications, by studying adsorption of selected compounds to
hair-mimetic surfaces. The work is part of the doctoral program InnovaXN 8, a
European project designed to bring together industries and large scale facilities,
training students to bridge academic and industrial research and innovation
challenges using the unique capabilities of neutron and synchrotron X-rays
scattering techniques. The program covers a wide field of research areas and
industrial sectors, with 10% of the projects targeting consumer products 8.

Such research can help working towards the Sustainable Development Goals
(SDGs) defined by the United Nations (UN) (Figure 1.1) 9. In the case of the
cosmetic industry, the SDGs 3, 6, 7, 8,9, 12, 13, 14 and 15 are relevant, as they
address the use of resources, working conditions and climate change 0. In
particular, the use of bio-sourced or biodegradable ingredients in hair-care
formulations is more respectful of life below water (SDG 14) and on land (SDG
15), besides relating to responsible consumption and production (SDG 12) and
climate action (SDG 13) 10, In fact, a major problem caused by current
formulations is that at each stage of product production, use and disposal,
substances of different toxicity may be dispersed in the environment 510, The
details can be assessed performing a life-cycle analysis, which gives information
about the factors that affect sustainability, from raw materials to final disposal.
While the cosmetic industry can adopt more eco-friendly processes to decrease



the environmental impact of its production stage, it cannot control at the same
level the next steps in the product life cycle, which are influenced by the
consumer. It can be foreseen, however, that rinsing of hair-care products leads
to dispersion in the water stream of compounds, which can bio-accumulate and
be toxic for aquatic life 510, The choice of ingredients that are biodegradable (i.e.,
ecodesign of cosmetic products 1) is then of utmost importance to align to the
UN SDGs, but, as mentioned earlier, to keep meeting consumers’ needs a deeper
understanding of the properties of natural ingredients is required.

An example of bio-sourced alternative ingredient is chitosan, a polysaccharide
which is a subject of extensive research due to its interesting properties and
potential applications in different areas, including cosmetics 1213, One of the
main focuses of this work was thus to investigate the adsorption properties of
chitosan, in the absence and presence of selected surfactants, and compare it to
synthetic polymers.
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Figure 1.1 The 17 Sustainable Development Goals defined by the United Nations 9.

FOR THE GDALS

1.1 Aim of the project

This project is a collaboration involving KTH Royal Institute of Technology,
Institut Laue-Langevin (ILL — Grenoble, France) and L’'Oréal Research and
Innovation (Aulnay-sous-Bois, France).

The aim is to gain a more detailed understanding of the interaction properties
of hair, and how surfactants and polyelectrolytes adsorb depending on the
specific structure of the hair surface.

To do this, hair-mimetic surfaces have been produced, so to separately address
various features exposed by the hair fibre. The compounds that have been



selected for the adsorption studies are anionic (sodium dodecyl sulphate, SDS)
and cationic (tetradecyl and hexadecyl trimethylammonium salts) surfactants,
natural polysaccharides (chitosans of two different molecular weights) and a
synthetic polymer (poly(diallyl dimethylammonium chloride), pPDADMAC), in
order to compare the effect of surfactant charge, the properties of natural and
synthetic polyelectrolytes and how properties change when ingredients are
mixed to mimic simplified shampoo formulations. An introduction to the
structure of hair and cosmetic formulations is given in chapter 2, while a
description of the hair-mimetic surfaces and the selected adsorbing species is in
chapter 3.

The study was conducted mainly by Neutron Reflectometry (NR), as with this
technique the structure of a layered system can be resolved, and the adsorption
hierarchy can be defined based on the isotopic contrast of different molecules.
For this reason, most of the work was carried out at the neutron facility ILL. NR
experiments were complemented by quartz-crystal microbalance (QCM)
measurements, to study the kinetics of the adsorption process. NR has a sub-
nanometre resolution perpendicularly to the surface; however, it can only give
averaged information in-plane. Therefore, Atomic Force Microscopy (AFM) was
applied to probe the in-plane structure of the adsorbates; this was done during
a secondment at L’Oréal. Chapter 2 contains a theoretical introduction to the
three techniques mentioned here, while the experimental setup is illustrated in
chapter 3.






2 Background

In this section, the structure of human hair and hair-care formulations are
introduced, together with basic principles of the techniques used during the
project.

2.1 The structure of hair

The fibre of human hair is composed of three main regions, that from centre to
surface are the medulla, the cortex and the cuticle 14-16,

The organization of these structures has been thoroughly characterized by use
of different techniques, such as small-angle X-ray scattering (SAXS) 17-20 or
electron microscopy 21-24, Figure 2.1 illustrates the substructures present in the
hair fibre.
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Figure 2.1 Stereogram of the hair fibre structure (CMC=Cell Membrane Complex).
Reproduced from ref. 16 with permission from Springer Nature.



From a cosmetic perspective, the most interesting part is the external cuticle, as
this is responsible for the interaction with hair-care formulations. The cuticle
cells are organized in structures about 50 um wide and partially overlapping like
tiles, that form a thick protective layer for the inner cortex and medulla 1925, As
shown in Figure 2.1, different layers can be distinguished in the cuticle, the
outermost one being the A-layer, a cross-linked proteinaceous region with a high
cysteine content 16,

The fibre is mainly composed by keratins 151619, but lipids are associated with
the keratinized structure and create a hydrophobic surface on the cuticle 826,27,
The lipid layer has a structural role; it increases the strength of the hair fibre 28
and reduces surface friction 2829, Hair lipids comprise fatty acids, triglycerides,
cholesterol, squalene, wax esters and ceramides 1828, Fatty acids are mainly
bound to keratins, via a thioester bond with cysteine residues 2526.28,30, but the
presence of free fatty acids has also been reported 1831. Among the bound fatty
acids, the main component is the 18-methyleicosanoic acid (18-MEA) 2627,
which presents a characteristic antepenultimate methyl branch. This feature
determines the specific properties of 18-MEA, such as the chain packing or the
peculiar organization of an interfacial monolayer of free molecules 3233;
moreover, a correlations has been reported between the absence of 18-MEA in
the cuticle and the maple syrup urine disease 34.

From early studies, 18-MEA has been found to represent 41% of the lipid
palisade on hair; the second most abundant component is the hexadecanoic acid
(18%), but several other lipids are present (e.g., octadecanoic acid or eicosanoic
acid), each at a concentration lower than 10% 26.

The specific composition of the lipid layer can be intrinsically different due to
factors like ethnicity, gender or age 163536, but it can also vary due to exposure
of the hair fibre to external factors (weathering) or chemical treatments (e.g.,
bleaching). This causes an inhomogeneous distribution of lipids along the fibre,
from root to tip 3537, that can lead to fibre damage. A damaged hair surface
shows a reduced content, or a total loss, of lipids, following the breakage of the
thioester bond 253839, This translates to a dry and brittle fibre, with modified
physico-chemical properties 28. In fact, this process exposes the underlying
proteins, and thus a hydrophilic surface. Moreover, the cysteine residues are
oxidised to cysteic acid moieties, which confer an overall negative charge to the
surface 25:29,38:39, Specifically, it has been reported that sulphonate groups from
the resulting cysteic acid tend to cluster, forming negatively charged patches on
the hair fibre. The density of sulphonate moieties, averaged on the whole
surface, is 2.2 molecules nm-2 39,



2.2 Cosmetic formulations

A plethora of hair-care products exists to respond to different consumers’ needs,
from simple shampoos to deep conditioners and masks. The experiments
presented in this thesis target shampoo ingredients, so this section will focus on
such formulations.

Broadly, a shampoo contains three types of substances (even though the
complete list of ingredients can have up to 30 entries) 725. The main component
of ashampoo is the cleansing base, i.e., the surfactant, present at a concentration
of 10-20% by weight (w/w) 7:25. The second type of ingredient is the conditioning
agent, needed to counterbalance the surfactant tendency to dry out the hair
fibre; cationic polyelectrolytes and silicones are used for this scope, at a
percentage of 0.1-1% w/w 2540, The third group comprises various additives that
can be needed to obtain the desired properties in the formulation (e.g., sodium
chloride at a concentration of 100-500 mM to confer viscosity), agents with
specific functionalities (e.g., anti-dandruff), perfumes... 725

Surfactants are a class of compounds characterized by a polar headgroup and a
hydrophobic tail. They are thus amphiphilic molecules with the ability to self-
assemble, at concentrations above the critical micellar concentration (cmc), in
structures depending firstly on their critical packing parameter (Pc), i.e., the
ratio between the volume of the tail and its length and cross-sectional area of the
headgroup 74142, The structures that surfactants can form depending on their P
are illustrated in Figure 2.2.

P .<0.33 * Spherical or ellipsoidal
micelles
* Oil-in-water emulsions
P.=0.33-0.50 * Cylindrical or rod-shaped
micelles
P.=1.00 * Lamellar bilayers

* Reverse micelles
* Water-in-oil emulsions

P,>1.00 é

Figure 2.2 Schematic illustration of the structures formed by surfactants depending on
their critical packing parameter P.. Reproduced from ref. 7 with permission from John
Wiley & Sons.




Surfactants used in shampoos normally have P. <0.5, so they form micelles with
a hydrophobic core that can solubilise sebum and various types of pollutants,
while the hydrophilic shell keeps the aggregates soluble in water, executing in
this way their cleansing activity. According to the charge of their headgroup,
surfactants can be anionic, cationic, zwitterionic or non-ionic 42. Shampoos
contain mainly anionic species like alkyl sulphates or alkyl ether sulphates, the
most common example being sodium lauryl ether sulphate (SLES) 7. The choice
of surfactant depends on a balance of different factors: their efficacy in removing
sebum and soil, but also their mildness, foamability and cost. Alkyl and alkyl
ether sulphates are effective, but they can irritate and sensitise the skin and dry
hair, which has raised some concerns on their use 7. The ethoxy groups (usually
1 to 5 units) in alkyl ether sulphates lowers the irritant effect, but they may
contain trace amounts of 1,4-dioxane, which is a potential carcinogenic 43. To
reduce those drawbacks, other surfactants can be added (at a concentration of
about 1% w/w), like cocamidopropyl betaine 74!, which can also increase
foamability. Also the fatty alcohols associated with sulphate surfactants 44, and
resulting from their hydrolysis, are foam boosters 7 and able to decrease the
surfactant cmc (it has been reported that higher cmc values correlate with higher
toxicity of the surfactant 41). Cationic surfactants are also used as secondary
surfactants due to their conditioning properties and the formation, together
with anionic surfactants, of lamellar structures with very low cmc 41. In view of
increasing the sustainability of hair-care products, a lot of research is conducted
about biosurfactants, such as rhamnolipids 45, but a description of this class of
compounds is beyond the scope of this thesis.

Moving to the second class of shampoo ingredients, the conditioning effect is
mainly due to cationic polyelectrolytes. Having a positive charge, these
compounds can interact with the negatively charged portions on the hair
surface, forming a protective layer that restores the natural hydrophobicity of
the surface. Polyelectrolytes, often polymers of quaternary ammonium species,
associate with surfactants in the formulation and are deposited on the hair
surface thanks to the formation of coacervates (liquid-liquid phase separation)
during dilution in the rinsing process 7404647, A category of very effective
conditioning agents is formed by silicones, but concerns are raised relative to
their environmental impact 41. This prompted the research of biodegradable and
bio-sourced alternatives such as the chitosan used in this thesis 513. Chitosan is
a polysaccharide, formed of D-glucosamine and N-acetyl-D-glucosamine units,
that has several interesting properties. It is a deacetylated form of chitin, the
main source of which is the shell of crustaceans. This poses the issue of possible
allergic reactions; however, fungi can also produce chitosan, and this opens up
the use of this compound in personal care products 1213, Chitosan has been
reported to have anti-microbial, anti-oxidant and anti-inflammatory activity,
and it is studied not only for its possible application in cosmetics but also as a
carrier for drug delivery 1213 or in skin tissue engineering 48-51 (besides other
possible applications, e.g., food industry or water treatment 59).



Compared to synthetic polymers, chitosan has a more rigid backbone and a
lower charge density 1252, However, literature studies about chitosan/surfactant
complexes indicate that aggregates with different characteristics can be
obtained, and tuned adjusting factors such as pH, degree of deacetylation,
nature of surfactant and ratio to chitosan 52.

2.3 Techniques to study adsorption

In this thesis, the adsorption to biomimetic surfaces is investigated. Several
surface techniques are available for such studies, each presenting their own
advantages and disadvantages. Some techniques were tested in the beginning of
the project, i.e., ellipsometry and grazing-incidence X-ray diffraction (GIXD),
but due to the choice of gold-coated substrates and the thin layer representing
the biomimetic surface (both addressed in chapter 3), they could not be
successfully employed (an example of GIXD is in chapter 4).

The main technique that was used during this project is Neutron Reflectometry
(NR), that gives information about thickness and roughness of the adsorbed
layers, and specifically can add details on the layer composition to define the
hierarchy of adsorption from mixtures. NR experiments were complemented by
quartz-crystal microbalance (QCM), which can describe the kinetics of the
adsorption process as well as providing a measure of adsorbed mass, and by
atomic force microscopy (AFM), that revealed the in-plane distribution of
adsorbed species.

2.3.1 Neutron Reflectometry

Neutron reflectometry (NR) is a technique that allows the study of buried
interfaces and the description of layered systems along the surface normal. It
offers a unique insight for soft matter thanks to the peculiar distribution of
neutron scattering properties along the periodic table.

The scattering interaction between matter and probe (neutron or X-rays) can be
described by a parameter called scattering length, which is correlated to the
differential scattering cross-section of a sample 53. Multiplying the scattering
length (b) of an element by its isotope number density (N), a quantity called
scattering length density (SLD) is determined. For X-rays, the SLD varies
proportionally to the atomic number, is always positive and can have a non-
negligible imaginary component due to the possibility of adsorption 3. For
neutrons, the SLD varies in a more complex manner, with no specific trend
along the periodic table. In particular, the interaction of neutrons with hydrogen
is completely different to that with deuterium. The SLD value is -1.58*106 A-2
for hydrogen and 2.82*10-6 A-2 for deuterium 54, the interaction with the former
being attractive and the latter repulsive. This creates the possibility of scattering
contrast by isotopic variation, which in turn allows the description of the



hierarchy of adsorption if the components of the mixture have different isotopic
contrast (that is why a choice was made of using deuterated surfactants and
hydrogenous polyelectrolytes).

In NR, the signal comes from the (specularly) reflected neutron beam at the
various interfaces in the sample. In fact, when a neutron beam is shined on a
surface at low incidence angles, it is partially reflected and partially refracted to
the next layer. Figure 2.3 illustrates the process.

d n=1

t

Figure 2.3 Schematic drawing of a neutron beam (i) impinging on a surface and being
transmitted (t) and reflected (r) at the interfaces of a layer of thickness d. Reproduced
from ref. 55 (CC BY-SA 4.0 license).

The difference between the wavevectors associated to incident (or initial, E) and

reflected (or final, E) beam is the momentum transfer Q, whose vector (in the

considered specular geometry) is perpendicular to the surface, so it is influenced
by the sample structure along the surface normal; it depends on the angle of
incidence 6 and on the neutron wavelength A 56:

— - 4m
Q = |kr — k| = sind

Thus, scanning a range of neutron wavelengths or incidence angles, having at
each point a sum of the neutron beams reflected at the various interfaces of the
system, a curve is obtained, characterized by a first region of total reflection
(reflectivity R = 1), followed by a modulated exponential decay.

The Q value up to which R = 1 depends on the sample composition. In fact, the
scattering interaction can be treated according to classical optics, defining a
refractive index for neutrons as a function of the SLD. From this, a critical angle

of total external reflection (6,) is determined 56:
Nb
O~ -
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Substituting this in the previous definition of Q, the corresponding critical
momentum transfer Q. is obtained (the equation is valid for a single interface;
for multiple interfaces the difference in SLD across the sample determines Qc).
At larger Q, the signal decays proportionally to Q, and if more than one
interface is present in the sample, this decay is modulated by a combination of
the signals coming from the layers. This gives rise to the so-called Kiessig fringes
56,57, the spacing and amplitude of which depends on the thickness, roughness
and composition of the sample. An example of a reflectivity curve is shown in
Figure 2.4.

0.00 0.05 0.10 0.15 0.20 0.25
QrA

Figure 2.4 Example of reflectivity curve, obtained for a gold-coated silicon block used
in this thesis. Q.~ 0.01 A, The dots are the experimental datapoints, the solid line is the
fitted curve (more details on the fitting method are in section 3.2.1).

The analytical description of such curves is based on recursive methods such as
those developed by Parrat 58 or Abeles 59 starting from the Fresnel equation for
the reflectivity at a single interface. A complete description of these approaches
can be found in the literature 60-64, Fitting models based on the recursive
methods return a SLD profile, that displays a description of the sample: the
compositional information can be extracted from the SLD value on the y-axis,
the thickness of the various layers from the x-axis, and the roughness or
interdiffusion across an interface can be seen in the sharpness of the step
between two layers in the SLD profile. Figure 2.5 shows the SLD profile
corresponding to the NR curve in Figure 2.4.

11



SLD/1e-6 A2

0 50 100 150 200 250 300
z/A

Figure 2.5 SLD profile corresponding to the NR curve in Figure 2.4. Layers from right
to left are Si, SiOs, Ti, Au, air.

The SLD profile above is composed of the following materials, whose SLD is
indicated in parenthesis: silicon (2.07%10-6 A-2), silicon dioxide (3.47%10-6 A-2),
titanium (-1.91%10-6 A-2) and gold (4.56%10-6 A-2). The interfaces are sharp, less
so only at the Au/Ti interface. Roughness or interdiffusion, however, cannot be
distinguished by NR as the information that is obtained is averaged in-plane,
over the coherence volume of the neutron beam 56.65, but the effect of dampening
the reflectivity can be described in a way similar to the Debye-Waller factor, that
accounts for the decrease in diffracted intensity 5665,

As mentioned in the beginning, a reflectivity curve can be obtained either by
scanning a range of incidence angles or neutron wavelengths.

In the first case, one neutron wavelength is selected thanks to a monochromator,
and angles up to ~5° are explored. The drawback of this approach is the higher
sensitivity to sample over-illumination. In fact, at very small angles of incidence,
the footprint of the neutron beam is normally larger than the sample area. As 6
increases, however, this effect gradually diminishes. More information on over-
illumination is given in section 3.2.1.

The second case is used in Time-of-Flight (ToF) instruments, where multiple
neutron wavelengths are collected simultaneously at a fixed incidence angle
(normally two angles are selected to cover a broader Q range). Neutrons are
distinguished and detected based on the time it takes to travel between two
choppers, as their velocity is correlated to their wavelength. With this setup, a
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constant area is illuminated, and it can be selected by properly setting the
aperture of slits along the beam path, to avoid over-illumination.

2.3.2 Quartz-crystal Microbalance

As the name suggests, the quartz-crystal microbalance (QCM) is based on the
use of a quartz crystal sensor, to study the adsorption process in a wide range of
cases. The sensor has a specific resonance frequency, according to which it
oscillates when a voltage is applied to the electrodes on the crystal. If molecules
adsorb on top of the crystal, its resonance frequency changes, proportionally to
the adsorbed mass. In the simplest case, the frequency shift Af can be related to

the adsorbed mass Am by the Sauerbrey equation Am = —C * Af /n, where Cis
a constant that depends on the crystal and n is the overtone number 6.

A QCM instrument monitors the frequency shift for the fundamental frequency
plus its overtones from n=3 to n=13. Overtones have different penetration depth

8= 277/ wp (1 is the viscosity of the medium, w the angular frequency and p the

density), meaning they can probe different distances from the surface. In
addition to that, current instruments also record the energy dissipated during
the adsorption process, i.e., the ratio between the stored and the lost energy
when oscillating (QCM-D, quartz-crystal microbalance with dissipation
monitoring). This adds information on the viscoelastic properties of the
adsorbed layer, which can also influence the frequency shift. In this case, the
Sauerbrey equation fails, and more complex models are needed to analyse the
QCM-D signal 7. These models are based on the description of viscoelastic
behaviour by Maxwell and Voigt ¢8. In particular the Voigt (or Kelvin-Voigt)
model has been developed as it is more relevant for the timescale of a QCM
experiment 67:68, although some polymers and surfactants have been reported to
behave like Maxwell fluids 6869,

An example of QCM-D measurement is in Figure 2.6. The figure shows the
adsorption of chitosan on a hair-mimetic surface (partially damaged hair model,
paper II). When chitosan is injected in the cell, there is a clear decrease in the
frequency value, indicating that additional mass is bound to the crystal. There is
a small spreading of the overtones, both for the frequency and the dissipation
shift, indicating a change in viscoelasticity on the surface. It is known that
chitosan, as other polyelectrolytes, does not adsorb, in fact, as a homogeneous
rigid layer 70,71, After rinsing, there is no variation in the signal, suggesting an
irreversible adsorption. This data is further discussed in paper II.
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Figure 2.6 QCM-D measurement - adsorption of chitosan on a hair-mimetic surface.

2.3.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is based on the use of a cantilever with
piezoelectric components that is deflected by the interaction with the sample,
depending on the height of the surface features and the force between surface
and tip 72. A simplified description of the instrument components is in Figure 2.7.
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Figure 2.7 Schematic illustration of the AFM system. Reproduced from ref. 73 (CC-BY
4.0 license)
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The deflection is monitored by a feedback loop: a laser is shined on the back of
the cantilever and reflected on a position-sensitive photodiode. A deflection of
the cantilever will modify the position of the laser beam on the photodiode, and
while scanning the surface these shifts can be used to map the sample. There are
various modes of operation of an atomic force microscope 74. For this project,
the dynamic, or “tapping”, mode 74 has been chosen: in this mode, the tip is
oscillated near the surface and the feedback system monitors the amplitude of
the oscillation and maintains it constant during sample scanning. This is
preferred to the contact mode when imaging soft samples because of the lower
damage or deformation to the surface and the higher resolution thus achieved
74,75, In addition to the surface topography, it is possible to obtain information
on adhesion and mechanical properties of the sample by operating the
instrument in PeakForce Quantitative Nanomechanics (QNM) mode 76. In this
way, force curves are obtained from which the Young’s modulus can be derived
77, To obtain a force curve, an example of which is presented in section 3.4, the
tip approaches the sample until the sensed force (calculated from the tip

deflection d and the cantilever spring constant k according to Hook’s law: F =

—kd) reaches a preset value, then it retracts. The approach trace gives
information on the elastic properties of the sample, while the retract part
depends on inter- and intramolecular interactions in the sample 77.
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Materials and methods

Organosulphur compounds, and especially alkyl thiols, have been extensively
used to produce self-assembled monolayers (SAMs) on gold, as such
functionalised surfaces are versatile and easy to prepare 7879, Thiol SAMs have
then been chosen to mimic various features of the hair fibre, an approach which
has already few examples in the literature 80-83, In this chapter, the preparation
of hair-mimetic surfaces is described, as well as the experimental procedure for
the adsorption studies, while the theory behind was summarized in chapter 2.

3.1 Thiol surfaces and chemicals

SAMs can be obtained by immersing a gold-coated substrate in a dilute thiol
solution. Several studies have attempted to optimize parameters such as solvent,
temperature, thiol concentration and incubation time to obtain high-quality
SAMs 787984, The conditions applied here are based on common literature
procedures. Gold-coated substrates were incubated in 1 mM solutions of the
selected thiol in absolute ethanol (in the case of mixtures of two thiols, the total
concentration was 1 mM) for at least 15 h (overnight incubation), but up to 24
h for some systems, as described later in this section.

The thiols have been chosen to either represent the hydrophobic surface of a
healthy fibre, or the hydrophilic and negatively charged surface of a damaged
fibre (see section 2.1 for a description of the structure of hair). In each case,
SAMs produced by commercially available, short-chain (hydrogenous) thiols
have been studied first, then the models have been improved with custom-made,
long-chain thiols. Names and structures (drawn using ChemDraw 85) of the
selected molecules are presented below.

Healthy hair models:
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2-methy-1-butanethiol (MBT): it has an antepenultimate methyl branch
that mimics the one present in the most abundant hair lipid, i.e., 18-MEA
26

1-butanethiol (BT): the straight-chain analogue, to investigate the effect
of the methyl branch on the interaction properties of hair. BT and MBT
were purchased from Sigma-Aldrich.

SH ~o-SH
2-methyl-1-butanethiol (MBT)  1-butanethiol (BT)
N-(2-sulfanylethyl)18-methyleicosanamide, as thiol derivative of 18-
MEA, referred to, in this thesis, as 18-MEA thiol. It is designed to

maintain the carbonyl moiety of the hair lipid.
O

WNNSH
H

N-(2-sulfanylethyl)18-methyleicosanamide (18-MEA thiol)

N-(2-sulfanylethyl)eicosanamide (referred to as EA thiol), the thiol
derivative of the straight chain analogue eicosanoic acid (EA). 18-MEA
thiol and EA thiol were provided by L'Oréal.

o]

/WVMNNSH

H
N-(2-sulfanylethyl)eicosanamide (EA thiol)

Deuterated d-43 18-methyl-1-eicosanethiol (d43-18-MET): deuterated
thiol derivative of 18-MEA. To make the synthesis of the deuterated
chemical more feasible, it has been preferred, in this case, to reduce the
carboxylic group of 18-MEA obtaining a simple alkyl thiol.

\)\/\/\/\/\/\/\/\/VSH

18-methyl-1-eicosanethiol (18-MET)

Deuterated d-41 1-eicosanethiol (d41-ET): deuterated thiol derivative of
EA, in which the carboxylic group was reduced, as for d43-18-MET. d-
18-MET and d-ET were produced by the National Deuteration Facility at
ANSTO (Australian Nuclear Science and Technology Organisation) 86.

SN TN NSNS S S SH
1-eicosanethiol (ET)
1-hexadecanethiol (HDT): thiol derivative of the second most abundant
hair lipid, hexadecanoic acid 26, in which the carboxylic group is reduced.
HDT was purchased from Sigma-Aldrich.
SN S -SH
1-hexadecanethiol (HDT)



e 70:30 d-18-MET:HDT: this mixture reproduces the ratio of the two most
abundant hair lipids 2¢, so it is the best model to represent the layer
structure and chain packing in the lipid palisade.

Damaged hair models:

¢ Sodium 3-mercapto-1-propanesulphonate (PS): the terminal sulphonate
group mimics the moiety that is exposed, upon removal of lipids, from
the underlying proteins (section 2.1), so it reproduces a fully damaged
hair surface. PS was purchased from Sigma-Aldrich.
o2
Na* O,,S\/\/SH
sodium 3-mercapto-1-propanesulphonate (PS)

e 50:50 MBT:PS: this model represents the intermediate characteristics, in
terms of surface charge and hydrophobicity, of a partly damaged hair
surface.

e 20:80 18-MEA thiol:PS: compared to the previous model, this one adds
the mismatch in chain length that better mimics the features of a partly
damaged hair fibre.

The ratios indicated for the mixtures of thiols are those of the species in solution,
which do not necessarily correspond to the ratio of adsorbed thiols on the
surface 78 (the resulting surface ratios will be discussed in chapter 4). Substrates
to be functionalized with mixtures of thiols were immersed overnight as
different thiols can adsorb with different affinities, and increasing the
incubation time may lead in the extreme case to full replacement on the surface
by the preferred adsorbing species. MBT and BT surfaces were also prepared by
overnight incubation, while for the other thiols the time was increased to 24 h.
In fact, despite adsorbing already within a few minutes, it has been observed
that the forming monolayer can rearrange for days (even though average
properties do not significantly change anymore after about 12-18 h) 78, thus a
longer incubation time was preferred for the long-chain thiols. Regarding pure
PS, the incubation time was also 24 h, because it has been reported that the SAM
formed by PS has a low coverage 87, so a longer time was chosen to minimize
defects in the monolayer. After functionalization, the surfaces were rinsed with
absolute ethanol to remove the excess physisorbed thiol, dried with nitrogen and
either immediately used for experiments or, if needed, stored under inert gas
(argon or nitrogen).

The species selected for the adsorption studies, mentioned in section 1.1, are
listed below, and structures are in Figure 3.1.

Surfactants:
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e Sodium dodecyl sulphate (SDS), either hydrogenous (h-) or deuterated
(d25-, both purchased from Sigma-Aldrich) as an example of a widely
used anionic surfactant.

e Tetradecyl trimethylammonium bromide (TTAB) and hexadecyl (also
named cetyl) trimethylammonium chloride (CTAC), both deuterated
(d38- and d42-, CDN Isotopes), as examples of cationic surfactants, to
study the effect of headgroup charge on adsorption.

Polyelectrolytes:

e Chitosan, of fungal origin, provided by L'Oréal in two forms: a 3 kDa
molecule (degree of deacetylation >97%), which is referred to as
oligomer, and a 27 kDa one (degree of deacetylation >95%), referred to
as polymer. They were chosen as sustainable alternatives to synthetic
polymers.

¢ Poly(diallyl dimethylammonium chloride) (pDADMAC, Sigma-Aldrich),
as an example of synthetic polymer commonly found in cosmetic
formulations.

o)
\/\/\/\/\/\/Ojéi Na*
o ° N o
Cl
- /\
sodium dodecyl sulphate (SDS) n
[ poly(diallyl dimethylammonium chloride)
\/\/\/\/\/\/\/N< (PDADMAC)
Br

tetradecyl trimethylammonium bromide (TTAB) NH OH
HO o NH,
I
+
o
A VO Y S N % '\él\ 16} o Yo~
OH
HO

cetyl trimethylammonium chloride (CTAC)
Chitosan n

Figure 3.1 Structures of selected surfactants (left) and polyelectrolytes (right).

Solutions were freshly prepared just before an experiment. The appropriate
amount of each compound was weighed and dissolved in either water (Milli-Q
quality, Millipore), or, for the neutron experiments, in a mixture of Milli-Q and
deuterated (Sigma-Aldrich) water (see section 3.2 for more details). In both
cases, the solvent contained sodium chloride (at a concentration of 100 mM
NaCl) to maintain a constant ionic strength. The pH was routinely measured and
normally found to be ~ 6. Only in the case of chitosan polymer was the pH 4 as
this species requires acetic acid to dissolve. The oligomeric form, instead, is
soluble in water even at neutral pH.

20



The polyelectrolytes were used at a concentration of 100 ppm, while the
concentration of surfactants was defined in terms of multiples of the critical
micellar concentration: 8 mM or 1.5 mM for SDS in the absence or presence of
100 mM NacCl, respectively 88; 0.065 mM for CTAC in 100 mM NaCl 8%; 0.87 mM
for TTAB in 100 mM NaCl %,

3.2 Neutron Reflectometry

Neutron reflectometry (NR) was the main technique used to study adsorption to
the hair-mimetic surfaces, since the high sensitivity for the hydrogen/deuterium
contrast allows investigating the hierarchy of adsorption from mixtures of
surfactants and polyelectrolytes, an aspect which cannot be unravelled by other
surface techniques. A theoretical description of NR is in section 2.3.

The NR experiments were performed at different facilities, on the neutron
reflectometers listed in Table 3.1. The first three instruments in the table are
located at ILL, while INTER is located at the ISIS Neutron and Muon Source
(UK) and Platypus at the Australian Centre for Neutron Scattering (ACNS,
Australia).

Table 3.1 Instruments used for the performed NR experiments.

For each reflectometer are listed the type, i.e., whether it is monochromatic or
time-of-flight (ToF), with the corresponding wavelength or angle setup; the
scattering geometry; the papers where the experiments are described.

Instrument Type Scattering plane  Related papers

SuperADAM 91 | Monochromatic (A = Horizontal I III
5.21A)

FIGARO 92 ToF (01=0.8°, 62=3.2°) Vertical II

D179 ToF (01=0.8°, 62=3.2°) Horizontal II

INTER %4 ToF (01=0.7°, 62=2.3°) Vertical II, III

Platypus % ToF (061=0.65°, 62=3°) Vertical LIV

For the various experiments, gold-coated silicon blocks were employed, but the
characteristics were different depending on the coating provider. The deposition
process requires first the deposition of an adhesion layer, which can then be
coated by gold. Most of the blocks had an adhesion layer of a few nm of titanium,

but some presented a ~12 nm layer of chromium instead. In both cases, they
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were subsequently coated by a layer of about 20 nm of gold, with roughness < 1
nm. The presence of the chromium layer was found to be not optimal for such
experiments, as will be explained in section 3.2.1.

When possible, the bare gold-coated blocks were characterized in air by NR
prior to functionalization. However, due to time constraints and beam time
availability, in some cases the characterization of the substrates was done by
XRR, using an Empyrean X-ray platform (Malvern Panalytical) equipped with a
copper source.

After functionalization, the thiolated blocks were mounted, depending on their
size, in one of the solid/liquid cells illustrated in Figure 3.2.

Kalrez gasket " syringe ports

Al/PEEK shell

Glass window
> O-ring

PTFE gasket X
trough ¥

0 Au-coated
Si block
/PTF

Figure 3.2 Expanded view of the solid/liquid cells used in the NR experiments. A)
"custom" 65*65 mm? cell, similar to the one used by Pilkington et al. °¢. The liquid phase
is injected through the ports in the PEEK shell and contained in the trough formed by
the PTFE gasket between the gold surface and the glass window; B) "typical" 50*50 mm?
cell, where the trough is in the PEEK shell, sealed by an O-ring. Reproduced from paper
I (CC-BY 3.0 license).

For some experiments, blocks with a surface of 80*50 mm? were used, which
could be mounted in a rectangular cell whose structure is similar to that in Figure
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3.2 B. It is worth noting that the scattering geometry for air/solid and
solid/liquid measurements is reversed, i.e., in the first case the neutron beam is
shined through air on the gold surface and transmitted across the block to
silicon, while in the second case the neutron beam crosses the silicon layer first
and is transmitted in the opposite direction. This is because of the incoherent
scattering of the liquid that would attenuate the neutron beam, while for silicon
the attenuation is low 63.64.97,

For all the experiments, the temperature was maintained constant by
connection to a water bath set at 22 °C. Most of the experiments were conducted
using as solvent a 74:26 D20:H20 mixture, i.e., gold contrast-matched water
(GCMW) as its SLD is similar to gold (4.6 *10-6 A-2). This offers a good scattering
contrast to both the thiol and the adsorbed species. To enhance the contrast and
obtain information on the hierarchy of adsorption and distribution of species
perpendicularly to the surface, it was chosen to use hydrogenous
polyelectrolytes and (mostly) deuterated surfactants (since they are easier to
obtain and commercially available). In some cases, hydrogenous surfactants
were also used, see e.g., paper IV. (However, the use of pure D20 or H20 would
mask the contribution of components of like isotopic contrast, so a mixture of
intermediate SLD was preferred.)

The exact adsorption sequences can be found in the Materials and methods
section of each paper. They were designed to study the following effects:

- Absence of salt (one test measurement on the MBT surface, showed in
paper I)

- Increasing concentrations of surfactant, and comparison between
anionic and cationic ones: the selected concentrations correspond to 0.1,
0.5, 2 and 20 cmc, with the exception of TTAB (paper IV), which was used
at a concentration of 6 cmc to simulate the correct anionic to cationic
surfactant ratio in the presence of 20 cme SDS

- The order of injection of surfactant and polyelectrolyte (e.g., how
adsorption of a solution of SDS changes before and after exposure of a
partially damaged hair model to chitosan — paper IT)

- Hierarchy of adsorption from mixtures of surfactant and chitosan
oligomer or from a mixture of two surfactants: cosmetically relevant
ratios for the mixtures were calculated based on the highest SDS
concentration applied, i.e., 20 cmc. As introduced in section 2.2,
shampoo formulations contain 10-20% w/w anionic surfactant. 20 cmc
being about 1% w/w, the used concentrations of the other component
were scaled accordingly (e.g., as polyelectrolytes are present at levels of
0.1-1% w/w, chitosan was introduced at a concentration of 100 ppm =
0.01% w/w)

- Synthetic vs natural polymers, and different molecular weights of the
latter (paper II and III)
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The reduction of NR data was performed with different software depending on
the instrument on which they were collected: pySAred %8 for SuperADAM data,
COSMOS 9 for FIGARO and D17 data, Mantid workbench 100 for INTER data,
and a Jupyter notebook for Platypus data. In general, data reduction involves
integrating the 2D reflectivity maps and converting the angle or wavelength axis
to obtain a reflectivity curve as a function of the Q vector. In addition to this,
with pySAred the region of total reflection is corrected by accounting for over-
illumination of the sample, then the curves are scaled to have a reflected
intensity of 1 at very low Q values, and, if needed, corrected for alignment
offsets. The reduction tools for the ToF reflectometers, instead, apply a
normalization of the data to the direct beam, data binning in the desired
timeframe and, except for Mantid, background subtraction.

3.2.1 NRdata fitting and method development for the over-illumination issue

Reduced data were fitted using RefNX 101. The fitting procedure was based on a
standard slab model (a microslicing method 102, although more versatile and in
principle suitable to interpret complex adsorption profiles, resulted in the
appearance of artefacts in the SLD profile and could not be implemented
successfully). With the slab model, the layers that compose the sample are each
described by a slab of defined thickness, roughness (described by an error
function 5¢) and SLD. Those parameters were fitted by a differential evolution
algorithm 103, which, from the initial guess, varies each parameter in the defined
ranges by application of so-called mutation and selection steps; the obtained
values are compared to the experimental data and the process is repeated until
convergence. As this method can lead to a local minimum, the validity of the
fitted curve was checked by Markov-Chain Monte Carlo (MCMC) analysis 55101,
The MCMC analysis explores the whole fitting range with random guesses and
returns a covariance matrix in the form of a corner plot. It basically summarises
whether the solution obtained by differential evolution is unique or not. The
settings for the MCMC analysis need to be chosen to sample appropriately the
range of fitting parameters. For the presented data, sampling was run for 5000
steps, then the obtained chains were processed applying a burn-in phase of 400
steps and thinned by 400 as well, to reduce autocorrelation.

The slab model of the gold-coated silicon substrate was fitted on the
reflectometry data (either NR or XRR) of the bare block. An example of the
covariance matrix obtained from an MCMC analysis is shown in Figure 3.3 (fitted
NR data of a clean gold-coated silicon block with chromium adhesion layer). The
squares along the matrix diagonal indicate the distribution of each fitted
parameter in the given range, while off diagonal squares represent the
correlation between the parameters along rows and columns. A strong
correlation is inferred from a diagonal (instead of a circular) distribution, like
for the third row/third column (counting from the bottom left corner)
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intersection: the two parameters are the thickness of silicon dioxide and of the
adhesion layer, which can often be interdiffused or very rough, making a clear
distinction of the interface difficult. The two bottom rows refer to the roughness
of the furthest interfaces from the incident neutron beam (in this case, Si/SiO2
and SiO2/Cr). It has been observed that often these parameters have little
influence on the NR curve, so they might result equally distributed across the
whole chosen range (see an example in the ESI of paper I, Figure S14) or tend
to the limit values as in this example.
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Figure 3.3 Corner plot obtained by MCMC analysis of the NR data for a gold-coated
silicon block in air. Slabs: air/Au/Cr/SiO/Si.

The results were used for the subsequent fitting of the solid/liquid data. To
describe the thiol layer, one slab was added to the model of the substrate and its
parameters fitted. Then, for the successive adsorption steps, the thiol layer was
considered unperturbed and one more slab was added to define the adsorbed
layer (an exception needed to be done for some long-chain thiol surfaces, as
explained in section 4.2). If the fit did not look satisfactory by eye, a second slab
was added. However, no prior assumption was made on the nature of the
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adsorbed layer, so in the case of mixtures, the whole range of SLD values defined
by the pure (dry) substances was explored. The reference values of the dry
molecules, obtained from the NIST calculator 54, are listed in Table 3.2. In the
case of chitosan, the reported SLD value considers that chitosan has four

exchangeable protons, and that in GCMW the H/D ratio is ~1/3.

Table 3.2 Density and SLD values of the species employed for NR
experiments

Density SLD Density SLD
Thiols (gem3)  (*106A?) Surfactants (gem3)  (*106A%2)
MBT 0.85 -0.25 h-SDS 1 0.28
BT 0.84 -0.24 d25-SDS 1.1 6.2
PS 1.4 1.1 d25-dodecanol 0.8 6.1
18-MEA thiol 0.85 -0.015 d38-TTAB 1 6.15
EA thiol 0.85 -0.004  d42-CTAC 1 7.7
HDT 0.85 -0.28 Polyelectrolytes
d43-18-MET 1 6.97 Chitosan 1.3104 3.1
d41-ET 1 6.95 pDADMAC 1 1.3

Knowing these values, it is possible to extract the volume fraction ¢ of a
compound in an adsorbed layer, according to the equation ¢ =
(SLDsorvent — SLDigyer)/ (SLDsorpent — SLDgyry) (as only one contrast was used in

the experiments, the calculation is not possible if more than two components are
in the layer). From the volume fraction, then, the surface excess I' of the
component, in terms of mol cm2, can be obtained as:

=@ -t p/MW

where T is the thickness of the layer, p the density of the dry molecule and MW
its molecular weight 105,106,

This is the general procedure used to fit and analyse NR data, but for those
collected on the monochromatic instrument, a more complex procedure needed
to be implemented.
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The reason why the standard fitting protocol would not work is the over-
illumination of the system. In fact, the correction applied during data reduction
can only flatten the low Q region of the curve to account for beam intensity lost
outside the sample, which is the only factor affecting reflectivity for e.g., the solid
substrate in air. In an experiment at the solid/liquid interface, part of the beam
not reflected by the area of interest interacts with the cell frame and
contaminates the recorded reflectivity. This contribution varies along the Q
range, as for sufficiently high angles of incidence only the central area of the
sample is illuminated. This means that up to a certain Q value, two separate
structures contribute to the NR signal, i.e., the sample in solution and the cell
frame, while only the former is still present at larger Q, and so the two sections
should be analysed separately. However, the extent to which this issue affects
the data depends on the specific system.

This was proven by measurements of a thiol surface in GCMW at two different
slit sizes (the one used for the experiments in paper I and III and a smaller size
that ensured that no cell frame was illuminated even at low Q). For one
measurement, a substrate presenting a titanium adhesion layer was mounted in
the cell in Figure 3.2 B, while another measurement was done with the cell in
Figure 3.2 A and a substrate with an adhesion layer of chromium. The obtained
NR curves after reduction are in Figure 3.4 and Figure 3.5, respectively.
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Figure 3.4 Test sample scans at 2 slits sizes as indicated in the graph. Sample surface:
50*50 mm?, adhesion layer: titanium. Reproduced from paper I, ESI (CC-BY 3.0
license).

In the most commonly used setup (Figure 3.4), the contribution of the cell frame
is hardly noticeable. Instead, the effect is clear when the second setup is used,
see Figure 3.5.
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Figure 3.5 Test sample scans at 2 slits sizes as indicated in the graph. Custom

solid/liquid cell, sample surface: 65*65 mm?, adhesion layer: chromium. Reproduced
from paper I, ESI (CC-BY 3.0 license).

This was the case for the experiments in paper I (the choice of this setup was
made for reasons of material availability more than for a precise experimental
design), but such a difference was unexpected, and its discovery took some time
(and was prompted by the failure of fitting attempts by almost any available
fitting tool). The separate contributions of the sample and the cell frame to the
fit were simulated for the BT, MBT and PS samples, as shown in the ESI in paper
I. The results for the BT surface, where the effect of over-illumination was
particularly evident, is illustrated in Figure 3.6.

10 7
BT in GCMW and 100 mM NaCl
—— Fit - single structure
104 - —— Simulation - cell frame contribution
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Figure 3.6 BT sample — dotted line: NR data, red solid line: simulation of sample
structure, green solid line: contribution from cell frame (arbitrary scaled).
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Figure 3.5 also shows a tentative fitting of the two curves using different models.
To fit the red curve, whose reflectivity depends only on the area of interest, a
standard slab model can be applied. For the black curve, the previous fit fails at
low Q, where it is necessary to apply a two-structure model (this can be
implemented in RefNX with the MixedReflectModel option). However, at high
Q the two curves overlap, and the use of the two-structure model pushes the
fitted curve above the experimental data. In fact, it can be noticed from Figure
3.6 that the simple (1-structure) model can fit the experimental data at Q > 0.04
A-1(darker dots). At lower Q values (lighter dots), the contribution from the cell
frame has to be included: the simulated green curve (which is composed of the
same slab model for the substrate but facing a medium of SLD = 0 instead of
GCMW) presents maxima aligned with the minima in the sample model, hence
the effect on the collected data.

The implemented fitting procedure for the datasets in paper I is as follows:

- the curves for the thiol in pure solvent were separated in two sets (Q <
0.04 A-1and Q > 0.04 A1)

- the region at high Q was fitted with a simple slab model (differential
evolution + MCMC analysis)

- the obtained parameters were used in the low Q region two-structure
model to adjust the scaling factors of the structures

- ifthe fit at low Q was good (by eye), the characterized thiol layer was used
to fit the subsequent adsorption steps with a similar procedure (see more
details below)

- otherwise, the thiol layer was fitted at low Q and the obtained values
checked at high Q, until self-consistent

- regarding the adsorption steps, for most of them the difference with the
reflectivity curve of the pure thiol was visible at Q > 0.04 A-1, so, once
checked that the structure at high Q was representative of the structure
on the whole Q range, fitting of the adsorbed layers was performed at
high Q (the results were anyway finally verified by simulating the
obtained model on the whole Q range)

- in a few cases, notably chitosan, adsorption affected more the low Q
region, so the curve at Q > 0.04 A-l was fitted (with the two-structure
model)

Specific modifications to the above procedure can be found in more detail in the
ESI of paper I (e.g., the curve of the PS sample, as can be seen in Figure 3.5, had

to be split at Q = 0.05 A-! instead of 0.04 A-1).
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3.3 Quartz-Crystal Microbalance

The QCM-D experiments were performed on a Q-Sense Analyzer (Biolin
Scientific), located in the labs of the ILL/ESRF Partnership for Soft Condensed
Matter (PSCM). The probes were gold-coated quartz crystals with resonance
frequency of 5 MHz (OpenQCM). They were cleaned by UV/Os treatment (20
minutes) and sonication in solvents of increasing polarity (acetone —
isopropanol — ethanol — Milli-Q water, for 10 minutes each), then blown dry
with nitrogen. They were finally mounted in the QCM-D cell for thiolation in situ
with a 1 mM solution of the appropriate thiol (or mixture) in absolute ethanol.

Before thiolation, a baseline in absolute ethanol was recorded, then for the
adsorption experiments the solvent was switched to Milli-Q water containing
100 mM NacCl, recording again a baseline for about 10 minutes (if not stable, the
system was allowed to equilibrate and the baseline restarted afterwards).
Solutions were fluxed at a rate of 100 uL. min-1. If a plateau was not reached after
about 15 minutes, the flux was stopped to incubate the system.

The systems studied by QCM-D were the pure PS and the mixed PS/MBT
surfaces (see ESI in paper I and the Materials and methods section in paper II,
respectively, for the full adsorption sequences).

The measurements were run in duplicate using two of the four available modules
in the instrument. One additional measurement was performed to characterize
the adsorption of SDS on pure MBT and compare it to the PS system (paper I).

Data analysis was tentatively carried out with the software QSense Dfind (Biolin
Scientific), applying the available viscoelastic models (Smartfit and Broadfit).
Due to the complexity of the performed experiments, the fitting was often
suboptimal. For the data presented in paper II (adsorption of chitosan, oligomer
and polymer, and SDS on a mixed MBT/PS surface), the software QTools (Biolin
Scientific) was used. A one-layer Maxwell model 197 could be successfully applied
to some datasets, but mostly the QCM-D data are discussed qualitatively.

3.4 Atomic Force Microscopy

AFM experiments were performed with a Bruker Dimension Icon instrument,
in PeakForce Quantitative Nanomechanics (PF-QNM) mode 76. Measurements
were carried out in liquid using ScanAsyst Air tips (Bruker). The choice of this
tip was made based on its low stiffness (0.4 N m-1), to reduce deformation of the
sample.

For the AFM measurements, the hair-mimetic models were prepared on
template-stripped gold surfaces (Platypus Technologies), with a root mean

square roughness of ~3 A. The damaged hair models (PS, MBT/PS and 18-MEA
thiol/PS) and the long-chain healthy hair model of pure 18-MEA thiol were

30



selected for the measurements. 2-3 images of 5 um and 256 pixels were
acquired, for at least three different spots on each surface. Samples were
prepared in duplicate, and the resulting images were analysed in Gwyddion 108,
A background correction was applied, then particles were detected by
thresholding (normally particles lower than 1 nm were excluded as within the
error of the height of the clean surface), to define surface coverage and median
of the height distribution for each image.

An attempt was made to determine the height of the thiol SAM: the layer was
scratched by applying a high voltage (5 V), so that the depth of the hole visible
in a topographic image acquired afterwards would be related to the thiol height.
Unfortunately, heights of several nm were obtained from PS or PS/MBT
surfaces, while the length of those molecules is below 1 nm. This suggests that
the scratch affected the underlying gold layer, so these measurements were
abandoned.

As mentioned in section 2.3.3, force curves can be obtained in PF-QNM mode.
The idea was to compare the mechanical information to that extracted from
QCM-D. An example of force curve is shown in Figure 3.7, recorded on a partially
damaged hair model surface in the presence of chitosan, setting a trigger
threshold (i.e., the difference between the maximum force reached in approach
and the initial one sensed before contact) of 500 pN.
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Figure 3.7 Force curve of a partially damaged hair model (50:50 MBT:PS) in the
presence of chitosan.
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The force starts increasing when the tip encounters the surface and deforms it
until the preset force value. In the retract trace, the large negative deflection is
due to the adhesion between tip and sample, which maintains the interaction
until it is overcome by the restoring force of the cantilever 77. However, results
were poorly reproducible, probably because of the little layer thickness and the
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influence of the substrate (and, in the presence of chitosan, its strong adhesion
force that distorted retract traces), so only topographic images have been used
to define the in-plane structure of adsorbed species and complement the results
from NR.
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Summary of results

The performed experiments can be broadly divided into two categories,
according to the level of biomimicry of the surfaces, listed in section 3.1.

The short-chain models are based on commercially available thiols and
reproduce just the outermost portion of the hair surface. There are four such
models, two to represent a healthy hair surface (hydrophobic, with or without
18-MEA-like branch), one for a fully damaged hair surface (hydrophilic and
negatively charged), and one to reproduce a partially damaged hair fibre
(hydrophobic and hydrophilic patches). These models are described in paper I
and II and illustrated in Table 4.1.

Table 4.1 Schematic representation of the short-chain hair-mimetic
models

Healthy hair models Damaged hair models
Branched Unbranched Partially Fully
o — o o—
é»é\é\é géé ééé o= =o§‘o=é=o of=oof=oo=§§=o
S S S S SS SS S S é é_ S S S
MBT BT MBT/PS PS

The long-chain models required custom-made thiol derivatives of the hair lipids
and introduced the effect of chain packing in the case of the healthy hair
mimetics or mismatch in chain length in the case of partially damaged hair
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models. Moreover, a mixed layer of branched and unbranched alkylthiols was
added to the healthy hair models. Table 4.2 illustrates this group of surfaces,
and related experiments are in paper III and IV.

Table 4.2 Schematic representation of long-chain hair-mimetic
models

Healthy hair models Partially
Damaged hair
Branched Unbranched Mixed model

o %o0%o0 0%0%0)0 ° °o==BH°o==;o=g=;
EEE SR R G T

18-MFA . 18-MET/ 18-MEA
thiol | 18-MET | EAthiol | ET HDT thiol/PS

Before the adsorption experiments, the structure of these models was
investigated by NR, and the corresponding SLD profile was subtracted from
those of the subsequent adsorption steps to isolate the contribution of the
adsorbed species and highlight the layer of interest. A comparison between the
general SLD profile and the subtracted one is shown in Figure 4.1. As described
in the caption, the insert presents the region of the SLD profile relative to the
thiol in pure solvent or in the presence of SDS. The negative peak just below x=0
corresponds to the thiol layer, which, being hydrogenous, has a SLD of -0.25
*10-6 A2, The SDS used in this example, instead, is deuterated and has an SLD
of 6.2 *10-6 A-2. The combination of these values with a relatively high interfacial

roughness (ca. 10 A) causes an apparent shift up of the peak of the thiol, which
has no physical meaning as the thiol layer in the fitted model is unperturbed.
This makes the comparison between successive adsorption steps less
straightforward. To overcome this, the results are presented as difference
spectra, which can then be interpreted in terms of the adsorbed species and their
position relative to the surface.
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Figure 4.1 Depth profile, after subtraction of the substrate profile, of 2 cmc d-SDS
adsorbed on MBT in the absence (purple line) and presence (blue line) of 100 mM NaCl
(corresponding to 16 mM and 3 mM d-SDS, respectively). The light blue panel, centred
at the dotted line at x = 0, indicates the MBT/d-SDS interface. The yellow panel
indicates the Au/MBT interface. The widths are due to roughness, which causes an
overlapping (striped area). The insert graph on the top right shows the SLD profile
(zoom on the thiol + solution region), for the curve in the presence of NaCl (i.e., blue
line), before subtraction of the thiol profile (cyan line); the x-axis is offset as in the main
(thiol subtracted) graph. The thiol layer appears as an inverse peak due to its negative
SLD. Reproduced from paper I (CC-BY 3.0 license).

Note on the characterization of the thiol layers: as mentioned in section 2.3,
synchrotron GIXD measurements were tentatively performed at ESRF to obtain
information about the organization of the thiol molecules in the SAM.
Experiments were done using the short-chain models and an unexpensive long-
chain SAM of 1-octadecanethiol (ODT), using gold-coated silicon chips (surface
of 1*1 cm?) as substrates. Two major problems were encountered. Firstly, the
X-ray scattering contrast between thiol and air, or even more water, is very poor,
which makes the signal of interest of low intensity. Secondly, the gold substrate
was found to be not ideal for two reasons: it greatly increased beam damage
(even if experiments were conducted under a beryllium dome with high
attenuation of the X-ray beam), and its signal covered the thiol one due to its
polycrystallinity. Literature studies report GIXD of thiol SAMs on gold, but they
employ monocrystalline surfaces 109-111, Instead, when measuring a ODT SAM
on polycrystalline gold, the GIXD map is dominated by two rings, visible in
Figure 4.2 (left panel), which are present already on the bare gold surface. For
comparison, the expected signal would be like the one obtained from a test
surface of octadecyltrichlorosilane (OTS) on silicon (on the right in the figure).
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Figure 4.2 Left, GIXD of ODT on gold. Right, GIXD of OTS on silicon.

For this reason, the thiol SAM was characterized only by NR, and when possible
AFM, measurements.

4.1 Short-chain hair-mimetic models

Starting with the short-chain models, the three pure thiol surfaces (MBT, BT
and PS) are discussed in paper I, while the mixed MBT/PS surface is addressed
in paper II. Paper I had a dual aim: not only studying adsorption on simple hair-
mimetic surfaces, but also showing the feasibility of applying NR to such
complex systems. Regarding the latter, as most of these experiments were
conducted on a monochromatic reflectometer (SuperADAM, see Table 3.1), it
was necessary to implement a fitting method that considered the over-
illumination of the sample at small angles of incidence 6, as this could not be
corrected for in the standard way due to a combination of factors related to the
specific system and setup. The deployed fitting strategy is detailed in section
3.2.1.

Results from the fitting of NR data of the four short-chain models in pure solvent
(GCMW containing 100 mM Nac(l) are all compatible with the formation of a
self-assembled monolayer of thickness ~7 A ¥; in the case of the damaged hair
models, the thiol layer shows on average about 10% hydration, while no water
is associated to the healthy hair models.

For the general proof of concept in paper I, adsorption of SDS and oligomeric
chitosan was studied, to compare the effects of the 18-MEA-like branch, surface
charge, and sequential vs simultaneous injection of surfactant and
polyelectrolyte. An example of the results obtained was shown in Figure 4.1: on
the branched surface, adsorption of SDS was studied also in the absence of
sodium chloride (the concentration of 100 mM NaCl used for all the other
measurements was chosen to simulate the ionic strength of a shampoo
formulation, that normally contains salt in the concentration range 100-500

mM 7:25), In both cases, a (tilted) monolayer is formed (thickness 11 and 14 A in
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the absence and in the presence of salt, respectively — the length of the SDS
molecule is 17 A 112), The surface excess that is extracted from the fitted

parameters indicated the adsorption of 0.4 nmol cm in the absence of salt and
0.5 nmol cm2in 100 mM NaCl.

A major result of paper I, though, was the unexpected adsorption of the anionic
SDS molecules to the like-charge PS surface, shown in Figure 4.3.
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Figure 4.3 Depth profile, after subtraction of the substrate profile, of d-SDS adsorbed
on PS (bulk d-SDS concentrations indicated in the figure). The blue panel, centred at
the dotted line at x = 0, and the yellow panel on its left indicate, respectively, the PS/d-
SDS and Au/PS interfaces with their associated roughness. Reproduced from paper I
(CC-BY 3.0 license).

Some adsorption is visible already at 2 cmc SDS, although as a diffused and
inhomogeneous layer, but the interesting result is the formation of a neat bilayer
(thickness 34 + 1 A, i.e., twice the molecular length of dodecyl sulphate) from a
20 cmc solution. This prompted the performance of additional measurements,
using hydrogenous SDS, to rule out the possibility of a specific effect of the
deuterated sample used in the first experiment, and spiking the surfactant with
dodecanol, to verify the hypothesis that this species was implicated in the
observed anomalous behaviour. In fact, dodecanol is the hydrolysis product and
a known contaminant of SDS 44, and its presence in the surfactants solutions
was expected since the commercial SDS sample was not purified before use. This
was chosen to keep the conditions as close as possible to the cosmetic
application. As illustrated in paper I, the new NR experiments confirmed the
first observations, which were in parallel also supported by QCM-D data (ESI of
paper I). In the case of QCM-D data, quantitative results were more difficult to
obtain, but they suggest the formation of a soft adsorbed layer of SDS on the
sulphonate surface and a more rigid layer on the MBT surface, which agrees with
the different hydration levels deduced from the NR data. The explanation for
this unexpected adsorption is a combination of two factors. On the one hand,
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sodium ions bind to the surface neutralizing the sulphonate charge and
mediating SDS adsorption to it (sodium ions are present in a concentration of at
least 130 mM: 100 mM from NaCl and 30 mM from SDS, plus the counterions
of PS itself). On the other hand, as deuterated dodecanol was observed to be
enriched on the surface compared to the bulk solution, there may be a
preferential partitioning due to the penalty of adsorption of dodecyl sulphate
ions on the negatively charged surface. Those effects are summarized in Figure

A

FEFREE
Surface Bulk

Figure 4.4 Schematic drawing of dodecanol partitioning on the PS surface and in a
micelle in the bulk. Light green molecules represent dodecanol, bottle green ones with
negative charge are dodecyl sulphate, blue circles with positive charge represent sodium
ions. Reproduced from paper I (CC-BY 3.0 license).

o\&)

The same SDS bilayer structure is observed when SDS is introduced in complex
with chitosan oligomer (at a concentration of 20 cmc surfactant and 100 ppm
polyelectrolyte, which corresponds to a cosmetically relevant ratio — see section
2.2). In this case, an additional layer of 65 + 10 A is visible, that extends from
the SDS bilayer towards the bulk and is composed of both SDS and chitosan. A
similar two-layer structure is observed on the other short-chain surfaces but
presenting an SDS monolayer and a second layer, several tens of A thick, of pure
(hydrated) chitosan. The results on these short-chain models suggest that the
methyl branch does not affect the interaction properties of the surface, but later
results show that this is due to the different packing of these thiols compared to
long-chain ones, as will be discussed further on in paper III. Also, results on the
mixed MBT/PS surface (partially damaged hair model) show an intermediate
adsorption behaviour, where the interaction with the surfactant is determined
by the hydrophobic patches and chitosan association is enhanced as on the pure
sulphonate surface. An example of the results to illustrate this behaviour is in
Figure 4.5; for comparison, results for the pure constituents separately are in
Figure 4.6 and Figure 4.7.
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Figure 4.5 Subtracted SLD profiles of 2 cmc d25-SDS adsorbed on 50:50 MBT:PS,
before and after injection of chitosan oligomer. For comparison, the profile
corresponding to pure chitosan is added. The zero of the x-axis is at the thiol/d25-SDS
interface, whose roughness is indicated by the blue panel. Similarly, the yellow panel on
the left represents the Au/thiol interface with its associated roughness. Reproduced
from paper II.
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Figure 4.6 Depth profile, after subtraction of the substrate profile, of adsorbed species
on MBT as indicated on the graph. The blue panel, centred at the dotted line at x = 0,
indicates the MBT/adsorbed layer interface. The yellow panel indicates the Au/MBT
interface. The widths are due to roughness, which causes an overlapping (striped area).
Reproduced from paper I (CC-BY 3.0 license).
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Figure 4.7 Depth profile, after subtraction of the substrate profile, of adsorbed species
on PS as indicated on the graph. The rinsing step before introduction of chitosan left a
residual layer of deuterated species that caused the ASLD of chitosan to be positive. The
blue panel, centred at the dotted line at x = 0, and the yellow panel on its left indicate,
respectively, the PS/adsorbed layer and Au/PS interfaces with their associated
roughness. Reproduced from paper I (CC-BY 3.0 license).

The SDS monolayer has the same thickness as on pure MBT, but its surface
excess is only 0.22 nmol cm2, compatible with the presence of hydrophobic
moieties on only half of the surface. A subsequent injection of 20 cmc SDS did
not lead to the formation of a bilayer as on pure PS, but only to a slight increase
of the surface excess to 0.25 nmol cm2. Instead, chitosan adsorption increased,
likely due to a favourable electrostatic interaction with sulphonate groups. Once
again, in the presence of both surfactant and polyelectrolyte on the surface, two
layers can be distinguished. Comparing, in the three cases, the ASLD values of
the profile for the SDS/chitosan mixture with those of the two components
adsorbed separately, it is clear that the association between the adsorbing
species is stronger in the case of the damaged hair models than on the pure MBT
surface. The purple profile shown in Figure 4.5 refers to the sequential injection
of the two species, however a subsequent injection of a premixed SDS/chitosan
complex gave similar results, with the difference that the thickness of the first
layer increased to 23 A. This is not enough to define a bilayer, but is larger than
a monolayer, suggesting interaction of the surfactant molecules with both the
surface and the adsorbed chitosan.

In paper II, adsorption of chitosan is further studied by comparison of the 3 kDa
chitosan (oligomer) with a 27 kDa one (polymer), by NR and QCM-D. The effect
of the molecular weight on the interaction between chitosan and the partially
damaged hair mimetic surface is illustrated in Figure 4.8.
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Figure 4.8 Schematic drawings of SDS (green) adsorbed after chitosan (orange): left,
oligomer; right, polymer. Reproduced from paper II.

Basically, in the presence of the polymeric chitosan, one compact layer, 29 (+ 4)
A thick, is observed instead of the two layers of thickness 13 (+ 2) and 60 (+ 10)

A, resulting from the fitting of the oligomer data (the larger error on the second
slab is due to the lack of contrast — i.e., to the closeness of the SLD value of the
layer to that of the bulk). Results from QCM-D measurements qualitatively
agree with NR, as the frequency (and dissipation) shift caused by adsorption of
SDS after chitosan polymer are better interpreted as changes in the viscoelastic
properties of the layer rather than an increase in layer thickness. This is
compatible with the formation of a compact layer of associated components,
although the thickness values cannot be directly compared between the two
techniques (those obtained by QCM-D are significantly larger due to the
hydration water being detected together with the adsorbed molecule of interest).
Successive rinse suggests for both methods that the surfactant is preferentially
removed.

Another major finding of paper II was the use of AFM to determine the in-plane
structure of the adsorbed aggregates. In fact, NR has the unique ability to
separate contributions based on the different SLD of hydrogenous and
deuterated species, but it averages information in-plane. For example, the layer
formed by pure chitosan on the mixed MBT/PS surface (Figure 4.5) contains
80% solvent, but this could be due to either a homogeneously hydrated layer or
the adsorption of chitosan as separate aggregates spread on the surface. AFM
images revealed that the latter is true, as shown in Figure 4.9. The figure is
composed of two AFM images, acquired on different spots of the same sample:
this indicates that separate aggregates are present, but their distribution is not
homogeneous.
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Figure 4.9 AFM images of chitosan oligomer adsorbed on 50:50 MBT:PS surfaces at
two different positions. The detected particles are coloured in green. Reproduced from
paper II.

4.2 Long-chain hair-mimetic models

The long-chain models were designed primarily to verify how the chain packing
would affect adsorption and how results would differ from the short-chain
models, but they showed some unexpected peculiarities in the thiol layer
structure.

Alayer different from a conventional SAM was obtained for the 18-MEA and EA
thiols, as detailed in the ESI of paper III, while the use of deuterated thiols in
paper IV revealed the presence of nanobubbles or a depletion layer on the
hydrophobic surfaces. Both results are better explained below, while adsorption
of surfactants and polyelectrolytes is described afterwards.

Regarding 18-MEA and EA thiol surfaces, as it can be seen in Table 4.2 they
not only present the correct C20 chain but also maintain the C=0 feature of 18-
MEA (albeit in the form of an amide) to increase the biomimicry of the system.
This had unforeseen consequences on the structure of the model: the thickness
of the layer in pure solvent exceeded that expected for a monolayer of 18-MEA,
which according to the literature is 20—26 A 113 (the extended chain length is ca.
30 A). The fitted value was instead about 40 A and decreased to 28-30 A after

exposure to surfactant solutions above the cme (a few A more than the literature
values are compatible with the presence of the ethyl spacer used to convert the
fatty acid to a thiol). In paper III this discussion is confined to the ESI to better
focus on the adsorption to the hydrophobic thiol layers, but in fact the majority
of effort was directed at understanding the anomalous behaviour displayed by
these samples.

The experiments were performed in two different beam times (the experimental
sequences are in the Materials and methods section of paper III). NR fitting
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results were particularly interesting in the case of the interaction with the
cationic surfactant CTAC, shown in Figure 4.10 and Figure 4.11.
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Figure 4.10 Depth profiles relative to the 18-MEA thiol in the presence of d42-CTAC, at
the concentrations indicated in the graph. The yellow and blue panels represent the
Au/thiol and thiol/solution interfaces, respectively, with associated roughness. The
zero level on the x-axis has been set at the "clean" thiol/solution interface. Reproduced
from paper III (ESI).
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Figure 4.11 Depth profiles relative to the EA thiol in the presence of d42-CTAC, at the
concentrations indicated in the graph. The yellow and blue panels represent the
Au/thiol and thiol/solution interfaces, respectively, with associated roughness. The
zero level on the x-axis has been set at the "clean" thiol/solution interface. Reproduced

from paper III (ESI).
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In both cases, the decrease in thickness at increasing surfactant concentrations
is evident, but so is the different adsorption behaviour.

On the 18-MEA thiol surface, a modification of the thiol layer (increase in the
roughness of the thiol/solution interface) is already visible at a CTAC
concentration of 0.1 cmc, while no variation is observed in the SLD value. This
suggests that part of the original thiol layer is removed, and the remaining
molecules rearrange preventing significant changes in the layer density. The
removed molecules would be free 18-MEA thiol intercalated in between the
covalently bound chains, similar to the model described in a recent publication
by Wang et al. 113 (meaning this is indeed a good representation of the hair
fibre). Strictly, as mentioned in the ESI of paper III, another explanation is
possible, i.e., that some surfactant molecules do bind to the thiol surface,
intercalating between residual free chains, but their contribution is hidden by a
compensation of the SLDs (the surfactant being deuterated and the thiol
hydrogenous) to a total value that is contrast-matching the bulk solution (whose
SLD is 4.55 #¥10-6 A-2). This would be possible at a ~3:2 CTAC:18-MEA thiol
ratio. The two mechanisms may be occurring simultaneously, which makes the
quantitative interpretation of results from the subsequent steps difficult. A
schematic drawing of the two scenarios is in Figure 4.12 (please note that this is
over-simplified for illustrative purposes).

Figure 4.12 Simplified representation of the possible scenarios for the interaction of the
18-MEA thiol surface with CTAC. The hypothesised structure in water is illustrated in
the centre. Left, “clean” monolayer after removal of free chains by the surfactant. Right,
partial removal of free thiol and intercalation of CTAC (magenta).

The description of the NR results regarding the straight-chain EA thiol is more
complicated. An adsorbed layer is visible at low surfactant concentrations,
whose SLD is slightly larger than the bulk and whose thickness corresponds to

ca. 65 A. A CTA ion has a length of 22 A 114, 5o the fitted slab would be even
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larger than a bilayer. The SLD value indicates that the layer contains
predominantly deuterated material but mixed to a significative amount of
hydrogenous species, which may be explained by a high level of hydration or,
more likely considering the thickness, by free thiol molecules associated with
adsorbing CTAC. Differently from the branched thiol, the thickness here does
not significantly change up to 2 cme surfactant, even though the interfacial
roughness increases. At 20 cmc, the thickness decreases to the same value as
that of the 18-MEA thiol at the same CTAC concentration, but unlike that, the
variation in thickness is accompanied by an increase in the layer SLD, which
suggests a lower chain density in the layer (less tightly packed monolayer).

The different behaviour of the 18-MEA and EA thiols led to the hypothesis that
the original structure of the unbranched thiol layer was formed by free EA
molecules intercalating (as on 18-MEA) but aligned in the opposite direction of
the bound chain, with the thiol moiety towards the bulk (see Figure 4.13). This
would form a hydrophilic rather than hydrophobic surface and modify the
interaction with the surfactant.

Figure 4.13 Schematic representation of the hypothesised structure of the EA thiol layer
in water.

A simulation of such a structure, as shown in the ESI of paper III, follows well
the NR data of the EA thiol in pure solvent, but the fit would not converge,
probably due to correlations between the increased number of fitting
parameters, so this hypothesis, while highly probable, cannot be proven
unambiguously from the current data.

Regarding the 18-MET and ET surfaces (paper IV), the structures were
simplified compared to the previous 18-MEA and EA thiols, by reducing the
carboxylic group to have simple alkylthiols. Both molecules were deuterated, to
explore different contrasts to study adsorption, and particularly to test a more
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accurate model of a healthy hair surface, composed by the branched C20 (18-
MET) and an unbranched C16 (HDT) species at a ratio of 70:30. This thiol ratio,
if 18-MET is deuterated and HDT is hydrogenous, forms a layer whose SLD
value contrast-matches gold, highlighting the contributions from the adsorbed
layer(s).

Characterization of these thiols was then done both in pure H20 and in GCMW
with 100 mM NacCl. Results for d43-18-MET and d41-ET, both in H20 and the
former also in GCMW, are in Figure 4.14.
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Figure 4.14 SLD profiles from fitting of NR data of d41-ET and d43-18-MET in the
solution indicated in the graph. The zero on the x-axis corresponds to the thiol/solution
interface. The difference between the two systems is mostly due to the different
substrate. Reproduced from paper IV.

The first obvious feature of the profiles in Figure 4.14 is the difference between
the gold-coated substrates, which affects also the appearance of the bound thiol
layer. In fact, the higher roughness of the gold layer functionalized with d43-18-
MET makes the region of the thiol layer less defined than the corresponding
profile of d41-ET. However, a major observation from these results is the
appearance of a negative peak, ca. 10 A thick, just above the thiol/solution
interface. Its presence was hidden in pure water because of the lack of scattering
contrast. It is compatible with the presence of nanobubbles, or a depletion layer,
due to the hydrophobicity of the surfaces 115-117 and disappears after exposure
to the surfactant solutions. In light of this result, another explanation could be
possible for the unexpectedly thick hydrogenous layer observed on the 18-MEA
and EA thiol surfaces previously discussed. However, the SLD value of the
depletion layer defined on d43-18-MET is 2.86 *10-6 A-2, compatible with a low-
density solvent layer as described by Schwendel et al. 117. Instead, the profiles in
Figure 4.10 and Figure 4.11 are more consistent with the presence of a compact

46



layer (of hydrogenous material). While this does not completely rule out the
presence of nanobubbles on those other surfaces, nonetheless the presence of
additional (free) thiol molecules intercalated to the bound ones is the main
factor causing the previously observed structure.

Regarding the mixed d43-18-MET/h-HDT and PS/18-MEA thiol surfaces,
fitting of the NR data in pure solvent allowed the calculation of the thiol ratio on
the surface, which, as mentioned in section 3.1, does not always correspond to
the ratio in the prepared solution. Different behaviours were observed for the
two mixtures. In the case of the more biomimetic healthy hair model (i.e., d43-
18-MET/h-HDT), the thiol slab could not be distinguished from the underlying
gold layer due to poor contrast, as described in paper IV. This indicates that,
despite the difference in chain length, the thiols adsorb with similar affinity to
the surface and so the ratio of bound thiols resembles the ratio in solution.

In contrast, for the mixed PS/18-MEA thiol surface, obtaining the desired ratio
on the surface was not straightforward. Initially, two samples were prepared
using a 50:50 thiol solution, as was done for the corresponding short-chain
model. The longer 18-MEA chain, however, has a stronger drive to adsorption,
so that NR showed, for the two samples, a complete 18-MEA thiol layer in one
case and a 19:81 PS:18-MEA thiol ratio on the surface in the other case.

Based on independent X-ray photoelectron spectroscopy measurements on
ODT/PS samples (shown in the ESI of paper III), the solution ratio was
increased to 80:20 PS:18-MEA thiol. With this recipe, the surface ratio extracted
from the SLD value of the thiol layer corresponds to 64:36 PS:18-MEA thiol.

The mixed PS/18-MEA thiol surface also revealed interesting structural features
when studied by AFM. The topographical images show some homogeneous
regions, as that presented on top right of Figure 4.15, but, interestingly, some
patchy regions are also observed, indicating that the two species do not
completely mix on the surface. The height of the features in the graph, of ~2 nm,
is compatible with the mismatch in chain length between the two thiols. The
domains of long-chain thiols have a size of about 1 um. Such heterogeneity
provides good biomimicry.
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Figure 4.15 Example of AFM images (top) and corresponding profiles (bottom)
(extracted along the green lines on the AFM images) relative to a 50:50 PS:18-MEA
thiol sample in water plus 100 mM NaCl. The image on the left shows a region with
patches of different height (black profile), the one on the right a more homogeneous
region of the same surface (red profile). Reproduced from paper III.

This organization in domains is important to interpret the SLD profiles of
surfactant adsorption to this partially damaged hair model. As an example, the
profiles in the presence of SDS are presented in Figure 4.16.
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— + 2 cme d25-SDS
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Figure 4.16 Depth profiles of the partially damaged hair model in the presence of d25-
SDS at the concentrations of 2 and 20 cmc and following rinse. The yellow and blue
panels represent the Au/thiol and the thiol/solution interfaces, respectively, with
associated roughness. The zero value on the x-axis corresponds to the thiol/solution
interface in pure solvent. Reproduced from paper III.

Unlike the other systems, in this case the fitted SLD profile is shown without
subtraction, because the more complex structure of the thiol layer may
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introduce artefacts in the difference profiles, as discussed in the ESI of paper III.
The low concentration (2 cmc) of SDS does not significantly modify the SLD
profile of the biomimetic layer, which has an average thickness of 15 A, while at
a higher concentration (20 cmc), a peak of deuterated material (higher SLD than
the bulk) is clearly visible, in the region initially referred to the thiol, that is now
confined to a 9 A thick layer. The thickness (21.8 + 0.7 A) and shape of the
adsorbed layer suggest that it may be due to a combination of two mechanisms.
On one side, it can adsorb hydrophobically to the 18-MEA thiol, perhaps
intercalating between the loosely packed chains, and on the other side it can
form a bilayer on the hydrophilic patches, similar to what was observed in paper
I (Figure 4.4). This scenario is illustrated in Figure 4.17.
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Figure 4.17 Schematic drawing showing the two possible mechanisms for adsorption of
SDS on the two patches of the partially damaged hair model. Blue circles: sodium ions;
bottle green molecules: SDS; light green molecule: dodecanol. Reproduced from paper
II1.

As on the pure sulphonate surface, a preferential partitioning of dodecanol likely
occurs on the negatively charged patches. The interactions taking place at the
boundary of two domains, in addition, may be particularly strong and drive the
adsorption of subsequent molecules. This would explain why such a structure
was not observed on the corresponding short-chain mixed system illustrated in
paper II (Figure 4.5): the absence of the anchor points offered by the chain
mismatch might have caused, in that case, a simple hydrophobic adsorption on
the MBT molecules to dominate the surface properties. A similar scenario can
also explain data in the presence of the cationic CTAC (see paper III), which, at
a concentration of 20 cme, adsorbs as a bilayer of 40 (+3) A (in this case, the
cationic headgroup would interact with the sulphonate patches, displacing
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sodium ions), whose SLD indicates the presence of both deuterated and
hydrogenous species on top of a 9 A thick layer of pure thiol.

Besides the interaction with surfactants, a comparison between a natural and a
synthetic polymer (i.e., the polymeric form of chitosan and pDADMAC,
respectively) is described in paper III.

Results for the partially damaged hair model are in Figure 4.18. As on the other
surfaces, adsorption of chitosan does not lead to a visible slab, due to the
expected high hydration level 527081118 and to residues from the previous
adsorption steps (and therefore related scattering contrast arguments).
However, the presence of chitosan is revealed by the subsequent increase in
surfactant (SDS) adsorption.

80:20 PS:18-MEA thiol in GCMW + 100 mM NaCl

—— + 100 ppm chitosan polymer

—— +20 cmc h-SDS

64 Rinse

—— + 100 ppm pDADMAC

""" Rinse Solution

4 Substrate

-20 0 20 40 60
Z - dgjp, - A - day - diniol &)

Figure 4.18 Depth profiles of the partially damaged hair model in the presence of
chitosan polymer or pPDADMAC and SDS at the concentrations indicated in the graph.
The yellow and blue panels represent the Au/thiol and the thiol/solution interfaces,
respectively, with associated roughness. The zero value on the x-axis corresponds to the
thiol/solution interface in pure solvent. Reproduced from paper III.

As was observed in paper II on the short-chain mixed model, SDS is likely to be
preferentially removed so that the layer observed after rinsing would be formed
by irreversibly adsorbed chitosan with residual associated SDS/dodecanol. The
subsequent introduction of the synthetic polymer pDADMAC is clearly defined
by the appearance of a layer of lower SLD; interestingly, though, the residual
layer after rinsing resembles the one before injection of chitosan, which suggests
that pDADMAC might have been loosely adsorbed. Results related to a fully
sulphonate surface do not support nor refute this finding, as in the presence of
both polymers the low contrast to the bulk solution does not allow the drawing
of unambiguous conclusions. In fact, the increased adsorption of SDS after each
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polymer step indicates the presence of irreversibly adsorbed polymer, but it is
not possible to define whether the layer is composed of only chitosan or of
PDADMAC too (see Figure 15 in paper III). This was unexpected as quaternary
ammonium polymers are known to have a conditioning effect due to their ability
to bind to damaged hair fibres. This point may need further studies to be
clarified, but the presented results suggest that the polymeric chitosan might
have a stronger affinity than the synthetic pDADMAC for the hydrophilic
patches of a damaged hair surface, which is an interesting finding from a
cosmetic perspective, considering the implications for sustainability.

Instead, the adsorption of pPDADMAC seems irreversible on the 18-MEA thiol
surface, as shown in Figure 4.19.

Substrate Solution

Thiol

18-MEA thiol in GCMW + 100 mM NaCl

—— + 20 cmc d25-SDS (after 100 ppm chitosan polymer)
- Rinse

—— + 100 ppm pDADMAC

-+ Rinse

—— +20 cmc h-SDS

- Rinse

20 0 20 40 60 80 100 120
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Figure 4.19 Depth profiles of a healthy hair model in the presence of chitosan polymer
or pDADMAC and SDS at the concentrations indicated in the graph. The yellow and
blue panels represent the Au/thiol and the thiol/solution interfaces, respectively, with
associated roughness. The zero value on the x-axis corresponds to the "clean"
thiol/solution interface. Reproduced from paper II1.

Two major features can be noted in comparing the SLD profiles in Figure 4.19
with those in Figure 4.18. Firstly, as mentioned, pDADMAC seems to adsorb
irreversibly, as the profile does not change significantly after rinsing. Secondly,
the shape of the SLD profiles in the presence of 20 cmc SDS (green solid lines)
once again confirms the mechanism of interaction of the anionic surfactant on
the two types of surfaces: an hydrophobically adsorbed monolayer on the 18-
MEA thiol surface, and a bilayer on the hydrophilic patches of the mixed thiol
model. (The SLD profiles are in fact reminiscent of those presented in Figure 4.6
and Figure 4.7 for the short-chain biomimetic models.)

A strong interaction of the branched thiol surface with polyelectrolytes was
confirmed by two more experiments, one on a similar 18-MEA thiol model in
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the presence of SDS and the oligomeric form of chitosan (paper III), and the
second one on the deuterated 18-MET surface (paper IV). Both experiments
revealed the presence of an irreversibly adsorbed oligomer residue, as shown for
example in Figure 4.20.
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d43-18-MET in GCMW and 100 mM NaCl
— +2cme h-SDS
—— + 20 cmc h-SDS and 100 ppm chitosan oligomer
—— + 20 cmc h-SDS and 6 cmc d38-TTAB
Rinse after 20 cme h-SDS and 5.3 mM d25-dodecanol
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Figure 4.20 Subtracted SLD profiles of d43-18-MET in GCMW and 100 mM NacCl, in
the presence of the species indicated in the graph. The yellow and blue panels represent,
respectively, the gold/thiol and thiol/solution interfaces with associated roughness. x=0
indicates the thiol/solution interface. Reproduced from paper IV.

As observed already in Figure 4.19, the presence of the oligomeric chitosan
affects the adsorption of surfactants in subsequent steps. The mixture of SDS
and TTAB (at a ratio that simulates that of primary anionic and secondary
cationic surfactants in shampoo formulations) adsorbs in a 76 (+1) A thick layer,
clearly too large to be pure surfactant, so it is best interpreted as (mainly) TTAB
molecules (due to the largely positive SLD indicative of deuterated material)
interacting with irreversibly adsorbed chitosan. Likewise, the final rinse
performed on the system reveals that a thick layer is still adsorbed. This final
rinse followed the injection of an SDS solution spiked with dodecanol, as done
on the damaged hair model in paper I, to verify that no preferential partitioning
is in this case observed. Results (in the ESI of paper IV, with rather large error
bars) suggest the adsorption of a layer of mainly hydrogenous material,
compatible with the higher proportion of SDS in solution.

Instead, the hypothesis was proven on the unbranched surface. The same
adsorption sequence resulted in a very different interaction with the surface, as
illustrated in Figure 4.21.
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Figure 4.21 Subtracted SLD profiles of d41-ET in GCMW and 100 mM NaCl, in the
presence of the species indicated in the graph. The yellow and blue panels represent,
respectively, the gold/thiol and thiol/solution interfaces with associated roughness. x=0
indicates the thiol/solution interface. Reproduced from paper IV.

Adsorption on the unbranched thiol surface is strikingly dominated by the
interaction with the surfactant. At each step, a defined monolayer is obtained,
whose SLD reflects that of the molecule or complex in solution, so no specific
effect of dodecanol is observed, besides a small propensity to be resolubilized
after adsorption (the SLD of the adsorbed layer increases after rinsing,
indicating that more deuterated material is left on the surface).

In particular, the SDS/chitosan complex also leads to a pure monolayer of
surfactant, differently to Figure 4.20. The same outcome was obtained on the EA
thiol surface in the presence of SDS and chitosan oligomer (ESI of paper III).
Together, the results reported in paper III and IV lead to conclude that,
irrespective of the packing constraints given by the presence of the amide bond
(that simulates the thioester moiety on the surface of hair), it is the
antepenultimate bond of 18-MEA that affects the interaction of the biomimetic
surface with the simplified formulations.

The methyl branch of 18-MET seems to have a specific effect on the adsorption
of chitosan, as the pure HDT surface showed a similar behaviour to d41-ET (no
evidence of chitosan adsorption), while an extended layer, compatible with
chitosan molecules, is visible on the mixed healthy hair model (70:30 18-
MET:HDT system), similarly to pure 18-MET.

The SLD profiles relative to the experiment performed on the mixed healthy hair
mimetic surface are in Figure 4.22.
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Figure 4.22 Subtracted SLD profiles of 70:30 d43-18-MET:h-HDT in GCMW and 100
mM NaCl, in the presence of the species indicated in the graph. The yellow and blue
panels represent, respectively, the gold/thiol and thiol/solution interfaces with
associated roughness. x=0 indicates the thiol/solution interface. Reproduced from
paper IV.

In the presence of the SDS/chitosan oligomer complex, a second extended layer
is visible above the surfactant monolayer, further away from the surface, as seen
already in Figure 4.20. However, the interaction here seems to be weaker than on
pure 18-MET, as subsequent adsorption steps do not show association to
residual chitosan. A schematic representation of the different adsorption
scenarios of the SDS/chitosan complex on the three biomimetic surfaces just
discussed is in Figure 4.23.

o

Figure 4.23 Schematic representation of the adsorption layers obtained exposing the
different surfaces to a 20 cmc h-SDS (green molecules)/100 ppm chitosan oligomer
(orange lines) complex. Left, 70:30 d43-18-MET:h-HDT. Centre, d43-18-MET (more
chitosan is detected). Right, d41-ET (as example of unbranched surface - the adsorption
is dominated by SDS). Reproduced from paper IV.
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Conclusions

In the context of increasing the sustainability of cosmetic formulations, a
fundamental understanding of the interaction and adsorption processes
occurring at the hair or skin surfaces is crucial, to guide the design of new
products incorporating more eco-respectful ingredients and processes.

This project specifically dealt with hair, and thus shampoo formulations,
investigating the interaction behaviour of hair-mimetic surfaces. The use of
biomimetic models instead of hair fibres is necessary for the application of NR,
to harness its unique capacity to resolve at a subnanometric level the layers
formed by selected species, giving information on the chemical composition and
hierarchy of adsorption.

Here, different types of hair-mimetic surfaces have been produced, increasing
the accuracy of the models by using custom synthesised long-chain thiols.

These long-chain thiols showed a more complex behaviour than their short-
chain counterparts and allowed the production of more specific (mixed) hair
models, to more closely represent both healthy (18-MET/HDT mixture) and
damaged (PS/18-MEA thiol) hair surfaces.

The first conclusion can be drawn regarding the chosen functionalization
protocol: from the NR data of the thiol surfaces in pure solvent, it emerged that
both the short-chain partially damaged (MBT/PS) and the mixed healthy hair
models are adsorbed on the surface at a ratio corresponding to their proportion
in solution, despite some differences in the structures. Instead, the deposition of
the 18-MEA thiol on the gold surface is significantly more favoured than that of
PS, requiring the latter to be in excess in solution (compared to the desired
surface ratio). Nonetheless, the study proved the feasibility of producing and
using such models of increased biomimetic character to gain a more detailed
understanding of the adsorption properties of hair.
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Two overarching conclusions were obtained. The first is the unexpected
adsorption of the anionic surfactant SDS to the negatively charged surface
representing a damaged hair fibre. This was observed not only on the pure
sulphonate surface (the most surprising) but also on the partially damaged hair
model containing 18-MEA, due to the formation of patches of different
hydrophobicity. It has been confirmed by multiple experiments, and explained
by the combination of two factors, i.e., the presence of a charge neutralizing layer
of sodium ion on the sulphonate moieties and a preferential partitioning of
dodecanol on the surface due to the penalty for the adsorption of the surfactant.
Both factors were introduced to mimic a detergency scenario, so the result is of
cosmetic relevance. No such behaviour was displayed by the short-chain
mimetic of a partially damaged fibre, suggesting that this system might
represent poorly the hair surface.

The second major result of the adsorption study concerns the use of chitosan as
a more sustainable alternative to synthetic polymers. Taken together, the
experiments have clearly proven that the methyl branch of 18-MEA has a major
role in the adsorption of the polysaccharide. In fact, the presence of the
oligomeric form of chitosan was not detected on surfaces formed by unbranched
long-chain thiols, while it was visible on both pure 18-MET and on the more
biomimetic 18-MET/HDT layer. There was a hint of such behaviour on the
corresponding short-chain models (MBT and BT — on the former chitosan was
irreversibly adsorbed while on the latter it was washed away in the final rinse),
but their properties were not as remarkably different as on the long-chain model
surfaces.

As pointed out earlier, the experiments have been designed to resemble as much
as possible real conditions, using simplified solutions and isolating features of
the hair surface, but mimicking factors that could influence the interaction (such
as the salinity of the solution or the use of unpurified surfactants). The use of
biomimetic surfaces is known in the literature, but the validity of their
application to obtain cosmetically relevant results had not been previously
investigated so deeply. Further studies will be required, however, to clarify some
results presented in this thesis.
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Points of perspective

This thesis has proven the feasibility and usefulness of using neutron
reflectometry to investigate hair-mimetic models for cosmetic applications.
However, the study is not complete, and several points may benefit from
additional experiments.

The first example that may need clarification is the interaction of the partially
damaged hair model with the natural and the synthetic polyelectrolytes
presented in chapter 4 (and better detailed in paper III). The NR results seem to
suggest a stronger interaction with chitosan than with pDADMAC, a desirable
result which was not however proven unambiguously here. To do this, different
scattering contrasts need to be used. The effect of the order of injection may also
be examined, as it was shown to influence the structure of the adsorbed layers.
If the adsorption of chitosan is confirmed to be more favourable than that of
pDADMAC, additional studies could address how the molecular weight of
chitosan influences this behaviour.

Moreover, the adsorption of these polymers may be further investigated using
the more biomimetic mixed model, which was easily produced and showed
interesting features.

The preferential partitioning of dodecanol on damaged hair models also needs
further studies. The implication of the observed effect is that this mechanism
could be used for the delivery of small, neutral molecules from anionic
surfactant systems, selectively targeting the damaged regions of the hair fibre.
The effect of different cations (e.g., potassium instead of sodium) or salt
concentration could be addressed, as well as the effect of the hydrophobic chain
length, to optimize delivery conditions.

In addition to the compounds studied here, other species could be selected, e.g.,
biosurfactants, to compare their action to that of the traditional surfactants that
have been reported here.
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The developed approach is versatile and could be adapted to answer similar
questions on related systems, adding more specific information on the
adsorption hierarchy that cannot be obtained by other surface techniques.
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