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Abstract

The study of colloidal particles near interfaces has been pursued for decades due to its relevance across
industrial applications and the natural sciences. Physical descriptions of particles near rigid interfaces
(referred as walls) reveal that the dominant interactions arise from hydrodynamic effects and static
interaction energies. The current theories describing particles in the vicinity of walls often lies on the
ideal assumption of perfectly smooth surfaces. Although classical hydrodynamic and colloidal
interaction models provide a robust framework for describing particle motion near smooth, hard walls,
real systems exhibit some degree of surface heterogeneity, which in some drastic cases might differ
from these assumptions. In this thesis, the static and dynamic behavior of colloidal particles with
surface characteristics different from the ideal particles are measured at interfaces through highly

sensitive experimental techniques.

In the first part of this contribution, the investigation of the near-wall dynamics of particles with
different surface morphology is presented. By performing Evanescent Wave Dynamic Light Scattering
experiments, the near-wall dynamics of silica particles having smooth and rough surface, as well as
porous shells, were determined. The dynamics of smooth particles differ slightly from the prediction for
hard spheres dynamics, whereas rough particles exhibit a significant slowdown compared to the model
and opposite to the enhanced dynamics expected by hydrodynamic theory. Complementary numerical
calculations for near-wall dynamics, accounting for polydispersity, aggregation and particle-wall static
interactions, suggest that surface roughness of the particles modifies the particle-wall static interaction

overcoming the hydrodynamic effects and impacting their diffusion.

In the second part, the static and dynamic properties of particle-wall systems with modified surfaces
that may affect their interactions with the wall are presented, which include walls with hydrophobic
properties and protein-coated particles. Through experiments based on Total Internal Reflection
Microscopy, the interaction potential profiles and dynamic properties are measured at the single-
particle level. The potential profiles of bare systems compared to hydrophobically coated wall do not
show a notable difference except for the electrostatic amplitude, while the dynamic properties are not

significantly affected by the coating. However, for both types of systems, the diffusion perpendicular to
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the wall exhibit increased dynamics compared to no-slip boundary conditions due partial slip. On the
other side, protein-coated particles display similar potential profiles and slight decrease in electrostatic
amplitudes. Similarly, the normal diffusion shows some increase compared to dynamics with no-slip

boundary conditions.

Additionally, the influence of unavoidable experimental noise effects on experimental results for both
static and dynamic properties is addressed. While background noise can be reduced to a negligible
contribution, the detector shot noise affects the most to the measured interaction potentials, mostly in
the steep parts of the profile. Also, such errors do not affect drastically the calculation of the dynamic
properties. However, it is also identified that sampling time determines the quality of the measured
properties, where too long sampling times compromise the reliability of both static and dynamic

properties at short separation distances.



Zusammenfassung

Die Untersuchung von kolloidalen Partikeln in der Nahe von Grenzflachen wird aufgrund ihrer Relevanz
fur industrielle Anwendungen und die Naturwissenschaften seit Jahrzehnten betrieben. Physikalische
Beschreibungen von Partikeln in der Nahe von starren Grenzflachen (als Wande bezeichnet) zeigen,
dass die dominierenden Wechselwirkungen aus hydrodynamischen Effekten und statischen
Wechselwirkungsenergien resultieren. Die gangigen Theorien, die Partikel in der Nahe von Wanden
beschreiben, basieren meist auf der idealisierenden Annahme vollkommen glatter Oberflachen.
Wahrend klassische hydrodynamische und kolloidale Wechselwirkungsmodelle einen robusten
Rahmen fiir die Beschreibung der Partikelbewegung in der Nahe glatter, harter Wande bieten, weisen
reale Systeme ein gewisses Mal} an Oberflachenheterogenitat auf, die in einigen drastischen Fallen von
diesen Annahmen abweichen kann. In dieser Dissertation Beitrag wird das statische und dynamische
Verhalten von kolloidalen Partikeln mit Oberflacheneigenschaften, die sich von idealen Partikeln

unterscheiden, an Grenzflachen mit hochsensiblen experimentellen Techniken untersucht.

Im ersten Teil dieses Beitrags wird die Untersuchung der Wand-nahen Dynamik von Partikeln mit
unterschiedlicher Oberflichenmorphologie dargestellt. Mittels dynamischer Lichtstreuung mit
evaneszenter Beleuchtung wurde die Wand-nahe Dynamik von Silicapartikeln mit glatter und rauer
Oberflache sowie von pordsen Silica-Kugelschallen bestimmt. Die Dynamik glatter Partikel weicht
geringfligig von der Vorhersage fiir die Dynamik harter Kugeln ab, wahrend raue Partikel im Vergleich
zum Modell eine deutliche Verlangsamung aufweisen, was im Gegensatz zu hydrodynamischen
Theorien steh nach der eine Zunahme der Dynamik erwartet wird. Ergdnzende numerische
Berechnungen fiir die Wand-nahe Dynamik, die Polydispersitat, Aggregation und statische
Wechselwirkungen zwischen Partikeln und Wanden beriicksichtigen, deuten darauf hin, dass die
Oberflachenrauhigkeit der Partikel die statische Wechselwirkung zwischen Partikeln und Wanden
modifiziert, wodurch die hydrodynamischen Effekte lGberkompensiert werden und ihre Diffusion

beeinflusst wird.

Im zweiten Teil werden die statischen und dynamischen Eigenschaften von Partikel-Wand-Systemen

mit modifizierten Oberflachen bestimmt, darunter Wande mit hydrophoben Eigenschaften und
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proteinbeschichtete  Partikel.  Mittels der  Totalreflexionsmikroskopie =~ werden  die
Wechselwirkungspotentialprofile und dynamischen Eigenschaften auf Einzelpartikelebene gemessen.
Die Potentialprofile von unbeschichteten Systemen im Vergleich zu hydrophob beschichteten Wanden
zeigen keinen nennenswerten Unterschied, aufler in der elektrostatischen Amplitude. Die
dynamischen Eigenschaften werden nicht wesentlich von der Beschichtung beeinflusst werden.
Jedoch zeigt in beiden Fallen die Diffusion senkrecht zur Wand aufgrund teilweisen Schlupfs eine
erhohte Dynamik im Vergleich zu schlupffreien Randbedingungen. Auf der anderen Seite weisen
proteinbeschichtete Partikel, im Vergleich zu unbeschichteten, dhnliche Potenzialprofile und eine
leichte Abnahme der elektrostatischen Amplituden auf. In dhnlicher Weise zeigt die senkrechte

Diffusion einen gewissen Anstieg im Vergleich zur Dynamik unter schlupffreien Randbedingungen.

Zusatzlich wird der Einfluss unvermeidbarer experimenteller Rauscheffekte auf die Messung der
statischen und dynamischen Eigenschaften behandelt. Wahrend das Hintergrundrauschen auf einen
vernachlassigbaren Beitrag reduziert werden kann, wirkt sich das sogenannte Detektor-
Schrotrauschen am starksten auf das gemessene Wechselwirkungspotential aus, vor allem in den
steilen Teilen des Profils. Allerdings haben solche Fehler keinen drastischen Einfluss auf die Berechnung
der dynamischen Eigenschaften. Es wird jedoch auch festgestellt, dass die Abtastzeit die Qualitat der
gemessenen Eigenschaften bestimmt, wobei zu lange Abtastzeiten die Zuverladssigkeit sowohl der

statischen als auch der dynamischen Eigenschaften bei kurzen Abstanden beeintrachtigen.
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1 Introduction

1.1 Background

Many everyday products, from foods, personal-care goods, to paints and lubricants are just a few
examples which illustrate the relevance of the broad area of colloidal science. In addition, numerous
biological substances fall into this category, for example, blood and proteins suspended in aqueous
media are described as colloidal systems. In general, a colloidal system consists of particles ranging
from some a few nanometers to several micrometers in size, dispersed in a continuum medium. Here
in this work, the attention is focused particularly on solid particles suspended in aqueous solutions,
which are commonly referred to as colloidal suspensions. The solid spherical particles are referred to

as colloidal particles or colloids in short.

For such small particles, at low Reynolds numbers, local hydrodynamics applies, where viscous forces
exerted by surrounding fluid onto the colloids dominate over inertial forces. The motion of colloidal
particles is governed by Brownian forces, direct forces (e.g. due to charges carried by the colloids and
mutually excluded-volume interactions), as well as hydrodynamic interactions mediated by the fluid in
which the colloids are suspended. Far from confining boundaries and for sufficiently low colloid
concentrations for which interparticle interactions can be neglected, the particles undergo “free”
diffusion, characterized by isotropic motion. However, when colloids approach the boundary of a flat
solid surface (in the following called the wall), their motion is altered by hydrodynamic interactions with
the wall. The resulting wall-drag effect reduces particle mobility as the separation distance to the wall

decreases and leads to directionally anisotropic diffusion [28, 37].

Furthermore, direct, static interactions play a fundamental role in determining whether or not particles
stick to the wall and having a direct impact on the particles’ near-wall dynamics. In most cases, the
main particle-wall static interactions arise from the combination of van der Waals attraction and
screened electrostatic repulsion, which together constitute the basis of DLVO theory (named after

Derjaguin, Landau, Verwey and Overbeek). The availability of analytical expressions for these
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interactions in different particle-wall geometries has enabled the description of many phenomena at

elevated concentrations encountered in colloidal systems.

Over the past decades, there have been developments on experimental techniques which allow the
measurements of forces and energies of colloidal systems at the interface. Particularly, scattering
methods based on the evanescent-wave illumination have been used to study the colloidal dynamics
near interfaces [2, 32, 33, 36, 56, 60-62, 64-66, 81] and particle-wall interactions [7, 8, 29, 70, 71, 89, 92]
from a fundamental point of view. Due to the distance-dependent strength of the evanescent field, both
Evanescent Wave Dynamics Light Scattering (EWDLS) and Total Internal Reflection Microscopy (TIRM)
offer great sensitivity in detecting femto-Newton forces and nanometric elevations that characterize

colloidal behavior at interfaces.

Examples of applications of particle-wall systems studied using evanescent-wave scattering techniques
span a wide range of interactions [98], including those involving copolymers adsorbed on particle and
wall surfaces [69], protein-coated particles interacting with polymer brush layers [26, 95], depletion
forces [34, 35, 45, 46, 49, 50], and interactions occurring near “soft” interfaces that combine
biomolecules [16, 25, 84, 93, 94]. While modern video microscopy systems with evanescent wave
illumination can measure the motion of large particles with sampling times on the order of
milliseconds, light scattering methods have shown to measure particle systems with sub-millisecond
resolution [10, 19, 20, 27, 56]. This provides great versatility for measuring a wide range of particle

systems with sizes ranging from the nanoscale to the microscale.

However, unlike the idealized model particles assumed in most of the colloidal theory, real colloidal
particles are not perfectly smooth but rather exhibit different degrees of roughness. Frequently, this
characteristic has been partially ignored, particularly when the macroscopic behavior of the suspension
still aligns with the expectations. Since the theory describing particles near walls are based on the
assumption of perfectly smooth and spherical shape, the experimental static and dynamic data may be
misinterpreted if the particles exhibit rough or irregular surfaces. Therefore, it is of interest to
investigate whether such particles follow or deviate from the standard theoretical framework used for

smooth particles.

Clear evidence of the implication of particle morphology has been observed in rheological studies,
where suspensions of rough particles show shear thickening to be discontinuous and shifted towards

lower volume fractions compared to suspensions of smooth particles [40]. This finding reflects the
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difference in the static interactions occurring between colloids with different surface characteristics.
Simulation studies in this regard support this view [9, 82, 83] upon finding that particles with asperities
(rough surface) near a wall experience a distinguishable reduction in the electrostatic stabilization
barrier. In addition, due to the reduction in the flow resistance on the rough surfaces which evokes a
smaller effective hydrodynamic radius, an increase of near-wall diffusion of rough particles is predicted.
However, experimental evidence showcasing the implications of roughness on the near-wall dynamics

was still missing until recently [75].

On the other hand, the heterogeneity on particle surfaces has promising applications in biological
systems, particularly when mimicking the irregular shapes of proteins and the rugosity of bio-
membranes. As a case of relevance, streptavidin binding biotin proteins form one of the strongest
known non-covalent bonds and become one of the most useful tools in molecular biology research.
Thus, understanding how streptavidin interacts with model membranes is of fundamental interest.
Although emerging investigations around the topic of macromolecules in soft matter, the inherent
complexity of specific and non-specific biomolecular interactions makes it difficult to derive a unified
framework for their description. Nonetheless, gaining experimental evidence is essential for continuing

improving on understanding biomolecules at interfaces.

To that end, a variety of membrane-mimicking systems, ranging from single-lipid to mixed
phospholipids-cholesterol compositions, have been developed such as liposomes (giant/small
unillamelar vesicles), Langmuir films and supported lipid bilayers (SLBs). Particularly, as SLBs are flat
phospholipid membranes, they are suitable for studies using scattering techniques based on
evanescent wave illumination. Such techniques have already been applied to biologically relevant
systems [16, 26, 55, 84, 100], and coated particles carrying biomolecules, which give a first

approximation for probing intermolecular forces.

1.2 Motivation

As introduced above, investigations of colloidal particles with complex surface morphologies near
interfaces are relatively limited, since theoretical descriptions have been developed for ideally smooth
spheres. Thus, there is a gap which is being ignored in understanding the implications of how surface

morphologies and modifications influence the behavior of colloidal particles near the wall.
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With the recent development of methodologies for synthesizing colloidal particles with controlled
asperity [38, 39, 99], the experimental investigation of the implications of roughness on the near-wall
dynamics had become possible just recently. Hence, the scientific contribution in this thesis tests the
applicability of conventional theory of particles near a wall but involving rough particles in the vicinity
of the wall, since according to hydrodynamics, such particles are predicted to exhibit faster diffusion
due to reduced flow resistance on their surfaces, evoking a particle with an effective smaller
hydrodynamic radius. Addressing this gap is essential for assessing the limits of hydrodynamic models
developed for smooth particles and for identifying cases where roughness fundamentally alters the

dynamics.

Ultimately, this work contributes to advancing the field of colloids at interfaces by testing the
boundaries of classical hydrodynamic descriptions and highlighting the role of surface morphology in
near-wall dynamics. These findings become significant in colloidal dispersions because small-scale
interactions critically determine macroscopic behavior. By understanding the implication of roughness
in near-wall dynamics is key to providing insights that can be of relevant use in fields ranging from

materials design to nanofluidics [51].

Beyond the fundamental interest of roughness on particles near an interface, which can be regarded as
a specific type of surface modification, an equally important motivation lies in exploring other forms of
particle and wall modifications, such as biologic systems. These systems may provide complementary
perspectives on how interfacial chemistry and surface functionality influence particle dynamics near

boundaries.

As many critical biological processes occur at or near membrane interfaces, the understanding of
particle-membrane interactions and dynamics complement biological descriptions by identifying the
underlying physical parameters that govern biological phenomena. Then, the knowledge of the physics
around membranes enables the design and efficiency of drug delivery systems, particularly those
relying on encapsulation or targeted delivery to cells. On the route to this goal, the use of knowledge
developed in the area of soft matter physics for the study of biological membrane-like models provides
a suitable approximation under a controlled physical framework. Thus, experimental evidence of the
effect of surface modifications, together with established methodologies could be helpful in studying

biological systems near interfaces.
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Research in this topic is in constant growth [24-26], with e.g. new frameworks for describing brush-like
systems being developed [22]. However, due to the non-specific nature of many biomolecular
interactions, further experiments are required to better understand the broad spectrum of interactions
among biomolecules. While biomolecular model systems combining liposomal particles with
streptavidin proteins have been studied at the membrane structure level[63], direct measurements on
the static and dynamic properties of proteins with model membranes are still missing. Then, as a
second objective within this thesis, the implications of modified surfaces oriented towards
biomolecules are addressed. In particular, it is explored how surface coatings on both particles and
walls alter interaction potentials and near-wall dynamics based on the framework developed for

particle-wall system studied by TIRM.

As a spin-off during this work, the study of sources of error inherent in TIRM, such as background and
shot noise [17], that affect experimental measurements is addressed. Although background noise has
been studied and is often omitted through signal correction [67], the combined effect of background
and shot noise on the measured interaction potentials and dynamic properties remained poorly
understood until recently [17, 74]. Then, a systematic exploration of these effects is therefore needed

to improve the accuracy and reliability of TIRM analysis.

Finally, since the relevance of this research topic extends to its connection with biomembrane models,
supported lipid bilayers (SLBs) represent a natural system to study using scattering techniques based
on evanescent wave illumination. As SLBs are themselves surface coatings on flat substrates, their
integration into sample cells used in TIRM is relatively straightforward, providing a direct means to
study near-membrane physical properties. Hence, the implementation of this methodology in TIRM is

presented at the end of this thesis.

The findings presented in the following are important because particles with nonclassical surface
morphologies or modification, such as bare, hydrophobic, or protein-coated surfaces, exhibit static and
dynamic properties that deviate notably from conventional expectations in the near-wall landscape.
Also, these studies contribute with methodological insights into TIRM, emphasizing key parameters
that must be carefully considered before experiments. Altogether, these contributions highlight the
importance of systematically investigating colloidalinteractions and dynamics near interfaces. Beyond
their fundamental relevance in soft matter physics, particle-surface interactions are directly linked to

processes occurring in material science, biology, and nanotechnology. For instance, they play a key role
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in the stability of colloidal formulations, the controlled assembly of nanomaterials, the adhesion of
proteins and cells to surfaces, and the design of functional membranes. These implications of systems
with different surface characteristics make the basis for the present thesis, which aims to assess the
limitations of theoretical models through experimental evidence complemented with numerical
calculations and simulations of particle-wall systems. In the following section, the scope of the work is

given as well as the outline.

1.3 Scope of the thesis

In this thesis, the investigation of the influence of particle-wall surface characteristics on the interaction
potentials and dynamics, as compared to smooth surfaces, is presented. Here, two research studies are
examined: (i) colloidal particles with controlled surface roughness interacting with hard and smooth
walls, and (ii) systems where particles and walls are modified through hydrophobic coating and protein
layers. These studies employ scattering techniques based on evanescent wave illumination, such as
Evanescent Wave Dynamic Light Scattering (EWDLS) and Total Internal Reflection Microscopy (TIRM),

and both are supported by numerical model calculations and simulations.

In the first part of the thesis, the effect of surface morphological characteristics of the particles is
presented. There, the conventional theoretical framework of hydrodynamics near a hard smooth
interface is tested in order to see the extent of applicability of the theory on particles with high degree
of roughness. In particular, the parallel near-wall dynamics of particles with different surface
morphology are measured using Evanescent Wave Dynamic Light Scattering and the experimental

investigations are complemented by numerical model calculations.

In the second part of this thesis, the study on the effect of particle-wall surface modifications, which
affect the particle-wall interactions, is presented. Here, the influence of surface characteristics is
examined by measuring the particles’ near-wall static and dynamic properties by means of the TIRM.
To identify subtle distortions in the interaction potential profiles, the sources of noise are addressed by
the implementation of Brownian dynamic simulations to identify the extent of their influence. The
methodology developed here opens the way for exploring biomimetic systems such as particles

interacting with SLBs.
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Together, both studies contribute to the understanding of more realistic conditionsin colloidal systems
near the hard interfaces under non-idealized conditions. Although these systems may appear simple,
the results highlight that not all experimental systems behave according to standard theoretical
approaches, pointing out the need of complementary approaches and considerations to describe the

experimental findings.

The structure of this thesis is the following. In Chapter 2, the fundamental theories that govern the
interactions in macromolecular systems are presented. The van der Waals interaction together with the
electrostatic interaction are presented in terms of the particle-wall systems, providing the foundations
necessary to apply them directly to experimental methodologies. Then, the particles’ near-wall
dynamics is presented for both, stick and partial slip boundary conditions. Furthermore, the physical-
mathematical approach that sustains the calculation for single particle dynamics near the wall

measured in TIRM is shown.

Next in Chapter 3, the experimental techniques of evanescent wave dynamic light scattering (EWDLS)
and total internal reflection microscopy (TIRM), used to investigate the colloidal systems, are presented
along with the approaches used for data analysis. In a dedicated subsection, the noise present in TIRM
experiments and how itis addressed is presented. The preparation of the samples, characterization and

implementation of each methodology are also detailed.

Later in Chapter 4, the results together with the respective discussions and conclusions corresponding
for each part are presented. Starting with the effect of particle morphology on particle-wall interaction
and dynamics. Here, the results from EWDLS experiments on silica particles with different surface
morphology are shown. The interpretation of the experiments is complemented with numerical
calculations that account for particle shape, polydispersity, aggregation and static interactions.
Systematically evaluating how each factor affects the resulting near-wall dynamics leads to the
calculation of dynamics that resembles the experimental findings and revealing the major component

influencing the near-wall dynamics.

In the second part of Chapter 4, the results of the effect of the particle-wall surface modifications on the
static and dynamic properties, investigated by TIRM, are shown. Additionally, at the simulation level,
the effect of noise sources on particles’ near-wall static and dynamic properties are presented. Also, the

influence of sampling time on the measurements and analysis is discussed.
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Lastly, for the purpose of documenting the protocols on the topic of SLBs, the methodology and
descriptive phenomenological results are briefly presented in the Supporting Information section. The
protocol developed for creating SLBs using Langmuir-Blodgett and Langmuir-Schaffer techniques is

described. Finally, the non-conclusive TIRM results obtained from SLB systems are presented.



2 Theoretical foundations

2.1 Static particle-wall interactions

In this section, the most relevant particle-wall interactions are introduced, forming the theoretical basis

and framework of this research work. Also, it guides the subsequent data analysis.

When colloidal particles approach the boundaries of a flat surface (also referred to the wall), an
interaction potential arises between them. The total interaction involves attractive and repulsive
forces, governing the static and dynamic properties of the particles. The main contributors to the
particle behavior near a wall are presented below, providing the essential concepts for understanding

the physical phenomena investigated in this work.

2.1.1 Van der Waals interaction

The van der Waals forces are short-ranged interactions (typically <5 nm) that arise from the interaction
of dipoles within molecules, which in turn, form macroscopic bodies. According to quantum mechanics,
non-polar elements and molecules have a time-averaged dipole moment of zero. However,
instantaneous positions of electrons relative to the protons give rise to a finite dipole moment. In turn,
this instantaneous dipole yields an electric field which polarizes neighboring molecules and inducing a
dipole moment in them. The interaction between these atoms and molecules results in an

instantaneous attractive force between them, which the time average of such force is finite.
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2.1.1.1 VanderWaals interaction according to the additivity principle

The interaction between two molecules at distance , is described by the attractive pair potential
u (I’) = —C/l’6 due to theinstantaneous and temporary dipoles that are induced between neighboring
molecules. To upscale the interaction to macroscopic bodies, the principle of ‘additivity’ is applied,
whereby the total potential U(D) is computed by summing the single interactions between all pairs

of molecules that constitute the bodies involved:
U(D) :H——ré p,dV, p,dV, :

where D is the separation distance of the macroscopic bodies, C is a constant determined by the

physical properties of the molecules such as their mass, polarizabilities and ionizations, O, , is the

molecular number density and their respective volume element dV1,z .

Analytic expressions have been derived for the interaction energies of different two-body systems
based on the additivity principle. The simplest case considers the interaction between a single molecule
at a separation distance D from a semi-infinite planar surface (wall). In particular, a molecule
separated by adistance D fromaringofdensity p (Figure 2.1, left panel), their interaction is obtained
by summing the contributions of all individual molecular interactions involved. If the distance between

the single molecule to any other molecule of the ring, with radius X and volume 2zxdxdz, is

r= (22 +x7 )”2 , then the molecule-wall interaction potential Uy, (D) is given by:

xdx

U (D)= _2”CPI§ dzjox (2 +2° )3 (2.2)

=-27Cp/12D’

By replacing the single molecule with a flat surface, the interaction energy between these two planar
surfaces is calculated as follows. Because the total energy between infinite surfaces diverges to infinity,
the calculationis instead performed considering the energy per unit area, i.e. over a finite portion of the

surface. This sheet lies in the X ) plane with radius 4 and thickness d z, at a distance z from the
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other planar surface of the same material. The total interaction energy between the two walls is then

obtained by applying the additivity principle:

Uww (D)= Jj dzJ‘: 2mp xdx U,y

_ 21°h p*C jw%
- 12 o7
_Uw(D)__mp’C
Uwwia (D) " area - 12D° (23)

Since the interaction energy is of the surface-to-surface type, it is expressed per unitarea UWW/A where

area = rh* . This expression is valid when D <« /.

Other relevant systems are the sphere-wall and the sphere-sphere interactions. For the sake of brevity,
the main expressions for the interactions are shown while their derivation is omitted but interested

readers are referred to specialized literature [31, 42, 44].

By applying the same additivity principle, the sphere-wall interaction energy is built by summing all the
contributions from all moleculesin acircular layer 7 ,0(2R - Z)Z dz ofthe sphere atadistance D+z
from the wall (Figure 2.1, right panel). For D< R, only smallvalues of Z contribute to the integral of

the sphere-wall potential Uy, (D ) and yield:

jZR (2R - Z) zdz
" (D+z) (24)
=7’Cp°R/6D

27°Cp°

When the caseis D> R, van der Waals interaction is described as:

U (D)=

22°Cp* (27 (2R-2)zdz

a 12 J.o D3 (2.5)
ﬂCp(47zR3p/3)

- 6D’
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Figure 2.1. Geometric representation for calculating the interaction energy of the cases discussed in the main
text. Left: molecule-wall interaction, shown as the cross-section of a ring with its center separated by a distance

D from the molecule. Right: sphere-wall interaction, represented by a flat disc of a sphere near the wall.
Adapted from reference [42].

2.1.1.2 Van der Waals attraction according to Hamaker

Originally, Hamaker [31] derived direct expressions, based on Eq. 2.1 for a sphere-sphere geometry, to
calculate the magnitude of London-van der Waals interactions as a function of the radii and separation
distance. Unlike the previous equations, Hamaker’s expressions are reduced forms of the van der Waals
potential derived in spherical coordinates to account for radial symmetry and are valid for both small

and large separation distances.

The interaction potential between a sphere, with radius R , and separated by a distance z from a

wall,is shownin Figure 2.2 left. This situation can be seen as the limiting case of the interaction between
two spheres but one sphere becomes extremely large R, = compared to the other sphere. In that

case, the interaction between the sphere and the flat surface is given by:

A4, R R zZ+R
Z)=——+ + +1In 2.6
Poaw(2) =7 L—R Z+R z—R} (20)
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where 4,, = n’ Cp, p, is the Hamaker constant. Here, the notation for the interaction potential has

changed to identify such expression which will be used for the calculation of the total interaction

potential between a particle and a wall, as shall be described in the next chapter.

Regarding the nonretarded van der Waals interactions for the two-spheres system Ugg (D), each

sphere has a radius Rl and R2 respectively, and their centers are separated by a distance D as
depicted in Figure 2.2 right [31]:
A, 2R R, 2R R, D*~(R,+R,)

U (D)= | (27)
(D)= Dz—(R1+R2)2+D2—(R1—R2)2+nDz—(R]—Rz)

When the spheres are identical in radius (R=R1 =R2) and in composition (P =p,=p,), Eq. 2.7 is

simplified as:

A 2R? 2R’ 4R*?
USS(D):_?H(DZ—MQZ + i +ln{1— o D (2.8)

where 4, = 7Z'2C'p2. This constant has a magnitude of ~ 107" Joules (J) for interactions in vacuum,

while in condensed media itis reduced ~1072! J.

D.

Figure 2.2. Sketches for the geometry used in the Hamaker expressions for the van der Waals interactions. Left:
the sphere-wall system. Right: the two-spheres system.
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In essence, the van der Waals equations presented earlier in Subsection 2.1.1.1 differ in their range of
applicability in comparison with those shown here in Subsection 2.1.1.2. The first ones are valid when
the separation distances are small compared to the particles size ( D < R ), while the latter apply when

the particle size is comparable to the separation distance and are valid at all separations. For these
reasons and given the particle-wall systems described in the next Subsection 3.4.1, Eq. 2.6 was selected
for calculating the van der Waals potential as described later in Subsection 3.1.4.1.

2.1.1.3 Hamaker constant in the Lifshitz Continuum theory

The interaction potentials introduced above are based on pairwise additivity principle dictated by the
dipole-dipole interactions. However, this approach ignores the interactions coming from neighbor
molecules that are also affected by dipolar interactions. Hence, the additive principle does not account

for multiple and complex interactions, e.g. macroscopic particles interacting within a medium.

In contrast, the Lifshitz theory addresses van der Waals forces between macroscopic bodies by
describing them as continuous media, thus avoiding an atomic structure formalism. This approach is
based on the quantum field theory where the interactions are treated as fluctuations of the
electromagnetic field induced by neighboring molecules. These fluctuations are expressed in terms of
the bulk dielectric properties, such as dielectric constants ( £ ) and refractive indexes ( 7 ). Within the
Lifshitz framework, the analytical expressions for the distance dependence of the interaction energies
remain unchanged, however, the Hamaker constant is calculated as a function of the dielectric

properties of the interacting materials and medium.

In general, the Hamaker constant for two interacting particles with dielectric constants &, &, and
refractive indexes 7, 1, , respectively, both immersed in a medium with dielectric constant £; and

refractive index 75, is given by the following equation, which accounts for nonretarded effects and

within the framework of Lifshitz theory:
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AH zngT &~ & &~ &
4 g+t )\ & +e
3hy, (n =n3 ) (5 —n3)

TR () () (o) ()

(2.9)

Particularly, in the case of two identical particles of the same material interacting through a medium of

different properties, the equation is reduced to simply:

3 g—¢ ) 3hv (”2_”2)2
AHz—@T(l 3j+ ¢ ; ;yz (2.10)
4 &+é& ) 1632 (”1 +n3)

here, h is Plank’s constant and V, the main electronic absorption frequency, which is assumed to be

equal for the two material, in the range of UV/VIS electromagnetic spectrum. These equations for
determining Hamaker constants are valid for the most common geometries of interacting macroscopic

bodies, such as sphere-sphere, wall-wall and the wall-sphere, among others.

Additionally, the Lifshitz theory allows for a straightforward means of determining whether van der
Waals interactions are attractive or repulsive. For any systems composed of two bodies with identical

dielectric properties, the van der Waals interaction is always attractive when in vacuum. However, when
acontinuum medium is introduced, with dielectric properties 75, its characteristics determine whether
the van der Waals interaction is attractive or repulsive. Repulsion occurs when the dielectric properties
of the medium lie in between those of the interacting bodies 7, <7, <n, . For an extensive treatment

and derivation, the reader is referred to specialized literature [42].

Overall, the Hamaker constant of the interacting materials can be calculated analytically either from
their molecular properties (4, = 712C,02 ) or from their bulk material properties (asin Eq. 2.9), with the

two approaches differing by a factor of 3/4 . While the Hamaker constant derived from Lifshitz theory

is generally considered the most accurate, its calculation requires all the dielectric properties and

refractive indexes of the materials involved. However, the numerical calculations carried out in the first
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part of this thesis, the Hamaker constant was not computed analytically; instead, its magnitude was
treated as a floating parameter in order to tune the van der Waals strength in the potential. The details

of these numerical calculations are presented in Subsection 3.1.4.

On the other hand, since the Hamaker constant is typically on the order of 1x107'J (~ 0.25 kB T) for

most materials, the resulting van der Waals interactions are often negligible when the separation
distance between macroscopic bodies exceeds a few nanometers. Therefore, for the TIRM experiments
conducted on large colloids in the second part of this thesis, the van der Waals interactions were

negligible in the total interaction potential.

2.1.2 Derjaguin approximation and particle-wall interaction

Alternatively, the interaction between macroscopic bodies can be expressed in terms of the forces
rather than the interaction energy. Boris Derjaguin developed an approach that connects the

theoretical plane-plane interaction energies with the forces which can be determined experimentally

for two curved surfaces, and vice versa, since F(D) =—0 U(D)/@D.

Particularly, itis assumed that two large spheres, having radii R, >> D and R, >> D , are separated by

a distance D . Then, the force can be calculated by integrating the forces between opposite discs, as

the infinitesimal slices of a sphere, with an area of 2zxdx, and separated by a distance
Z=D+z, +z, as depicted in Figure 2.2. In this way, the force can be calculated in terms of the

expression for the interaction of two planar surfaces (Eq. 2.3): F(D)s =27RUy,y, (D) . Thus, the

phere

total force between the spheres is given by:

F(D)=| 27xds fy(2) (2.11)

where fyw (Z) is the wall-to-wall normal force per unit area between the flat surfaces.
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Figure 2.3. Sketch of the geometry used in the Derjaguin approximation. The force between two spheres is
related as the energy, per unit area, between two flat discs facing each other. Adapted from reference [42].

At short distances when z;, < R1,2, respectively, the chord theorem X'~ 2R,z,=2R, z,, and with
the separation distance between the discs, Z = D+2z, + 2z, itgives Z = D+(I/R , +1/R 2)x2/2 and

therefore d Z = (1/R +1/R 2)xcix .Then, (2.11 becomes:

R, +R,

R.R
=-2 "2 U (D
”[R1+R2] ww (D)

(2.12)

F(D)= jjzn[ Ri¥s J faw (2)dz

Such expression relates the existing force between two spheres to the energy, per unit area, between

two flat surfaces distanced by D .

Then, to calculate the interaction energy between the spheres, the force given in the equation above is

integrated:

R -
USS(D)=27{R IR;JL; Upew (2)d2Z (213)

| T
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This expression is valid only when Rl,z > D. As the interaction energy between two walls is

Uswia (D) = —7r,02C/12D2 (EQ. 2.3). Thus, substituting the appropriate terms and simplifications,

the van der Waals interaction according to Derjaguin approximation is:

2 2
Uy (D)=L Bk (2.14)
6D | R +R,

2.1.3 Electrostatic repulsion

When colloidal particles are dispersed in an aqueous medium, they acquire surface charges through the
interaction of their surface groups with the polar solvent which leads to the dissociation of ions. These
surface charges prevent the aggregation of like-charged particles or walls by electrostatic repulsion.
Meanwhile, the dissolved ions transform the direct electrostatic interaction between the macroscopic
bodies into screened interactions, whose strength decays exponentially with distance. In the following,
the screened electrostatic interaction between spheres and a wall is described according to the

electrical double layer.

2.1.3.1 Screened electrostatic potential

The dissolved ions in the aqueous medium distribute near the surface according to the Boltzmann

distribution according to the surface potential as:

Zey(r)
p.(r)=p] eXp{—T} (2.15)

where p, (l‘) is the ion concentration at any distance r from a surface, while pio is the concentration
in bulk of species i. The electrostatic potential given by l//(r), the valency Zi and the elementary

chargeis e . The Boltzmann constantas k; and 7" the temperature in Kelvin.
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In turn, the electrostatic potential ¥/ (l‘) can be derived from Poisson equation:

V2 :_p(r)
y(r) s (2.16)

being &, the permittivity in vacuum and ¢ the relative permittivity of the medium.

The number density of ions is given by:

p(r)=2eZ,pj(r) (2.17)

Therefore, by combining the two above equations, it yields the Poisson-Boltzmann equation:

Z.ew(r)
Vi (r)=——=3"7 plexp| -2
w(r) ) Jpjexp{ 0T } (2.18)

For the scenario of a 1:1 symmetric electrolyte, e.g. NaCl, the valency and ion concentration are the

same for both ion entities. Then,

=1 =7
(2.19)
p'=p!=p
and the Poisson-Boltzmann equation becomes:
2ep"Z . Zey(r
Viy (r):—Lsmh{ﬂ} (2.20)
£,& A

-1
Moreover, when considering low potentials such as (kBT) Ze|w| < 1, which is known as the Debye-
Hickel limit, the Poisson-Boltzmann equation becomes linearized:
Vi (r)=4, w(r) (221)

where the constant is the Debye length which characterizes the screening length of the electric field

and is given by:
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-1/2
Ap=(26°p°Z" [£,c k,T) (222)
At this distance, the direct electrostatic interactions between charged macroscopic bodies drops 1/e of

the hypothetical value at contact. Here, e = 2.71828 is the Euler number and it should not be confused

with the elementary charge e .

Finally, considering a symmetric electrolyte distributed near planar surfaces with small surface

potentials, the solution of the linearized Poisson-Boltzmann equation (Eq. 2.19) is:

w(x)=w,exp| -x/4, | (2.23)

In the case where the spherical particle’s radius is in the order of the Debye length, one has to consider
the Poisson-Boltzmann equation in terms of the spherical symmetry [12]. For this case and for a 1:1

electrolyte, the solution has the form:

W(r)=W0§exp[—(r—R)/iD] (2.24)

which represents the surface energy of a sphere of radius R .

In addition, to describe the pair interaction potential between two equal spheres, from an extensive

derivation, yields [86]:

RA,™! "
%J Lexplr/ 2,1 (225)

l//(r)ﬂ = ﬂ’B Z‘v2£
where 4, = 62/472'80 & kT is the Bjerrum length, Z; the number of elementary charges at the

surface and » =2 R+ D is the center-to-center separation distance. The expression above (Eq. 2.25) is

known as Yukawa-type electrostatic potential.
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2.1.3.2 Electrostatic repulsion between a sphere and wall

As two macroscopic objects approach each other, an interaction energy arises. For or two charged

planar walls separated by a distance D , arepulsive contribution between the walls originates from the

osmotic pressure P(D) caused by a higher ion density in between the plates than the in the bulk

rather than direct electrostatic interactions. For a monovalent electrolyte solution, such as NaCl, the
excess of osmotic pressure generated by the ions confined in the gap gives rise to a force per unit area

that follows:

ey,

P(D)=64k,T p, tanhz(zkl//TJexpl:—D//lD:l. (2.26)

Subsequently, the interaction energy per area between the flat walls can be calculated by integrating

the previous equation and yielding:

Uiwia (D) = I:P(D)dD
(227)

ey
=64k, Tp, A, tanh’ (2]{—(}] exp[—D//lD].

B

Another system of interest is the sphere near a wall, where under the Derjaguin approximation,

addressed earlier in Subsection 2.1.2, the force between them is proportional to the interaction energy

of two walls Fgy (D )=-0Wg, (D )/GDz27ZRUWW/A (D) Then, to calculate the interaction

energy between the sphere and the wall, the integration of the force Fyy (D) through Eq. 2.26 is

performed and resulting into:

Usw(D)=1287 Rk, Tp, A, tanh’ (;ZOTJGXP[‘D/%] (2.28)

B
and simplified into

@ (D) =By exp| ~DJ 4, |- (2.29)
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Note that the notation for the potential has been changed to match the convention used in TIRM
methodology described in the next section. This approximation (Eq. 2.29) is valid for the experimental

conditions encountered in total internal reflection microscopy where the separation distances are short

( D< R) and small Debye lengths (4, < R).

The typical Derjaguin approximation for the sphere-plane system becomes questionable when the

condition of r/4, > 1 is notsatisfied, as in cases involving small particles and/or low ionic strengths,

due to the simplifications assumed in the initial expressions for the sphere-sphere limiting case of very
large radius. Thus, limiting the applicability in sphere-plate systems outside the condition of

R/, > 1. However, such conditions are often encountered in EWDLS experiments. Under these

circumstances, the linear superposition approximation (LSA), proposed by Lin et al. [57], provides a
more appropriate description for the sphere-plate interactions. In LSA, the analytical expression for the
sphere-plate electrostatic interaction is derived from the expression plate-plate interaction rather than
the sphere-sphere limiting case, thus avoiding the simplifications that limit the applicability of
Derjaguin approximation for sphere-plate systems. In simple terms, in the geometric representation
used in the LSA, the sphere is divided into two hemispheres that interact with the wall. The sphere-
plane electrostatic interaction is then obtained by summing the interactions of infinitesimal flat rings
of each hemisphere with the wall. This is calculated by applying the Derjaguin approximation but using
the expression for the plane-plane type potential, in two separate integrals with appropriate
integration limits for each hemisphere. For sake of brevity, the detailed derivation is omitted here, and

the reader is referred to dedicated literature [57]. In this framework, the electrostatic potential is given

by:

(expt=(z+ R)/ A} - exp{~(z—R)/2,))
¢ER (Z):BER R

+ 25 (exp{~(z+ R) 2 rexpi=(:- R)/2)) |

D

(2.30)

Here, the electrostatic repulsion is denoted as @, (Z) to distinguish it from the electrostatic potential
defined in Eq.2.29, z = h+ R is the distance from the wall to the sphere’ center, while /2 isthe shortest

separation between the two surfaces. The coefficient B is defined as:
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2
BER:647TR5051D759/W(I€;—TJ (2.31)
e

Here ygy =tanh(ZS’We\PS’W/4kB T) with \Ps,w being the surface potential and Zs,w the

“valency” of the sphere and the wall, respectively.

2.1.4 Gravitational potential

In addition to the interactions presented above, there is still an external force that is present anywhere.
The gravitational field acts over the macroscopic bodies as well, whether or not Brownian dynamics

dominate their movement, gravity contributes to their total interaction potential.

Large macroscopic bodies are subjected to gravitational acceleration (g ) which results in a weight

force. When these macroscopic particles are immersed in a solution, they also experience a buoyant

force that opposes sedimentation due to gravity. In this case, the resulting buoyancy-corrected weight

force G is given by:

G =My 8 (2.32)

where the effective mass M. =V, AP, the particle’s volume V, and AP = 0 e = Psotvent -

The contribution of the sphere’s gravitational energy to the total interaction potential with a wall arises
from the sphere’s effective weight acting normal to the wall’s surface. This contribution depends on the

separation distance (7 =z — R) from the wall and is expressed as:

(2.33)
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2.2 Hydrodynamic particle-wall interaction

In this section, the dynamic properties of colloidal particles are introduced, beginning with their
behavior in bulk. Then, the particular case of the particle near the wall is shown. The theoretical

contents presented provide the framework for analyzing the dynamics of colloids near the wall.

Typically, colloidal dispersions consist of macroscopic solid particles or droplets, ranging from a few
nanometers to tens of micrometers in size, which are dispersed within a liquid medium. As presented
in Section 2.1, interparticle interactions play an important role in determining the stability of the
suspension and whether the colloids aggregate or remain dispersed. In addition, solvent molecules
impart random forces on the colloidal bodies through the continuous collisions, resulting in random
motion. This phenomenon is called Brownian motion, first observed and named after Robert Brown.
Brownian motion is temperature-dependent since it is linked to the thermal kinetic energy of the
solvent molecules. As the particle size decreases, Brownian motion becomes the dominant force,

surpassing gravity in dictating particle dynamics.

Briefly, colloidal solid spheres when immersed in a fluid exhibit very low Reynolds number ( Re),
placing them in a viscous-dominated regime where the particle inertia is negligible. As a result, the fluid

motion around the particle is smooth.

Here, a sphere of radius R moving freely in the solvent has a drag force ( F'g ) of magnitude
Fo=6xnRv (2.34)

where 77 is the viscosity of the fluid and Vv is the particle’s velocity. In addition, Stock’s drag

coefficient is defined as & =67z7R .
Since Brownian motion relates to the random displacement, (R(t)), of the particle in the three-
dimensional space, this random force is modeled under the principle of random walk. In such approach,

2
the mean displacement is zero while the mean squared displacement, <R(f) > ,is proportional to both

the number of steps and the elapsed time. From this, the equation of motion of the particle is
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d’R _dR (2.35)
m +é—=F_,
dt2 dt random

with m being the particle’s mass.

By assuming that the random force, and therefore the displacements, are isotropic in space i.e.

uniformly distributed in space <x>2 = <y>2 = <Z>2, Eqg. 2.35 can be linearized as:

2 2
édi:xF B} —mxﬂ, (2.36)
2 dt rneem dr’

After using identities and substitutions, this equation is rewritten as

d{x* 2 (2.37)
éﬁ_x<F;and0m>_mi<x@>+m<(@j >
2 dt dt\ dt dt

where the average of each term had been made.

Due to the fact that the random force is uncorrelated with the particle’s position and its velocity is zero,
the first and second term of Eq. 2.37 vanish, while the average of velocity squared is non zero . At this

point, the equipartition theorem from statistical physics is brought, which states that the kinetic energy

of a molecule or particle in thermal equilibrium averages %m(vf> =1k, T per degree of freedom.

With this consideration, Eq. 2.37 becomes:

2
d<x>:2kBT (238)
dt &
and thus, the total mean squared displacement as a function of time in three dimensions is:
6k, T
<R2>: By (2.39)

Here, it is established that the mobility of a particle is diffusive and given by the Stokes-Einstein

equation for the diffusion coefficient:
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kT
_6ﬁﬂR

0 (2.40)

which considers the motion for a spherical particle of radius R diffusing in the bulk of a solvent with
viscosity 77 and at temperature 7" in Kelvin. This equation holds for dilute systems and far away from

the effect of the boundaries. This latter scenario is presented in the next subsection.

To finish with the basic hydrodynamics of colloidal particles in bulk, it should be noted that a complete
description of particle motion in a fluid requires solving the Stokes equations with appropriate
boundary conditions. Such conditions must account for the nature of the particle’s surface and its
interaction with the solvent. These detailed formalisms lie beyond the scope of this thesis, however,

interested readers are referred to standard textbooks on the subject [54].

2.2.1 Brownian motion near a wall

As a spherical particle approaches a hard, flat surface, its diffusion is strongly influenced by the wall
through the hydrodynamic effects, in addition to direct particle-wall interactions, such as electrostatic
and van der Waals interactions. The relative squeezing motion of the fluid in the narrow particle-wall
gap, known as lubrication, generates an increase in hydrodynamic friction between the no-slip rigid
surfaces. Consequently, the particle’s diffusion becomes distance-dependent and slows as it gets closer

to the wall. Furthermore, the particle’s motion becomes anisotropic as compared to diffusion in bulk,
splitting into the parallel (D”) and normal (Dl) diffusion relative to the wall surface. The

mathematical expressions describing these effects, also referred to as correction factors, are presented

below for both stick and partial slip boundary conditions.

Furthermore, the interaction between the particle and the surrounding fluid must be considered to
establish a proper hydrodynamic framework. In Figure 2.4, a schematic representation of the so-called
stick and slip boundary conditions for the Stokes equations is shown. The implications of these
conditions that modify the particle’s hydrodynamics are presented next. These terms are presented in

a simplified form to explain the particle diffusion near a wall.
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The stationary Stokes equation describes the fluid motion as:

nVv(r)-Vp(r)=0 (241)

and
Vev(r)=0 (2.42)

where V(r) and p(r) are the velocity and pressure of the fluid at position (r), respectively. In the

following, the boundary conditions applied for both the stick and slip models are presented.

No-slip Partial slip

Figure 2.4. Schematic representation of stick-slip boundary conditions for fluid velocity (red arrows) at a solid
interface. Left: the no-slip (stick) boundary condition, where the fluid is bound at the interface, resulting in zero
velocity at the wall. The velocity increases with distance following a defined profile. Right: the partial slip
boundary conditions, where the fluid at the interface is unbound and has a finite velocity. This behavior is
characterized by the slip length, defined as the distance between the interface and the point where the
extrapolated velocity profile would vanish inside the wall.

2.2.1.1 Stick (no-slip) boundary conditions

When a single sphere approaches a wall under no-slip conditions, its mobility decreases as the
separation distance diminishes. The stick boundary condition describes the most common behavior of

the motion of a fluid at smooth and impermeable interfaces, such as hard walls. The fluid velocity is
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composed of the parallel and normal components Y=V, +V, and the corresponding boundary

conditions at the interface z=0:

v |,.,=0
11 20 (243)
Vu|z:0:0

meaning that the fluid velocity at the interface surface is zero (Figure 2.4, left sketch), i.e. the fluid is
attached at the interface and thus, having the same velocity as the particle or the wall.

Then, for the non-slip Brownian motion of a single sphere near a wall, correction factors for the friction

coefficient, & , have been developed to account for the anisotropic diffusion coefficients in the parallel
(fH,DH) and normal (Cfl,Dl) components. For the parallel diffusion, a closed analytical

approximation for the correction factor §|| on the separation distance was given by Faxén [28] from

which the diffusion coefficient parallel to the wall is calculated as:

-1
OR 1(RY 45(RY' 1(RY (2.44)
D'(Z):D(’f(Z)ZD{I‘E*g(;] g(—) _E(Z” |

Here, z = h+ R is the shortest distance from the particle center to the wall, /i the surface-to-surface gap

between the wall and the particle,and R the particle radius.

For the perpendicular direction the correction factor (fL) can be described by an infinite series

according to Brenner and coworkers [30, 37]:

£ (2)= 4sinh o & n(n+1) . 2sinh[ a(2n+1) ]+(2n+1)sinh[2a] |24
. 3 S (2n-1)(2n+3) (2sinh[oz(n+1/2)])2 —((2n+1)sinh a)2

where o =cosh™ (Z /R) However, there exists a very good closed analytical approximation for such

correction factor given by Bevan et al. [8], which if introduced to the diffusion expression for the

perpendicular motion it gives:
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62> —10Rz +4R>
6z>-3Rz-R?

D (z)=D,¢ (z)=D, (2.46)

2.2.1.2  Partial slip

Boundary conditions for partial slip at fluid-solid interface (Eq. 2.47), also known as Navier boundary
conditions, describe the perpendicular component of the fluid velocity at the surface to vanish, while

parallel component is proportional to the tangential shear stress:

Vi lz20=0
(2.47)
1i
V|| |Z:O: — Xy

where G, the tangential component of the stress tensor and the slip length ﬂ“slip . This last parameter
defines the distance into the interior of the hard interface for which the near-surface velocity profile
extrapolates to zero, thereby locating the effective no-slip plane at Z = —}leip , as depicted in Figure 2.4,
right. This means that the fluid at the interface carries a finite velocity parallel to the particle’s surface.

Due to the roughness of the surface, the particles moving towards an interface can be described by

using the model of stick-slip. The slipping is characterized by the slip parameter:

- Agip (2.48)
R+3A4

slip

where 0< C 31/3. In the limiting cased where £ =0, the sphere is described as a smooth, hard
surface with the surrounding fluid adhering to its surface. Conversely, when =1/3, the particle is
depicted with some degree of roughness, allowing the adjacent fluid to maintain a tangential velocity

at the particle’s surface, thereby reducing friction. Conceptually, the slip parameter defines the

hydrodynamic radius as R, = (1 - C)R , indicating that particles exhibiting slip diffuse more rapidly.
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Ekiel-Jezewska and Wajnryb [21] described the mobility of a sphere in a fluid, with stick-slip boundary

conditions through the inverse relation between the dimensionless mobility coefficient ( 2= 621 R 1)

and the dimensionless friction coefficient (¢ = 1 / H . This friction coefficient is determined as a function

of the particle-wall distance and is numerically evaluated using the multipole expansion method,

proposed by Cichoki et al. [13, 14]:

¢(Z)=ZM:RH (1/2)" . (2.49)

n=0

On the other hand, the corresponding lubrication expression for the friction coefficient ¢ of a particle

exhibiting slip is given by the approximation [43]:

¢(e):§—Blné+C—DEIné (2.50)

where e=1-z is the dimensionless gap distance while the constants A, B,C, D depend on the slip

parameter and the type of interface where the fluid binds. Particularly, for the flat hard wall case, the
values of these constants were determined by Ekiel-Jezewska and Wajnryb by extensive numerical

simulations. For a selection of slip parameters, the corresponding values are given in Table 2.1.

The diffusion coefficient normal to the wall, under partial slip conditions, is then calculated as:

kT
D, (z)= B (2.51)
L (2) 4/ —Bine+C-Delne
S

c A B C D
1/12 0.25 3.5749 -6.2238 10.7
0.12 0.25 2.2 -2.6414 4.55

1/3 0.25 0.2 0.708214 0.033

Table 2.1. Constants used to calculate the friction coefficient related to a spherical particle approaching a flat
and solid surface as a function of the slip parameter £ . The calculated parameters for other slip parameters

can be found in M.L. Ekiel-Jezewska and E. Wajnryb, 2018 [21].
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Aslip parameter of { =1/3 corresponds to full slip while stick boundary conditions are characterized by
¢ = 0. In the latter case, Eq. 2.51 and Eq. 2.46 produce the same results for large enough separation
distances. However, for z/R <1.04, Faxén’s analytical expression returns values which deviate by more

than 10 % from the more accurate numerical simulation data.

2.2.2 Particle dynamics from one-dimensional Brownian motion

When a colloidal sphere exhibits a one-dimensional Brownian motion, such as encountered in TIRM

experiments, the one-dimensional Smoluchowski equation of motion is given by:

0P(zz,]t) & |:DL(Z)[8P(Z,ZO |t)+ﬂdq;Z(Z)P(Z,ZO 't)ﬂ (252)

or oz oz

where P(z,z0 |t) is the conditional probability function that describes the probability of finding the

particle at adistance Z atthetime 7 ,givenitwas located at a separation Z, at time zero.

De Sio and co-workers (2018) derived a mathematical approach to resolve particle dynamics spatially
[80]. From the particle one-dimensional traces, the first and second moments of the displacement
distribution are calculated and plotted versus time. The initial slopes of these plots would correspond

to the particle’s drift velocity and diffusion normal to the wall, respectively.

In principle, the mean displacement m(t,zo) of a distribution P(z,z0 |t) is defined as:
_(” _ (2.53)
m(t,zo) —IR dz(z ZO)P(Z,ZO,t)
and the mean squared displacement W(t,zo) as:

()= e Plac)



32|

By applying the right hand side of the Smoluchowski equation (Eq. 2.52) as the time derivatives on

m(t,zo) and W(t,zo) one gets:

Ut ]
and
L ey g ]

respectively.

The simplification of both equations by implementing a two-fold integration by parts leads to

<vdﬁﬁ(z)>:%:j:dzp(z,zo |t)[dD;—Z(Z)_IgDL(Z)dq;_§Z)} (2.57)

where the drift velocity is identified as

dD (z dd(z (2.58)
vdrift(Z): dz( )_ﬂDJ_(Z) di )

while the mean squared displacement derivate is simplified as:

dw(t,z o
% :2IR dzP(z,z0 |t)|:Dl (Z)+(Z—Zo)vdriﬁ] (2.59)

= 2<[DL (Z)+(Z_Zo)vdriﬂ]>

By introducing the Taylor expansions for small displacements into equations Eq. 2.55 and Eq. 2.56 and

solving the integrals yields:
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dm(t,z dvy. (z d’v, . (z (2.60)
(dt 0):V(ZO)+m(t,zo) d;zf 0)+_W(t’zo)—;’ztoz( °)+...
and
dw(t,z dD, (z
flt 0).:2DL(ZO)+2m(t,ZO)(_:ZZ(O 0)+Vdn'ﬁ(zo)] (261)

2
+2W(t,20)(% 4 ? (ZZO) + dvdj; (ZO))#..
2y 20

With this, the short-time evolution of the mean displacement and mean squared displacement can be

obtained by taking the generic short-time expansions of m(t,zo):a“t+a12t2 and

W(t,zo)=a21t+a22 t* to then perform their derivation with respect to time. By comparing and

matching the coefficients with those in Eq. 2.60 and Eq. 2.61, it finally yields:

1 dvg.(z d’v, .z
m(tszo):vdrift (ZO)t+§[vdnft(ZO)%0)+DJ_ZO #g())]tz (2.62)

and

w(t.z,)=2D, (z,)t

2
+|:vdrift (Zo)(d%(zo)-derm (ZO)]-FDJ_ (zo)(d 5; EZO) +2 dvd;th(ZO)J:|t2
0 0

In this way, the equations above establish the relationship between the first and second moments of
the particle’s displacement distribution and the dynamic properties of drift velocity and perpendicular
diffusion, respectively. These properties can be determined from the initial slopes of the mean
displacement and mean squared displacement versus time curves, respectively, when evaluated at

short times.
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3 Experimental and numerical
methods

In order to address the particles’ near-wall interactions and dynamics, measurements of their scattered
light near solid-liquid interfaces were measured by Evanescent Wave Dynamic Light Scattering (EWDLS)
and Total Internal Reflection Microscopy (TIRM). These techniques use evanescent waves, produced by
the total internal reflection of a laser beam, as the illumination source near interfaces. Given the
relationship between the wall-particles’ separation distance with the exponentially decaying
illumination profile, both techniques are depth-sensitive and suitable to measure either static
interaction potentials or/and dynamic properties at the nanoscale. In a general picture, from these
techniques it is possible to acquire the light scattered by probe spheres near a glass wall, which carry
the raw information that can be analyzed to determine the particles’ near-wall interactions and

dynamics.

In the present chapter, both evanescent wave-based experimental techniques and their respective
analyses are explained. Additionally, numerical simulations were developed for the purpose of
complementing the experimental findings and expanding the explanations. Furthermore, a subsection
dedicated to experimental noise considerations (shot and background noise) is included. Such noises
are inherentin any scattering technique but here analyzed for TIRM. In the end, there is a description of

samples used in each experimental method.

3.1 Evanescent Wave Dynamic Light Scattering (EWDLS)

EWDLS allows the study of dynamic properties of colloidal particles undergoing Brownian motion close
to a glass-aqueous solution interface. The measurement principle of EWDLS is equivalent to

conventional dynamic light scattering in the sense that time auto-correlation functions of the scattered
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intensity from an ensemble of particles are measured. However, the illumination of the scattering
volume is fundamentally different in EWDLS and as a consequence the analytical formulation of the

scattering vector is significantly more complicated. These aspects are discussed in the following.

As previously mentioned, the evanescent wave illuminates the near-wall particles up to a certain
distance characterized by the so-called penetration depth (introduced later). Nevertheless, the
retrieved dynamic information represents a quantity which is averaged over the illuminated volume
where an ensemble of particles is present. As discussed in the “Theoretical Background” chapter, the
Brownian motion of particles near an interface is slower than in the bulk due to hydrodynamic
interactions with the surface, with the extent of this slowdown depending on the particle-wall
separation distance, hereafter termed “height”. Further the motion becomes spatially anisotropic, i. e.
generally motion parallel to the interface is faster than in the normal direction. Owing the
characteristics of the evanescent illumination, the experimental diffusion coefficients are integrated
over heights and particles size distributions. Different from other EWDLS set-ups, the one used in this

work has the particularity of measuring independently the geometric components of particles’
diffusion constants near the wall, i. e. diffusion constant parallel <DH > and normal <DL > to the wall (the
pointed brackets indicate averaging over the evanescent illumination profile), by decomposing
experimentally the scattering vector into its parallel (Q”) and normal (0, ) components, respectively.

In the following, a detailed description of the experimental set-up, data analysis and numerical

calculations is presented.

3.1.1 EWDLS conceptualization and analytical foundation

EWDLS requires a coherent and monochromatic light source which will be scattered by the colloidal
particles in the sample cell. In order to illuminate the colloidal suspension near the wall, the technique
relies on the evanescent wave, produced by the total internal reflection of a laser beam at the

glass/solution interface (Figure 3.1 left panel). The laser beam travels within a dense dielectric medium,

which has a refractive index 77, , and gets totally reflected when it hits the less dense second medium

(n, >n,). At the interface, the beam has an incident angle &, such that &; 2@ where O is the
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critical angle for total internal reflection and is given by Snell’s Law: «. =sin™ [nz/nl]. Then, an

evanescent wave is created at the interface which propagates along the interface for a short distance

of the order of the wavelength. The electric field of this wave extends into the less dense medium which

in this case is the colloidal suspension. The associated field strength, E(z) , decays exponentially with

distance Z along the normal interface:

E:Eoexp{%z} (3.1)

where /2 is the inverse of the penetration depth of the evanescent field, which in turn, depends on

the refractive indexes, the incident angle &; and the laser’s vacuum wavelength /10 :

\S)

T . 2 o)
ZTOJ(HISIHQi) —}’122 (3 )

N | R

The evanescent wave has an associated wave vector kE along the interface in the direction of

propagation. The wave vector of the scattered light ks has the same magnitude as kE and its direction
is determined by the position of the detecting unit as shown in Figure 3.1 right panel. The difference

between these two vectors is the scattering vector Q@ =k —k ;. and its magnitudeis O =, /QHZ +07 .

The scattering vector is then geometrically separated into its components: the parallel scattering vector

and the normal scattering vector. The parallel scattering component is given by

27rn2\/1+cosza, —2cosfcosa,

9, = 7 (3.3)

and the normal component follows:
_2znysina,

= (3.4
i 7 )
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Figure 3.1. Scheme of EW formation inside the sample cell. The spherically shaped cell is built by two parts:

the upper part is a hemispherical dome shell which contains the colloidal suspension ( 7, ). The bottom part is
a hemisphere made of high refractive index solid quartz glass (SF10, #2;). Left panel: a laser beam hits the
bottom side of the glass/solution interface with a particular angle of incidence &; > &~ to achieve total
internal refraction. The created evanescent wave has an exponentially decaying field strength £ (Z) as stated
in Eq. 3.1. Right panel: sketch of sample cell and the resulting scattering vector Q = ks —kE . Additionally, the

decomposition of @ into its geometric components parallel (QH Jand normal ( QL ) components is shown.

The experimental set up’ configuration allows for varying angles @ and &, independently. In this

way, it is possible to experimentally change only one of the scattering vector components while the
other remains constant. Eventually, this results in measurements of the averaged diffusion constats
parallel and normal to the wall separately. As will be explained soon, the initial slopes of the

experimental intensity auto-correlation functions depend linearly on the squared scattering vector

components, QH or Ql with slopes that are proportional to <DH> and <DL>.

3.1.2 EWDLS experimental set-up, sample cell and alignment

The experimental set-up is built in-house based on a three-axis goniometer (Huber Diffraktionstechnik,

Rimsting, Germany). One goniometer is used to manipulate the incident angle of the laser source and
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the other two are used to change the angles (€, @,) for the detector’s position. A sketch of the

experimental set-up is shown in Figure 3.2.

The goniometer arm, which carries the light source (Nd/Yag laser; wavelength in vacuum /10 =532 nm;
nominal power value 0.3 W, Excelsior, Spectra Physics) moves around the x-axis normal to the paper
plane allowing the change of the angle of incidence ;. Consequently, the penetration depth changes

according to Eq. 3.2. Further this arm holds a grey density filters carousel, a 1/2 plate, a polarizer and

alens.

Then in the center of the set-up, sits an ensemble of devices: a goniometer (0, turning the sample
around the vertical z-axis), two circle segment cradles ( ¥, ¥,, tilting the sample cell with respect to
the x- and y-axis respectively) and three linear stages (translating the sample along the x-, y- and z-axis).
Each device serves the sample cell alignment by rotation, inclination and translation, respectively. The

proper alignment sets the center of the sample cell at the intersection of the three axes of the set-up

and the reflecting surface parallel to the xy-plane.

The detector unit consists of an ALV/SO-SIPD single photon counting unit equipped with an internal
50/50 beam splitter and two single photon detecting photo-multiplier tubes. Both devices are mounted

on the goniometer arm opposite the laser. The detector’s arm is mounted on two goniometers that

move the detector’s position along the § angle (horizontal plane) and @, angle (outside the horizontal

plane) allowing independent changes of the magnitude of scattering vector components Q” and QL .

The photomultipliers’ signalis cross correlated by a LS Instruments (LSI) multiple- 7 correlator to yield
the time auto correlation function of the scattered intensity. The whole hardware of the experimental
set-up is controlled by a LS Instruments box through the EWDLS Manager v1.0.2.2 software (custom
made, LS Instruments AG, Switzerland). With that, all the motor-controlled stages and goniometers can

be moved either for alignment or setting-up experiments.
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Figure 3.2. Design sketch of the EWDLS experimental set-up and its geometry. The following components are
labeled in the sketch: laser (L), neutral density filter wheel (A), a 1/2 plate, polarizers (P1,2), detector unit

(OES), a fiber splitter, a pair of avalanche diodes (AD) and various positioning units (a). Reproduced from Ref.
[59] in which, different from the current work, avalanche diodes were used as photon counting units.

The sample cell, shown in Figure 3.1, consists of two parts: a semi spherical glass lens as the bottom
part (SF10 glass, 77, =1.736 at the used /10 ) and, a hemispherical dome on top completing the spherical

shape of the sample cell. Both glass parts were custom-made by Hellma GmbH, Miillheim, Germany.

The volume between the flat face of the lens and the dome is filled with colloidal suspension. Typically,
the solvent’s refractive index is 7, =1.333. A complete description of the colloidal suspensions used is
presented in Subsection 3.4.1.

For reproducible positioning of the measuring cell, the lower lens part is glued to a kinematic three-

point bearing. The flat surface of the lens is precisely adjusted into the apparatus, then the upper part

of the cellis placed on top and filled with the sample solution. The alignment of the bottom partis done

as follows: firstly, the laser arm is set to &;= 0 and the detector is moved to the position where the



40 |

maximum intensity from the attenuated laser beam is recorded by scanning @ and, . The resulting

detector’s angles aresetas @ =0and &, =0. Then, the sample cell without the dome, is placed in the

set-up first aligned concerning its tilt. To that end, the following steps are performed:

(i)

(if)

(iii)

The planar face of the cell must be aligned to the horizontal plane, as defined by @ . To
check this, the laser is positioned in a way that the beam hits the lens’ plane surface from
above, and the reflected beam is projected onto a screen on a wall a few meters away. Then,

the sample cell is turned around the axis, defined by @, from 0 to 180° degree, which will
typically lead to vertical displacements of the projected beam on the screen. Then the %,

cradle is inclined to the angle Ay at which the mentioned displacement is removed and

finally the cradle position is set to }, = A}(/z. The same procedure is repeated for the

angles M= 90° and 270° and with the }, cradle. The entire process involving the two

cradles is repeated until a full 360 degree turn of M will not cause any displacement of the
laser spot on the screen. With this procedure it is assured that the deviation of the reflecting

plane from the machine internal xy-plane is smaller than 0.3 mrad in either direction.

The height of the reflecting surface must be levelled with the laser beam. To this end, the
laser angle &; and the detector’s angle, , are first set to zero (devices on the horizontal

plane and opposite to each other) and, the position of the beam on the detector arm is
marked with a pinhole, then both arms are moved to the same angle above the surface. If
the point of impact of the laser has travelled away from the pinhole as a result, the height
of the cell’s flat surface is corrected by tuning the z-stage until the laser hits the pinhole
again. After this step, the deviation of the planar surface’s z-position from the machine

internal z= 0 position is of the order of 1 micrometer.

For the alignment of the x- and y- positions of the cell, a similar procedure as for the
correction of the inclination is applied. This time, the laser is reflected from the bottom side
of the interface and displacements of the spot on the screen due to turns around ® are

corrected by adjusting the x- and y-stages. This procedure results in the poorest alignment
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accuracy of all steps, since the laser beam is significantly expanded by travelling through
the lens-shaped bottom part. The errors in the x- and y-position of the sample cell may be

as large as 0.1 mm

Once the bottom part of the sample cellis aligned, the dome is put on top and sealed with a non-soluble
vacuum grease. Then, it is filled with the sample solution through tubes mounted in the pole region of

the cell.

3.1.3 Analysis of dynamic properties

In the EWDLS technique, the scattering signal from the colloidal particles which are close to the
interface is acquired. The temporal fluctuation of the scattered intensity carries information about the

dynamics of the particles close to the wall. A correlator device computes the intensity correlation
function g, (t), which in turn is then used to calculate the field autocorrelation function g, (t) , being

f the lagtime. The latter is directly related to physical properties of the particles, such as their diffusion

coefficient. The analytical basis of the necessary computation is described below.

In the case of intensity autocorrelation function ¢, (t) (Figure 3.3 top panel) measured in an EWDLS

experiment, it is considered that the scattered intensity has a contribution coming from colloidal
particles and another from the surface roughness. Then, it is expected to acquire a mix of homodyne
and heterodyne detection. The mathematical expression for this case of the intensity autocorrelation

function follows the generalized Siegert relation [32, 33, 75]:

2 (1)=1+2Cg, (1) +(Cg, (¢)) (3.5)

where C,=C,—C} and C,=1-+1-4 being A the intercept of the experimental intensity

autocorrelation function g, (l) Next, g, (Z) is translated to the field autocorrelation function g, (t)

by means of Eq. 3.5.
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The short time part of the g, (t) curves (Figure 3.3 bottom panel) are fitted using a nonlinear least

square fitting routine, where the field-autocorrelation function is approximated as a time-decaying

single exponential function given by:

gl(f)2(1—1’31)exp[—1“t]+Bl (3.6)

where Bl is a baseline, used for the larger relaxation times in the curve, and I istheinitial decay rate

of the field autocorrelation function. Additionally, Bl, is related to the baseline 32 of the intensity

5 1/2
autocorrelation function by 31 :[(Cl /Cz) +32 /sz} —C1 /C22. Consequently, there are three

independent parameters to fit: A4, B2 and I".

To increase the reliability of the best fitting parameters, the curves are fitted for short times, starting
with a manually chosen number data points, Np . After the fit converges, the fitting process restarts
but with two less data points at the long-time end. The process is done repeatedly and the fitting
parameters with the resulting mean squared deviations, §7, are plotted as a function of Np . These
plots typically show regions in which neither the parametersnor §° vary significantly with the number
of points. The I values found within this range are established as the initial slope of g, (l‘) To this
end, an executable tool, developed in-house and described in detail elsewhere [75] was employed,

which does the conversion from g, (l‘) to g (t) and the fitting automatically.

On the other hand, the initial slope is directly related to the diffusion constants, parallel and normal to

the wall, as follows [58]:

F:QH2<DH>K+{Q£+KTJ<DL>K (3.7)
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Figure 3.3. Top panel: intensity autocorrelation functions measured on the same sample but at different
parallel scattering vectors while the normal scattering vector component remains fixed. Bottom panel: field
autocorrelation functions of the same sample but at different parallel scattering vectors. The curves are fitted

according to Eqg. 3.6 in order to get the initial slope I atthose scattering vectors.
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As mentioned before, the advantage of changing ¢ while fixed @, independently is to allow the

variation of the parallel scattering vector’s magnitude while the normal component is kept constant.

This means that one can determine the parallel component of the diffusion constant as the slope of a

plotof I vs Q”2 at fixed Qi . For this, the measurements are performed at least three times to obtain
an averaged <F> with standard deviations. Next, the averaged initial decay rates <F> are plotted

(Figure 3.4) as a function of Q”2 Then, the linear fit to these points is done and the slope is twice the

diffusion constant value <Du L> at the pre-set penetration depth. Then, the process is repeated for
’ K

different penetration depths.

This procedure applies as well to the computation of the diffusion constants normal to the wall, where
the out-of-plane angle @, and in-plane angle § are moved to maintain the Q[ values fixed, according

to Eq. 3.3,3.4and 3.7.

Q, scan (at Q, constant)

® |Initial slopes I
03 Linearfit i
Slope = 779.41 nm?/ms = 2(D,),
"p 02+ é i
S
c
0.1 .
0.0

1.0E-04 2.0E-04 3.0E-04 4.0E-04
Q||2 (nm-z)

Figure 3.4. Average initial slopes vs. parallel scattering vector component squared. Points are experimental
data obtained at a particular penetration depth. The red line is a linear fit, the slope of which is the diffusion

constant parallel to the wall <l)“>l( . A similar process is done when calculating the normal diffusion constant

(omitted in the graph for simplicity).
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The whole procedure is repeated for all the penetration depths, i.e. for different incident angles &; in

order to obtain the near-wall dynamics profile along the normalized distances as shown in Figure 3.5.

The process is followed for both components of diffusion: parallel and normal to the interface.

0.6
o 04}
O
~ @ Lisicki et al. (2012)
@/ — Faxen (1923)

02r

*
0 2 4 6

2/xRR)

Figure 3.5. Example of near-wall dynamics of hard spheres where their normalized mean diffusion coefficients
parallel to the surface as a function of normalized penetration depth is shown. Analytical data from Lisicki et
al. 2012 (blue rhomboids) and Faxen model [28] (solid line) for near-wall dynamics of hard spheres.

3.1.4 Calculations of the colloidal near-wall diffusion constants

As the diffusion coefficients are associated to the initial slope of the field autocorrelation functions

through their decay rate, I, these quantities are analytically calculated as follows:

[, ep{-po(exn(x3)| D, ()07 +D, ()0 ++74 o
J:o exp {—ﬂ¢(z)} exp {—K z} dz

(3.8)
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which reduces to the linear relation shown in Eq 3.7, describing I as a function of the diffusion
coefficients averaged over the decaying illumination profile for the case of non-interacting
monodisperse particles. As for the analytical expressions for the diffusion constants, the parallel

component is given by Eqg. 2.44 and the normal component by Eq. 2.46 presented in Subsection 2.2.1.1.

3.1.4.1 Particle-wall interaction potential

The total interaction potential ¢(Z) between the particles and the wall is modeled as the
superposition of three major contributions: an attractive van der Waals term, @,y (Z), a repulsive

electrostatic term, @, (Z) , and the attractive gravitational term @ (Z) All these potentials are

described in detail in Section 2.1.

The distance dependence of the attractive van der Waals term between a spherical body and a flat

surface, is given by

Ay| R R zZ+R
=—— 1 3.9
¢VdW(Z) 6 |:Z—R+Z+R+H(Z—R):| (39

where the strength of the interaction is given by the Hamaker constant A4, which is mainly

determined by the dielectric constants of the colloid, the wall and the solvent [42]. In the numerical
calculations, this parameter is varied to systematically increase or decrease the strength of the

attractive component of the total potential.

The electrostatic repulsion expression is based on the linear superposition approximation by Lin et al.

[571:

(exp{—(z+R)//lD}—eXp‘{_(Z_R)/ﬂ‘D})

ben (2) = Bue +§(exp{_(z+R)//1D}+€XP{_(Z_R)/]“D})

D

(3.10)

with BER ,describedinEq.2.31,as an adjustable parameter to vary the repulsive component of the total

interaction potential.
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The gravitational potential is calculated by the buoyancy-corrected mass of a sphere, having the

expression:

b, (z)=§ﬂR3Apng (3.11)

being AP, the difference of mass density of the particle and the solvent and g the acceleration of

gravity.

3.1.4.2  Considerations of polydispersity and particle morphology

In the cases where the particles are not smooth spheres and/or if they are polydisperse in size, the

expression for the decay rates, in Eq. 3.8, becomes more complex due to the introduction of two factors:
the near-wall scattering amplitude, By (Q,R), and the size distribution function P(R), being a

Gaussian normal distribution function with mean value £ and standard deviation O .

The general expression for the decay rates with the previous considerations is given by:

w (0., R)P(R a’R.[wexp —ﬂ¢(z)}exp{—1€z} D(Q,x,R)dz

f B2y (0., R)P(R)dR [ exp{~B ()} exp{r =}z (3.12)

(1) -8

being D(Q,x,R) =D, (z) Of + D, (2)(Q7F +x7 /4).
The form amplitude of a spherical particle in an exponential illumination profile, is given by [75]:

J._lld,uj.ol 2 cos(QLy,uR)exp {yuxR/2}J, (Q“/l —,uzyR)dy

| (3.13)
+iJ‘O 2 sin (O, yuR)exp{yuxR/2} J, (Q”\/l —~ ,uzyR)dy

By (0,x,R)=27R’

where JO is the zero order Bessel-function of the first kind.
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The hollow shell can be thoght as a core-shell particle with a core of radius R with scattering length
density O while the outer shell part has aradius R and a scattering length density of 0. The form

amplitude for a core shell particle with 3= R,. /R is given by:

Byw (Q||’QJ_$K>RC3R)= 27R?
- R
J.og Y COS(QL)’/UR)CXP{ yllle }JO (Qu\ll—,uzyR)dy

+iI: ¥’ sin(Q, yuR)exp {%}JO (Q”,/l—,uzyR)a’y (3.14)
[ COS(QLWR)GXP{_WKR}JO (Q|J1—ﬂ2yR)dy

[ pedu

2

+lJ.; y2 Sln(QlyﬂR)exp{#}Jo (leyR)dy

+pS

For hollow penetrable shells, the scattering length density O hasto be setto the value of the solvent.

The rough particles used in some of the experiments can be thought of as the limiting case of core shell
particles where the size of the spherical core is very large compared to the asperities, which in turn, are
distributed randomly over the spherical surface. Thereby creating an effective outer layer with a very
small thickness compared to the used wavelength, and a scattering length density between the values
of the solvent and the particle material. For this kind of particles, the form amplitude can be

approximated by Eq. 3.14 using an adjustable value for the scattering length density of the shell.

3.2 Total Internal Reflection Microscopy (TIRM)

This technique allows the measurement of the static interaction potential of a single colloidal sphere
with a hard wall, which in this case is a glass surface. Additionally, the measured intensity trace can be

used to compute the particles’ near-wall dynamics, specifically the normalized diffusion coefficient
D, (h)/DO and the drift velocity V., (h), both perpendicular to the wall. In the following, the

fundamentals of the technique and its experimental implementation are presented. At the end of the
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subchapter, the methodological approach to tackling inevitable noise effects (shot and background) in

TIRM experiments is shown.

3.2.1 TIRM conceptualization and analytical foundations

In a TIRM experiment, a colloidal sphere located within the evanescent field scatters this

electromagnetic radiation in the form of light ( 7 oc £?). The intensity is expressed in photon counts per
second, and units typically in kHz. Changes in the particle-wall separation distance i, are seen as
fluctuations in the intensity of the scattered light I . Meanwhile, it is assumed that parallel motion

does not affect intensity. The relation between the intensity of the scattered light with height is given

by:

I(h)=1,exp[-h/x] (3.15)

where Io is the maximum scattered intensity when the particle is touching the glass: I (h = O) =],.

It is important to note that j is the shortest surface to surface separation, differently from the distance
z usedin EWDLS experiments. The two quantities are related by z= R+ ,with R beingthe particle’s

radius.

In a typical experiment, a time intensity trace with a large number of intensity data points (~1E6) and a

time resolution of At=2 msisacquired to build the histogram of intensities using small bin widths. The

purpose of measuring large data sets is to make the histogram a good approximate the probability
density function of intensities, which can be related to the distribution of heights (Figure 3.6) using the

following relation to convert the intensity values (center bin values) to separation distances:

1 3.16
h=x" ln(—OJ ( )
IS
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Figure 3.6. From the intensity trace (insert), a histogram of intensities (black) is obtained from which a
histogram of distances (blue) is constructed via Eq. 3.16. For small enough bin widths both distributions are
good approximations for probability density functions of the respective quantities. For the calculation of the
interaction potential the most frequent value needs to be identified.

3.2.1.1  Particle-wall interaction potential measured by TIRM

The probability to observe any intensity value is equal to the probability that the particle is at the

corresponding height:
p(I5(h)) dI;(h)=p(h)dn (3.17)

with the approximation that the histogram of intensities is a good representation of the probability

density, this can be rewritten as:
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N(IS (hl)) 815 (h)

2N (15 (n)) on

where the first factor on the right side represents an approximation of the probability distribution of

p(h)z

(3.18)

intensities as a function of height. It is determined by the ratio of occurrences of the intensity /¢ (h,)

with the total number of acquired intensities. Then, applying the indicated partial derivative to the

expression in Eq. 3.15, the approximation becomes:

N(7s(n))
ziN(IS (,

p(h)= —(K‘_I)IO exp{—(lc_l)h}

) =1 (h)(x")

On the other hand, the probability density function p(h) is related to its potential energy by

Boltzmann’s law. This relation is given by:

kyT

p(h)=p(href)exp{— AW)} (3.20)

where /1 is an arbitrary chosen separation distance as reference, A¢(h) =¢(h)—¢(href) is the
potential difference between separation distance s and href, respectively. The thermal energy unit,

k T ,is given by the Boltzmann constant times the temperature 7" in Kelvin.

Thus, it is possible to compute the difference of the potential A¢(h) in thermal units, by solving Eq.
3.20 for it. Since, Eqg. 3.19 is valid for all separation distances, including the one where the potential has
its minimum A =" ., the ratio p(hmjn )/p(h) can be calculated, and the potential difference is

determined by:

Ag(h) =lnp(hmin) ~In N(I(hmin))l(hnu'n) (3.21)
kyT p(h) N(I(h))1(h)
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Figure 3.7 shows the potential interaction between a probe particle and the glass wall, obtained by
applying the previous equation to measured data.

The particle-wall potential is mainly given by the superposition of an attractive gravitational potential
D (h) (Eq. 2.33) in combination with the repulsive electrostatic potential @, (h) (Eq. 2.29). The

resulting total potential has a single local minimum which is given by the particle’s weight being large
enough to outweigh the electrostatic repulsion force beyond a certain separation distance. For typical

polystyrene probe particles, with a density difference to the solvent of Ap =55 g/ml, this is possible if

their radius is in the micron range. Then, the range of the electrostatic repulsion is much smaller than
the particle radius and Derjaguin approximation [42] can be applied with which the expression for the

total potential simplifies to:

(1) =By exp| =/ Ay |+ Gy h (322)

where G is the buoyance corrected weight of the spherical particle. In some particular experiments,

weak optical tweezers might be applied to avoid lateral particle motion. Then, the external force caused

by the photon pressure should be included in the total interaction potential.

The electrostatic amplitude By, is a complicated variable to measure experimentally since the surface
potentials of the wall and the particle are involved. However, according to Eq. 3.21, the interaction

potential can be determined by the difference of potentials: Ag(/4 )=¢p(h )—¢(hmm). Noticing that
Eq. 3.22 has a single minimum at 4, /4, = ln[BER/Geff /lD] [71], the potential difference can be

expressed without explicit dependence on By :

A¢(h) =G o Ap [CXP{_(h—hmin )/ﬂD} —1:|+ G (h_hmin) (3.23)

Note that in this form both sides of the equation are expressed in absolute energy units. To obtain the

potential difference in thermal energy units, as required by Eq. 3.21, both sides must be divided by kB T.
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Figure 3.7. Experimentally determined interaction potential (red dots) as a function of separation distance for

a Polystyrene particle with radius R =3 um. The solid black line is computed from non-linear least squares
fitting of the model potential in Eq. 3.23. The parameters describing the potential are determined from such

fitting as floating parameters: effective gravitational force (Geff ), height of equilibrium (hmin) and Debye

length ( /1D ).

In practice, the output of the TIRM instrument is a single row file of intensities values as photomultiplier
count rates. For data analysis these were imported into the OriginPro software (version2019, 64 Bit) to

use the built-in tool to make the histograms and calculate the interaction potentials according to Eq.

3.21. The physical properties describing the potential, Debye screening length (ZD ), effective

gravitational force (G ) and the separation distance from the potential minimum (h_.), are

determined by non-linear least-squares fitting, according to Eq. 3.23. An example is shown in Figure 3.7.
The fitting is performed with either with the fitting tool built into OriginPro or with an algorithm coded

in-house which allowed for the simultaneous fitting of multiple potentials.



54 |

3.2.1.2  Single particle near-wall dynamics measured by TIRM

The intensity traces measured with a TIRM set-up were recorded with a sampling time At=2 ms and

then translated into one-dimensional trajectories using Eq. 3.16. From these trajectories, the spatially

resolved dynamic properties of the colloid near the wall can be calculated, specifically the local

diffusion coefficient normal to the wall, D (h), and the local drift velocity, Vs (h) .

For simplicity, the following mathematical description is detailed according to the distance Z , where
z=h+R,being j the surface-to-surface separation distance and R the particle’s radius. The results

for these dynamic properties will be shown with respect to 1 asis customary in literature on TIRM.

As stated in Section 2.2.2, the analytical approach for single particle near-wall dynamics was proposed
by de Sio et al. [80]. This approach is based on the derivation of a short time expansion for the mean,
m(t,z), and the mean-squared one-dimensional displacements, W(t,z) of the particle along the

surface normal. The expressions are:

m(l,z) = v(z)t+%{v(z) av(z) +D, (z) o V(Z)}tz (3.24)

Oz

and

8DL(Z) GZDL(Z)

W(t,z)=2D, (Z)l+|:V(Z)(T+V(Z))+DJ_ (2)( Py +26‘;£Z)H12 (3.25)

respectively.

It is important to note that D, (h) represent spatially resolved values of the average quantity <DL>

K}

which is measured in the EWDLS experiments. For better distinguishability, we use different notations.
Practically, D, (h) and Vs (h) are determined from the trajectories in two steps as sketched in Figure
3.8. Firstly, the probability distribution p(z—zo) for a particle displacement Az =Z—Z, during a

delay time is determined for a selected starting value Z. The first and second moments of these
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distributions are the mean displacement m(t,z) and mean squared displacement W(t,z),

respectively. This procedure is repeated for various delay times.

Secondly, the initial slopes of m(t, ZO) and W(t, ZO) as a function of  are identified as v, (zo) and

2D, (zo) accordingto Eq. 3.24 and 3.25, where the subscript '0' is omitted for convenience of notation.

The data analysis, for both experimental and simulated data (presented in the next subsection), is
performed by using an executable program “TIRMDyn.exe”, coded inhouse by Peter R. Lang, which

follows the described methodology.

Analytically, the particle’s drift velocity arises as a consequence of the hydrodynamic and static

interactions between that particle with the wall. Then, the drift velocity is described as:

oD, (z ob(h (3.26)
()= 2 220

where fi= l/kB T is the inverse of thermal unit and the height-dependent normal diffusion coefficient,

D, (Z) depends on the closest distance between the particle's center of mass and thewall z=/4+R.

The normal diffusion is calculated using the approximation by Bevan et al. [8] in Eq. 2.46, which can also

be expressed in terms of the closest surface to surface separation, which is typically used in TIRM:

6h° +2hR (3.27)
O 6h% +9hR +2R?

D, (h)=D
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Figure 3.8. Derivation of the dynamic properties of the system. From the intensity traces, the probability
distribution for displacements Z —Z,, (top left) is calculated for a given time At, and repeated for progressive
times. Then, the means of the distribution <Z —ZO> as a function of time are determined (top right), whereby
the slope of their linear extrapolation for short times gives the drift velocity at the given ho . Iterations over

different ho yield the drift velocity dependence on the separation distance (bottom right, black squares). In

parallel, the mean squared displacement <| z—z |2> as a function of delay times are computed (bottom). The
slope from the linear extrapolation for short times results into twice the local normal diffusion coefficient at
that given ho- Consecutive calculations for different separation distance determine the normal diffusion

profile over the separation distances (bottom right, red circles).

Recalling from Subsection 2.2.1.1, these expressions for normal diffusion and drift velocity are valid for
hydrodynamic stick boundary conditions. However, as mentioned in previous chapter, due to a variety
of reasons, among which roughness of the particles and/or the wall surface, can affect the friction

coefficient and cause partial slip. For this case, Jeffrey and Onishi [43] introduced an expression for the
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friction normal to the wall which can be translated to the near wall diffusion coefficient under partial

slip conditions:

) kyT
DL(Z)_%—Bln(e)+C—Deln(e)

(3.28)

with e= z/R —1 and the parameters 4 to D, computed for a limited number of slip parameters (¢)

by Ekiel-Jezewska and Wajnryb [21], given in Table 2.1.

3.2.1.3 Simulated data of a particle near the wall

The simulation of a single particle diffusing near a wall is based on the algorithm suggested by Sholl et
al for Brownian dynamics simulations, which in turn, it is adapted from Ermak and Buckholz [23]
Brownian dynamics simulation algorithm for particles diffusing with inhomogeneous friction
coefficients. There, it is considered the separation distance between the particle and the wall is only a
fraction of its radius [79]. The computation of the vertical displacements of a sphere, within a time
interval, considers the following: i) a distance-dependent friction coefficient; ii) a force acting on the
sphere due to the static interaction with the wall, and; iii) a random term caused by Brownian motion.

In this scenario, the particle displacement is given by:

Az:—/f—l(z)az(z)AH—aDL(z)AH@ [2D (z)At (3.29)

z 0z

where AZ=Z(t+At)—Z(t) is the displacement, é_l (Z) is the height-dependent friction

coefficient, ¢(Z) is the potentialand ® is a random number from a Gaussian distribution with mean

zero.

In typical simulation, traces with 1E6 data points were calculated with asampling time At=2ms,among
other parameters, to reproduce the conditions in a TIRM experiment. After the simulation of the one-
dimensional trajectories, these are translated into scattered light traces. These can be analyzed in the
same way as described above for the experimental data. Additionally, an important assumption is that

within the sampling time interval the forces acting on the particle remain constant; a concept that will
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be revisited later. Finally, the starting positions in the simulation were chosen to be the most probable

positions which are related to the minimum value in the interaction potential.

3.2.2 TIRM experimental set-up and sample cell

The experimental set-up, built in-house, (Figure 3.9) has a 15 mW HeNe laser (10 =632.8 nm, Melles
Griot, NY, USA) as the light source. The laser is mounted on a motorized goniometer (Linos, Germany),
allowing precise and reproducible adjustments of the incident laser angle 0, relative to the

horizontal. If necessary, a neutral density (ND) filter can be placed at the laser output to reduce

illumination intensity.

The laser beam is directed onto a dove prism (nglass= 1.51, BK7 glass, Edmund Optics, NJ, USA) at an
incident angle and then refracted through the glass. The sample cell, made of BK7 cover slips, is
attached to the prism using index-matching oil (7,;; = 1.51, Immersol™ 518F, Carl Zeiss Jena GmbH,

Germany) to ensure continuity in refractive index between sample cell and prism. In this way, the beam
travels unaffected until it reaches the glass/water interface, where total internal reflection occurs if the

incident angle is properly set.

Above the sample cell, the microscope-detector system is clamped onto an X-95 rail system (Linos,
Germany). An infinity corrected 40X SCLPlanFI objective (f = 6.5-8.3, NA = 0.55, Olympus, Japan) is
placed over the sample cell to collect the scattered light. Additionally, this objective is used to create

an optical tweezer (OT) when required, by illuminating it through its back focal plane with a green laser

beam (/10T =532 nm, Verdi V2 solid state Nd:Yag, Coherent, CA, USA).

Sitting above the objective, a dichroic mirror transmits the red light towards the detector while it
reflects the green laser beam out from the observation path. Then, a 50:50 beam splitter is placed to
direct equal fractions of the scattered light towards two detection systems: a photomultiplier tube
(PMT) (Hamamatsu H7421-40, Hamamatsu, Japan) which is read out by a digital counter card (National
Instruments, NI-6602, TX, USA), and to a CCD camera (Photometrics Cascade 1 K, AZ, USA). To optimize

the signal-to-noise ratio, an 800 um pinhole is placed in front of the PMT as spatial filter, and an
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interference filter blocks unwanted wavelengths different from 632 nm. Additionally, a white light lamp
is positioned below the setup allowing illumination for visualization of the sample and selecting

particles for experiments.

The experimental set-up is managed by three different software packages. The planar stages, on which
the set-up sits, and the goniometer on which the laser is held, are moved by the software M40Demol
which is used for alignment and sample repositioning. To operate the camera, Micromanager 1.3
(ImageJ) allows to set the camera’s parameters for live mode observation or to acquire single frames.
The experiments are designed in the TIRM0.03beta.vi software, based on LabView 8.6 (National
Instruments, TX, USA). With this the variables sampling time, number of data points and optical

tweezer’s nominal laser power can be tuned for a single or series of measurements.

CCD
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Figure 3.9. Cartoon of the TIRM experimental set-up. The totally internal reflected beam at the interface
produces an evanescent wave. A colloidal particle in the vicinity of the wall scatters light, with an intensity
depending on the separation distance. The scattered light is collected by an objective and guided towards a
detector which measures the intensity in terms of photon counts per time.
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3.2.2.1 Geometry and beam path for total internal reflection
Below, the beam path and geometry in the set-up is sketched where the total internal reflection and,

consequently, the creation of the evanescent wave at the interface occurs.

Sample cell

s =22 =<= == = = = = = = = = = === == = = = =

Prism 1,

Air my

Figure 3.10. Beam path relating the laser beam direction with the incident angle for total internal reflection. Full
description in the text.

The laser beam is directed at an angle 0 with respect to the horizontal (blue dashed lines), towards

laser »

the prism face where the term horizontal implies the plane of the reflecting surface. The beam hits the

air/glass interface at an incidence angle 9] , with respect to its normal (green dashed line) and is

refracted through the glass at an angle Qt , according to Snell’s law. The laser beam impinges on the

bottom of the sample cell, at an angle & with respect to the normal (magenta dashed line), where it is
not refracted because the prism, the index-matching oil and the glass of the sample cell have the same

refractive index. Thus, the beam hits the glass/solvent interface at the angle & . According to Snell’s

law, total internal reflection and therefore the creation of the evanescent wave occurs if, & > & » where

o, =sin" (n3 /nz) is the critical angle of total reflection.
In Figure 3.10, a geometrical sketch is presented to analyze geometrically the relation of angle & in
terms of the laser’s angle Qlaser. First, the laser beam, the horizontal and the normal to the prism face

form a triangle with an obtuse angle of 135°, thus, &, =45°—0, . . Next, the direction of the beam

within the prism is calculated by Snell’s law:
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RO
0, =sin" | —sin 6,
"

Further, (9t can berelated to & by analyzing the right-angled triangle made by the horizontal line at

the center, the vertical line and the beam propagation line as the hypotenuse. The interior angles & ,

90°—a and the right angle, define this triangle as shown in the figure. It follows thus:
a=45°+0,

Eventually, the relationship between the angles 0,, and & through 8, is obtained by combining the

laser

previous expressions:

0

laser —

45° —gin~! {n—zsin(cx —450)}

n (3.30)

Orinversely,

(3.31)

™M o
a =sin {Zsm(% GIaSGI)}

In this way, itis possible to experimentally adjust the laser’s incident angle to achieve a specific incident

angle at the interface, and hence, the required penetration depth.

3.2.2.2 Sample cell

The sample cell is built using BK7 squared coverslips (Menzel-Glaser, Germany) 20x20 mm? as for the
bottom part and 18x18 mm? for the top cover. These coverslips are centered and glued together by
means of a double-sided adhesive spacer with 120 pm thickness (SecureSeal imaging spacers, sku:
654008, Grace Bio-Labs, OR, USA) leaving two open sides as illustrated in Figure 3.11, and in this way,
facilitates the filling of the cell. In the following the cleaning procedure and assembly process of the

sample cell are described.
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The glass coverslips are cleaned before assembly following this procedure: the coverslips are placed in
a Teflon rack (Wash-N-Dry™ coverslip rack, Merck KGaA, Germany) inside a glass beaker. The container
is filled with Milli-Q grade water and placed into a sonication bath for 45 minutes. Afterwards, the
glasses are rinsed three times with pure Milli-Q water (electrical resistivity = 18.2 MQ cm and total
organic counts: 2 ppb). Next, the water is exchanged for ethanol, and the sonication and rinsing steps
are repeated following the same procedure as for the water step. The water/ethanol cleaning cycle is
performed three times. After that, each coverslip is dried by blowing dry nitrogen gas at high pressure
along the surface. Finally, the glasses are treated in a plasma cleaner (miniFlecto-PC-MFC, Plasma
Technology GmbH, Germany) for five minutes under vacuum (0.2 mbar) to remove any residues from

the previous steps.

The sample cell assembly is carried out as follows: as shown in Figure 3.11, a complete piece of spacer
is cut into four equal pieces along the shorter length, resulting in smaller strips with two holes in each
one. Then, one of these strips is cut in half again along the new longer side. Next, these strips are placed
on the opposite edges of the smaller coverslip. After removing the protective plastic film from the
spacer strips, the smaller coverslip is carefully placed and centered on top of the larger coverslip. In this
way, there is enough space between the coverslips which can be filled with approximately 40 pl of the
suspension containing the probe particles. Finally, the openings are sealed by adding small amounts of
UV-curable glue (Norland Optical Adhesive 81, NJ, USA) along the slits. The sample cell is then placed

under a UV-lamp for about two minutes to harden the glue.
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Figure 3.11. Material elements that make up the TIRM sample cell. Two centered cover slips are glued together
by a spacer. The space inside can be filled with 40-45 pl colloidal suspension. The sealing (yellow patches) is
done by adding UV-curable glue along the openings and placing the sample cell under a UV light source for two
minutes.

3.2.2.3  Experimental procedure

1

Typically, in a TIRM experiment, the penetration depth of the evanescent field, x~, can be setin a

range between 100 to 400 nm by varying the incident angle & . For the experiments discussed here, the

incidentangle was settoreach x '

~200 nm. This value was later refined through a calibration process,
where the experimental potential data of a spherical particle with a known radius and mass density,
suspended in a NaCl solution of known concentration, was fitted according to Eq. 3.23. Then, k' was
varied until the fitted parameters matched the expected values for the particle’s weight force and the
Debye screening length of the aqueous medium. Explicitly, a Polystyrene (PS) particle of 3 um nominal

radius experiences a buoyancy-corrected weight force G = 55 fN when immersed in a 1 mM NaCl
aqueous solution, which has a /LD = 9.6 nm. As a result of this procedure, a value of &~ '=200.4 nm

was found to yield the expected nominal parameters. The precise determination of the penetration
depthis crucial since it directly affects the calculation of interaction potentials, and hence, the dynamic

properties of the system.

The sampling time for all experiments was chosen to At= 2 ms since both, literature and prior

experience, indicate that this time frame is reasonable to measure accurate potential profiles for

particles with a 3 um radius. To ensure a reliable statistical analysis, the number of data points to
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measure were set to 1E6 (duration of ~33 min at that given At). Having this huge number of points

ensures that the histogram of scattered intensities is a good approximation for their probability density.

The reference intensity value, 10 ,is needed for later TIRM data analysis and is performed by measuring

probe particles in a dedicated sample. To prepare such a sample cell, the bottom coverslip is placed on
a hot plate at 50 °C (below polystyrene melting temperature). Then, 40 pl of the colloidal suspension in
pure water is deposited onto the coverslip, allowing the liquid to evaporate. During this step, a beaker
is placed over the coverslip to avoid contamination by dust. Once the liquid residues are no longer
visible, the sample cell is assembled as previously described and filled with the aqueous solution used
in the experiments. This sample is then placed in the TIRM setup to measure the intensity of light
scattered by individual immobile particles that have adhered to the glass/solution interface. By
following the above-mentioned experimental settings, the intensity traces are measured from at least

five different particles and averaged to yield the reference intensity value.

Finally, the sample of interest is placed into the set-up and a single particle has to be identified. Ideally,
if a particle is isolated from other particles within the field of view, it is selected for the experiment.
Then, weak optical tweezers are introduced to prevent the particle from diffusing parallel to the wall.
To check whether the particle is mobile (i.e. not adsorbed to the interface), a short preliminary test is
performed accumulating 1.5E5 data points (~5 min). Afterwards, a background signal measurement
resulting in 6E4 data points (~2 min) is done to ensure that background scattering is < 1% of the test’s
average signal. Subsequently, series of measurements are performed by increasing progressively the
optical tweezer power: starting at 10 mW and continuing with 30 mW up to 60 mW in steps of 5 mW. In
the end, a measurement without optical tweezers (00 mW) is made. Once finished, the experiment is

repeated on at least four additional particles within the same sample cell.

3.3 Examination of background and shot noise in TIRM experiments

In any TIRM experiment, inherent technical noises are always present while measuring, affecting the

raw intensity traces. Here, the two unavoidable noise sources are the background noise, and the
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detector shot noise. These artifacts influence the reliability of the measured parameters that describe

the static interaction potential of a particle near the wall.

Background noise arises from uncorrelated scattered light originating from other entities different from
the particle [67]. The background noise contribution can be minimized down to a range significantly
smaller than 1% of the particle scattered light. Meanwhile, shot noise results from the detector’s
statistical nature of photon detection [17]. For this case, within a given time interval in a measurement,

the probability of detecting © 7 * photons follows a Poisson distribution which has a finite width. This

means an introduction of intrinsic uncertainty. Unlike background noise, shot noise cannot be reduced

experimentally.

To investigate the impact of these noise contributions on the static and dynamic properties of systems
measured by TIRM, Brownian dynamic simulations with additional considerations were carried out. To

this end, the noise is introduced at the intensity trace level by making use of Eq. 3.15 to convert

simulated trajectories into time-trace intensities. For shot noise, an intensity value I (tl.) is replaced

by a random value from a Poisson distribution with a mean value I (tl.) . Likewise, background noise is
implemented by first running a short simulation (1E4 data points) to calculate the mean intensity value

<IS (test)> . Then, arandom intensity value /g (tl-) is substituted by another from a Poisson distribution

with a meanvalue of (1 -S/ N) X <IS (test)> ,wheretheratio /N isthe particle’s scatteringintensity

(signal) over the averaged background intensity (noise). Subsequently, the noisy intensity traces are
translated into height trajectories by means of Eq. 3.16, allowing for further analysis of the system’s

static and dynamic properties as described in Section 3.2.1.

3.4 Samples and characterization

3.4.1 Silica particles with different morphology used in EWDLS experiments: smooth, rough

and hollow silica particles

Briefly, the rough silica particles (RSi) are produced in a two-step process of hetero aggregation, where

smaller silica particles are added onto the bigger smooth silica particles (SSi). Then, a thin smoothing
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coating layer is applied to control the asperities and prevent the small particles from detachment [40,
99]. The hollow silica particles (HSi) particles are synthesized by growing a silica shell around
monodisperse polystyrene particles which, in a subsequent step, are calcinated leaving behind the

porous hollow shells (two-step Stober synthesis protocol) [76].

To remove dust contaminants and eliminate clusters of particles, the suspensions containing one
particle type were dispersed in Milli-Q grade water (electrical resistivity = 18.2 MQ cm; MerckMillipore,
Merkc KGaA, Germany) and treated with three cycles of gentle centrifugation at 800 rpm for 16 hours
(GA-6 fixed angle 35°, radius 137 mm; Allegra 6R, Beckman Coulter). After each cycle, taking the

supernatant was collected, leaving the contaminants and clusters at the bottom. Due to unavoidable

carbon dioxide adsorption into the water, the relative ion concentration is estimated to be Ccofz ~10°

mol/ L resulting in approximate Debye length of ZD =96 nm.

Further, complementary characterization of particles in suspension is performed by means
conventional static (SLS) and dynamic light scattering (DLS) with a commercial instrument from ALV-
Laservertriebsgesellschaft (Langen, Germany) equipped with a 632.8 nm HeNe Laser as the light source,

an automated attenuation system, a PerkinElmer avalanche diode and an ALV-6000 correlator. The aim
is to determine the particles’ diffusion coefficient in bulk, D, ,and the hydrodynamic radius R, .

Furthermore, the cryo-TEM experiments give visual evidence of particles’ morphology (Figure 3.12) and,

their sizes listed in Table 3.1.

Smooth particles (SSi) Rough particles (RSi) Hollow particles (HSi)
(Ry ) 77 86 154
(R) g5 69 +/-0.05 . 142 +/-0.02
(R).., 65 +/-0.08 65 +/-0.15 142 +/-0.03

Table 3.1. Averaged values of the particles’ radii measured with different techniques. The hydrodynamic radii
RH determined by DLS are in the first row. Second row for measurements determined by SLS experiments. Third

row displays the values obtained by analyzing TEM images.
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SSi

RSi

HSi

smooth (top) and rough (middle) silica particles. Bottom row: TEM images of the hollow particles at different
magnification. Reproduced from Ref. [75] with permission from the Royal Society of Chemistry under the CC
BY-NC 3.0 license.

3.4.2 Micron-sized Polystyrene particles and walls used in TIRM experiments

3.4.2.1 Colloidal polystyrene particles

Two different colloidal suspensions were investigated in the experiments. The first sample consisted of
polystyrene (PS) spheres with nominal radius of 3 um (Cat. No. 4206A, Duke Scientific Cooperation, USA)
which were previously dialyzed against milli-Q grade water (Resistivity = 18 MQ cm, Merck KGaA,

Germany) and diluted for a concentration of 0.1 % w/solids.

The second colloidal sample consisted of Streptavidin-coated PS particles with nominal radius of 2.5
um (Cat. No. CP01006, Bangs Laboratories, Inc., USA). These particles were cleaned according to
manufacturer’s recommended procedure [4], which involves pelleting by centrifugation and
resuspension cycles for particles larger than 500 nm. Specifically, for protein-coated particles between
1to 5 um in diameter, the applicable relative centrifugal force range should be 5500 to 8000 G’s, which
corresponds to 8210 to 9900 RPM for a 7.3 cm radius centrifuge.


https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
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However, these suggestions were adapted and performed as follows: an aliquot from the stock solution
at 1% is diluted 100-fold in milli-Q water to a final volume of 1 mlin a plastic centrifuge tube (European
Cat. No. 211-0319, VWR International, LLC., USA). The tubes were placed in a benchtop centrifuge
(Eppendorf 5417R, rotor FA-45-30-11, max radius 9.5 cm and fixed angle 45°, Eppendorf Corporate,
Germany) and spun at 5500 G for 7 minutes at a constant temperature of 6 °C. After centrifugation, 500
ul of the supernatant was removed, and the pellet was resuspended by adding 500 um of fresh aqueous

solution. This procedure was repeated three times before using the particles in TIRM experiments.

The cleaning process was tested using different aqueous solutions to assess their feasibility for TIRM
experiments and their impact on the protein coating, which was examined using TEM. The washing
solutions tested were Milli-Q grade water, Phosphate Buffer Saline (PBS) (tablet-based, item: 00-3002,
Invitrogen, USA), and PBS diluted 1000-fold (~1.5 mM NaCl and 0.1 mM PO,3).

Initial DLS measurements gave insights into the stability of the samples. The PBS-containing samples
exhibited wide intensity correlation functions with broad distribution of decay times and high intensity
peaks. Thisindicated instabilities due to particle aggregation, suggesting that PBS might not be an ideal

washing solution for maintaining colloidal stability.

For TIRM tests, the previously mentioned prepared samples were further diluted with their
corresponding washing solutions to reach a particle concentration of 1E-3% w/solids. The samples
were then observed in TIRM setup in a sample cell with uncoated walls. The tests showed that PBS and
diluted PBS-samples were unsuitable, as the colloids stuck to the bottom surface, being immobile and
then unusable for experiments. As a result, only particles suspended in water were considered for

further studies.

The in-depth visualizations of these particles were performed using an in-house TEM microscopy setup
(Zeiss Libra 120, 120 kV, Carl Zeiss AG, Germany). For this purpose, carbon-coated cupper grids (Art. No.
S160, Plano GmbH, Germany) were used to load both bare PS particles or Streptavidin-coated PS
particles. TEM images (Figure 3.13) revealed morphological differences between the two types of
particles. Bare PS particles exhibited a nearly circular shape whereas Streptavidin-coated particles
showed some surface irregularities, appearing with noticeable bumps. Interestingly, no appreciable
differences were observed between unwashed and centrifuge-washed particles, suggesting that the

variations in the surface morphology are likely to be due to differences in synthesis quality between the
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two manufacturers rather than the washing procedure. Additionally, the protein layer was not visibly

distinguishable at the micron size range.

As a result of the previous tests, and in addition with the requirement to have a defined electrolyte
concentration present in the solvent, the preparation of the final colloidal suspensions was done by
diluting the cleaned particles ten times to a final concentration of 1E-3% w/s in 1 mM NaCl aqueous

solution.

PS particles Streptavidin-coated PS particles

Centrifugation

No Centrifugation

Figure 3.13. Images obtained by Transmission Electron Microscopy (TEM) of colloidal polystyrene particles (3
um nominal radius) and Streptavidin-coated polystyrene particles (2.5 pm nominal radius), compared when
washed and unwashed.

3.4.2.2 Coated walls
To investigate the influence of the wall characteristics, the bottom glass of the sample cell was pre-
treated to achieve specific surface functionalization. Three types of sample cells having distinct surface

properties were prepared. The first surface was the bare glass (coverslips borosilicate hydrolytic class
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1, ThermoFisher Menzel-Glaser, Germany), cleaned as previously described. The second surface
consisted of hydrophobically coated glass, treated with Sigmacote® (Sigma-Aldrich Co. LLC, Merck
KGaA, Germany) which gives hydrophobic properties. And for documentation purposes (see 6.2
Supplementary Information), a third surface consisted of supported lipid bilayers (SLB) of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) phospholipids, fabricated using the Langmuir-

Blodgett and Langmuir-Schaefer techniques.

For the bare glass and the hydrophobically coated glass, the sample cells were assembled as usual
according to the procedure described earlier. However, the preparation of SLB and its assembly onto
the sample cell required a different protocol, as shown in 6.2 Supplementary Information. Below, the

preparation and characterization of the hydrophobically coated glass is presented.
Sigmacote-coating on glass

Procedure: Sigmacote® is a ready-to-use product consisting of a siliconizing liquid reagent,
(chlorinated organopolysiloxane in heptane). Upon application to glass surfaces, it instantly forms a
thin organic film due to covalent bonds, providing hydrophobic properties on such surfaces. Additional
information and chemical specifications about this product are not available due to patent restrictions
and a vague product description. However, this product is widely used to avoid the adhesion of cells

onto glass surfaces.

The procedure for coating pre-cleaned glass with Sigmacote® is the following: A freshly plasma-cleaned
coverslip glass is placed on a disposable weighing tray (RotilaboF, Carl Roth GmbH+Co. KG, Germany),
and a sufficient amount of Sigmacote® is applied to fully cover the surface. Then, after resting for one
minute, the glass is flipped over and left in contact with the reagent for an additional minute. Next, the
glass is removed from the solution and thoroughly rinsed on both sides with Milli-Q grade water until
any ring-shaped light patterns or stain-like residues are no longer visible. Finally, the glass is blow dried

with dry nitrogen and stored in a coverslips rack covered with a beaker and sealed until use.

Characterization method: The coating on the coverslip glass and the bare glass walls were
characterized by means of X-ray reflectivity (XRR) measurements, performed inin-house in cooperation
with JCNS 2/ PGl 4, of Forschungszentrum Jiilich GmbH. Briefly, in XRR experiments [15, 53, 77], the
specular intensity of a monochromatic and collimated X-ray beam that is partially reflected at the

sample surface or interface is measured under specular conditions. This means that the incident and
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reflected beams lie in the same plane and the resulted scattering vector, QZ ,is oriented perpendicular
to the surface (Figure 3.14 top left). To meet these conditions, the incident beam has an angle 19,~
(typically less than 5°) and the reflected angle satisfies 491 =¢9f when in total external reflection

conditions 19,~ < 9C , being 9@ the critical angle that depends on the material refractive index and X-ray

wavelength.

When the incident beam is 19,~ >U. impinging a single, homogeneous and flat layer, it is reflected and

refracted at the interfaces (Figure 3.14 top right). These beams interfere constructively and
destructively, producing oscillations in the reflected intensity known as Kiessig fringes, whose
periodicity is directly related to the layer thickness. The amplitude and shape of the reflectivity curve
are influenced by surface/interface roughness and electron density (Figure 3.14 bottom panel). In this
way, XRR allows for the characterization of surfaces, layered-surfaces and interfaces through the fitting

the experimental reflectivity to determine thickness, roughness and electron density.

Reflectivity profiles are usually presented according to the wave vector Qz perpendicular to the surface.
This is defined as the difference between the incident (k,~) and reflected (kf) beam wave vectors:
0, =kf —k.. Since the magnitude of the wave vector | k |:272'//1 , the magnitude of
|0, |=0,=47sin(0,)/4.

Instrumentation: The setup consists of a Brucker AXS reflectometer D8 Advance (Brucker Corporation,
Germany) with an X-ray wavelength of /10 =1.54 Angstrom (A), corresponding to Cu-Ka line. There, the

X-ray beam is directed at small angles ((9,-) toward a solid surface and the reflected intensity is

measured under specular conditions (t9l- =9f). For layered structures, the measured intensity is

modulated by the interference of reflections at the interfaces between the layers, allowing for the

retrieval of information about layers thickness and roughness.
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Thin film Thin film

T

Substrate \ Substrate

Reflectivity (a. u.)

Qz (a. u.)

Figure 3.14. Sketch of the geometry involved in X-ray reflectivity. Top left: the incident wave vector of the beam

( ki ) has with it an angle smaller than the critical angle ( t9c ), resulting in total external reflection at the surface

with a wave vector kf . Topright: the incident wave vector has with it an angle above the critical angle, leading

to partial refraction and reflection at the next interface. Bottom: calculated reflectivity curve for a hypothetical
single-layer sample. The position of the critical wave vector, corresponding to the critical angle, is indicated
with a dashed line.

The samples were tested in “ @ — 26 scanning” mode, starting from 0.1° to 7° in steps of 0.02°, with the
critical angle at 26 =0.4°. Data analysis was done using Parratt32 “The Reflectivity Tool” v1.5.2 software
(1997-99 Christian Braun, Hahn-Meitner-Institut, Berlin Neutron Scattering Center, Germany) which fits

the curves following the Parratt formalism [68].
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Resulting parameters: X-ray reflectivity measurements were performed on each type of substrate at
the air interface, and the corresponding reflectivity curves were averaged. The mean reflectivity curve
of the bare glass was fitted to determine the bulk’s SLD. For the Sigmacote-coated glass, it was assumed
that Sigmacote coating formed a single layer of carbon-hydrogen being on top of the bulk. In both

cases, a constant background noise of 1E-6 was included.

Typically, the composition of borosilicate is 75% Si02, 10% B203, 6% NaO+K20, 5% Al203 [1]. By using
the NIST calculator [48], the scattering length density (SLD) for this composition (755i02 10B203 5Na0O
1K20 5A1203) was determined based on a mass density of 2.23 g/cm3 [48], thickness of 1 cm and “Cu
Ka” as the X- ray source (A = 1.54 A). The calculated SLD values were 19E-6 A2 for the real part and
0.278E-6 A for the imaginary part.

For the bare glass samples (bulk), the input parameters were SLD = 19E-6 A2, roughness of 5 A and the
SLD imaginary part of 1.05E-11 A (default value). The reflectivity curves are displayed in Figure 3.15
top panel while the parameters obtained from the fitting are listed in Table 3.2. Then, it turned out that

the bulk exhibited a SLD = 23E-6 A2 and zero roughness.

The input parameters for the Sigmacote-coated glass samples introduced the substrate’s SLD = 23E-6
A2 as fixed parameter. The input parameters for the layer included a starting thickness of 20 A and a
fixed SLD = 8.5E-6 A2 which is related to that of a layer of carbon-hydrogen, as expected the
hydrophobic coating to follow. The SLD imaginary part of 1.05E-11 A2 (default value) and a roughness
of 5 A. The related reflectivity curves are shown in Figure 3.15 bottom panel while the parameters
obtained from the fitting are listed in Table 3.2. The resulting parameters of the hydrophobic coating

yielded a thickness of 15 A and zero roughness.
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Figure 3.15. Mean reflectivity curves of the samples bare glass (top) and Sigmacote-coated glass (bottom)
fitted accordingly as described in the main text. Insets: Individual reflectivity curves along with the mean fitting
curve (red line).

Samples Thickness (A) SLD (A2) Roughness (A)
Bare glass Bulk N/A 23E-6 0
Sigmacote-coated Layer 1 15 8.5E-6 0
glass Bulk N/A 23E-6 0

Table 3.2. Parameters determined by fitting the mean of the reflectivity profiles of the samples.
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4 Results

The first study explores the near-wall dynamic behavior of silica particles with different surface
morphology by means of evanescent wave dynamic light scattering. The probe particles of interest had
smooth and rough surfaces while others were porous, hollow shells. Their diffusion coefficient
components parallel and normal to the interface were measured. While smooth surface particles
followed Brenner’s model prediction for near-wall dynamics with stick boundary conditions within the
experimental error, the major finding was the significant slowdown of rough particles’ dynamics
compared to the aforementioned model [28, 37]. Such difference in dynamics contrasts with theoretical
hydrodynamic expectations [52] since it is expected that rough surfaces reduce the hydrodynamic
resistance, thus, rough particles would move faster than smooth particles with the same hydrodynamic
radius. To tackle this controversy, numerical calculations for near-wall dynamics, based on particle-
wall interaction potentials, were performed. The numerical calculations showed that, in order to
reproduce the experimental behavior of rough particles, an increase in the attractive part of the
potential has to be considered. This means a reduction of the stabilization barrier amplitude of the
DLVO potential occurs, allowing the particles to get closer to the wall and by that reducing their

dynamics.

The second research project aims to investigate the effects of surface modifications (particle and the
wall) on the interaction potential and the near-wall dynamics at a single particle level. By means of total
internal reflection microscopy (TIRM), the systems’ interaction potentials and dynamics (diffusion
coefficients and drift velocity) were determined. These properties of the system bare polystyrene
colloidal particles near the bare glass wall were compared to those of similar particles near
hydrophobically coated glass. Similarly, Streptavidin-coated polystyrene particles close to both types
of walls were measured to determine their near-wall properties. However, the protein-coated particles
showed a peculiar behavior in the vicinity of hydrophobically coated walls that required to change the

experimental conditions to measure their near-wall properties properly.
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4.1 The effect of surface morphology and particle-wall interactions on the
near-wall dynamics

4.1.1 Experimental near-wall dynamics

The near-wall diffusion constants, parallel and normal to the wall, of small sized colloidal particles in
suspensions were measured by evanescent wave dynamic light scattering (EWDLS). Polystyrene beads
(S-PS) were used to test the methodology. Then, silica particles that have specific morphology of

interest, smooth (SSi), rough surfaces (RSi) and porous shells (HSi), were investigated. The experimental
parallel diffusion constants DH are shown in Figure 4.1 top panel and the normal diffusion constants
D, in Figure 4.1 bottom panel. To facilitate comparison of the datasets, both diffusion constants
components are displayed normalized with the diffusion coefficient in bulk p, and the penetration

depthis normalized by the particles’ hydrodynamic radius in bulk r, .

4.1.1.1 Models and experimental reference data

To illustrate the reliability and the error range of the method, the results of the near-wall dynamics of
polystyrene particles (S-PS) in suspension with Debye lengths of ﬂD =30 nm (black rhombus), and
/10 =3 nm (red rhombus) [33] are presented in Figure 4.1. Data on the parallel diffusion of S-PS at
AD =3 nm, within the experimental error, followed the theoretical prediction (solid line) and numerical
calculations (blue asterisks) for the near-wall dynamics of hard spheres [28]. The data of S-PS

experimental with ﬂD =30 nm, except for an outlier at the smallest penetration depth, closely followed

the numerical calculations by Holmqvist et al. (2007) [33] (dotted line), which combines the

hydrodynamics of a hard sphere and the increased range of the electrostatic repulsion (with an

amplitude of BER =100 kBT) between the wall and the particles. Therefore, experimental information

acquired by EWDLS is considered to be reliable to a certain extent.
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Figure 4.1. Top panel: normalized parallel diffusion coefficients versus normalized penetration depth for
various kinds of colloidal particles (see legend). Reproduced from Ref. [75] with permission from the Royal
Society of Chemistry under the CC BY-NC 3.0 license. Additionally, calculated data for hard spheres’ model
(Eq. 3.8 and 3.9) [28, 37], Liscki et al. (2012) [58] and Holmqvist et al. (2007) [33] are displayed for
comparison. Symbols are averages of the results of three consecutive measurements while the error bars
represent the corresponding standard deviation. Bottom panel: normalized normal diffusion coefficients
versus normalized penetration depth of selected particle systems (see legend) with additional calculated
reference data in Faxen (1923); Brenner (1961); Lisicki et al. (2012); Holmgvinst et al. (2007).
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4.1.1.2 Experimental data of particles of interest

The data for smooth silica particles shown in Figure 4.1 top panel (SSi, green circles), except for the last
point at the largest normalized penetration depth, exhibited dynamics similar to the Brenner’s
theoretical model for hard spheres. Such resemblance is observed despite the difference in the Debye
lengths of approximately 90 nm. In the case of hollow particles (HSi in open gray circles; data from Yi
Liu [75]), the data followed the trend of the hard sphere dynamics but slightly slower. On the other hand,
the diffusion constants of rough silica particles (RSi, magenta stars) significantly exhibited slower and
steeper trend in their dynamics compared to the hard sphere model. Here, the last two points at large
penetration depths are off from the trend of increasing diffusion with normalized penetration depth.
However, the diffusion constants determined at large penetration depths are likely compromised due

to a leakage of the primary beam into the solution which is often seen at such large penetration depths.

However, the case of RSi is of special interest. Theoretically, the hydrodynamics of rough particles have

been described by the use of a hydrodynamic penetration depth due to flows going through the

asperities. This reduces the flow resistance in comparison with a solid sphere with a radius RT , being

equal to the distance between the particle center and the tips of the asperities, which causes an
effective reduction of the particle hydrodynamic radius. In consequence, according to Stokes-Einstein

equation of diffusion, the dynamics of such rough particles is expected to be faster than the smooth
particles with the nominal radius RT . Thus, the finding that RSi particles presented slower near-wall
dynamics than the SSi conflicts with hydrodynamic expectations [52, 87, 92].

Regarding the particles’ diffusion constants normal to the wall (Figure 4.1, bottom panel), the available
experimental data also presented similarities as their parallel counterparts: The S-PS particles (red
rhomboids) resembled the model for near-wall dynamics of hard spheres (solid line and blue asterisks).
On the other side, at short penetration distances, RSi particles (magenta stars) also exhibited slower

diffusion than the hard sphere model. However, once again at large penetration depths, the farthest

three data points broke the tendency of increasing diffusion and showed a drop of the diffusion values.

These uncertain tendencies of the normal diffusion constants can qualitatively be attributed to the fact

that the light intensity acquired while measuring g, (t)—l during a QL -scan is even smaller than
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during a Q” -scan. Thus, such low intensities can compromise the reliability of those measurements.

Once mentioned these drawbacks in determining the normal diffusion coefficients from an EWDLS

experiment, only the parallel diffusion coefficients are discussed in the following.

4.1.2 Numerical calculations of the near-wall dynamics

Numerical calculations for the particles’ near-wall dynamics were conducted to provide a physical
interpretation of the unexpected behavior exhibited by RSi particles in experiments which deviate from
the predictions established by hydrodynamic theory. Briefly, the numerical calculations (Subsection
3.1.4) were based on analytical expressions for polydispersity, aggregation and particle-wallinteraction

potentials. Then, these factors were tuned one by one in order to elucidate theirimpact in the diffusion
coefficients D”. Afterwards, the calculated parallel diffusion constants that closely resembled those

found in the experiments were calculated by fixing the Debye length (matching the experimental value),

and adjusting the parameters of polydispersity and aggregation, in addition to the potential’s
parameters BER and AH . Finally, the physical interpretation of parameter combinations allowed to
derive a qualitative explanation for the experimental observations. It is emphasized that the numerical

calculations were performed, compared and discussed only for the case of DH since the obtained

experimental DL presented a considerable degree of unreliability.

4.1.2.1 The effect of polydispersity on the near-wall dynamics

The effect of polydispersity on the particles’ near-wall dynamics is shown in Figure 4.2. These

calculationsin Eq. 3.12 and Eq. 3.13, considered the corresponding particles’ near-wall scattering form

amplitude By, (Q,R), a Gaussian-type size distribution function P(R) with a mean 1/, relative

standard deviation O, and the interaction potential @ (Z) of hard spheres. For meaningful

comparisons with the experimental data, the z-average of the diffusion coefficients resulting from the

distribution of particle sizes <<D|| >K>Rwere determined and normalized by the z-averaged bulk diffusion
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coefficient <D0 >Z . Meanwhile, the penetration depth 2 / « was normalized by the z-average of the

distribution of particle radii <R >z .

Concerning SSi particles’ dynamics, two main results are described next. In Figure 4.2 top left, the
variation of the mean radius ( & = 50, 100 and 150 nm) at a constant standard deviation (O =0.1) is
displayed. Here, at small penetration depths, these three datasets showed great similarity to the
dynamics of monodisperse hard sphere model. Meanwhile, at large penetration depths, small
deviations were observed where the calculated values were slightly slower than those of the hard

sphere model. However, such deviations were smaller than the typical experimental error.

On the other hand, in Figure 4.2 top right, it is shown the effect of increasing standard deviation values
from O =0t0 0.15, at a constant mean radius £ =100 nm. The variation of standard deviation led to a
systematic decrease of the mean diffusion constants compared to the monodisperse hard sphere
model. When comparing both ways of modifying polydispersity, the tuning of standard deviation had a
greater influence on the dynamics than the mean radius. Nevertheless, in both cases, the trend of the

dynamics is not much different from the monodisperse hard spheres case.

The dynamics of HSi particles were calculated using the form amplitude of a core-shell particles
according to Eq. 3.12 and 3.14, yielding the results shown in Figure 4.2 bottom panel. In this case,
variationsin O showed larger influence on the particles’ dynamics calculations than when tuning £¢ .
Although the HSi diffusion constants followed similar trends as the hard sphere model, they were
slightly slower than for the hard sphere case at short penetration depths. In the range between 1 and
1.5inthe normalized penetration depth, there was a crossover of the calculated dynamics and those of

the HSi particles became faster than the reference system.

According to the arguments presented in Subsection 3.1.4 for calculating RSi dynamics, these particles
were modelled as core shell particles with an outer thin shell. In this case, the outer radius of the shell
is considered to be equal to the hydrodynamic radius of the particles, the z-average of which is used for
the normalization of the penetration depth. Therefore, with regard to the adjustment of polydispersity
parameters, the resulting trend of RSi was expected to follow similar dynamics as exhibited in Figure

4.2 bottom panel for the HSi case.
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Figure 4.2, The normalized parallel diffusion constants with respect to normalized penetration depth are
shown for polydisperse spherical particles changing the mean size at constant standard deviation (top left)
and varying standard deviation at constant average radius (top right). The variation in the dynamics for
core-shell particles due to changing the standard deviation is shown in bottom panel. In all cases, hard
spheres near-wall dynamics with stick boundary conditions is presented as reference model [28].

Reproduced from Ref. [75] with permission from the Royal Society of Chemistry under the CC BY-NC 3.0

license.
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4.1.2.2  The effect of aggregation on the near-wall dynamics

The next factor considered for influencing the near-wall dynamics was particle aggregation. This
contribution was implemented by substituting the monomodal size distribution, P(R) in Eq. 3.12, by
a bimodal distribution. There, the large population was represented by single particles with mean size

M and standard deviation O . Meanwhile, the aggregates were considered in the second population

described by a meansize, {4, beinganinteger multifold value of £, and arelative standard deviation
0, - The proportion of aggregates was established by their relative volume fraction ¢agg .Inthis case,

the interaction potential followed the hard sphere model while the factor By, (Q,R) for spherical

particles was used for both populations. The effect of particle aggregation on the calculated parallel

diffusion constants, as a function of normalized penetration depth, is shown in Figure 4.3.

As a result of increasing the size ratio Higg /,u , at fixed 0 4gg = 0.05 and ¢agg =0.05 (Figure 4.3 left panel),

an evident decrease in particle diffusion near the wall was observed. Such reduction in diffusion was
even appreciable for small aggregates that had averaged radii twice that of the of single particles. Here,

the effect of increasing the aggregates size caused the flattening of the gradient in the dynamics. On the

other hand, changing the relative volume fraction of aggregates @, , at a fixed size of Mgy =242 and

agg >
0,40 = 0.05, also caused a clear slowing down of diffusion which became more pronounced as the
volume fraction grew (Figure 4.3 right panel). However, in this last situation, the dynamics kept a similar

gradient between the different values of ¢agg but shifted towards smaller diffusion constants with
increasing ¢agg.

Calculations for larger aggregates and larger populations were not performed. This was unnecessary as
the presence of aggregates was minimized by experimental precautions in the real samples. These were
tested before and after the EWDLS experimentsin bulk DLS, where neither sedimentation nor clustering

or turbidity were detected.
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Figure 4.3. Normalized parallel diffusion coefficients vs normalized penetration depth for systems
mimicking aggregation by considering systems of spheres with bimodal Gaussian size distribution. For
these calculations, the larger population of spheres had a mean size of £/ =100 nm and the standard

deviations of both populations were O =0, = 0.05. Left panel: Effect of the variation of [, as
indicated in the legend (numbers behind the colored squares are values of ,uagg/,u) and the theoretical
model for monodisperse spheres (full black line, [28]). Right panel: Effect of the variation of ¢agg atamean

aggregate size fixed at fh,, = 2,U. Reproduced from Ref. [75] with permission from the Royal Society of
Chemistry under the CC BY-NC 3.0 license.

4.1.2.3  Effect of static particle-wall interactions on near-wall dynamics

The last factor considered for the calculations was the static particle-wall interaction potential
determined according to Subsection 3.1.4. The results of modifying the static interactions in the

calculations are presented in Figure 4.4. Generally speaking, the resulting interaction potential could

have a relatively high stabilization barrier if the electrostatic amplitude BER was chosen to be larger
than the Hamaker constant AH . Or on the contrary, the stabilization barrier could be very low or even
vanishing by increasing AH over By . The near-wall dynamics data calculated with interaction

potentials with variable BER and fixed AH =0.5 kB T are depicted in Figure 4.4 left panel. In this case,
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the diffusion constants, at very short penetration depths, showed slower values than the reference hard

sphere model. Then, as the normalized penetration depth increased, the dynamics rapidly sped

approaching the hard sphere model curve and became faster than that for the cases when BER
considerably exceeds the fixed value of Ay . Itis also seen that depending on the magnitude of B,

the crossing point with the model curve occurs at smaller penetration depth as BER increases.

Figure 4.4 right panel shows the near-wall dynamics data calculated with interaction potentials with
variable A}, and fixed By, = lkB T . Here, it was found that the calculated dynamics stayed slower
than the reference model for all cases with a finite Hamaker constant. Also, it was observed that the
diffusion constants were even smaller than those of the hard sphere model as A4,; increases. The

steepness of the slopes in the near-wall dynamics resembled the ones observed experimentally for the

RSi particles.
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variation of Ber variation of Ay
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Figure 4.4. Normalized parallel diffusion coefficients versus normalized penetration depth for particles

having radii R =100 nm, with a sphere-wall interaction potential considering the parameters /11) ~100 nm
and Apm =1 g/ml, compared to the hard sphere model predictions shown as solid line. Left panel:
calculations with fixed AH= 0.5 kBT and BER variable as stated in the legend. Right panel: calculations

with fixed BER =1 kBT and AH variable as stated in the legend. Reproduced from Ref. [75] with permission
from the Royal Society of Chemistry under the CC BY-NC 3.0 license.


https://creativecommons.org/licenses/by-nc/3.0/
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4.1.2.4  Converging numerical calculations to experimental findings

In summary, calculations performed by varying the polydispersity parameters showed that the
standard deviation had more impact on the near-wall dynamics than the mean size, although such
influence remained within the experimental error. Also, the calculations demonstrated that the
particles’ near-wall diffusion was highly susceptible to particle aggregation, where the diffusion
dropped considerably with respect to the hard sphere model. Further, in the calculations considering
the influence of the static particle-wall potential on the dynamics, the increasing Hamaker constant,
while keeping the electrostatic amplitude fixed, led to a reduction in the near-wall diffusion compared
to the reference model. There, at high Hamaker constants, a reversal in the curvature of the diffusion
versus penetration depth curves was observed, which is qualitatively similar to the experimental data

for the RSi particles.

Nevertheless, in a real EWDLS experiment, all three factors discussed above are present and then
contribute to the results to a certain extent. Therefore, calculations incorporating the effects of
polydispersity, aggregation, and particle-wall interactions were performed to obtain comparable
results as those seen for SSi, HSi, and RSi in experiments. For this purpose, the following criteria were

applied: (i) the inclusion of a small fraction of aggregates modelled as a bimodal distribution with

Hyoo =242 and identical standard deviation 0,,, =0 for both populations; (i) the particle-wall
interacting potential was a DLVO potential with a Debye length of ’10 =96 nm; (iii) sedimentation was

included by considering an excess mass density of A,Om =1 mg/ml and; (iv) the particles mimicking
aggregates had the same static particle-wall interaction potential as the monomer particles. Particle-
particle interactions were neglected. As the interaction potential was the key factor that influences the
dynamics, model calculations were done systematically varying the parameters BER and AH until the

calculated data eventually closely matched the experimental results. The parameters that yielded the
diffusion coefficients closest to the experimental data are listed in Table 4.1, with the corresponding

dynamics plotted in Figure 4.5.
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Particle 4(nm) o By (kyT) Ay (k,T) Bree
SSi 71 0.05 15 0.5 0.005
HSi 154 0.05 1.0 0.25 0.030
RSi 80 0.05 15 2.75 0.005

Table 4.1. Parameters used in numerical calculations for the near-wall dynamics displayed in Figure 4.5
that yielded the best agreement with the dynamics found in experiments.

<<D||>(K)>R/<D0>z

0 1 2 3 4 5 6 7 8 9
2/k(R.),

Figure 4.5. Normalized parallel diffusion coefficients versus normalized penetration depth. Experimental
data (symbols) is shown in combination with numerical calculations (solid lines) which are based on the
values listed in Table 4.1. The SSi system is represented in black color, HSi system is in red color and RSi
system in blue color. Reproduced from Ref. [75] with permission from the Royal Society of Chemistry under
the CC BY-NC 3.0 license.
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4.1.3 Discussion and conclusions of the effect of particle morphology on the near-wall
dynamics

The electrostatic amplitude values shown Table 4.1 ranged from BER =1 kBT, for the HSi system to

BER =1.5 kBT for the SSi and RSi systems. This similarity in BER values between the different systems

is to be expected, since the chemical components of the particles’ surface and the wall remain
unchanged in all cases. Further, the pH of the suspending medium (milli-Q water) is the same in all

suspensions, and consequently, the surface charge densities should be of the same order in all three
cases. Likewise, the BER values are related to an effective surface potential of le,w ~ -2 mV which is

the combination of the particle’s surface and the wall’s surface potential.

Although the effective surface potential of \Pp’W ~-2mV was similar across the particle systems, this

value seems to conflict with the experiments, since the measured zeta potentials of all three systems
were found to liein the range of -30 to -40 mV. Further, according to total internal reflection microscopy
measurements found in literature [41, 96, 97], the interaction potential between 2 um Stober-Silica

particles with fused silica surfaces, used as microscopy slides, suggest an effective surface potential of
the order of ‘Pp,w ~-20 mV. However, in the present case, the wall consists of a special high refractive
index quartz glass (SF10) for which there are indications in the literature [78] that its surface charge
density might be significantly smaller than that of silica [5]. Thus, the obtained small value of BER is

very likely due to the low surface potential of the wall.

On the other side, the Hamaker constants embedded in the attractive term of the potential showed

more differences between the three different systems. In the case of SSi particles, the AH values

required to match the calculated data to the experimental data were found to be lower than one kBT.

This is in qualitative accordance with the non-retarded van der Waals interaction according to the

Lifshitz theory for silica interacting with quartz through water [6]. Additionally, the relative volume

fraction of aggregates was as low as ¢agg =0.005.
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For the case of HSi particles, the AH resulting in the best agreement between calculated and

experimental data was in the same order of magnitude as that for the SSi system. This similarity is to be

expected considering the chemical equivalence of the participating components. However, the small

difference in AH may be due to the fact that only the HSi particles’ outer shell is made of silica, while

the core consists of water. This will necessarily lead to weaker van der Waals attraction than between

two full silica spheres. Nevertheless, this effect would probably not be detectable in an experiment.

The required volume fraction to achieve a close approximation of the calculated with the experimental
data was significantly higher than for the SSi system with ¢agg =0.030. This considerable difference can

be related to the particles’ synthesis process that involves a calcination step to remove the organic core
from an intermediate polystyrene-silica core-shell system. This process reduces the likelihood that all
particles can be re-dispersed. Attempts were made to remove these aggregates by centrifugation, but
this method can never be completely successful. Therefore, it is more likely to find aggregates in the

HSi suspensions than in the other two systems.

For the RSi particles, the major contributor to the deviation of the calculated dynamics from the hard

sphere reference system was the Hamaker constant. To approximate the calculations to the

experimental values Ay needed to be one order of magnitude larger than that for the HSi system and 5

times for the SSi case. At first glance, this finding is astonishing as the SSi and the RSi system are
chemically identical and their Hamaker constants should therefore be the same. The only difference
between the silica particles is their surface morphology. This implies that the roughness of the RSi
particles has a significant influence on the interaction potential and, in this way, impacts their near-wall

dynamics.

There are reports [91] indicating that asperities on spherical particles can reduce the so-called
stabilization barrier of the DLVO pair interaction by approximately 10-15% due to the difference of the
distance-dependence (hyperbolic versus exponential decay) of attraction and repulsion. Similarly, data
reported in the literature show evidence that the global minimum of the DLVO pair interactions may
vanish for particles with asperities on their surface [9]. This might explain why the RSi particles don’t
stick to the wall irreversibly, despite the large Hamaker constant. The quoted simulation studies

support our observation that chemically identical particles may have significantly different interaction
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potentials with a wall, due to different surface morphologies. Therefore, it has to be concluded that the
deviation of the RSi dynamics data from the hard sphere model is mainly due to the variation of the
interaction potential, since the hydrodynamic effect of surface roughness is rather expected to speed

up diffusion.

Finally, it is concluded that the near-wall dynamics depend significantly on the particles’ surface
morphology, i.e. smooth, porous or rough surface. The last case is of particular interest because
arguments based on theoretical hydrodynamics predicted faster dynamics due to the reduction of the
flow resistance on the surface of rough particles. On the contrary, it is shown through experimental
evidence that the near-wall dynamics are reduced. Additionally, systematic numerical calculations
supported the experimental findings, indicating that increasing attractive particle-wall interactions,
such as those introduced by surface asperities, contribute most significantly to the slowing down of

particle dynamics.

4.2 The effect of surface modifications on the particle-wall interactions and
dynamics

In this subchapter, the static and dynamic experimental findings of micron-size colloidal particles
interacting with bare and coated glass surfaces are presented. First, the particle-wall interaction
potentials are shown together with the parameters describing them. Then, the corresponding near-wall
dynamics are presented. Additionally, static and dynamic information obtained by Brownian dynamics
simulations are shown in the corresponding subsection. These simulations complement the

experimental findings by considering background and shot noises, as source of errors.

Recapitulating the methodology presented in Subsection 3.2.1, from the measured light scattering
intensities, histograms are determined and converted to distances according to Eq. 3.16. Subsequently,

theinteraction potential values are computed by means of Eq. 3.21. Then, by performing a least squares

fit of the potential, based on Eq. 3.23, the parameter values of the Debye length /1D, the equilibrium

distance % and the effective gravitational force G are obtained. From these parameters, the

min »
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amplitude of the electrostatic potential can be determined as Bpp =exp [(hmin /i[) ):| X Geff ﬂ*D inthe

Derjaguin approximation.

Furthermore, for the calculation of the dynamic properties D, (h) and Vg (h), the intensity traces,

whether they are experimental or simulated, are converted into 1-D trajectories. From these, the
probability densities of particle displacements at a given delay time are constructed. The first moment

of this distribution is the mean displacement. The initial slope of the mean displacement versus delay
time yields the particle’s drift velocity v, (h) at a given separation distance, according to the first term
of Eq. 3.24. The second moment is the mean square displacement, and its initial slope versus delay time
gives twice the normal diffusion coefficient 2D, (h) at the given position, according to the first term

of Eq. 3.25. This procedure was applied to the intensity traces from two types of colloidal particles (bare
Polystyrene and Streptavidin-coated Polystyrene) when interacting with the two types of surfaces (bare

glass and hydrophobically coated glass).

4.2.1 Staticinteraction potential of particles near the walls

4.2.1.1 Experimental interaction potentials

The interaction potentials of single polystyrene (PS) particles (nominal radius of 3 um suspended in 1
mM NaClaqueous solution) with the bare glass and a hydrophobically coated glass, were measured and
are shown in Figure 4.6. The top panel refers to PS particles near the bare glass wall while the bottom
panel shows PS particles near a hydrophobically coated glass. It is important to note that, for each
system, the six measured potentials were obtained from six different particles, all of which were

contained within the same sample cell. Therefore, the experimental conditions for the six
measurements were identical. The parameters A,, G and % . were determined by fitting the

experimental data using Eq. 3.23, which in turn, was used to construct the model potentials displayed
as lines in the graphs. The extracted parameters for the PS particles near the bare wall (glass) and the

hydrophobically coated wall (glass) are listed below in Table 4.2.
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At first glance, the interaction potentials of PS particles near the bare glass presented different

distances from their potential minima /. but similar shapes. The Debye lengths 4, ranged from 9.2

min
to 11.8 nm. This interval of /1D matched reasonably with the expected value for particlesina 1 mM NaCl
solution. According to the Debye-Hiickel approximation, a 1:1 electrolyte solution has
A, = 0.304/\/Z: 9.6 nm. The buoyancy-corrected gravitational force acting on the particles, which
was determined from the slope of the potential at large distances, spanned from 57 to 67.1 fN. The
expectation value for this parameter was calculated to lie between 56 fN and 67 fN, by using the nominal
diameter of 6 um, the density of polystyrene which varies from 1.05 to 1.06 g/cm?, and the acceleration

of gravity. Further, if taking into account the particles’ diameter distribution (5.99 + 0.07 um) the

experimental values for the gravitational force can be considered as agreeing very well with the

expectations. On the other side, as the particles’ equilibrium distances % .. ranged from 66 to 125 nm,

min
the electrostatic amplitude had to vary drastically from particle to particle. Such notable differences

are due to the exponential relationship between By and k. according to

By :exp(hmm//lD)XGeff Ap. Consequently, the values of By, differed by almost two orders of
magnitude between the profiles. This indicates that either different particles, different spots on the
glass surface, or both at the same time, can present different local charge densities.

In the case of the PS particles near the hydrophobic glass (Figure 4.6 bottom panel), the parameters of
the interaction potentials showed similar values as in the previous case, falling within the expected

ranges for A, and G ;. However, 4, seemed to tend slightly to higher values than those obtained in
the bare wall case. Likewise, the effective attraction forces G; were found in the range expected for a
polystyrene particle with a nominal radius of 3 um. Thus, differences in Geff compared to the previous

case are not significant. Regarding their equilibrium position, the distances h_. on average showed

min

larger values and less fluctuations than those observed in the bare wall case.
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Interaction potentials: PS particles on bare glass
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Figure 4.6. Experimentally determined interaction potentials profiles of polystyrene particles (3 um
radius), immersed in 1 mM NaCl aqueous solution, with two different walls. Upper panel: the wall is bare
glass. Bottom panel: the wall is a glass surface coated with a hydrophobic layer (Sigmacote™). Lines

represent model function calculated with parameters resulting from non-linear least squares fits with Eq.
3.23. The corresponding parameter values are listed in Table 4.2.
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Particle No. Ap (nm) G (fN) - (nm) BER/ kB T
Bare Coated Bare  Coated Bare Coated Bare  Coated
glass glass glass glass glass glass glass glass

1 11.8 11.2 57.0 59.2 101 93.8 873 688.5
2 10.5 - 66.1 - 68.5 - 118 -

3 9.3 13.0 67.9 60.8 89 138.3 2297 8004.6
4 9.7 12.0 60.1 60.0 65.9 131.0 122 9814.8
5 11.8 10.0 58.1 56.5 124.5 100.5 6524 2876.3
6 9.2 10.0 61.7 59.7 86.2 100.0 1631 3252.6

Table 4.2. Best fitting parameters that describe the interaction potentials between bare PS colloidal particles
(3 um nominal radius) with two different types of walls: bare glass (black font) and hydrophobic-coated glass
(font in italic and purple). As reference, for a PS particle with radius of 3 um and a density of 1.055 g/cm?

immersed in a 1 mM NaCl aqueous solution, a buoyancy-corrected weight force Geff =61.6 fN and a Debye

length iD =9.6 nm are expected.

Consequently, the values of By were slightly higher on average and more uniform in this case. This

implies that the charge density on the hydrophobically coated surface is more homogenously
distributed but higher than on the bare glass. Especially the latter conclusion is somewhat surprising,
as the coating is designed to make the surface hydrophobic. However, it should be noted that the
chemical composition of the coating reagent and its mode of action are kept confidential by the

manufacturer.

Next, a third system was measured in TIRM. This sample consisted of Streptavidin-coated polystyrene
particles (nominal diameter of 5 um immersed in a 1 mM NaCl aqueous solution) floating above a bare
glass wall. The experimental interaction potential profiles are displayed in Figure 4.7 together with the
best fits according to Eq. 3.23. The resulting parameters are listed in Table 4.3. Additionally,
Streptavidin-coated polystyrene particles, here after called as protein-coated PS particles, moving
above a hydrophobically coated wall were also measured. However, due to experimental constraints
which required adjustments of the experimental conditions, data from these experiments are shown

separately and discussed at the end of the chapter.
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According to the parameter values in Table 4.3, the protein-coated particles experienced interaction

potentials with potential minimum at /2. =78 nm and above. These equilibrium distances were in a

similar range as in the previous case of bare PS particles near the bare glass. The effective weight G

tended to be slightly higher than the expected for a PS particle of 2.5 pm nominal radius (35 fN), where
it was considered that the protein layer’s mass is negligible compared to the particle core’s (~ 5%) [3].

However, the standard deviation of the size distribution is 0.2 um measured by the manufacturer.

Therefore, expectation values of G range from 27 to 44 fN and the experimental values were
considered to be in very good agreement with expectations. Likewise, /1D presented values from 1.7 up
to 4.1 nm above the expected value of /1D= 9.6 nm for the 1. mM NaCl aqueous solution. As a result, the
electrostatic amplitudes By, calculated from the previous parameters fall within a range difference of

less than 100 kBT with one exception. All the electrostatic amplitudes observed for this system were

much smaller than in the previous cases of bare PS particles.
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Interaction potentials: Streptavidin PS particles on bare glass
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Figure 4.7. Experimentally determined interaction potentials profiles (symbols) with the bare wall of
Streptavidin-coated PS particles (2.5 um radius) suspended in a 1 mM NaCl aqueous solution. Lines
represent model function calculated with parameters resulting from non-linear least squares fit (Eq. 3.23).
The resulting parameters are listed in Table 4.3.

Particle No. Ap(nm) G (fN) B (nm) By [k, T
1 13.7 32.3 112.7 411.70
2 11.7 44.7 86.3 202.61
4 13.5 47.9 96.4 205.09
5 12.2 29.6 91.1 156.36
6 11.3 41.9 78.5 120.29

Table 4.3. Experimental parameters describing the interaction potentials between Streptavidin-coated
particles (2.5 um nominal radius) with the glass wall (Figure 4.7) obtained by curve fitting using Eq. 3.23 to
the experimental data. As reference, for a PS particle with radius of 2.5 um and density of 1.055 g/ml
immersed in 1 mM NaCl aqueous solution, a buoyant-corrected weight Geff =35 fN and /1[)= 9.6 nm are
expected.
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4.2.1.2  Discussion and conclusions of experimentally determined interaction potentials

In general, for the three systems described above, it was found that the parameters 4, and G,

matched the expected values within experimental error. Small discrepancy in G ; can be attributed to

size and density variations between individual particles due to polydispersity. The differences in the
Debye length are potentially due to two effects: (i) small deviations of the penetration depth from the
value that was set based on the measuring cell geometry and, (ii) inevitable experimental noise, which
is likely the more important effect. This last effect will be investigated and discussed in the context of
simulated interaction potentials in the next subsection. Both effects lead to a systematic deviation in
the direction of the electrostatic parameters, as was observed in all cases. The dispersion of the values
was 20 % around the respective mean value. This is due to the fact that only relatively few measuring
points in the potentials were available in the short range of distances, which is dominated by the

exponential decay, making the fit less reliable in that range.

The three systems differ drastically regarding the amplitude of the electrostatic repulsion, which were

calculated from the above parameters and the position of the potential minimum. The mean values of

<BER > / kB T giffer by a factor of about 25 between the three systems and the measured values on one

system vary by up to + 50 %. The corresponding values are collected in the following Table 4.4.

Average Standard deviation of
System <BER>/kBT AB. /k,T
Bare PS spheres [ bare glass 1930 900
Bare PS spheres [ hydrophobically coated glass 4930 1530
Protein coated spheres [ bare glass 220 45

Table 4.4. Average values <BER )/ k,T andvariation AB_, / kT ofthe electrostatic amplitude measured

in three different sphere / wall systems.



|97

The measured potentials of the protein-coated particles near the bare glass showed the smallest
electrostatic amplitude. This is very likely caused by Streptavidin having an isoelectric point of pH 6.2,

similar to that of the surrounding environment, and therefore, this protein will be very weakly charged

under the experimental conditions. Also, the variation of <BER>/kB T, being on relative or absolute

scale, is significantly smaller for this system than in the bare sphere-bare wall system.

On the other hand, PS particles near the hydrophobically coated glass had the largest BER among the

systems. This implies that the coated surface has a higher charge density than the uncoated glass. This
is inconsistent with the Sigmacote manufacturer's claim that treating a glass surface with this product
should produce a neutral hydrophobic coating. Visual observations of the contact angle of water
confirmed this claim. Since the manufacturer does not provide any information about the specific
nature of the Sigmacote reagent, it is not possible to explain the experimental findings for this system

within the framework of the model used for interaction potentials.

In addition, the electrostatic amplitude values varied between not only different systems but also
among single particles within the same sample. This variation was more pronounced in the systems
comprising bare PS particles than in those with protein coated particles. Probably, the major reason
lies in the manufacturing procedure of the bare PS spheres. The used particles were commercially
manufactured with an extremely small polydispersity of sizes. The relative standard variation of the size
distribution is of the order of 10, which cannot be achieved by standard polymerization procedures.
According to the manufacturer, these particles originate from different synthesis batches whose
products were fractionated and collected according to size classes in order to achieve sufficiently large
sample quantities and very narrow widths of the size distribution. The fact that particles within a stock

suspension originate from different approaches can explain their different charge densities.

Onthe other hand, the protein-coated particles have a relative width of the size distribution in the range
of 10 % indicating that they were synthesized in a single batch. This immediately explains why the
variation of the electrostatic amplitude is the smallest among the three systems, which is still of the
order + 20%. While one might expect the particles to share similar electrostatic amplitude properties
before the protein coating, the particles may exhibit topological defects known as surface roughness,
inhomogeneous protein coverage and, in a more realistic scenario, the combination of both [72, 73, 90].

Also, a realistic glass wall is likely to have corrugations and charge density inhomogeneities. The
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combination of these effects causes the electrostatic amplitude values to show significant variations

among several single-particle experiments.

Another minor factor to consider when analyzing the physical parameters is the numerical inaccuracies
related to the fitting of the experimental data. Artifacts as error propagations in combination with the

selection of data points could generate small differences in the best fitting parameters. In particular,

minor errors in the determination of /. significantly impact on the B, values due to their

min

exponential relationship.

4.2.1.3 Simulated interaction potentials and the effect of noises

In recent years, the notion of shot noise has come into TIRM considerations while analysing
experimental data due to its effect at the time of detection that impacts the shape of the potential [17,
67, 88]. In addition, if it is not properly managed, background noise has also been observed to influence
the scattered light signal. Therefore, to complement the experimental findings it is necessary to assess
whether the previously observed potentials were only determined by the system parameters or
partially influenced by the above-mentioned errors. For this purpose, Brownian dynamics simulations
were performed to calculate interaction potentials in dependence of the experimental parameters and

adding the inevitable shot noise and background noise.

The procedure consisted of obtaining an averaged potential by simulating five independent potentials
using the experimental parameters of a selected particle of each system. The background noise and
shot noise were also added when simulating the intensity traces. For easy appreciation, only the case
of Bare PS particle near the bare glass is shown since it reveals the main effects of these noises which

are similar in all systems.

The simulated interaction potentials of the bare PS particle near bare glass are presented in Figure 4.8,
together with the associated experimental data. In the top panel, five independent simulated potentials
(solid symbols) and the resulting averaged potential (open circles) are shown. For the simulated data
5% of background noise (BN) and shot noise (SN) were considered. This level of background noise

represents the maximum threshold below which experimental measurements are considered reliable.
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These simulations were done by using the best fitting parameters for the experimental data (black solid

line): 4y=9.2nm, G =61.7fN and BER/kBT= 1631.

In general, the simulated potentials with added noise (Figure 4.8 top panel) agreed well with the
experimental data for separation distances larger than the position of the minimum. There, the
difference between the slopes of the linear parts is smaller than 5%. For distances below the equilibrium
position, where the potential is steeper, the differences between the simulated and experimental
potentials were clearly distinguishable. The simulated potentials showed slightly smaller gradients
than the experimental data. These deviations from the best fitting potential are in line with the

observations related to shot noise found firstly by F. Cui and D. J. Pine [17].

In order to quantify the extent of the noise contributions in the potentials, simulations with different
noise contributions were performed (Figure 4.8 bottom panel). Since the effect of noise is mainly
evident at short distances in the potential, the following discussion is focused on this region of interest.
At a glance, the averaged noise-free simulated potential (black squares) and the experimental data
(blue stars) fall close to each other and to the fitting potential (blue line). The noise-free simulated
potential tends to deviate to a small extent from the fitting potential at short distance to the wall. The

background noise (red circles), with a strength of 5% signal-to-noise ratio, reduced the gradient of the
repulsive part of the potential. This is translated as an increase in 4;, and a reduction of BER/kB T,

Similarly, shot noise tended to decrease the potential gradient (green triangles) but with a stronger
effect compared to background noise of 5%. In consequence, the combination of both sources (light
blue rhomboids and light broken blue line), named as full noise, reinforced these effects on the

potential.
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Figure 4.8. Simulated interaction potentials between a bare polystyrene particle (3 pm radius) with the
bare glass wall are shown in comparison with experimental data. The parameters used in the simulation

come from the particle listed as No. 6 in Table 4.2 which are /1D= 9.2nm, Geff =6l.7fNand hmin =86.2nm.

Top panel: five independent simulated potentials and their average compared to the experimental data.
Bottom panel: simulated potentials at short distances with various noise contributions as indicated in the
legend shown together with experimental data.
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These two sources of noise are always present in experiments and therefore the interaction potential

measurements are slightly biased towards shallower profiles, according to the findings above. Thus,
larger A, and smaller BER/kBT are being measured, along with slightly smaller G values,

compared to those determined from hypothetical noise-free experiment. If the experiments are
performed cautiously, the background noise can be reduced to 1-2% of the signal reducing the resulting
uncertainty to a certain extent. However, shot noise cannot be manipulated since it is caused by
inevitable quantum fluctuations of the detector. Thus, these inherent noise contributions will always

distort the interaction potential profile as mentioned.

As shown above, the noise-free simulated potential presented slight deviations from the model
potential at short distances, whereas in principle the two curves should lay exactly on top of each other.
The deviations can be attributed to the fact that the electrostatic repulsive force causes a high drift
velocity of the particle away from the surface within the short-distance region. Under these conditions,
the implicit assumption that the potential is constant over the sampling time is not valid. Thus, to fulfil

this assumption shorter times must be considered.

Since the effect of sampling time is a factor that is frequently referred to during this research, this topic
is addressed in detail in Subsection 4.2.3. Briefly, simulations having a reduced sampling time At=0.2
ms resulted in a better match of data with the model potential than the simulations with At=2 ms.
However, performing experiments at At= 0.2 ms would reduce the count-rate by a factor of ten and
amplify the effect of shot noise. To counteract this effect, the illumination intensity would require a
tenfold increase compared to real experiments, which in turn, would lead to detector over-illumination
and dead time losses. Therefore, the implementation of such small sampling times in real

measurements is unfeasible.

Below in Figure 4.9, simulated data (solid symbols) for representative potentials for each experimental
system are shown. For these simulated potentials, the parameters determined by fitting the
experimental potentials were used but with the addition of 1% of background noise (BN) and shot noise
(SN), resembling the experimental noise conditions. As reference, experimental data of the three
systems, (open symbols), are displayed together with their corresponding fitted potentials (continuous

lines) calculated by using the extracted parameters listed in Table 4.5.
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Figure 4.9. Experimental (open symbols) and simulated (full symbols) interaction potentials from
representative particles of each system as denoted in the legend. The parameters obtained from fitting the
experimental potentials (solid lines), listed in Table 4.5, were used to calculate the corresponding averaged
simulated data with additional noise. Full symbols represent the average result of five independent
simulations, and the error bars indicate their standard deviations. Top panel: the potentials are shown
over a wide range of distances from the wall. Bottom panel: close-up view at shorter distances to
distinguish the simulated potentials from the experimental ones and the models. For visual clarity, the
fitting potentials for the simulated data are ommited but their parameters are listed in Table 4.5.
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Ap(nm) G (fN) oy, (nm) By [k, T
Sample
exp sim exp sim exp sim exp sim
Bare PS particle (No. 6)-Bare

9.2 124 61.7 66.7 86.2 88.5 1631 255.8
glass

Bare PS particle (No. 5)-

. 129 56.5 591 100.5 102.5 2876.3 513.8
hydrophobic-coated glass

Protein-coated PS particle

(No.2)-Bare glass 11.7 143 44,7 433 86.3 90.5 202.6 85

Table 4.5. Parameters of the model potentials extracted from experimental (“exp” columns in bold font) and
simulated data (“sim” columns in Italic font) which includes 1% background and shot noise.

The simulations of the interaction potentials showed that noise consistently reduced the gradients in

the potential profiles across all three systems. Therefore, the broader profiles led to significantly
smaller electrostatic amplitude BER/kB T and larger 4, values as described previously. This suggests

that in real TIRM experiments, where these inherent noise sources are present, measurements of the
particle-wall potential are subject to the same systematic errors. Thus, physical parameters determined
for these three types of systems are overestimated due noises ruling out any influence of the particles’
surface composition on the potentials. The noises could explain the deviation of the experimentally
determined screening length from the expected values based on the electrolyte concentration. Further,
it has to be assumed that the values of the electrostatic amplitude are always underestimated in a TIRM

experiment.

4.2.1.4  Conclusion of simulated interaction potentials and noise

Simulations that incorporated inherent experimental noises, background noise and shot noise, have
shown a measurable impact on the accuracy of interaction potential profiles measured with TIRM.
These provided insights into the separate and combined effect of noises on the interaction potentials.
As in experiments, background noise can be minimized as low as 1% but shot noise remains inevitable

while it contributes the most to broaden the interaction potential profiles. This distortion affects the
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steepest part of potential profile most severely and consequently, the misestimation of the derived
parameters A, and By . The effect on G is smaller and not significant with respect to the

experimentally measured parameter. Therefore, simulations of the static interaction potential are
needed to complement the experimental data and estimate the degree of error due to the noise effects.

And so, the values of the parameters that describe the potential could be better assessed.

Also, simulated potentials with both noise-free and noise-added when compared to the potential built
with experimental parameters led to identifying the role of sampling time. While noise tends to broaden
the potential profile, in principle noise-free potential should coincide with the potential built by using
the experimental parameters. However, notable differences are still observed in the steepest part of the
potentials. These differences are attributed to the violation of the assumption of constant forces acting
on the particles within the sampling time. As will be presented in the next subsection, simulated
potentials with reduced sampling time reach a better agreement with the fitted potential. While in
simulations it is possible to tune this parameter to shorter times, in actual experiments technical

complications arise, thus limiting the accuracy of measurements at short separation distances.

As expected, the simulations showed the same influence of noise for all three particle types, since the

simulation algorithm does not process any information about the particles' surface properties.
However, the simulations provide a qualitative measure of the factor C = B}y / By by which the
experiments overestimate the electrostatic amplitude. If this factor is applied to the values of the mean
amplitudes and error bars from Table 4.3, it can be shown that the value of the B, in the case of the

protein-coated particles is significantly smaller than the corresponding values for the other two particle

types which is shown by the calculated values in Table 4.6.

This shows that the protein-coated particles have a significantly lower charge density than the
uncoated particles. However, based on the experiments conducted, it is not possible to conclude
whether this is an effect of the coating or if these particles had a comparatively low charge density prior

to coating.
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sample C=BY /By C(By )/ kT CAB, | k,T
Bare PS particle (No. 6)-Bare
0.16 303 141
glass

Bare PS particle (No. 5)-

hydrophobic-coated glass 0.18 881 273
Protein-coated PS particle

0.42 92 19
(No.2)-Bare glass

Table 4.6. Average experimental values <BER>//€BT and variation AB_, /kBT of the electrostatic

amplitude of three different sphere / wall systems corrected by the facto C = Bgep /B;l;n as determined
by simulations.

4.2.2 Dynamic properties of particles near different surfaces

4.2.2.1 Experimental dynamic properties

The dynamic properties of particles near the different types of walls, diffusion coefficients D, (h) and
drift velocities Vg, (h) normal to the interface were calculated from the measured intensity traces, as

described in chapter section 3.2. The D, (h) experimental results of bare PS particles near both, the
bare glass and hydrophobically coated wall, are shown in Figure 4.10 alongside with theoretical models
as references. Meanwhile in Figure 4.11, the Vg, (h) experimental data along with calculated model

values are presented. On the other hand, dynamic data for protein-coated PS particles near the bare

glass is displayed separately in Figure 4.12. In all graphs the dynamic data are plotted as a function of

the dimensionless separation distance h/R = (Z —R)/R .
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Figure 4.10. Experimentally determined normalized diffusion coefficients perpendicular to the wall as a
function of the normalized separation distance for polystyrene particles near two different walls: bare glass
(solid black symbols) and Sigmacote-coated glass (open purple symbols). The theoretical model for

DL (h)/DO of asphere ( R =3 um), based on Brenner’s prediction for stick boundary conditions (Eq. 3.27),

is represented by the black solid line. The red dashed line corresponds to DL (h)/DO but following partial

slip boundary conditions, based on precise numerical calculations by Ekiel-Jezewska’s et al. (Eq. 3.28), with
a slip parameter of (=1/12. The lubrication constants implemented for Eq. 3.28 are listed in Table 2.1. The

vertical dotted lines indicate the potential minimum, according to the samples’ color code.

According to Figure 4.10, the D, (h)/D0 of both systems did not follow completely Brenner’s near-wall

diffusion model, which assumes stick boundary conditions with the wall. At very short distances, both

systems of particles exhibited slower diffusion than the reference model (solid black line). However,
beyond a certain separation distance, their DL(h)/DO steeply increased above Brenner’s prediction

and eventually exceeded it by roughly a factor of two for long distances. A similar behavior, where
particles exhibit faster normal diffusion near hard walls, has also been reported in systems influenced

by depletion interactions with rods [80]. In addition, PS particles near the hydrophobically coated glass
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(purple open symbols) did not show a clear trend as to whether their diffusion is slightly slower or faster

compared to those near the bare glass (black full symbols).

2
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Figure 4.11. Representative data sets for PS particles’ drift velocities with respect to normalized separation
distance. Experimental data for particles near to two different walls: bare glass (black squares) and
Sigmacote-coated glass (purple circles) is shown. Calculated values (Eq. 3.26) for the particle near the bare
wall (black lines) and particle near Sigmacote-coated glass (purple lines), both computed following stick
boundary conditions (full lines) and partial slip boundary conditions (broken lines). The lubrication
constants implemented for Eq. 3.26 are listed in Table 2.1. The vertical dotted lines indicate the potential

minimum, according to the samples’ color code.

The observed increase of particle dynamics near the walls suggests an alternative interpretation based

on particle motion under stick-slip boundary conditions between the particles with the wall [21]. This

approach involves calculating friction coefficients by using lubrication expressions that incorporate a

slip parameter (. Thus, normal diffusion coefficients were calculated assuming partial slip boundary

conditions with a slip parameter {= 0.12 using Eq. 3.28 and parameters listed in Table 2.1. The
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calculated values are shown as the red dashed line in Figure 4.10. These analytical values presented
faster dynamics than the experimentally measured constants at short distances but ended meeting at
larger separation distances. This disparity, as will be shown in the next Subsection 4.2.3, can be
attributed to the effects of too long sampling times. Hypothetically, an agreement between calculated
data for stick-slip prediction and experimental data, at short distances, could be achieved by reducing
the sampling time. However, in an experiment the sampling time cannot be reduced to the required
small values for the reasons briefly mentioned in Subsection 4.2.1 and discussed in detail in Subsection

4.2.3.

Likewise, calculated values for v, (h) of bare PS particles near both types of walls were computed by
means of Eq. 3.26 and the parameters listed in Table 2.1 and Table 4.5. In Figure 4.11, only a
representative data set of each system is shown for visual clarity. In general, the measured Vv, (h) for

both systems (symbols) seems to closely followed the analytically calculated values for stick boundary
conditions (full lines). At longer distances, significant error bars of the measured data occurred around
the analytical curves but due to low statistics while measuring the intensity trace. Besides these
similarities, the data related to the hydrophobic wall system was shifted toward larger separation

distances.
In parallel, the protein-coated particles near the bare glass (Figure 4.12), exhibited a similar trend of the

dynamic quantities as the previous two systems. The experimentally measured D, (h)/D0 values

(Figure 4.12 top panel) seem to follow the non-slip diffusion model at very short distances, while at long
distances, the values surpassed this model. Then, near-wall diffusion with partial slip was considered

with a slip parameter of {=1/12 (red dashed line). Under this condition, the experimental data aligned

well at intermediate and large distances.
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Figure 4.12. Top: experimentally determined normal diffusion coefficients as a function of separation
distance of Streptavidin-coated PS particles near the bare wall (greenish symbols). Theoretical near-wall

dynamics model of a hypothetical sphere ( R =2.5 um) near a flat wall following stick boundary conditions
(hard spheres, black solid line) and partial slip boundary conditions with slip parameter { = 1/12 (Ekiel-

Jezewska, red dashed line). Bottom: experimentally determined drift velocities with respect to normalized
separation distance (greenish symbols). The analytical determined values are shown as greenish lines,
which were calculated either using stick boundary conditions (solid lines) or partial slip boundary
conditions (broken lines) with {=1/12, and the corresponding potential parameter for each particle.
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The drift velocities of Streptavidin-coated particles (Figure 4.12 bottom panel) are presented alongside
analytical values calculated for both stick (solid lines) and partial slip boundary conditions (dashed
lines). The experimental data (symbols) were above both calculated curves for stick and partial slip
conditions, exhibiting faster drift velocities at intermediate and large distances. Even so, the
experimental data seems to follow the calculated values for stick boundary conditions (solid lines),
except for points located at very short distances. However, as will discuss in Subsection 4.2.3, this
observation is affected by the role of long sampling times and noise effects at the moment of

measurements.

4.2.2.2 Conclusion of experimental dynamic properties

In general, the experiments on the studied three systems exhibited dynamic trends that are not
significantly different despite the composition on their surfaces. This indicates that any particle from
any system is likely to exhibit dynamics similarly to those from another system. Complementary,
analytical calculations of their perpendicular diffusion and drift velocities, based on their interaction
potential parameters, were shown as reference. Experimental diffusion constants from the three

systems showed some agreement to the analytical calculations for partial slip boundary conditions at
separation distances larger their /1. . On the other hand, the experimental drift velocities seem to

agree better with the analytical prediction for hard sphere with stick boundary conditions. However,
this apparent mismatch of the particles’ dynamic properties following different models can be solved
by the effect of too long sampling times in the experiments. This statement will be addressed in the next

Subsection 4.2.3.

4.2.2.3 Simulated dynamic properties

To further investigate the implications of noise and the potential effect of slip, as factors contributing
to the discrepancy between measured data and theoretical predictions, Brownian dynamic simulations
incorporating these noises were performed and the results are presented next. For easy visualization,
simulated data for the dynamics of the simplest case of PS particle near the bare glass is first shown. In

this case, the dynamic properties of the system bare PS particle near the bare glass with the progressive



|111

addition of slippage with constant noise (1% background noise plus shot noise) were determined from
simulated data. These diffusion constants (Figure 4.13 top panel) and drift velocities (Figure 4.13
bottom panel) perpendicular to the wall are presented below both as a function of normalized

separation distance.

In the first plot (Figure 4.13 top panel), simulated normal diffusion constants (symbols) are presented.
There, the noise-free data with no slippage (black squares) closely followed the prediction for stick
boundary conditions. Similarly, simulated data accounting for stick boundary condition but
incorporating full noise (open black squares) matched the same prediction as well. However, at short
distances both data sets showed minor deviations from the prediction of hard spheres with stick

boundary conditions, and they presented low dispersion around the model line at greater distances.

Diffusion constants that included partial and full slip ({=0.12 and 1/3) with noises also matched their

corresponding analytical predictions at intermediate and large distances, with error bars widening as
the slip parameter and distance increased. This tendency is simply statistical and does not indicate a
deviation from the expected behavior. Meanwhile, at short distances, the simulated diffusion values
were noticeable smaller than their corresponding analytical values (broken lines). In general, it was
observed that by increasing systematically the slip parameter led to greater differences between the

simulated data and the analytical values at short and large dispersion of data at large distances.

Similarly, simulated drift velocities (Figure 4.13 bottom panel) aligned with their corresponding

analytical models at distances larger than the equilibrium distance h regardless of noise and slip

min >
conditions. Also, there was an increase of data scattered around the models and wide error bars.
However, this dispersion is due to statistical artifacts and does not indicate a deviation from the
expected behavior. However, at short separation distances, noticeable deviations from the analytical
curves occurred in all cases, as seen previously with the experimental data. Here, the degree of

mismatch between simulated data with their corresponding analytical model also increased with

increasing slip parameter.
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Figure 4.13. Simulated normalized diffusion coefficients (upper panel) and drift velocities (bottom panel)
perpendicular to the wall as a function of normalized separation distance. Simulated data (symbols)
generated using the experimental parameters of the bare PS-particle No. 6 (Table 4.2) with equilibrium

distance located at h/R= 0.029 (vertical green dashed line) and At=2 ms. Simulations include 1%

background noise (BN) and shot noise (SN), while incorporating different slip conditions: zero slip, partial
slip (£ =0.12) and full slip ( £ =1/3). Moreover, calculated dynamic profiles based on hard spheres stick

boundary conditions (solid line) and partial slip conditions (broken lines) are presented for reference.
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Then, these simulations suggest that noise does not impact drastically on the dynamic properties but
susceptible at short distances. However, these deviations at short distances are expected to have their
origin in the dominance of large repulsive forces acting on the particles, which violate the assumption
of constant forces over the sampling time. Therefore, the sampling time variable is reintroduced to

address these discrepancies in the dynamic properties at short distances later in Subsection 4.2.3.

Dynamic properties of the particle-wall systems of interest were computed according with simulated
traces based on their experimental conditions. These simulations considered the stick boundary

conditions, partial slip (¢ =0.12) and full slip ({=1/3) in combination with full noise. The experimental
parameters used for the simulations were taken from Table 4.5 for selected particles and the sampling
time At=2 ms. The resulting normal diffusion constants are presented in Figure 4.14 top panel and the
drift velocities in the bottom panel.

In Figure 4.14 top panel, the simulated diffusion coefficients (open symbols) showed comparable
results as those in Figure 4.13. For DL/DO with stick boundary conditions ({= 0), no noticeable

difference was observed between the three particle-wall systems and all closely followed the

corresponding model within the error. By increasing the slip parameter to { = 0.12, an appreciable

difference between simulated data and the analytical values was noticed at very short separation

distances. From distances above /1. , the simulated data followed the analytical line for partial slip

with slight dispersion. Simulated Dl/D0 with full slip, {= 1/3, exhibited evident reduction in the
normal diffusion at short separation distances compared to the corresponding analytical line. From

distances above / simulated data fell into the reference line within the statistical error. To

min »
conclude, the simulated Dl/D0 of the investigated systems did not show any evidence that indicate

their surface characteristics influence their dynamics as they showed no significant differences
between them. Instead, simulations allowed to identify the subtle systematic effects of noise and slip

on the simulated diffusion constants.
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Figure 4.14. Simulated diffusion coefficients (upper panel) and drift velocities (bottom panel)
perpendicular to the wall as a function of normalized separation distance of the three studied systems. The
simulated data is based on the parameters listed in Table 4.5. The positions of the potential minima are
indicated by vertical dotted lines in color-coded as shown in the legend. Simulations incorporate stick
boundary conditions and slip boundary conditions, with the addition of 1% background noise (BN) plus
shot noise (SN) as stated in the legend. For visual clarity, the cases of simulated drift velocities
implementing stick boundary and full slip conditions are displayed in 6.1 Supplementary Information.
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According to Figure 4.14 bottom panel, the simulated Vv ; (h) with partial slip (full symbols), matched

the analytical values for the respective slip parameter ({= 0.12, dashed lines) within the error at

distances larger than /1. . However, as described above, significant deviations from the analytical

values were present below h_.where the electrostatic repulsion dominates the potential.

min

In general, for all three systems, the dynamic properties determined by simulations incorporating
partial and full slip (£ =0.12, £ = 1/3), showed agreement with the analytical values at separation
distances larger than the position of the potential minimum. However, noticeable discrepancies
between all simulated data and their respective analytical values arose when the separation distance
between the particle and the wall decreased, showing an apparent slowing down of the near-wall

dynamics.

Below in Subsection 4.2.3, it will be shown that reducing the sampling time can remove this deviation.

This means in turn that the experimental data for all three systems would rather likely approach the

prediction for partial slip with C = 0.12, if they could be measured with sufficiently small sampling

times. Consequently, itis probable that the protein coating of the particles and the hydrophobic coating
of the wall did not significantly alter the dynamic properties of the particles, but rather they exhibited

partial slip dynamics.

4.2.2.4  Conclusion of simulated dynamic properties

Simulations determining the dynamic properties of particles near the wall showed that inevitable
experimental noise does not cause significant deviations of the normal diffusion constants from
theoretical predictions based on stick-slip boundary conditions (see Figure 4.13). The drift velocities are
affected to a small extent which can be considered negligible in comparison to the effect of other
artefacts (see Subsection 4.2.3) Instead, these findings indicate that the effect of noise can be
disregarded in the experimental determination of diffusion coefficients and drift velocities, if the
scattered light intensities are significantly higher than the noise signals. This can be attributed to the
Poisson distribution defining the intensity error, which becomes nearly symmetrical when sufficiently

large intensity counts are collected per sampling time.
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Further, simulations incorporating slip boundary conditions were performed to evaluate the impact of
slip on dynamic properties, as experimental data showed qualitative agreement with partial slip
models, particularly at larger separation distances. As expected, the introduction of slip in the
simulations resulted in enhanced diffusion coefficients and drift velocities when compared to the non-
slip models. However, since neither the simulations in absence of noise nor slip could recover the
simulated data matching the analytical models at short distances, the source of such gap is attributed

to the use of long sampling times.

The analysis of samples from different particle-wall systems suggests that, despite their particular
surface characteristics, there is no significant variation in the distance-dependent diffusion constants
ordrift velocities. In other words, the near-wall dynamics of these systems appear to be similar between

them and follow near-wall dynamics under partial slip conditions.

Finally, the repeatedly observed deviations at short distances are certainly attributed to the use of long
sampling times in the experiments. This means that the intrinsic assumption for data evaluation, being
that the particle does not move noticeably during the sampling time, is violated if large forces act on
the particle. As will be discussed in the next subsection, reducing the sampling time improves the
agreement between simulated data and analytical models. However, unlike simulations, sampling time
in experiments cannot be reduced arbitrarily due to technical limitations. An alternative strategy could
involve using larger probe particles, since a phenomenological relationship links sampling time to
particle radius. As a practical guideline, the following equation should be used to estimate the minimum

particle size and sampling time when planning future TIRM experiments:

b ()~ A _o¢(h) 2"
" At oh 6xnR

max

Here, Ah is the experimental spatial resolution. According to the experimental set-up (Subsection

3.2.2), Ah istypically in the range of 0.2 nm approximately, with an intensity resolution of the detector
of about 1 kHz. The velocity v, (h) is given by Stoke's law modified with the near-wall friction

contribution. As an example, using typical potential parameters from Table 4.2, a maximum permissible
sampling time can be estimated. For a particle-to-wall distance of 50 nm, this is in the order of 0.2 ms,

which is approximately one order of magnitude shorter than the time used.
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Other than that, the simulations provided important insights about the implications of noise, slip and
sampling time that should be considered for the interpretation of the dynamic information obtained by

TIRM experiments.

4.2.3 Effect of sampling time on the particles near-wall interaction potential and near-wall
dynamics

4.2.3.1 Sampling time in particle-wall static interactions

The noise-free simulations of interaction potentials revealed another factor involved in the deviations
from the model potential at short distances, whereas in principle, both of them should coincide. This
deviation is attributed to the fact that large forces acting on the particle cause a high drift velocity. In
the present case, electrostatic repulsive forces dominate the short-distance region. Under these
conditions, the distance a particle travels during sampling time can become so large that the potential
can no longer be assumed to be constant. Thus, to fulfil the assumption of constant potential which is

implicit in TIRM data evaluation shorter times must be applied.

In Figure 4.15, simulated data addressing the effect of varying sampling time for the calculation of the
particle-wall potential interaction is shown. The parameters used for the simulations refer to those
found experimentally for the bare PS particle/bare glass system, listed in Table 4.5. The simulated

interaction potential profiles were deduced from simulation runs with decreasing sampling time steps.

Simulations demonstrated that reducing the sampling time improves the agreement between the
simulated interaction potential and the model potential derived from experimentally determined
parameters. Starting from a typical sampling time of At=2 ms, noise-free simulations reproduced the
previously observed deviations at short distances (Figure 4.8, bottom panel). However, when the
sampling time was reduced by an order of magnitude (At= 0.2 ms), the simulated potential closely
matched the analytical model. In a similar way, simulations with the shortest sampling time tested
(At= 0.2 ms) showed excellent agreement with the model potential. On the other hand, simulated
potentials incorporating noise (1% background noise and shot noise) at these sampling times exhibited

broadened potential profiles, consistent with the expected effect of such noise sources.
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Figure 4.15. Simulations varying the sampling time of noise-free interaction potentials (open symbols)
along with the noisy interaction potentials (full symbols) versus separation distances as stated in the
legend. The simulated interaction potentials were computed by using the parameters listed in Table 4.5 for
the bare PS particle/bare glass system which is displayed as the solid line.

4.2.3.2 Sampling time in the particle near-wall dynamics

The following subsection demonstrates how the reduced sampling times affect the normal diffusion

(Figure 4.16) and drift velocity (Figure 4.17) for the bare PS particle near the bare glass surface.

The simulated data for D, (h)/DO in Figure 4.16, showed that by reducing the sampling time

systematically from At= 2 ms to 0.2 ms, significantly improved the agreement between simulated
values and the analytical prediction at small distances. As expected, simulated values in the absence of

noise converged slightly better toward the analytical curve at the short distances with decreasing
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sampling time. Nevertheless, simulations for the shortest sampling time (open triangles) exhibited
increased dispersion around the analytical line for partial slip. This issue is attributed to poor statistics

rather than having any physical origin.
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Figure 4.16. Results of simulations with varying sampling time of normal diffusion coefficients under partial
slip boundary conditions ({=0.12) disregarding noise (open symbols) and considering noise (full symbols) as a
function of normalized separation distances as stated in the legend. Simulated data is based on the parameters
listed in Table 4.5 for the bare PS particle (No. 6) near the bare glass. Additionally, Brenner’s model for stick
boundary dynamics (solid line) and the dynamics following slip boundary conditions ({ = 0.12, dashed-dotted

line) are shown as reference. The position of the potential minimum is indicated by a vertical black dotted line.
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Figure 4.17. Results of simulations with varying sampling times of drift velocities under partial slip boundary
conditions ({=0.12) disregarding noise (open symbols) and considering noise (full symbols) as a function of

normalized separation distances as stated in the legend. Simulated data is based on the parameters listed
in Table 4.5 for the bare PS particle (no. 6) near the bare glass. Additionally, Brenner’s model for stick
boundary dynamics (solid line) and the dynamics following partial slip boundary conditions ({= 0.12,

dashed-dotted line) are displayed as reference. The data points for the shortest sampling time are omitted
here for the sake of clarity, since they scatter widely.

In Figure 4.17, simulated V 4 (h) in the absence of noise (open symbols), showed better agreement to

the partial slip line as decreasing systematically the sampling time from At=2 ms (squares) to 0.2 ms
(circles). There, simulations with a sampling time of 0.2 ms without noise almost reach perfect match
with the analytical data for partial slip. Then, if the combination of noises is considered (solid symbols),
the simulated data clearly differs from the analytical reference of partial slip, as explained in previous
sections. However, here is shown that the as shorter the sampling time is, the closer the simulated data

gets to the reference line.
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This clarifies the misleading observation of the apparent agreement between the experimental v, (h)

values with the model for stick boundary conditions. Then, it is presumed that the measured Vv ;; (h)

follow the model for partial slip, matching the diffusion coefficients following the same model (seee. g.
Figure 4.12). Thus, the apparent reduction of dynamics at short distance is caused by the combined

effects of excessive sampling times and, to a lesser extent, experimental noise.

4.2.3.3  Conclusions on the effect of sampling time

With the implementation of simulations with varying systematically the sampling time, it was possible
to unmask the wrong apparent agreement of experimental drift velocities with stick boundary
conditions, where in reality, it was a visual coincidence. Then, distortion of the measured drift velocities

at short distance are given by the sum of noise and, mainly, too long sampling times. Thus, these

simulations support the observation that both D (h)/DO and Vg (h) follow partial slip conditions.

The discrepancies between both experimental and simulated data relative to analytical predictions
have been emphasized. These inconsistencies arise from the dominant strong repulsive forces acting
on the particles. These lead to a significant directed movement of the particles, which causes a violation
of the assumption of constant forces during the sampling time. To minimize these deviations and
improve accuracy, shorter sampling times should be considered while determining the system’s

properties with TIRM.

The simulations demonstrate that reducing the sampling time can minimize the discrepancies between
simulated results and analytical almost quantitatively. Experimentally, achieving a short sampling time
from of At=2 ms to 0.2 ms would reduce the photon count rate by the same factor and amplify the
impact of shot noise. Compensating for this would require a tenfold increase in illumination intensity,
which in turn would lead to detector overexposure and dead time losses. Consequently, implementing

such short sampling times in real measurements is unfeasible with the current set-up.

Simulations allow for distinguishing the separate effect that noise and sampling time have on the static
and dynamic properties of individual particles near a wall. In practice, these combined simulations also
advert that even reducing sampling time by 10 times, the inherent noise still prevents the simulated

data from aligning completely with analytical predictions. This leads to the conclusion that in a real
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TIRM experiment investigating electrostatic repulsion, the Debye length will always be overestimated,

and the electrostatic amplitude will always be underestimated.

4.2.4 Streptavidin-coated particles near hydrophobically coated walls (phenomenological

and qualitative description)

As briefly mentioned in Subsection 4.2.2, the system of protein-coated PS particles near the
hydrophobically coated glass were measured as well. With this system it was impossible to maintain
the same experimental conditions of ionic strength as the other systems ( / =1 mM), since the particles
became immobile near the surface at the resulting Debye length. Consequently, the intensity traces
became almost flat with minimal fluctuations which didn’t carry any information about particle motion.
Therefore, to enable meaningful measurements of fluctuating intensities, the experimental conditions

were changed.

The ionic strength of the suspending solution was reduced by an order of magnitude to address the

issue of motionless protein-coated particles at the hydrophobically coated glass. The colloidal
suspension was prepared at 0.1 mM NaCl solution corresponding to an estimated Debye length of /1D

=30.4 nm, to prevent particle adhesion at the interface. However, under these conditions, the particles
tended to drift too far away from the wall, resulting in low scattering intensities and low contrast against
the background. Therefore, weak optical tweezers (OT) were applied to gently push the particle toward

the interface, allowing for reliable detection of the scattered light.

As a consequence of changing these experimental parameters, both the static and dynamic
measurements obtained from this system cannot be directly compared to those from the previously
studied systems. The resulting interaction potentials for three protein-coated particles near the
hydrophobic glass are presented in Figure 4.18 while the corresponding dynamic properties are

displayed in Figure 4.20.
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4.2.4.1 Particle-wall interaction potentials and normal diffusion of Streptavidin-coated particles near a
hydrophobically coated glass wall

The interaction potentials of protein-coated PS particles near the hydrophobically-coated glass,

immersed in 0.1 mM NaCl and held with OT at 10 mW nominal laser power (open symbols, Figure 4.18),

were fitted according to Eq. 3.23. The resulting fit parameters are listed in Table 4.7.

Streptavidin-coated PS particles near hydrophobic wall
in 1 mM NaCl and 0.1 mM NaCl aq. solutions
10 T T T T T T

T
1

Ad [ kgT

Particles in 0.1 mM NaCl,
10 mW Optical Tweezers

Particles in 1 mM NacCl,
No Optical Tweezers

0 400
h (nm)

Figure 4.18. Experimentally determined interaction potentials profiles of Streptavidin-coated PS particles
near the hydrophobic wall under different experimental conditions. Particles immersed in a 0.1 mM NaCl
solution are shown in open symbols, along with their corresponding fitted model potentials (solid lines).
Particles suspended in a 1 mM NaCl solution are shown with solid symbols. Inset: comparison between
interaction potentials at 1 mM NaCl and the profiles of particles stuck at the interface, measured for the

determination of Io . For visual clarity, the stuck particle potentials have been shifted to match the hmin

of the potential in green.
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From the interaction potentials curves, two out of three particles showed G values closely related to

the expected weight of a free polystyrene (PS) particle with nominal radius of 2.5 um (~35 fN). This value
excludes the contribution of the thin outer protein layer since it is negligible, representing just ~5% of
the particle’s weight. Particle No.2 presented a large mismatch in its effective weight compared to the
others. Considering the standard deviation of 0.2 um of the particles’ radius distribution, the
corresponding standard deviation of the weight distribution ranges from 27 to 44 fN. But also knowing
that ~95% of particle sizes are within a range of two standard deviations, the weight distributes from 20

to 55 fN. Thus, the effective weight of particle No. 2 fell within the expected range. However, since for
all particles G also includes the effect of the OT photon pressure, their actual weight may be slightly

lower.

On the other hand, the measured Debye lengths were smaller than the expected value of /1D= 30.4nm,

ranging from 19.6 t0 21.9 nm. These values were 30% lower than that one for a monovalent salt solution
ataconcentration of 1 x 107* M. Additionally, the potential minimum was found at separation distances
of approximately 145 and 172 nm. As aresult, electrostatic amplitude values were quite differentamong

these particles, differing by a factor of two to three.

Particle Ap[nm] A [nm] G i [fN] By [ks T
No.1 21.9 172.9 36.3 520.4
No. 2 19.7 145.0 49.1 376.8
No. 4 19.6 170.9 37.5 1100.2

Table 4.7. Experimental parameters describing the interaction potentials profiles of protein-coated
particles (2.5 um nominal radius) with a hydrophobic wall, determined using non-linear least squares
fitting based on Eq. 3.23. The experimental conditions include 0.1 mM NaCl and weak photon pressure. For
reference, for a PS particle with a nominal radius of 2.5 pm and density of 1.05 g/ml, immersed in a 0.1 mM

monovalent salt solution, a buoyancy corrected weight force Geff =35 fN and a ﬂ,D = 30.4 nm are

expected.
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Interestingly, these protein-coated PS particles near the hydrophobically coated glass exhibited two
distinct behaviors when the ionic strength of the solution was reduced by an order of magnitude.Ina 1
mM NaCl solution, the particles appeared trapped in a narrow parabolic potential (solid symbols, Figure
4.18), with their equilibrium positions around 100 nm from the interface, indicating strong confinement
without adhesion to the surface. In contrast, when the particles were suspended in a 0.1 mM NaCl
solution, they could not be detected due to the absence of scattering contrast with the background.
This implies that their equilibrium distance is very far from the surface. Upon applying weak optical
tweezers, the particles were pushed toward the interface, revealing typical interaction potential
profiles with minima located beyond 140 nm (open symbols). These observations suggest that ionic
strength plays a critical role in shaping the interaction potential. However, given the limited dataset,
further experimental repetitions are necessary to understand the precise role of ionic strength on this

system.

Figure 4.19 shows the comparison of these protein-coated PS particles in the vicinity of different
surfaces, bare glass vs hydrophobically coated glass, at the same ionic strength (1 mM NaCl), where two
different interaction potential profiles were distinguished. In the first case, the particles exhibited a
typical near-wall potential profile when near the bare glass (open symbols). In the latter case, the
particles were trapped in narrow parabolic potential when close to the hydrophobically coated glass
(solid symbols). Interestingly, the equilibrium distances in both systems were found to lie within a
similar range: 78 to 110 nm for the bare glass case and 85 to 100 nm for the hydrophobic surface. This
comparison suggests that the hydrophobic coating on the wall may influence the attractive component

of the interaction potential. However, further experiments are required to confirm this effect.
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Figure 4.19. Experimentally determined interaction potentials profiles of Streptavidin-coated PS particles,
immersed in a 1 mM NaCl solution, near the bare glass (open symbols) and the hydrophobically coated
glass (solid symbols).

Differently, the static interaction potentials of the protein-coated particles with a hydrophobically
coated wall show peculiarities which cannot be understood on the basis of the currently available data.
Therefore, further experiments on this system are necessary to reach a better understanding of this
interesting phenomenon. Moreover, similar unexpected interaction profiles were observed in systems
involving particles near a supported DPPC lipid bilayer. Only for documentation purposes, this data is
included in Supplementary Information. These observations suggest that there may be additional, yet
unidentified, contributions to the interaction potential that go beyond the conventional DLVO

framework, particularly when the glass wall is modified with a hydrophobic coating.
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The near-wall dynamics of the protein-coated particles were examined to evaluate their mobility close
to the hydrophobically coated glass under the aforementioned experimental conditions. The diffusion
coefficients (Figure 4.20 top panel) were determined from experimental intensity traces and analytical
values incorporating partial slip were calculated. The drift velocities (Figure 4.20 bottom panel) were
computed and compared with analytical predictions for the slip regime that closely matched the

observed diffusion coefficients.

The normal diffusion coefficients D, (h)/DO appeared to approach the analytical values for partial slip

with & =1/12 (dashed green line), for separation distances above the potential minimum. This slip
parameter of £ = 1/12 seemed to define a limiting behavior for the particle dynamics. At distances

smaller than the potential minimum, the experimental data exhibited smaller values than the reference
partial slip curve. According to the previous Subsection 4.2.3, this reduction at short distances is very
likely related to the long sampling time used in experiments (At = 2 ms), which affects the reliability of

measurements in regions dominated by steep potential gradients.

On the other hand, the experimental drift velocities Vg (h) (Figure 4.19 bottom panel) seemed to

follow the partial slip model with £ =1/12 (dashed lines) beyond the equilibrium positions. At small
separation distances, the experimental data appear to closely follow the model curve for stick
boundary conditions (solid lines). However, in light of the discussion in Subsection 4.2.3, it can also be
assumed here that this is an artifact caused by too long sampling times and experimental noise.

Excluding artifacts at short distances, probably caused by long sampling times and to a smaller extend
by noise, D, (h)/DO and Vg (h) of protein-coated particles near the hydrophobically coated glass

followed a slower partial slip ( £ =1/12) than those observed for the other systems ( £ =0.12, seee. g.

Figure 4.13).
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Figure 4.20. Experimentally determined normal diffusion coefficients (upper panel) and drift velocities
(bottom panel) as a function separation distance /4 for Streptavidin-coated PS particles near a

hydrophobically coated glass. The particles’ normalized diffusion constants are shown along with
analytical predictions for different slip conditions: partial slips with £ = 1/12 (dashed dark green),

C = 0.12 (dotted light blue light) and full slip £ = 1/3 (dot-dashed light green line), while Brenner’s

prediction for stick boundary conditions is presented by a solid line. The measured particles’ drift velocities
are presented together with analytical models for partial slip conditions with £ = 1/12 (color-coded

broken lines) and stick boundary conditions (color-coded solid lines).
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5 Summary and Outlook

The scientific work presented in this thesis contributes to the understanding of colloidal particle
systems near walls by providing experimental evidence that deviates from the classical hard sphere
model. Unlike ideal spherical particles, those with non-conventional surface morphologies exhibited

dynamic properties different from those expected by the theory for smooth spheres near the wall.

The near-wall dynamics of three different colloidal systems of silica particles near a hard wall were
measured using EWDLS, and their parallel diffusion coefficients were determined at different
normalized penetration depths. The SSi and HSi displayed near-wall dynamics similar to the model for
hard spheres. In contrast, the RSi particles exhibited a pronounced reduction in their parallel diffusion,

contrary to an expected enhanced dynamics due to the reduced flow resistance on the RSi surface.

To elucidate this behavior, numerical calculations for near-wall dynamics considering factors for
polydispersity, aggregation and particle-wall static interactions were conducted, with a particular focus
on the RSi system. The systematic exploration in polydispersity factors determined that this variable
had a negligible role on the particle dynamics. Meanwhile, aggregation factors showed notable effects
on the particle dynamics that decrease the near-wall dynamics but failed to reproduce the trend of RSi
in experiments. However, adjusting the static interactions for an attractive potential reduced the near-
wall dynamics and brought it closer to the experimental trend for RSi particles. Subsequently,
systematic numerical calculations were performed aiming for replicating the experimental data. While
SSiand HSi could be described by reasonable physical parameters, the RSi particles required significant
attractive contribution in their interaction potential to match the experimental observations. These
findings demonstrate that the near-wall dynamics of particles are prone to surface roughness. For
particles with pronounced surface roughness, the related attractive particle-wall interaction
overcomes the expected hydrodynamic reduction of the flow resistance, resulting in the slowdown of

their near-wall dynamics.
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Since the fabrication of rough particles can be produced with controlling asperities on the particles’
surface, it should be possible to identify the threshold asperity ratio at which particle-wall static
interactions begin to surpass the hydrodynamic effects on the near-wall dynamics. In this sense, further
systematic investigations for RSi near-wall dynamics are needed in which the degree of roughness is

varied to observe the evolution and transition as the particle becomes rougher.

Regarding the static and dynamic properties of surface-modified systems consisting of single particles
interacting with the wall were measured by TIRM. The investigated systems included bare particle-wall,
bare particles near hydrophobically coated wall, and protein-coated particles near a bare wall. While
the overall shapes of the interaction potentials did not differ significantly among the systems, the
calculated electrostatic amplitudes varied considerably. The measured diffusion perpendicular to the
wall showed faster near-wall dynamics than the prediction for hard spheres under no-slip boundary

conditions but aligned better to partial slip approximations.

Due notable discrepancies in both measured static and dynamic properties at short separation
distances led to perform Brownian dynamics simulations to assess the effect of unavoidable noise
sources: background and shot noise. Experimentally, background noise can be reduced to a negligible
contribution in the scattering signal whereas shot noise cannot. Simulations showed that shot noise
contributes is the dominant source of distortion in the interaction potential profiles. Although these
noises do not contribute significantly on the dynamics, the sampling time was identified as a key
parameter in the accuracy for measuring potential interactions and dynamics. Long sampling times
lead to an underestimation of the interaction potentials and diffusion constants at short separation
distances. If the reduction of sampling time is about 0.2 ms yields accurate estimations at short
distances. However, the implementation of such sampling time is unfeasible in experiments due to

technical limitations and associated measurements artifacts.

Additionally, the intrigue of non-conclusive results of protein-coated particles near the hydrophobically
coated wall (Subsection 4.2.4) demand further experiments on this system to reach a better
understanding of the observed phenomenon. So far, such observations suggest additional, yet
unidentified, contributions to the interaction potential that go beyond the conventional DLVO

framework.

With the refinement and characterization of SLBs with methodologies an additional line of future

investigation becomes feasible. Once a robust protocol for the preparation of SLBs using the Langmuir
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techniques, proper charged phospholipids may be used to create repulsive barrier in the static particle-
SLB interactions. and measure n-w particle motion. Such controlled membrane-like systems would
enable accurate measurements of near-wall particle motion under biologically relevant conditions.
This direction not only expands the experimental framework toward mimicking real cell-membrane
environments but also provides a basis for probing how soft, charged interfaces modulate colloidal

dynamics and particle-membrane interactions.
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6 Supplementary information

6.1 Results on simulated dynamic properties

6.1.1 Bare PS Particles and Streptavidin-coated PS particles near walls

Dynamic simulations examining the effects of noise and slip on particles near-wall dynamics were
presented in Subsection 4.2.2. Here, the complete sets of simulated Vv, (h) are shown for the three
different systems: bare PS particle near bare glass, bare PS particle near hydrophobically coated glass,
and protein-coated PS particle near the bare glass. For visual clarity, Vs (h) considering different slip

parameters are presented separately.
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Figure S1. Simulated drift velocities as a function of normalized separation distance. These simulations
are based on the parameters listed in Table 4.4 and computed at a sampling time of At =2 ms. Simulations

incorporate stick boundary conditions (top panel), partial slip (middle panel) and full slip (bottom panel)
boundary conditions, with the addition of 1% background noise (BN) plus shot noise (SN), as stated in the

legends.
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6.2 Particles near a supported lipid bilayer (SLB)

6.2.1 Preparation and sample cell assembly

As the name indicates, SLB are phospholipid bilayers supported on solid surfaces, often glass or mica.
SLBs were fabricated by consecutively applying the Langmuir-Blodgett (LB) [11] and Langmuir-
Schaefer (LS) [85] techniques. The floating lipid film was composed of DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine, Avanti Polar Lipids, LLC, Alabama, USA) on a water surface which were

transferred twice onto the glass substrate, being BK7 squared coverslips (Menzel-Glaser, Germany).

Instrumentation: The preparation of lipid mono- and bilayers was carried out using a Langmuir trough
(Microtrough G2, Kibron Inc. Oy, Finland) operated via the FilmWare X software package (Kibron Inc. Oy,
Finland). The trough is equipped with two PTFE barriers and force balance system that utilizes
DyneProbe™ (cylindrical analog of Wilhelmy thin plates), which is in contact with the subphase (milli-Q
grade water). A motorized dip-coating elevator operated separately by LayerX software package
(Kibron Inc. Oy, Finland). The elevator supports mounting either a mechanical clamp, which holds the
coverslips with their flat surface vertically for LB coating, or a vacuum clamp (Layer X LS-clamp vacuum,

Kibron Inc. Oy, Finland) which secures the coverslips horizontally for LS coating.

Setting the phospholipid film: Using the mechanical clamp, a cleaned coverslip is vertically immersed
into the trough well. The trough is then filled with Milli-Q grade water to a level slightly above the edge
of the trough. The interface cleanliness is then checked by doing compression-relaxation cycles and
looking that the surface pressure variation does not exceed 0.1 mN/m over values less than zero. If these
conditions are not met, indicating the presence of contaminants, the barriers must be set in the closed
position (minimal area) to thoroughly clean the surface of the inner space using an aspirator. This

process is repeated until the cleaning conditions are satisfied.

Monolayer preparation by LB technique: Once cleaned, the barriers are opened to their relaxation
position (maximum area), and an aliquot of 30 ul DPPC lipid solution (1 mg/ml in Chloroform), is
carefully spread onto the water surface. After allowing 30 minutes for complete evaporation of the

solvent, the lipid monolayer is compressed using PTFE barriers at rate of 5.1 mm?/min until a target
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surface pressure of 40 mN/m is achieved and remains constant, forming an equilibrated condensed-

structure film.

To deposit the phospholipid layer, the motorized elevator raises the coverslip vertically at similar rate
of 5.1 mm?/min, allowing it to pass through the lipid film at the interface. As the glass ascends, the
monolayer is transferred onto its surface. To maintain uniform coverage during this transfer, the film
areais dynamically reduced via a software-controlled feedback loop that compensates for material loss
while maintaining constant film pressure. Once the coverslip has fully crossed the interface, the
Langmuir-Blodgett process is complete, resulting in a single phospholipid layer on each side of the

glass, with the hydrocarbon chains facing outward (toward air).

Bilayer preparation by LS technique: Since SLB requires to be kept in a liquid environment, this
technique is ideal for performing the second transfer while maintaining SLB in such an environment at
all times. The top part of the TIRM sample cell (a top coverslip with spacer) is placed into a specially
designed tray and submerged in the trough when setting the instrument. Then, once LB transfer is
complete and the floating phospholipid film is restored to the condense structure and constant surface
pressure, the monolayer-coated coverslip is held flat and parallel to the lipid film using the vacuum
suction clamp. As illustrated in Figure S2-A, the glass is carefully centered and aligned above the
submerged top coverslip of the sample cell. Using the motorized elevator, the monolayer-coated glass
is lowered to until it comes into contact with the floating film and passes through it. Thus, deposition

of the second lipid layer and the assembly of the TIRM sample cell is achieved in a single step.

Subsequently, the remaining lipid film at the water surface is removed by aspiration, and the tray
holding the sample cell is carefully extracted from the trough (Figure S2-B). Once outside, the external
surfaces of the glass are gently dried using lint-free wipes. Coordinately, the sample cell is filled with
the colloidal suspension by pipetting through one of the side openings, while the water inside is
dragged from the opposite end using a lint-free wipe, as shown in Figure S2-C. Finally, the cell is sealed

with UV-curable glue, as described previously in Methods chapter.
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Figure S2. Final steps of the supported lipid bilayer preparation and sample cell assembly. A) The second lipid
layer is transferred by the Langmuir-Schaefer procedure and the SLB is pushed all the way down to join the top
part of the sample cell placed inside a specially designed tray. B) In the complete sample cell, the SLB is covered
by water preserving the SLB integrity inside the chamber. C) The colloidal suspension is injected into the
sample cell from the smaller inlet while the water is blotted from the other side using a paper tissue.

6.2.2 Phenomenological results
Polystyrene particles on DPPC supported lipid bilayer

Polystyrene particles with a nominal radius of 3 pm ,immersed in a 1 mM NaCl aqueous solution, were
introduced into the SLB sample cell. Then, TIRM experiments were conducted as a preliminary
investigation to measure the particle-bilayerinteraction potentials. The measured potential profiles are

displayed in Figure S3.

Initially, the particles were not located near the interface but far from the interface. To overcome this,
a weak optical tweezer (10 mW output power) was used to push the particles closer to the bilayer. The
particle measured in the first sample (blue squares) exhibited a parabolic potential with an equilibrium
distance of 70 nm, where its perpendicular movement was constrained within a narrow range. Further
measurements with increased strength of the OT showed similar potential profiles, which are not

shown for visual clarity.



|137

In contrast, another particle from a second sample was measured while systematically varying the
optical tweezers’ power from 60 to 10 mW in steps of 5 mW. The potentials showed three distinct profile
configurations which are highlighted in Figure S4 with the solid symbols and the three different colors.
First, the potential at 60 mW, the potential exhibited a broad profile with two local minima.

As the tweezers’ strength was gradually reduced, 55 mW (tilted green triangles) to 45 (open green

symbols), the potentials showed typical near-wall profiles, all with the same hmm =70 nm.

Interaction potentials: Bare PS particles on DPPC bilayer
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Figure S3. Experimentally determined interaction potentials as a function of separation distance from the
SLB of bare PS particles immersed in 1ImM NaCl aqueous solution. For visual clarity, only selected potential
profiles are shown for Sample 1 (blue symbols) while the complete set of potential profiles of Sample 2 are
presented as indicated in the legend.
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Additionally, a progressive reduction in the slope of the linear part of the potential was observed,

consistent with the reduction of the tweezers’ strength. At 40 mW (black inverted triangles), a

“transition” of the potential occurred, changing from typical near-wall potential with hmm x70nmtoa

parabolic shape with the minimum at hmm = 20 nm. After this “transition”, subsequent measurements

at low powers (35 mW to 10 mW, red symbols), consistently displayed parabolic potentials with a

minimum located at hmin = 20 nm, suggesting that the particle was likely stuck onto the bilayer. The

drop in the equilibrium positions of the potentials might be directly related to the presence of the DPPC

bilayer. Since DPPC molecules are electrically neutral (pIDPPC : pH ~4 [47]) at the solvent’s pH (~ 5), is

likely that net surface charge of the SLB was reduced. And consequently, electrostatic repulsion would
be diminished, allowing the particles to approach closer to the SLB. Further experimentation needs to

be done for the first sample to support the observed behavior.

The inconsistency between samples, along with the wide variability in interaction potentials profiles
exhibited by individual particles, highlights the need for a complementary characterization technique
to assess the bilayer's homogeneity and surface potential. Moreover, the presence of multiple
interaction potential shapes makes it unfeasible to describe these complex interactions using the
previously applied theoretical framework. Consequently, since the obtained near-wall interaction
potentials did not follow completely the theoretical model used so far (Egs. 3.22 and 3.23), it was not
possible to extract the physical parameters that describe the particle-wall interaction. To establish a
clearer understanding of the interactions between PS particles and the DPPC-supported lipid bilayer,

further measurements are required along with the consideration of alternative theoretical models.
Streptavidin-coated PS particles on DPPC supported lipid bilayer

Having seen the apparent immobility of the PS particles observed in the previous system, due to likely
diminished surface charges, these protein-coated PS particles were prepared in 10 mM NaCl solution

and adjusted to a final pH of 2 using HCl. By lowering the pH to this level, the isoelectric points of both
Streptavidin proteins (pIS,,ep,mdm : pH ~ 6 [18]) and DPPC molecules ( P pppc : pH ~4 [47]) were surpass

allowing them to acquire positive electrical charges. This resulting electrostatic repulsion could prevent

the particles from becoming stuck to the membrane. Then, exploration experiments for the interaction
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potentials of Streptavidin-coated PS particles near the DPPC-supported lipid bilayer (Figure S4) were

performed.

Streptavidin-coated PS particles near DPPC bilayer
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Figure S4. Experimentally determined interaction potentials as a function of separation distance from the
supported lipid bilayer of protein-coated PS particles immersed in 10 mM NaCl aqueous solution and adjusted
toa pHof2.

Particle No. 1 was measured under an additional optical tweezer power of 10 mW (purple squares) and
revealed a near-wall interaction potential characterized by two distinct slopes in the attractive part of

the potential, resembling the potentials of systems with depletant agents. The potential minimum was

located at hmin ~ 40 nm. The steeper slope near the potential minimum indicates a strong attractive

force between the particle and the wall, while the least steep slope at larger distances, is directly
associated with the particles’ buoyant weight. However, when this particle was measured without the

influence of optical tweezers (orange pentagons), its behavior changed, exhibiting a parabolic potential
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with hmin~ 30 nm, suggesting that the particle had likely become stuck at the bilayer interface.

Nevertheless, given that this separation distance is larger than the typical bilayer’s thickness (~ 5-7 nm),

it is questionable regarding the integrity and composition of the bilayer.

Particle No.2 was measured in the absence of optical tweezers (blue spheres). The resulting interaction

potential displayed a broad parabolic profile, suggesting that the particle had become immobile.
Additionally, the potential exhibited two adjacent local minima at /1_. =40 nmand /_. =55 nm, both

with equal depth.

These three potential profiles lack consistency in their shape, making it unsuitable to apply the model
potential used throughout this work. Consequently, extracting the physical parameters within this
theoretical framework is not feasible. To address the challenges encountered during the experiments
and initial findings under the given conditions, future studies should consider using charged
phospholipids. This approach would help establish well-defined electrostatic repulsion while

maintaining a reasonable ionic strength in the solution
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The effect of morphology and particle—wall
interaction on colloidal near-wall dynamicst
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J. Alejandro Rivera-Moran, (29 Yi Liu,” Samuel Monter,
Pia Ruckdeschel,® Markus Retsch, (2¢ Maciej Lisicki

We investigated the near-wall Brownian dynamics of different types of colloidal particles with a typical
size in the 100 nm range using evanescent wave dynamic light scattering (EWDLS). In detail we studied
dilute suspensions of silica spheres and shells with a smooth surface and silica particles with controlled
surface roughness. While the near wall dynamics of the particle with a smooth surface differ only slightly
from the theoretical prediction for hard sphere colloids, the rough particles diffuse significantly slower.
We analysed the experimental data by comparison with model calculations and suggest that the
deviating dynamics of the rough particles are not due to increased hydrodynamic interaction with the
wall. Rather, the particle roughness significantly changes their DLVO interaction with the wall, which in

rsc.li/soft-matter-journal turn affects their diffusion.

1 Introduction

The low Reynolds-number dynamics of particles near a flat
interface is generally slower than in bulk and directionally
anisotropic due to an increased flow resistance caused by
hydrodynamic interaction between particles and the interface.
The first theoretical investigations of this effect date back to the
early twentieth century,”> while the first experimental
verifications® only became available in the 1980s. With the
modern microscopy and evanescent wave scattering
methods® that are now available, there have been numerous
investigations of colloidal dynamics in the ultimate vicinity of
glass surfaces during the last three decades.’?° With a few
exceptions,”®'® in most of these investigations, data-analysis
and interpretation is based on the assumption of particles with
smooth surfaces and no static interaction with the wall other
than excluded volume. Similarly, in most studies concerning
static particle-particle or particle-wall interactions, flat and
homogeneous surfaces are assumed.?’>* Only since synthesis
methods have been available, which allow the batch production
of particles with controlled surface roughness,> >’ have
systematic studies on the effect of particle roughness become
possible.
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The rheological behaviour and particle deposition on various
kinds of surfaces have been intensively investigated. It was found
that in suspensions of rough particles the onset of discontinuous
shear thickening is shifted towards lower volume fractions and
critical stresses as compared to particles with smooth
surfaces.*®*®% This effect is commonly attributed to additional
tangential stresses caused by hydrodynamic interaction or solid
contacts of asperities. The deviation between experientially
observed particle deposition rates and values predicted assuming
DLVO interaction between bodies with smooth surfaces has been
attributed to the neglect of roughness for a long time. Analytical
expressions for the interaction potential between rough particles
are not available, but simulations suggest that the stabilization
barrier of DLVO potentials is significantly reduced by surface
roughness.***' An analytical approximation for the interaction
energy between a rough particle and a flat surface was given by
Suresh et al.’* and verified by total internal reflection microscopy
experiments.® Jin et al.** provided the first numerical model for
particle deposition including the impact of surface roughness,
merging modified expressions for DLVO interactions between
rough surfaces and hydrodynamic interaction.

So-called hairy colloids, i.e. core-shell particles consisting of
a hard particle core carrying polymer brushes, may be regarded
as a limiting case of rough particles with extremely pointed
asperities and high surface coverage. However, such particles
show a qualitatively different rheology, e.g., the presence of the
brushes suppresses shear thickening.?>>® This is attributed to
the fact that the brush behaves like a porous shell, reducing the
flow resistance as compared to a compact sphere with the same
outer radius. The hydrodynamics of such particles can be
described by invoking a hydrodynamic penetration length
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which reduces the effective hydrodynamic radius to a value
smaller than the outer radius of the core shell particle.*’ *° The
same concept can be generally applied to flows past rough
surfaces at low Reynolds numbers.®***' Consequently, rough
particles and porous shell particles are expected to show faster
near-wall dynamics as compared to smooth particles with the
same outer radius.

In our investigation we employed full spherical particles
with a smooth surface, micro-porous spherical shells and
spherical particles with surface roughness to test this prediction.
We used evanescent wave dynamic light scattering (EWDLS)
experiments supported by numerical model calculations to study
the Brownian particle dynamics parallel to a flat glass wall. After
a thorough introduction to the materials and methods in Section
2 and the numerical model in Section 3, we discuss our findings
in Section 4.

2 Experimental
2.1 Materials

We investigated three different types of silica particles, namely
standard spheres with a smooth surface (SSi), spherical hollow
shells (HSi) and spheres with controlled surface roughness (RSi).
The HSi particles were synthesized in a three-step procedure
consisting of the synthesis of a monodisperse polystyrene latex
core by emulsifier-free emulsion polymerisation which was
covered by a silica shell applying a Stober synthesis protocol.
After purification and drying the resulting core-shell particles
were calcined to burn off the core. The RSi were produced
through hetero-aggregation of small particles onto the surface
of a large core. Here we used a combination of particles of
150 nm and 8 nm in diameter. In a second step, a smoothing
layer was applied to adjust the height of the asperities. The
coverage of the RSi was determined by the number ratio of core
and asperity particles. The roughness was controlled by adjusting
the thickness of the smoothing layer, which also prevents the
detachment of asperity particles. Here we applied a 5 nm thick
smoothing layer. The synthesis routes to these particles are
described in the literature for the HSi** and RSi,>>*® while the
SSi are the same as the large particles used in the first step of the
two-step procedure leading to the RSi.

All colloids were suspended either in pure (Mili-Q grade) water
which has an approximate electrolyte concentration of ¢s =
10> mol L' due to carbon dioxide absorption, corresponding
to a Debye screening length of A, ' ~ 100 nm. At larger
electrolyte concentrations, all types of particles would aggregate
inevitably. To exclude distortions and misinterpretation of
evanescent wave DLS data by the formation of aggregates over
the experiment duration and their preferred sedimentation, all
samples were characterized by bulk DLS before and after the
EWDLS experiments. In no case did we find variations of the
hydrodynamic radius, beyond experimental error. Prior to DLS
and EWDLS measurements, all sample solutions were centrifuged
at 800 rpm for about 16 hours to spin down dust and potential
aggregates as far as possible.
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Table 1 Particle sizes and relative standard deviations determined by
different methods. (Ry): hydrodynamic radius measured by DLS; (Rg).
(RYsts, (Rc)sis: radius of gyration, particle outer radius and core radius
determined by SLS; (R)tem. (Rc)tem: particle outer radius and core radius
determined by electron microscopy. All size parameters are given in units
of nm and relative standard deviations oss, orem refer to the line
above them

Particle type Smooth, full silica Hollow silica Rough silica

Acronym SSi HSi RSi
(Ryy) 77 154 86
(Rg) 55 (176) 74
(R)sts 69 142 —
Gsis 0.05 0.02 —
(R)sts — 128 -
(R)1em 65 142 65
GreM 0.08 0.03 0.15
(Rc)tEm - 132 -

The particle size parameters and their standard deviations
measured with different methods are listed in Table 1.

2.2 Methods

2.2.1 Static and dynamic light scattering. Static (SLS) and
dynamic (DLS) light-scattering experiments in bulk were performed
on a commercial instrument by ALV-Laservertriebsgesellschaft
(Langen, Germany), equipped with a 632.8 nm HeNe Laser as the
light source, an automated attenuation system, a PerkinElmer
avalanche diode and an ALV-6000 correlator. Static scattering
intensities I(Q) were obtained over an angular range from 16 to
150 degrees, by measuring diode count rates which were corrected
for attenuation, and scattering volume. Experimental particle
form factors, P(Q) were determined by normalizing the scattered
intensities with the intensity at zero angle which was obtained by
extrapolation. Time auto-correlation functions of the scattered
intensity g,(Q, t) were recorded in a range of scattering angles 20°
< 0 < 150° in steps of five degrees. Here the scattering vector is
Q = 4nngsin(0/2)/2, with the solvent refractive index, ng, and the
laser vacuum wavelength 4,. To determine the particles’ Stokes—
Einstein diffusion coefficient, Dy, the initial slope of the correlation
function I' = —D,Q” was identified by a non-linear least squares fit
to a stretched exponential and plotted vs. Q*. The initial slope of
this representation is 2D,. The particles’ hydrodynamic radii, (Ry),
were calculated via the Stokes-Einstein relation, (Ry;) = kgT/6m1(Dy)
using 7 = 293 K and # = 1.0 mPa s for the solvent viscosity, where
kT is the thermal energy unit. It is understood that for poly-
disperse samples (Ry) is the z-average of the radius distribution
and (D,) is the corresponding averaged diffusion coefficient.

2.2.2 Cryo transmission electron microscopy: cryo-TEM.
Bright field TEM images were acquired on a ThermoFisher
Tecnai Osiris TEM operated at 200 kV. Mean particle radii
(Rytem and relative standard deviations ¢ were determined by
averaging over 100 particles at minimum. Since conventional
TEM images correspond to two-dimensional (2D) projections of
three-dimensional (3D) objects, electron tomography in high
angle annular dark field scanning transmission electron micro-
scopy mode was performed to investigate the morphology of
the colloidal particles.*® A series of 2D projections was acquired

This journal is © The Royal Society of Chemistry 2021
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while tilting the specimen around an axis perpendicular to the
electron beam over the range from —72 to 72 with an increment
of 3 degrees. After cross correlation alignment, the 2D images
were reconstructed by Expectation Maximization.**

2.3 Evanescent wave dynamic light scattering

2.3.1 EWDLS set-up. EWDLS experiments were performed
with an instrument built in-house, based on a triple axis
diffractometer by Huber Diffraktionstechnik, Rimsting, Germany,
which has been described in detail elsewhere.'* A frequency
doubled Nd/Yag Laser (Excelsior; Spectra Physics) with a vacuum
wavelength of 4, = 532 nm and a nominal power output of
300 mW is used as a light source. The scattering geometry and
the definition of the scattering vector and its components parallel
and normal to the interface are sketched in Fig. 1. The sample cell
(custom-made by Hellma GmbH, Miillheim, Germany) consists of
a hemispherical lens as the bottom part, made of SF10 glass, with
an index of refraction n; = 1.736 at the used wavelength. The lens
is covered by a hemispherical dome which contains the colloidal
suspension. The incident beam is totally reflected at the flat wall
surface of the hemisphere thereby creating an evanescent wave.
The evanescent field extends into the particle suspension and
is used as the illumination for the dynamic light scattering
experiment. The evanescent wave has a wave vector k. lying in
the intersection of the interface and the plane spanned by
incident and reflected beam. The scattering vector Q = k; — k,
where the wave vector of the scattered light, ks, can be varied by
changing the two angles 6 and o, which define the position of the
detecting unit.

The reciprocal penetration depth of the evanescent field is
determined by the angle of incidence o;, the refractive index of
the glass n; and that of the suspension n, as

K/2 = 2m\/(n sino;)? — nzz/A"O. The magnitude of the scatter-

ing vector component parallel to the interface is given by

Correlator

Q g k;

Fig. 1 Sketch of the scattering geometry of an EWDLS experiment with
spherical symmetry.
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Q) = 2mmy \/ 1 + cos? o, — 2cosfcosoy / Ao while the normal com-

ponent is Q| = 2mn, sin a,/4y. Here 0 is the in-plane and o, the off-
plane angle defining the position of the detector unit with
respect to the reflecting interface. The two scattering vector
components can be varied independently of each other by
changing 6 and «,. To determine the particle dynamics parallel
to the interface at a given penetration depth, a series of
correlation functions is recorded at a fixed o, varying Q; by
changing 0. The initial slopes of the correlation functions I" are
determined by converting the experimental curves to field corre-
lation functions, g,(¢), and fitting their short time parts repeat-
edly with a single exponential starting from a manually chosen
number of data points, Nj,. When a single fit has converged, N, is
reduced by two and the remaining data are fitted again. With
this procedure it is possible to identify a limited range of N,’s
where the best fitting values are essentially independent of N,."*
The I'values from these ranges are plotted versus Q;> to yield a
linear slope which according to eqn (6) is the diffusion coeffi-
cient parallel to the interface (D) )(x). The latter is a function of
the penetration depth, since the experiment integrates over the
z-coordinate, normal to the interface, as indicated by the angle
brackets. Examples of original correlation functions and data
analysis are presented in the ESL}

3 Model for numerical calculations
3.1 Near wall dynamics

Suspended particles close to a solid interface show slower
Brownian dynamics than in bulk suspension due to hydro-
dynamic interaction with the wall. Approximations for the
resulting friction coefficients in the low Reynolds number limit
parallel and normal to the wall were published by Brenner and
co-workers.*>*® Although there are more accurate, but non-
analytical expressions e.g. ref. 37, we use here the closed
approximation to calculate the diffusion coefficient parallel to

the wall
|_OR _I(RY 45 (R\' 1 (RY
16z 8\z 256\ z 16\ z ’

For a sphere moving normal to the wall we replaced Brenner’s
infinite series"® by the very good closed analytical approximation
by Bevan et al.*’ to calculate the normal diffusion coefficient.

Dy(z) = Do (1)

2 2
D.(z) = 062 2— 10Rz + 4]23 7 @)
z2 —3Rz— R
where z is the shortest distance between the wall and the sphere
centre. Since in the EWDLS experiment particles at different
distances are illuminated with an exponentially decaying
field strength, the experimentally determined diffusion
constant is an average over z, weighted with the local field
strength. For monodisperse spherical particles that do not
experience static interactions with the wall except for excluded
volume interactions (hard spheres), the averaged diffusion

Soft Matter, 2021,17,10301-10311 | 10303
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constants are

(D1 )(K) = KJR dz Dy, (z)exp{—K(z — R)}. (3)
If the particles interact with the wall by a static potential @(z)
their number density is not independent of z and the average in
eqn (3) has to be additionally weighted by the local density,
which is written as the Boltzmann factor of the potential i.e.

_ Jrdzexp{—pP(z)} exp{—xz}Dy  (2)
Jrdzexp{—pd(z)} exp{ Kz}

where f§ = 1/kgT is the reciprocal thermal energy unit. Under the
conditions considered so far, the initial slope of the scattered
field correlation function can be identified"* as

re JRdz exp{—po(2)}exp{—rz} [D)(2) Q7 + D1 (2)(Q1* +x%/4)]

(D) (x) (4)

% dz exp{—p®(z)}exp{—rz}
()

which results in the linear relation

2
r=pwer+onm(eity) o
with the definitions of diffusion coefficients averaged over the
illumination profile given by eqn (4).

3.2 Particle-wall interactions

The interaction potential of the investigated particles with the
adjacent glass wall is modelled as a superposition of three
contributions,

D(2) = Dyaw(2) + Perl(2) + Dyl2)

(7)

with the van der Waals attraction, ®@,qw(z), the electric double
layer repulsion, ®.(z), and a gravitational contribution ®4(z)
causing particle sedimentation.

The strength of the van der Waals attraction is given by the
Hamaker constant, Ay, and the dependence on separation
distance can be calculated for the sphere wall geometry*® to yield

Ayl R n R I z+ R
6 |z—R z+R z—R/J|’

To model the electrostatic repulsion we exploited the linear
superposition approach by Lin et al.*®

Per(z) = Bu[(exp{—4p(z — R)} +exp{—7p(z + R)})

(pvdW (Z) =

®)

+ (Rin) ™ (exp{~7p(z + R)} — exp{—in(z ~ R)})]
©)
where the amplitude B,, is related to the dielectric properties of
the medium between the particle and wall and their surface
potentials by

kgT

2
By = 64 Rey, )y, (Z)

Here, ¢ = &6, where ¢, is the vacuum permittivity and ¢, is the
relative permittivity of the medium, Z is the valency of a single
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charged site (assumed to be Z = 1 in the following), e is the
electron unit charge and yp,,, = tanh(Ze¥, ,/4ksT) where ¥, , is
the surface potential of the particle and the wall, respectively.
Since we have no means to assess the surface potential of the
wall, we used an effective value y* = VpYw

The expression of Lin et al. is more accurate for the given
sphere-wall geometry for all values of ApR than the expression
which can be derived using Derjaguin’s approximation. It is
however worthwhile to note that the two expressions differ only
by a constant in A,R. The ratio of the two expressions is given by
1 — 1//pR + (1 + 1/2pR) exp{—2/pR}.

The gravitational contribution to the potential is determined
by the buoyancy corrected particle mass

4
By(2) = TR Appgz

- (10)

where Apy, is the particle excess mass density and g is the
acceleration of gravity.

For all the calculated data presented in Sections 4.1.2 and 4.2 we
replaced the particle radius by the hydrodynamic radius as deter-
mined by dynamic light scattering, since for the particles with
surface roughness (RSi) a radius cannot be defined meaningfully.

3.3 Particle shape and polydispersity

If the investigated particles have a size distribution, P(R), with a
significant width, the expression for the initial slope of the correla-
tion function becomes more complex than eqn (5). In this case the
near wall form amplitude B(Q, R),y does not cancel from the
expression for I" as in the monodisperse case, and an integration
over the size distribution of the numerator and denominator is
required to obtain the expression for the size averaged initial slope

(N
:fgodRanz(Q,x,R)P(R)ffdz exp{—p®(z)}exp{—kz}D(Q,x,R)
Jo dRBy2(Q,x,R)P(R) [ dzexp{—p®(z) }exp{—xz}
(11)

where D(Q, , R) = D|Q,* + D (Q_L* + x*/4). For our calculations
we used a Gaussian normal distribution with mean value u and
relative standard deviation ¢. It is important to note that eqn (11)
cannot be strictly reduced to a linear relation similar to eqn (6).

Due to the exponential illumination profile, the form ampli-
tude of a spherical particle cannot be written in a closed
analytical form, it is rather given by

1 1
Bui(Q, %, R) = 2nR’ U duJ dyy? cos(Q 1 yuR)
-1 0

_YuKkR 2y
X exp{ 3 }Jo (QH 1—p yR)
(12)
1
+ iJ dy y*sin(QLyuR)
0

x exp{—#}h (o MyR)}
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where J, refers to the zero order Bessel-function of the first
kind. For a spherical core-shell particle with a core radius, R,
outer radius, R, and scattering length densities of the core, pc,
and of the shell, ps, the form amplitude is given by

B (0,01 ,x,Rc,R)=2nR

(Jildupc U dyy?cos(Q yuR)e }Jo OvV1—p yR)

G
el

+psU dyy COS(QL)’.“R)GXP{ > }Jo(Qu\/F— yR)

J dyy?sin(Q yuR) exp{

[ \/twyR)}

J dyy? sm(QLyuR)eXP{_—} Q”myR)D
(13)

where y = Rc/R. Details of the derivations are given in the ESL¥
For the rough particles we could not derive a general expression
for the form amplitude. For the limiting case of the particle size
being very large compared to the size of the asperities and the
asperities being randomly distributed on the particle surface,
the form amplitude can be approximated by that of a spherical
core particle plus a shell with the scattering length density of
the asperities and an effective thickness which is very small
compared to the wavelength.

4 Results and discussion
4.1 Experimental findings

4.1.1 Particle characterisation. A thorough characterisation
of the used particles was done applying simultaneous static
and dynamic light scattering as well as electron microscopy
experiments. TEM micrographs and 3D-reconstruction from
TEM tomography are shown in Fig. 2 for the RSi and the SSi
particles together with TEM and REM images of HSi shells.

From the 3-D reconstructions, it is evident that SSi particles
are, although not perfectly, to a good approximation spherical.
The RSi particles consist of spherical main bodies carrying
asperities on their surface which are irregularly distributed but
approximately equal in height. TEM and SEM images from the
HSi particles indicate a perfectly spherical shape and a narrow
distribution of radii and shell thicknesses. The geometrical
parameters and their relative standard deviation are listed
in Table 1 together with the results from light scattering
measurements. In all cases we observed that the hydrodynamic
radius, (Ry), is larger than the radius measured in TEM,
(R)tgm- For the rough particles this is intuitively understood,
as the TEM radius is that of the central spherical body, which is
identical with the SSi radius. The hydrodynamic radius is
expected to be larger since the asperities will contribute to
the hydrodynamic drag, additionally. In the case of SSi and HSi
the discrepancy is explained in part by the fact that the two
methods measure different averages of the size distribution.
For a Gaussian distribution the ratio of both quantities is

This journal is © The Royal Society of Chemistry 2021
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—
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—
50 nm

Fig. 2 Micrographs and 3D-reconstructions of SSi (left) and RSI (middle)
particles. TEM and REM images of HSi are shown on the right. Scale bars
are 50 nm in the left and middle panels and 500 hm in the right column.

related to the relative standard deviation ¢ by (Ry)/(R)rem=
(1+36”)/(1 + ¢®), since TEM measures the number average and
DLS the z-average of a size distribution. However, for the SSi
sample this would account only for about a two percent
discrepancy, based on the relative standard deviation observed
in TEM. For the HSi sample the expected difference is even
smaller. Most likely the discrepancy is explained by the
presence of a small fraction of aggregates. In the case of HSi
the presence of aggregates with a hydrodynamic radius of 2 x
(R)tem, the same relative standard deviation as the main
population and a relative volume fraction of 5% would account
for the deviation.

The electron microscopy and DLS findings were further
underpinned by static light scattering measurements. The
radius of gyration, (Rg), for the three particle types listed in
Table 1 were obtained from Guinier extrapolations. For the HSi
particles the ratio p = (Rg)/(Ry) = 0.71, which is about ten
percent smaller than the expected value for a perfect sphere of
\/3/5. While for the RSi particles we found an intermediate
value of p = 0.86, the value for HSi p = 0.91, which is about ten
percent smaller than expected for an infinitely thin shell.
Although these ratios appear reasonable, it has to be noted
that the particles sizes (in particular for HSi) are beyond the
limits where Guinier’s approximation can be safely applied and
the values for (Rg) should be taken with care. More detailed
information can be obtained from the SLS data by analysing the
particle form factor. In Fig. 3 we present the experimentally
determined P(Q) vs. Q data for the SSi and HSi. While the SSi
form factor is featureless, the data from the HSi particles show
a distinct minimum around Q & 0.022 nm ™ *. Non-linear least
squares fitting with the form factor for polydisperse spheres
and spherical shells®® resulted in values for radius, shell
thickness and relative standard deviations, which are in very
good agreement with the TEM data.

4.1.2 EWDLS-data. The experimental findings from
evanescent wave DLS are collected in Fig. 4 where we plot the
diffusion constants parallel to the interface for the three
particle types normalized by their respective bulk diffusion
constant as a function of the evanescent wave penetration
depth normalized by the bulk hydrodynamic radius.

Soft Matter, 2021,17,10301-10311 | 10305
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Fig. 3 Particle form factors from static light scattering data of SSi and HSi.
Symbols are the experimental data and the lines are non linear least
squares fits with the form factor for polydisperse spheres and spherical
shells respectively.

The data from the SSi particles may be considered to agree,
except for one outlier at high penetration depth, with the
theoretical reference curve for hard spheres (HS)'® within
experimental scatter. The HSi data are systematically, though
not much, smaller than the HS-prediction, while the RSi
particles show a significantly slower near wall diffusion than
hard sphere particles. While the HSi data follow the trend of the
HS-predictions at a somewhat lower level, the RSi data show a
qualitatively different behaviour. Except for the outlier at the
highest penetration depth, the gradient of the experimental
data is always larger than that predicted for the reference
system. It is tempting to assign this observation to the particle
shape, ie. the surface roughness. However, hydrodynamic
theory predicts that surface roughness will reduce the wall drag
effect as compared to smooth spherical particles with the same
hydrodynamic radius.*”°

An alternative interpretation is based on the static interaction
between the particles and the glass surface. The theoretical
prediction for the near-wall dynamics of hard sphere particles
shown in Fig. 4 is based on the assumption that the particle
number density, n(z), is constant throughout the entire sample
down to the wall. This assumption is invalid, if static interac-
tions other than the excluded volume are effective, as the density
depends on the potential by Boltzmann’s law. The effect of a
DLVO interaction potential plus a gravitational contribution
between monodisperse spheres and the wall on n(z) is demon-
strated in Fig. 5 for particles with 100 nm radius and fixed
Hamaker constant Ay = 0.5kgT. For B., > Ay the near surface
region is significantly depleted of particles up to a range of about
three particle radii, while an enrichment of particles occurs, if
B, is of the order of or smaller than the Hamaker constant. Since
the near wall diffusion coefficient increases with separation
distance according to eqn (1) it is expected that the experimental
values for (D|)(x)/D, are larger than those predicted for hard
spheres, if the static interaction with the wall is mainly repulsive
and vice versa. We will discuss this effect quantitatively in
Section 4.2.
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Fig. 4 Normalized parallel diffusion coefficients versus normalized pene-
tration depth for three types of particles as indicated in the legend. The
symbols are the experimental data and the error bars represent standard
deviations from three consecutive experiments. The full line is the predic-
tion for hard sphere particles according to ref. 46.

It is worth noting that the gravitational contribution to the
interaction potential (i.e. sedimentation) causes a shallow
(secondary) minimum in the potential, which causes a small
(secondary) maximum in the particle density distribution.
However, for the particle sizes and density mismatches
considered here, the effect of sedimentation on the particle
dynamics is negligible as compared to the DLVO interactions.

There are two further effects which might cause the observed
deviations of our experimental dynamic data from the hard
sphere prediction, i.e. particle polydispersity and the resulting
influence of the particle form amplitude on the experimental
(I')-values according to eqn (11) and particle aggregation in
combination with enhanced sedimentation of the aggregates.
Both effects will also be analysed in detail in Section 4.2.

4.2 Numerical calculations

4.2.1 Polydispersity and form amplitudes. For polydisperse
systems the particle form amplitudes do not cancel from the
expression for the initial slope of the time correlation function

2,00 -
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Fig. 5 Left: Sphere-wall interaction potentials calculated with eqn (7) for
R =100 nm, Ay = 0.5kgT, Aot & 100 nm, Apy, = 1 g mL~* and amplitudes
of the electrostatic repulsion Be, as indicated in the legend. The inset
highlights the shallow minimum, marked by the vertical line for the
potential with B., = 0.5kgT which is due to the gravitational contribution.
Right: Particle number densities normalized by the value for hard spheres
versus separation distance, calculated with Boltzmann's law, using the
potentials shown in the left panel.
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(eqn (11)). If the particles are large enough to cause a strong
variation of the scattered field with the scattering angles,
significant deviations from the linear (I')g vs. Q> relation will
occur, as is shown in the inset of Fig. 6, where the subscript
R indicates integration over the distribution of particle sizes.
This would lead to artefacts, if eqn (6) was applied to determine
(D)) (x) over the full range of scattering vectors. However, for
QR « 1 the linear relation may still be used to determine a
mean diffusion coefficient, ((D;)(x))r. Resulting normalized
data, calculated using eqn (1), (2), (6), (11) and (13) for a system
of hollow shell particles with constant shell thickness and a
Gaussian distribution of the outer radius are shown in Fig. 6.
The number average outer particle radius, u, and the shell
thickness were chosen to roughly match the HSi particle size
determined by TEM. To warrant comparability with the experi-
mental EWDLS data, the calculated data have to be normalized
by the z-average of the radius (R), and the corresponding
diffusion coefficient (D)., since light scattering experiments
measure these quantities.

In all calculations concerning polydisperse or aggregating
(Section 4.2.2) systems a density mismatch of Ap,, =1 ¢ mL™"
was incorporated to consider the enhanced sedimentation of
larger particles. At low penetration depths systematic deviations
from the prediction for monodisperse hard spheres towards slower
dynamics are observed. However, the deviation is smaller than
typical experimental scatter. Only at the largest polydispersity, and
high penetration depths a significant deviation towards faster
diffusion coefficients occurs. Similarly small effects are observed
for spherical particles, where generally, the effect of polydispersity
becomes larger with decreasing particle size, which is shown in
the ESL+

0.9
m 5=0.01 =
= =005
084 = o=0.10
_N " 0=0.15
S A 2 29
D HS; 6=0 Q“ / nm
x> 0.7 2.0x10* 4.0x10*
o
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Fig. 6 Normalized parallel diffusion coefficients versus normalized
penetration depth for hollow shells interacting only by excluded volume,
with a constant shell thickness of 20 nm and a Gaussian distribution of the
outer radius with u = 150 nm and relative standard variations as indicated in
the legend. Inset: Dependence of the initial relaxation rate on OHZ. Symbols
are the data calculated using eqn (1), (2), (6), (11) and (13). The full line is the
prediction for monodisperse hard sphere particles according to Brenner.*®
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An analytical expression for B(Q) of rough particles is in
general not available. However, assuming that the asperities are
small compared to the overall particle size, their average
separation distance is small compared to the laser wavelength
and they are randomly distributed, the form amplitude can be
approximated by that of a spherical core particle plus a thin
shell with the scattering length density of the asperities and an
effective thickness which is very small compared to the
reciprocal scattering vector. We may therefore assume that
the effect of form amplitude and polydispersity is similarly
small as observed for spheres and spherical shells.

4.2.2 Particle aggregation. As we realized that the three
particle types, which we investigated experimentally, had a high
tendency to form irreversible aggregates at salt concentrations
as low as 0.1 mM, we tested what effect the presence of
aggregates and their enhanced sedimentation would have on
the near-wall dynamics. To simply mimic the aggregates, we
used a bimodal Gaussian size distribution and the form
amplitude of spheres to calculate initial slopes with eqn (11).
The distribution of the population representing the aggregates
is characterized by the mean p,z, which was chosen to be an
integer multifold of u and the relative standard deviation o,gs =
0. Furthermore, the relative volume fraction of the aggregates
was varied over a range of 107" < ., < 0.05. Larger volume
fractions were not considered, since they would have been
detected in the bulk DLS experiments, which were performed
after the EWDLS measurements. Similar to the observations on
the effect of polydispersity, we found that the linear dependence
of (I') on Q,> is violated by the presence of aggregates, never-
theless it is possible to determine the near wall diffusion
coefficient from the linear slope at sufficiently low Q.

Calculated data of the normalized diffusion coefficients vs.
normalized penetration depth are shown in Fig. 7 for a system
consisting of a major population with ¢ = 100 nm and minor
populations with fi,, varying up to 1000 nm and ¢,g = 0.05
(left panel). Obviously, the presence of aggregates causes a
strong slowing down of the system’s near wall dynamics, even
if the average hydrodynamic radius of the aggregates is only
twice the size of the single particles. Data for this size ratio and
varying relative volume fraction of the minor population is
shown in the right panel of Fig. 7. The dynamics of the system
with page = 21 and ¢,ge = 0.03 shows a similar deviation from
the monodisperse reference system as the experimental HSi
data. However, in all cases the calculated data show a smaller
gradient than the reference systems which is clearly different
from the trend of the experimental RSi data.

4.2.3 Static particle-wall interaction. The effect of static
particle wall interactions on the near wall dynamics is
demonstrated in Fig. 8 for spherical particles and selected
interaction potentials. In the left panel, we plot the dynamic
data for the interaction potentials shown in Fig. 5. At a typical
Hamakaer constant of Ay = 0.5kg7, the dynamics are slower
than that of the reference hard sphere system at small
penetration depths. At high penetration depths, the
calculated data approach the hard sphere data for low
electrostatic repulsion and the dynamics become even faster,
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Fig. 7 Normalized parallel diffusion coefficients versus normalized penetration depth for systems of spheres with a bimodal Gaussian size distribution.
The major population has a number average size of u = 100 nm and both populations have a relative standard deviation of ¢ = 0.05. Left panel: The minor
population has a relative volume fraction of ¢,qq = 0.05 and their mean size p.qq is varied as indicated in the legend. Right panel: The minor population
has a number average size of u,gg = 2 and varying relative volume fractions as indicated in the legend. Symbols are the data calculated using eqn (1), (2),
(6), (11) and (12). The full line is the prediction for monodisperse hard sphere particles according to Brenner.*®
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Fig. 8 Normalized parallel near wall diffusion coefficients versus normalized penetration depth for spherical particles interacting with the wall by the
potentials displayed in Fig. 5 (left) and with Be, = 1kgT (right) and varying Hamaker constants as indicated in the legend. In all cases the excess mass density
was chosen Apn, = 1 g mL™% Symbols are data calculated using eqn (1), (2), (6), (11) and (12). The full line represents the prediction for the hard sphere

reference system according to Brenner.*®

if the amplitude of the electrostatic repulsion significantly
exceeds the Hamaker constant. The penetration depth at
which the crossover of the calculated data with the reference
data occurs shifts to smaller penetration depths with increasing
electrostatic repulsion.

In the right panel of Fig. 8 we show the influence of varying
Hamaker constants at a constant moderate electrostatic repulsion
on the near-wall dynamics. At finite Hamaker constants, the
calculated values are slower than those of the reference system,
for almost all penetration depths. Only at the largest penetration
depth investigated, the calculated dynamics appear to converge
towards the reference data. At Hamaker constants Ay > B, the
calculated data deviate from the reference data similarly to the
experimental data of the RSi system.

4.2.4 Comparison of experimental EWDLS data with the
calculated data. In Fig. 9 we show the experimental EWDLS
result from Fig. 4 again, together with sets of calculated

10308 | Soft Matter, 2021, 17, 10301-10311

dynamic data, which match the measured data within the
experimental scatter. The data were calculated with eqn (1),
(2), (6), and (11) and the near wall form amplitude of spherical
particles. Eqn (12) is a reasonable approximation, since the
influence of the form amplitude together with polydispersity is
minor as discussed in Section 4.2.1. Additionally we applied a
bimodal size distribution to mimic the effect of a small fraction
of aggregates, which were assumed to have the double size of the
monomeric sphere and the same polydispersity. The parameters
used for the calculations are listed in Table 2 and in all cases we
applied an excess mass density of Ap,, =1 g mL~" and a Debye
screening length of 1, ' = 96 nm. Furthermore, the particles
mimicking aggregates were subject to the same interaction
potential as the monomers.

For the SSi- and HSi-system we could obtain a reasonable
match of calculated with experimental data using an amplitude
of the electrostatic repulsion of the order of kg7 and some

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Normalized parallel diffusion coefficients versus normalized pene-
tration depth. Symbols are experimental data from the SSi-, the HSi- and
the RSi-system, as indicated in the legend. Full lines represent data
calculated using eqn (1), (2), (6), (11) and (12) and the parameters listed in
Table 2.

Table 2 System parameters used to calculate the dynamic data shown in
Fig. 9

Particle type (Ry), (nm) o Ber (kgT) Ay (kgT)  agg
SSi 71 0.05 1.5 0.5 5x 107°
HSi 154 0.05 1.0 0.25 0.03
RSi 80 0.05 1.5 2.75 5x 1072

fraction of kgT for the Hamaker constant. The electrostatic
amplitude of the particle-wall interaction corresponds to an
effective surface potential ¥,,, ¥ —2 mV which is about an
order of magnitude smaller than that reported in the
literature®' > based on total reflection microscopy measure-
ments of the interaction potential between 2 pm Stober-Silica
particles and fused silica microscopy slides. Similarly, the
{-potentials of all three systems are in the range of —30 to
—40 mV. However it is important to note that the value of B, is
determined by the product of the particle’s and wall’s surface
potentials. In the present case, the wall consists of a special
high refractive index quartz glass (SF10) and there are
indications in the literature that the surface charge density of
quartz may”* be one to two orders of magnitude lower than that
of silica.>® We therefore reckon that the small value of B., is due
to the low surface potential of the wall. Finally, the B.,-values
for all three systems investigated here are about equal, which
makes us confident that they are reliable. The found Hamaker
constants of order Ay < kgT are in the range expected for non-
retarded van der Waals interactions calculated based on the
Lifshitz theory’® for silica interacting with quartz across water.

In the case of the HSi-system, we had to allow for a higher
relative volume fraction of “aggregates” to obtain a satisfying
match of the calculated data with experiments. This is probably
due to the fact that HSi particles were calcined and thus dried
during synthesis to remove the organic core onto which the
silica shell had been grown.*> The probability of aggregates,
which were not properly dispersed, being present is therefore
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higher than in samples which were never dried. Furthermore,
spinning down aggregates is less effective than with full body
particles due to the reduced excess mass density.

The most striking finding is, however, that for the RSi-
particles the Hamaker constant required to allow for a match
of calculated with experimental data is an order of magnitude
larger than for the HSi- and SSi-systems. This implies that
surface roughness plays an important role for the particle wall
interaction and the resulting near wall dynamics. It is known
from simulation work that surface roughness will enhance both
electrostatic repulsion and van der Waals attraction, simply
because the effective surface to surface separation is reduced by
asperities. Walz et al. reported a lowering of the stabilisation
barrier of the resulting DLVO-potential by about 10 to 15%, due
to the different distance dependence of attraction and
repulsion.®® A similar reduction of the stabilization barrier
was reported by Bhattacharjee et al®* Furthermore, these
authors observe that the primary minimum of the DLVO
interaction potential completely vanishes due to asperities.
This might explain why our rough particles do not stick
irreversibly to the glass surface, despite the large Hamaker
constant. In this respect our findings may be regarded as
additional experimental evidence for the predicted roughness
effects on DLVO interaction energies. The resulting deviation of
the dynamic data from the predictions for the reference hard
sphere system are a mere consequence of the particle wall
interaction potential and the resulting variation of number
density with separation distance over which EWDLS inherently
integrates.

Our findings might pave the way to a new method for the
measurement of static particle wall interactions. Although the
technique, especially the data analysis by comparison to model
calculations, is cumbersome and not very efficient at this time,
it might provide an extension of the classical total internal
reflection microscopy (TIRM) technique.’” While TIRM
requires particle sizes which are typically in the range of several
micrometres, EWDLS allows measurements on particles as
small as 30 nm in radius.**

5 Conclusions

The Brownian near wall dynamics of different types of
suspended silica particles were examined by evanescent dynamic
light scattering. While the experimental averaged diffusion
coefficients parallel to the wall for smooth full spheres (SSi) and
hollow spherical porous shells (HSi) might be considered to be in
qualitative agreement with theoretical predictions for the hard
sphere reference system, particles with a rough surface (RSi) show
significant deviations. The averaged diffusion constants are
significantly smaller than for smooth non-interacting particles
which is in conflict with hydrodynamic theory.*”° To interpret
these observations, systematic numerical calculations were
performed to investigate the effect of particle polydispersity, the
presence of aggregates and static particle-wall interactions on the
dynamics. By comparison with experimental data we found that
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for the SSi and HSi systems very good agreement can be obtained
by including a small fraction of aggregates and a particle-wall
DLVO interaction, with a Hamaker constant and an amplitude of
the electric double layer repulsion, both in the range of ~kgT. For
the RSi system, at least a five times higher Hamaker constant
needs to be taken into account to match the calculated data to the
experimental results. Despite the high Hamaker constant the
rough particles do not adsorb to the wall irreversibly. Both
findings are consistent with the simulation results, which show
that the DLVO stabilization barrier is significantly reduced by
surface roughness®’ and that the primary DLVO minimum
completely vanishes for rough particles.’*® We conclude that
particle near wall dynamics are very sensitive to surface roughness
where the theoretically predicted reduction of the flow resistance
can be largely overcompensated by the effect of static particle wall
interaction and the resulting particle number density profile.
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