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Abstract

In light of the increasingly realized dependence of many biological functions on nanoscopic
supramolecular assemblies, also including novel biotechnological applications, there is a
need for advanced analysis methods capable of accurately quantifying different charac-
teristics of these elusive entities. The prime aim of this thesis is the development and
utilization of surface-based bioanalytical sensing methods for quantitative characteriza-
tion of biological nanoparticles. The possibility to construct and use a waveguide-based
evanescent light scattering microscopy instrument for investigation of various nanoparticle
properties is explored through the study of liposomes and mRNA-containing lipid nanopar-
ticles as well as polystyrene and silica nanoparticles. It is shown that through analysis of
scattered light from such particles, single-particle-resolved information on their size, re-
fractive index and interactions with surrounding protein solutions is obtainable, thus pro-
viding multiparametric characterization beyond the ensemble average. Additionally, this is
combined with information gained from fluorescent labeling of certain biomolecular com-
ponents, allowing nanoparticle content to be correlated with the other particle properties.
The aforementioned systems were additionally investigated using a range of complemen-
tary methods, including nanoparticle tracking analysis, surface plasmon resonance sensing,
and quartz crystal microbalance with dissipation monitoring. It was concluded that the
waveguide microscopy method provides quantitative information in good agreement with
established methods, but offers certain key advantages, such as the possibility to provide
single-particle resolved label-free information on protein binding kinetics combined with
simultaneous evanescent light fluorescence microscopy measurements, thus providing new
insights regarding nanoparticle heterogeneity.

Keywords: Waveguide scattering microscopy, SPR, liposomes, lipid nanoparticles, protein
corona, label-free, single-particle, mass quantification.
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Mattias Sjöberg, Mokhtar Mapar, Erik Olsén, Sara Mohammadi, Petteri Parkkila, Yujia
Jing, Lennart Lindfors, Björn Agnarsson, and Fredrik Höök
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1

Introduction

”The light of the body is the eye: if therefore
thine eye be sound, thy whole body shall be full
of light.”

— Matt 6:22

A
s a sound eye illuminates the whole body, sound microscopy brings light
and understanding to biophysical phenomena with an intuitive quality the like
of which is otherwise quite elusive. The saying ”to see is to believe” has perhaps
never been as clearly demonstrated as with the publication and wide spread of

Robert Hooke’s Micrographia in 1665[1], rich with illustrations of his microscopy obser-
vations of various biological structures in detail thitherto unseen and in which he coined
the biological term cell. In the plethora of available instrumentation for investigating bi-
ological systems, generation of data in the form of images, as is possible with microscopy,
often offers a shortcut to intuitive understanding and has since its introduction remained
a central component in the scientific investigation of biological systems[2, 3].

What cannot be seen through optics does however not exclude measurements by other
means. In an impressive collaborative effort, especially in the last few decades, a mul-
titude of various biosensing technologies have emerged with the aim of application in a
range of fields of immense societal importance such as diagnostics, drug development and
fundamental biophysical research[4–7].

The thesis you are currently reading has in its core motivation questions on the nature
and potential applicability of biological nanoparticles (NPs)[8], entities with dimensions
≲ 100 nm consisting of biological or biocompatible materials. With the goal of contribut-
ing to the ongoing effort of answering these questions, a number of technological and
theoretical approaches are presented and demonstrated. In a general sense, increased un-
derstanding of biological nanoparticles brings with it potential for novel developments in
prevention and treatment of disease[9]. A number of key examples of this relates to the
COVID-19 pandemic, which over the last few years has been a hard lesson in the im-
portance of understanding biological nanoparticles[10–12]. Viruses themselves fall into this
category, as does a range of vaccine delivery systems used to combat viral infection[13]. The
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CHAPTER 1. INTRODUCTION

technology of lipid nanoparticles (LNPs), a relatively novel drug delivery concept which
was widely implemented for COVID-19 mRNA vaccines[14, 15], is an example of the latter
which figures in this thesis. There are currently considerable efforts put into widening
the applicability of LNP technology and enabling its use as an increasingly general drug
delivery system[16].

Another illustrative example of the importance of understanding biological NPs is the
history of humanities comprehension of extracellular vesicles. After initially being con-
sidered cellular debris of limited interest, as these were eventually identified as important
carriers of genetic, proteinaceous and lipidic material in the intercellular communication
pathways[17, 18], a surge in method development and associated studies commenced[19].
Comprehension of the role of extracellular vesicles thus opened the door to this biological
mechanism as a novel target for affecting the state of cells and their associated response,
an effort constituting the principle of many drugs.

Nanoparticle-based drug delivery in general is a wide and rapidly changing field which
encompasses nanosized objects both native and artificial, organic and inorganic[20, 21].
The field is vast and its main categories includes lipid-based[22, 23], polymeric[24] and
metallic NPs[25, 26] to mention a few.

Successful design and choice of novel nanoparticle-based delivery systems hinges upon a
number of questions, many of which relate to surface interactions, both in the context
of entities interacting with the surface of nanoparticles (paper II, III and IV) and in the
context of nanoparticles interacting with other surfaces (paper V), not least the surfaces of
their intended target, often being the cytoplasmic membrane. A major topic related to the
former is that of protein corona formation, the adhesion of a thin layer of biological matter
to a particle exposed to in vivo environments[27] while the latter relates to, for example,
transmembrane delivery through polyvalent interactions[28–30].

This thesis concerns the development and use of a number of measurement approaches for
furthering our understanding of biological NP properties. One method, waveguide evanes-
cent light microscopy, stands out as the main focus in a majority of the appended papers.
A large portion of the thesis is thus dedicated to describing the working principles of
this method, its theoretical and technological basis and theoretical models for interpret-
ing the data it is designed to generate. In addition, this thesis work also includes the
use of a number of other methods, both for stand-alone investigations or for generating
complementary data to the waveguide measurements. This assortment includes ensem-
ble average methods such as surface plasmon resonance sensing (SPR)[31, 32] and quartz
crystal microbalance with dissipation monitoring (QCM-D)[33], as well as methods which,
like waveguide microscopy, provide single-particle-resolved data, e.g. nanoparticle tracking
analysis (NTA)[34].

The work presented in this thesis is summarized in five scientific papers. The main fo-
cus of papers I, III and IV is the development and demonstration of the technology of
the waveguide evanescent light microscopy method, which is also the main experimental
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method of papers I-IV. Paper I presents a detailed protocol for manufacturing the hybrid
organic–inorganic slab optical waveguide chip which is the foundation of the measurement
technique. A quantitative comparison is made by observing polystyrene nanoparticles us-
ing regular epi-illumination and the scattering and fluorescence signals produced through
the waveguide based evanescent light illumination.

Paper II concerns the investigation of protein binding to biotinylated lipid vesicles through
waveguide microscopy with an emphasis on studying particles at an individual level, com-
bined with SPR measurements, which provide additional information at an ensemble aver-
age level. The waveguide microscopy method provides the opportunity to simultaneously
observe light emitted from fluorescently labeled proteins and changes in light scattering,
i.e. a signal independent of labels, from the vesicles. It is shown that label-free single-
particle-resolved scattering microscopy provides quantitative data interpretable as mass of
a protein film formed on the outer surface of the vesicles, with values in good agreement
with those obtained from the complementary ensemble average measurements. The nature
of the scattering data, with the potential of simultaneous observation of a multitude of
individual particles, allows for a signal-to-noise-ratio (SNR) increase upon data ensemble
averaging comparable to the other methods but with the benefit of active background
exclusion.

Paper III explores a number of modifications of the waveguide microscopy technology,
including the development of a liquid handling system, an addition to the method which
considerably expands the range of investigations possible with the instrument. The use of
this capability is demonstrated by observing and quantifying binding of cholera-toxin B to
individual glycosphingolipid GM1 modified vesicles.

Paper IV further investigates the possibilities of the waveguide evanescent light microscopy
as a single-particle-resolved method as a means to elucidate heterogeneities in nanoparticle
samples, in particular surface immobilized LNPs. By varying the refractive index (RI) of
the surrounding solution using a new fluid exchange design, it was possible to determine
the size and refractive index of individual LNPs based on their light scattering signal
and to correlate this information with fluorescence signals of different labeled particle
components.

Surface plasmon resonance sensing provides data on changes in refractive index near a
sensor surface, which can be utilized for studying surface-bound nanoparticles in terms of
adsorbed mass and sample dimensions. Both papers II and V use dual-wavelength SPR
measurements for this purpose, analyzing mass of proteins bound to vesicles and thereby
induced structural changes as well as potential deformation of vesicles due to interactions
with an underlying supported lipid bilayer. Paper V specifically focuses on liposomal
deformation upon polyvalent interactions with proteins bound to a cell membrane mimic
and how this relates to the phase behavior of the liposome lipid bilayer. It is shown
that this method offers the possibility to investigate and potentially disentangle the effects
of nanoparticle deformation and interaction valency, effects that are expected to play an
important role in cellular uptake-related process.
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CHAPTER 1. INTRODUCTION

This thesis begins with two chapters describing the foundation of the project in terms of
its biological and theoretical background. The next chapter discusses the experimental
methods utilized in this work after which a chapter summarizing the five appended papers
follows. With a base in the presented results, the thesis ends with concluding remarks
and an outlook for possible future directions for development of the technology and its
application for investigations of biological nanoparticles.
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2

Biological Background

”Var dag den första — Var dag ett liv.”

— Dag Hammarskjöld

T
he increasing fundamental understanding of life, its building blocks and
the biophysical processes it involves has been accompanied by the development
of successively more effective approaches and technology for treatment of disease.
This vast route from humourism-inspired treatments1, through the advent of

germ theory and bacteriology all the way to the achievements of modern medicine has
been marked with increasingly more advanced measurement technologies.

One of the current knowledge frontiers in life-science concerns the behavior of biological sys-
tems at the nanoscale. This relates both to nanoscopic structures native to biology as well
as artificial objects originating from advancements in nanotechnology, i.e. nanobiotechnol-
ogy. The maturation of this field, i.e. technology associated with structures and methods
in the ≲ 100 nm diameter range, has brought with it the possibility and promise of har-
nessing or mimicking a vast variety of biological processes, including a range of important
cellular communication pathways[36]. One of the major expressions of this advancement
is the use of NPs. Particles which fall under this broad category and that have been ap-
plied in biotechnology include artificially produced organic and inorganic particles such
as LNPs[15, 37], metal–organic framework-based[38] or silica-based[39] particles as well
as particles already present in biological systems such as viruses, extracellular vesicles or
lipoprotein particles[40–46]. Biological applications of NPs include drug delivery[21], pho-
tothermal therapy[47], diagnostics[48, 49] and biosensing[50].

Of great importance for the development and utilization of NPs for technological appli-
cations in biology is access to tools for investigating the properties that determine their
function. This thesis focuses on the development, investigation and implementation of such
tools, with the main focus being the waveguide evanescent light microscopy method[51].

1The outdated and misguided theory, with ancient roots, that health is governed by the internal balance
of a number of fluids, or humors. Practices based on this idea, such as bloodletting as near-universal
treatment, lasted well into the 1800s and the emergence of modern medicine[35].
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CHAPTER 2. BIOLOGICAL BACKGROUND

This technology is applicable for investigating a wide range of questions for different types
of NPs but also other samples such as cells. When choosing samples to investigate for
exploring and demonstrating the further development of the technology in the appended
papers, there is however in this thesis a focus on lipid-based nanoparticles (vesicles or
LNPs). The methods and theory developed are in many ways directly applicable also to
other types of samples; such as solid inorganic or metal NPs, but details in data interpre-
tation will in many cases require some adaptation2. The tools presented are applied for
elucidating nanoparticle properties resolved at an individual level and for investigating in-
teractions between particles and their environment, which in this context often consists of
aqueous suspensions containing biological material and biological interfaces such as mimics
of the cytoplasmic membrane.

The choice of focusing on lipid-based nanoparticles in these studies was motivated by their
great relevance in e.g. cell signaling and drug delivery. One of the major purposes of
biologically native nanoparticles in general is that of delivery, the internal transportation
of cargo[52]. As indicated above, this includes signaling pathways using e.g. extracellular
vesicles and pathogenic processes induced by viruses. These particles share a function of
immense interest in the context of biomimicry for medical applications, that of site-specific
transmembranal delivery of otherwise immunogenic or quickly degraded entities[30, 53, 54].
Using such particles, either directly or after modifications, or particles designed to mimic
their function, is thus a route for targeted delivery directly into cells of drug compounds
previously very challenging to use. This includes the so-called high-molecular-weight drugs,
which have come to constitute an increasing part of current medical research efforts[54–56],
not least in the sub-category of nucleic acid therapeutics[57].

The following sections provide a basic review of lipidic structures of relevance to this
work, including lipid vesicles and LNPs, followed by a brief introduction to other biological
concepts of particular interest.

2.1 Lipids, membranes and vesicles

Lipids is a loosely defined term for a category of biomolecules soluble in non-polar solvents,
whose biological function includes energy storage, signaling and to act as structural com-
ponents of the cellular membrane[58]. The latter function is in large part fulfilled by the
subset called phospholipids which generally consists of two hydrophobic fatty acid tails and
a hydrophilic phosphate head-group, linked together through a glycerol moiety (see figure
2.1). The dual nature of the phospholipid components makes phospholipids amphiphilic,
which means that while it is often energetically favorable for the hydrophilic headgroup
to incorporate into the hydrogen bond network present in polar solutions such as water,
this is not the case for the hydrophobic tails. This results in the spontaneous formation of
a variety of lipidic structures upon placing phospholipids in an aqueous environment, the

2For instance, the optical theory for interpreting the light scattering signal from the lipid-based nanopar-
ticles builds on assumptions which, in general, does not hold for e.g. metallic nanoparticles.
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2.1. LIPIDS, MEMBRANES AND VESICLES

Figure 2.1: The chemical structural formula of a phospholipid, a molecule consisting of a
two hydrophobic fatty acid tails and a hydrophilic phosphate group containing head. More
specifically, this is 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-choline, abbreviated as POPC.
Note the double-bond in the oleoyl tail, the presence of which makes it unsaturated; while the
palmitoyl tail is saturated. The different parts are colored for clarity. In many illustrations,
the head is drawn as a circle and the tails as lines (see e.g. figure 2.2).

apparent purpose of which is to hide the hydrophobic tails from the polar water molecules,
usually by arrangements directing the tails against each other. Depending on a range of
variables defining the physicochemical properties of the lipids, such as tail composition,
length and saturation, and their environment, these structures spontaneously form micel-
lar and bilayer enclosed vesicle particles of various shapes, sizes and lamellarity3[58, 59], as
well as surface associated structures such as the supported lipid bilayer (SLB) (see figure
2.2). Lipid vesicles4, spherical bilayer structures enclosing a liquid core, figures abundantly
in this thesis. These occur naturally and fulfill a range of roles in biology, e.g. as carriers
of information in intra- and intercellular communication[60] but also serve technological
roles as drug delivery vehicles[16] or for use as building blocks for forming SLBs[61].

One of many purposes of lipids is to, in combination with associated proteins, form the
bilayer-structured cellular membranes, which make up essential components of life as we
know it. By constituting a hydrophobic barrier through which different molecules and
ions can be selectively translocated, the membrane allows for biological systems to be
compartmentalized into regions of vastly different chemical conditions, e.g. cells and some
of their indwelling organelles. The contrasts between these different compartments is of
crucial importance for a multitude of biological activities. The cell membrane is highly
complex both in its varying compositions and in its varying states, which in turn depend on

3Consisting of one (monolamellar) or multiple (multilamellar) bilayers. A multilamellar vesicle can thus
be seen as multiple mutually concentrically enclosing vesicles.

4A few words on terminology; In some contexts, care is taken to distinguish between vesicles and
liposomes, with the former being of natural origin and the latter artificially produced. From a characteri-
zation method perspective, this difference is of little importance and the terms are thus in this thesis used
synonymously.
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CHAPTER 2. BIOLOGICAL BACKGROUND

Figure 2.2: Two-dimensional illustrations of lipidic structures in the form of, from left to
right: A micelle, a monolamellar vesicle and a supported lipid bilayer.

environmental factors. In many cases it can be considered a two-dimensional fluid, in which
the components such as lipids and membrane proteins diffuse, forming both permanent
and transient small-scale structures[52]. One of the parameters which distinguishes bilayer
structures composed of different types of lipids is the temperature where it transitions
between a fluid and gel phase, a process which significantly affects component mobility[62].
The temperature at which this transition occurs is mainly dependent on the strength of
the Van der Waals interactions between the lipid tails in a bilayer, which in turn depends
on the lipid tail length and degree of saturation.

Research aimed at understanding fundamental properties of the cellular membrane which
uses surface sensitive measurement methods often use SLBs as cell membrane models[63].
Although a rather dramatic simplification compared to the natural cell membrane, it allows
for controlling the sample in terms of composition and distance to the used sensor. In
paper V we use this approach to investigate how the membrane fluid- and gel phases
affect the interactions between vesicles and SLBs. More specifically, the interplay between
interaction valency (i.e. number of ligand-receptor bonds) and vesicle rigidity (which varies
with lipid phase) is investigated. Vesicles of different phase but with equal number of
receptors are observed during interaction with ligand-functionalized SLBs (see figure 2.3
for an overview and section 5.5 for more details).

Many studies, including those presented in this thesis, models the cell membrane and
native lipid-based structures through systems consisting of a limited number of chosen

8



2.1. LIPIDS, MEMBRANES AND VESICLES

Figure 2.3: Illustration of the system under investigation in paper V. Vesicles containing
receptors interact with ligands on an underlying supported lipid bilayer which causes vesicle
deformation. The dependence of vesicle deformation on the vesicle lipid phase and the number
of available ligands is investigated by measuring the vertical dimensions of the system (i.e.
the height).

components in order to reduce complexity and disentangle specific properties and effects
of interest. In this work lipid vesicles and supported lipid membranes consisting of various
combinations of the lipids denoted POPC5, DOPC6, DSPC7 and DSPE8 were used (see fig-
ure 2.1 for a structural formula example), the latter lipid with the headgroup conjugated to
a polyethylene glycol (PEG)-biotin group to allow for selective binding of biotin-compatible
compounds.

Paper II also utilizes the concept of DNA-tethers for binding vesicles to the underlying
surface. These 30 base pairs long double-stranded polymers are in one end biotinylated
and in the other modified with a cholesterol moiety, which respectively can be utilized for
binding to streptavidin and self-incorporating the tether into a lipid bilayer[64].

Artificial vesicles used in this work are made using established protocols[65]. The basic
idea consists of generating a dry film of lipids that is subsequently hydrated, leading to
the creation of vesicles of various sizes and lamellarity. When a homogeneous sample of
narrow size distribution and monolamellarity is desired, the vesicles are freeze-thawed,
i.e. alternatingly frozen in liquid nitrogen and thawed in a warm water bath, after which

51-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
61,2-dioleoyl-sn-glycero-3-phosphocholine
71,2-distearoyl-sn-glycero-3-phosphocholine
81,2-Distearoyl-sn-glycero-3-phosphorylethanolamine
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CHAPTER 2. BIOLOGICAL BACKGROUND

they are extruded, repeatedly pressed through a polycarbonate membrane with a defined
pore size. This produces a vesicle solution of relatively homogeneous size distribution and
lamellarity[66].

Because of their versatility and biocompatibility[67], vesicles have been identified as suitable
for biological applications, not least that of drug delivery[53, 68, 69]. This great versatility is
in part due to the amphiphilic nature of the vesicle components, which makes it possible to
incorporate for delivery either hydrophobic, hydrophilic or amphiphilic compounds[68, 70].
Additionally, the structural similarities between vesicles and various biologically native
structures, such as the membranes of cells and endosomes, makes these particles highly
useful for applications targeting these structures. This applicability makes understanding
the minute details of these systems highly desired, which in turn motivates the need for
new advanced characterization methods.

2.2 Lipid nanoparticles

Another lipid-based nanoparticle delivery system of current high interest is the so called
lipid nanoparticles, structures with a lipid-based core instead of the aqueous core as those
characterizing lipid vesicles9[14]. In contrast to vesicles, LNPs do not occur naturally but
are specifically developed for drug delivery into cells. In general, as the intended cargo
molecules become larger (e.g. proteins or nucleic acids), vesicles become less effective for
encapsulation and delivery, in part due to the cargo not being able to incorporate solely
into just the hydrophobic bilayer interior or the aqueous core[71]. LNPs were developed to
fill this niche and build on the idea of a more direct interaction between cargo and particle
constituents, often via electric charge interactions[72].

One of the important innovations that enabled LNPs as a delivery system is the use of
cationic or ionizable lipids as a particle component[73]. In this context, a cationic lipid
carries a permanent positive charge while an ionizable lipid is neutral at pH 7 but be-
comes positively charged at a decreased pH. The possibility to modulate the lipid charge
of ionizable lipids and thus having them initially neutral upon injection has been found to
increase biocompatibility and delivery efficiency[74, 75]. Many current LNP formulation
methods thus use ionizable lipids and a low pH process step where they carry a positive
charge and readily interact with negatively charged cargo, such as RNA or DNA. Besides
the ionizable lipid and the cargo, LNPs additionally consist of a number of other lipid com-
ponents which support particle stability and delivery efficiency[14]. For instance, DSPC
and cholesterol have been shown to increase particle stability[76, 77] while PEG-lipids seem
to regulate particle size and zeta-potential[78, 79] as well as preventing LNP aggregation
and prolonging circulation time in vivo[80].

9The terminology is somewhat confused since vesicles are nanoparticles consisting of lipids but are not
encompassed by the term lipid nanoparticles. In this thesis, lipid-based nanoparticles is used as the broad
term covering both.
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There are a number of methods for forming LNPs[81], including sonication, homogenization
and microfluidic mixing. The latter has recently gained popularity since it loads cargo upon
formation and does not require harsh post-formation loading protocols while simultaneously
offering superior reproducibility[82–84].

The route LNPs and their cargo are designed to take between administration and producing
a functional response in a cell is varying, complex and involves a multitude of complicated
processes and details. A thorough discussion on this is beyond the scope of this thesis,
and the interested reader is referred to the literature[14, 74, 85]. This text will give a very
brief overview of this route, with focus on the steps which are of particular relevance for
the presented results.

In order to fulfill their function of delivering nucleic acid cargo into (usually) either the cy-
tosol or nucleus of target cells, LNPs need to overcome a number of physiological barriers.
The particles must reach their intended target cells and thus need to avoid prior degrada-
tion and/or clearance[74, 75]. After reaching its target, LNPs face the barrier of cellular
internalization, a process which depending on cell and particle type can occur through var-
ious mechanisms[14, 86]. These include the, so-called, endocytic pathways and commonly
involves the internalized particles being taken up into the endosomes, dynamic intracellular
vesicles that over time matures into, so called, lysosomes. During this process, where the
endosomal pH gradually decreases, its contents are sorted and either delivered to various
location in the cell or degraded. An internalized LNP must thus deliver its cargo out into
the cytosol during this process. This is referred to as endosomal escape. The ionizable
lipids of the LNPs play an important role in this process to facilitate escape, since they
upon a decrease in pH become positively charged, which is intended to induce electrostatic
interactions with the negatively-charged inner endosomal membrane[87].

The endosomal escape has been identified as one of the main bottlenecks in LNP mediated
drug delivery. For example, it has been shown that LNPs designed for siRNA display a
cargo loss of 98% between reaching a target cell and a functional response in the cytosol[88],
and the loss is expected to be even higher in the case of high molecular weight mRNA[89,
90]. Since LNP delivery efficiency has been shown to be highly dependent on a range of
particle parameters, such as size[87, 91], structure[92] and composition[87], it is likely that
also particle heterogeneity might be a crucial part of the explanation for the low efficiency
of a prepared LNP batch.

The current gold standard for LNP preparation, microfluidic mixing, can generate a repro-
ducible mean particle size, but it is important to note that the half-width-half maximum of
the size distribution is generally broad, with magnitudes approaching the mean diameter
of the LNPs[78, 82, 83]. Since the average LNP size is controlled by the lipid composition,
significant structural differences within individual LNP batches can be expected. Conse-
quently, different LNPs in a single batch may display large differences in their capacity
to produce a functional biological response. It can thus be speculated that the observed
low delivery efficiency must not originate from all LNPs, but that certain sub-populations
in an individual LNP batch are more efficient than others. The focus of paper IV is to
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CHAPTER 2. BIOLOGICAL BACKGROUND

demonstrate and use waveguide scattering microscopy to explore if it is possible to identify
intra-batch particle heterogeneity through single particle-resolved multiparametric charac-
terization.

2.3 The protein corona

Upon exposure to a complex biological solution, NPs are with few exceptions, rapidly cov-
ered by a dense layer of biomolecular compounds, often referred to as the protein corona[93].
This few nm thick[94], biofilm contains a subset of approximately 100-200 proteins, of
which immunoglobulin G, serum albumin, fibrinogen, clusterin and apolipoproteins are es-
pecially common, as well as other biomolecules such as nucleic acids, carbohydrates and
lipids[95–97]. The exact composition of a protein corona is expected to depend on a range
of parameters including NP material, size, shape, charge and environmental factors such as
solution composition, temperature and pH, and both the coverage and relative abundance
of different types of proteins vary with time[93]. This complex variety of adherents severely
complicates the utilization of biological NPs for medical purposes since it is very difficult to
predict a final surface identity profile based on design criteria. In addition, there is emerg-
ing evidence for a both spatially and temporarily diverse corona e.g. the low affinity-high
exchange rate soft and the high affinity-low exchange rate hard corona[98], the properties
of which are far from properly understood from an application perspective. Methods for
qualitative and quantitative investigation of protein binding and interaction with nanopar-
ticle surfaces is thus an important key to improved understanding and applicability of
practical usage of nanoparticles in vivo.

Two processes of particular interest which concerns the barriers prior to the endosomal
escape of LNPs are PEG-shedding and protein corona formation. The latter is expected
to play an important role for the binding and cellular internalization processes[93]. For
instance, the presence of bound apolipoprotein E (ApoE) in the LNP protein corona has
been found to enhance cellular uptake[99]. An interesting mechanism to consider in relation
to LNP delivery is that of particle PEGylation. Adding PEG to the surface of an NP
significantly changes its binding properties and thus its protein corona[79, 80]. In order to
investigate the role of PEG, particles with lipids of different alkyl chain lengths (14 and 18
carbon molecules, respectively) were compared[100]. Formulations with the shorter lipid
tails exhibited both shorter circulation times and higher delivery efficiency. It is believed
that these lipids shed over time and are thus removed from the particles, a process which
causes a temporally varying protein corona, initially suited for circulation and later suited
for cellular uptake. From a methodological perspective it is interesting to note that these
two phenomena, PEG-shedding and protein corona formation, and their correlation relates
to loss and gain of particle mass. This is a process the waveguide scattering microscopy
method is designed to investigate. Binding of protein to NPs is investigated this way
in papers II and III and is further discussed in the Additional Results section of this
thesis.
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Questions related to protein corona formation have been addressed with a wide range of
methods, including ensemble average methods such as dynamic light scattering[101], mass-
spectrometry[102, 103] and surface sensitive methods like the quartz crystal microbalance
(QCM)[104] and surface plasmon resonance (SPR) sensing[105, 106] as well as methods
with single nanoparticle resolution such as cryogenic transmission electron microscopy
(Cryo-TEM)[101] and flow cytometry[107]. Together, these methods offer multiparamet-
ric information with respect to protein coverage and identity, changes in NP size as well
as corona-induced structural changes. Despite this fairly broad assortment of analytical
methods, there is still a pronounced gap with respect to reliable methods capable of in-
vestigating the dynamics of protein-corona formation with single nanoparticle resolution,
label-free readout and quantitative determination of changes in biomolecular mass.

One vision of this thesis work was to contribute a means to investigate protein-nanoparticle
interactions at a single-particle-resolved level. As proof of principle, paper II presents a
system of biotinylated vesicles (as described in the previous section) serving as model
NPs to which the proteins streptavidin and anti-biotin IgG were bound under observation.
Streptavidin is a 52.8 kDa tetrameric protein, in many ways similar to avidin, and exhibits
in its affinity to biotin one of the strongest non-covalent binding interactions known in
nature[108]. Anti-biotin is an immunoglobulin G antibody, of 150 kDa, binding to biotin
as well. These two proteins differ in size and affinity and thus provides different situa-
tions to explore in the measurements performed. Similar results are shown in paper III for
cholera-toxin B protein complex subunit (CTB) binding to GM1 modified vesicles. While
paper IV was focused on the use of media refractive index modulation to provide multipara-
metric characterization of LNPs with respect to size, refractive index and cargo content,
preliminary data on ApoE binding is shown in section 6.1.
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3

Optical Theory

”As long as you are content with walks on the
beach, your own glimpses are far more fun than
looking at a map [of the Atlantic]. But the map
is going to be of more use than walks on the
beach if you want to get to America.”

— C.S Lewis

E
xperiments sans theory tend to suffer from imprecision and excessive heuris-
tics while theory without experiments risks ambling into the realm of speculation.
In some fields of physics necessity dictates the need to live in one of these ex-
tremities, and there is undeniable value and beauty there, but physics in its most

satisfactory manifestations combines both aspects in a mutually reinforcing interplay. This
thesis is in essence based on experimental and analytical work, but prior to discussing
methodology, a theoretical foundation must be lain.

3.1 Traveling light through optical theory

At the heart of this thesis lies a number of experimental methods whose operational prin-
ciples relate to the nature of light-matter interactions. Although a full discussion on the
rather intricate theoretical foundations of these phenomena is beyond the scope of this text
it is both necessary and illuminating to meander through optical theory with a number
of sojourns to pick up some ideas of special relevance and applicability with respect to
this work. For the reader desiring more extensive theory there is a multitude of excel-
lent literature on the subject. If you seek an overview for intuitive understanding, read
Feynman[109]. For rigor, read Hecht[110, 111] and Bohren & Huffman[112]. The latter
reference is especially useful for understanding the Rayleigh-Debye-Gans theory breifly dis-
cussed below. The reader interested in the theoretical details of fluorescence is referred to
Lakowicz[113].

One of the main ways of approaching a discussion on the nature of light is to start with the
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Maxwell equations1. These are often expressed as a set of coupled partial differential equa-
tions and describe the macroscopic generation and temporal evolution of electromagnetic
fields. They can be expressed as follows:

∇ ·E =
ρ

ε
(3.1)

∇ ·B = 0 (3.2)

∇×E = −∂B

∂t
(3.3)

∇×B = µ
(
J + ε

∂E

∂t

)
(3.4)

Here, E is the electric field, B the magnetic field, J the electric current density, ρ the
free charge density, t time, ε = ε0εr the permittivity and µ = µ0µr the permeability2. ε0
and µ0 are the electric and magnetic constants and εr and µr the relative permittivity and
permeability. J relates to electrical conductivity, σ, as J = σE.

These four equations, together with the Lorentz force law, which describes the electromag-
netic force F exerted on a point charge of charge q and velocity v:

F = q(E + v ×B), (3.5)

form the foundation of classical electromagnetic theory.

A consequence of the nature of the electromagnetic fields, as became evident with the for-
mulation of the Maxwell equations, is the possibility and existence of self-perpetuating
electromagnetic waves; a varying electric field will generate a magnetic field and vice
versa. Hidden in this system of equations one can thus suspect the presence of a wave
equation, which is indeed the case. In free space, in the absence of sources and cur-
rents (i.e. ρ = J = 0) taking the curl of equation (3.3) and utilizing the vector identity
∇× (∇×E) = ∇(∇ ·E)−∇2E results in a homogeneous wave equation:

∇2E = εµ
∂2E

∂t2
(3.6)

This equation describes an electromagnetic wave propagating in space with the phase
velocity 1/

√
εµ. One of the remarkable discoveries of Maxwell as he formulated these

equations is that ε and µ, constants describing the electromagnetic field properties in
specific media, combined this way coincided precisely with the experimentally determined
speed of light, c = 1/

√
εµ. The important conclusion was that light itself is in fact an

1Alternative approaches usually begin either in antecedent wave propagation theory or later developed
quantum theory.

2For an isotropic medium, µ and ε are scalars. For anisotropic media, they are instead tensors.

16



3.1. TRAVELING LIGHT THROUGH OPTICAL THEORY

electromagnetic wave. Two physical phenomena, previously considered separate, had been
elegantly unified.

A well known set of solutions to the Maxwell equations which satisfies the wave equa-
tion and from which, through superposition, all other solutions can be formed, are plane
waves[110]:

E = E0e
−ik·x−iωt (3.7)

where ω is the field angular frequency, |E| = E0 is the amplitude and k = k′ + ik′′ is the
complex wave vector which describes the wave spatial frequency, direction of propagation
and attenuation, with |k| = 2π/λ and λ the light wavelength.

Analogue to the above reasoning the magnetic field can be similarly expressed as:

B = B0e
−ik·x−iωt (3.8)

Considering the equations (3.3) and (3.4) for this plane wave gives:

k ×E0 = ωB0 (3.9)

k ×B0 = −ωεµE0 (3.10)

These equations reveal the fact that electromagnetic radiation consists of an electric and a
magnetic field, both perpendicular to each other as well as to the direction of propagation
k/|k|.

The plane wave solutions additionally allow the reformulation of the wave equation (3.6)
as:

∇2E + εµω2E = 0 (3.11)

or

∇2E + k2E = 0 (3.12)

This time-independent expression of the wave equation, known as the Helmholtz equation
is, as we shall see, very useful when discussing phenomena of interest for this thesis.
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3.2 Light and matter

Explaining physical phenomena often comes down to choice of explanatory model. What
is unreasonably simplistic in one context is perfectly suitable in another. Realizing what
to neglect and what to include in a model is crucial for producing intuitive understanding.
For the purposes of the following discussion, matter can be modeled as a collection of
discrete charges existing in a world of classical physics. In a material subjected to an
electromagnetic wave, its free charges will be driven into oscillatory motion. As seen in
the Maxwell equations this generates further oscillating electromagnetic fields, otherwise
known as secondary radiation or scattered light[112]. A number of phenomena usually not
thought of as scattering can be understood through this model. As atoms are subjected
to an electric field, the negatively charged electrons and the positively charged nuclei are
driven out of positional equilibrium due to the field induced generation of an oppositely
directed force3. It can be thought of as the electrons being attached to the nuclei with
a spring and thus acting as driven damped oscillators. They will, in other words, act
as a dipole antennas and thus elastically absorb and emit electromagnetic radiation as
dipole scatterers. Matter subjected to light, oscillating electromagnetic fields, thus acts
as a collection of oscillating charges which themselves generates oscillating fields. In other
words, they will radiate electromagnetic energy; scatter light. The force a single electron in
a material is subjected to is thus the combined effect of the incoming electric field and what
is generated from all other electrons. The interactions of these coupled oscillators, making
up matter, thus boils down to a rather complicated electromagnetic many-body problem
whose solutions describe a wide range of phenomena such as specular and diffuse reflection,
diffraction by slits and gratings and refraction between different media[112].

The above background provides a framework for the following discussion of three concepts
of particular interest for this work: refractive index, dielectric media and Rayleigh-Gans-
Debye (RGD) scattering theory[112].

3.3 Refractive index and dielectric media

At this point the time is come to introduce one of the central concepts of this thesis,
the refractive index. This material property is defined as the ratio between the in vacuo
speed of light and its medium phase velocity. This in media phase velocity change can be
derived as a direct result of the above discussed electromagnetic model. The combination
of an incoming field and the scattered light it induces in a material is manifested as an
apparent decrease in phase velocity[112]. Besides this, there are a number of intricacies to
this parameter upon which many methods and results rely.

Building upon section 3.1, an interesting result is obtained by taking the cross product of
k with equation 3.9.

k × (k ×E0) = ωk ×B0 = −ω2εµE0 (3.13)

3Note that it is primarily the electrons that move due to their lower mass.
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This, through the previously introduced useful vector identity, gives:

k · k = ω2εµ (3.14)

and thus an expression for k:

|k| = ω
√
εµ =

ω

c

√
εrµr =

ω

c
N (3.15)

With N being the complex refractive index of the medium in which the wave is propagat-
ing.

N =
c

ω
(k′ + ik′′) =

√
εrµr =

√
εµ

ε0µ0

= n+ iκ (3.16)

where the real part ℜ(N) = n is commonly referred to as the refractive index whereas
ℑ(N) = κ is a parameter governing attenuation. The latter is evident when considering
the −ik · x-term in the field expression exponents (e.g. equations 3.7 and 3.8), where the
imaginary part of k produces a negative exponent and thus spatially decaying fields.

Many materials, including those of interest in this thesis, are practically non-magnetic and
consequently have a relative permeability µr close to unity. In these cases the refractive
index can be approximated as

√
εr. One convenient route to comprehension of N is thus

to understand the εr-parameter, the relative permittivity of a material.

The reader is hence encouraged to recall the features of the relative permittivity as it
thus translates to N and is of high importance in the following context. In the case
of a dielectric material, by definition where k′ ≫ k′′, the complex relative permittivity,
εr(λ) = ε′(λ) − iε′′(λ) is a wavelength dependent quantity whose real part is a measure
of the material electric polarizability, the extent to which the material is polarized upon
exposure to an electric field, while its imaginary part describes the attenuation of electric
fields passing through the material, the latter often manifested as absorption of light. ε′

thus describes how much the material electrons are displaced from equilibrium to counteract
the applied field; the spring constant in the above analogy of electronic springs. A higher
refractive index does consequently, besides the decreased light phase velocity, denote weaker
internal electric fields.

In the case of dielectric solutions, the refractive index relates to the convenient relation
referred to as the refractive index increment, ∂n/∂c, which highlights its dependence on
solute mass concentration. The fact that the refractive index increment is near constant in
a wide concentration range for biological compounds, such as proteins and phospholipids,
has promoted thorough investigation and tabulation of its material specific values[114].
This can accordingly be utilized for calculating protein film surface mass concentration, Γ ,
through the, so called, de Feijter’s formula:
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Γ =
∆dp(np − nm)

∂n/∂c
(3.17)

where np and nm are the refractive indices of the protein film and the bulk solution,
respectively, and dp the protein film thickness[115].

It has been shown that the refractive index increment of protein can, with great accuracy,
be predicted based on its constituent amino acid composition[114]. The expression uses
the mass weighted average values (referred to with subscript i) of two known amino acid
specific parameters, refraction per gram Ra and specific volume ν̄a (i.e inverse density),
expressed as follows[114]:

Ri =

∑
aRaMa∑
aMa

(3.18)

ν̄i =

∑
a ν̄aMa∑
aMa

(3.19)

where Ma is the amino acid molar mass.

These parameters relate to the protein refractive index as

np =

√
2Ri + ν̄i
ν̄i −Ri

(3.20)

which in turn relates to the refractive index increment as

∂n/∂c =
3

2
ν̄in0

n2
p − n2

0

n2
p + 2n2

0

(3.21)

with n0 being the refractive index of the solution[114]. This relation is utilized in paper II
to calculate protein refractive index.

3.4 Waveguide theory

A phenomenon of immense use in biophysical research is that of a, so called, evanescent field
for illumination of near-surface nanoscopic objects. When a propagating electromagnetic
wave encounters an interface with a discrete decrease in refractive index, e.g. light passing
from glass to water or water to air; total internal reflection, the reflection of all incoming
energy, occurs above a certain critical incident angle[110]. This angle can be found through
Snells law,

n1 sin θ1 = n2 sin θ2, (3.22)
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Figure 3.1: The phenomenon of total reflection, which occurs above a critical angle θc for
light incident on an interface to a medium of higher refractive index.

which relates the angles of incidence, θ1, and refraction, θ2, at an interface, to the refractive
indices of the two materials, n1 and n2. With n1 > n2 there will be a critical incidence
angle θc above which θ2 exceeds 90◦ and all light is reflected (see figure 3.1).

Total reflection of light is however not a discrete phenomenon but is a far-field consequence
of the incident light inducing charge oscillations which under these conditions interact
to have destructive interference in the forward direction. While this indeed results in
total reflection in the far-field, the oscillating charges actually produce a local near-field, a
propagating field along the interface which decays exponentially with orthogonal distance
from the interface, the evanescent field. This thin field of light, which in common practical
microscopy setups has a penetration depth of a few hundred nanometers, is conveniently
utilized for illumination of surface bound entities e.g. in total internal reflection fluorescence
microscopy (TIRFM)[116] (see sections 3.6 and 4.1.1). One of the main motivations for
utilizing this type of illumination scheme is that by solely illuminating near-surface entities,
signals stemming from the bulk are minimized.

Another technological approach to generate and use an evanescent field is the use of a
structure consisting of adjacent slabs of materials of different refractive indices, a planar
waveguide. Figure 3.2 shows an illustration of the relevant situation, highlighting the
waveguide core (of refractive index n2) sandwiched in-between layers of lower refractive
index material (n1) referred to as the cladding layers. Light propagating in the x-direction
in the core in this situation can be approximated as a plane wave according to equation
3.7 (assuming a thin waveguide core, and thus solely a single guided mode), but noting
that the materials extending semi-infinitely in the z-direction allows for the expression of
the time-independent electric field independently of this dimension, i.e.:
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Figure 3.2: Illustration of a waveguide chip as used in papers I and II. A (black) core layer
of refractive index n2 is enveloped by the (grey) cladding layers of refractive index n1. Con-
finement of light in the core is possible if n2 > n1. Note that this image is not to scale
and that the core and cladding layers having a thickness of approximately 0.4µm and 3µm,
respectively; deposited on a ∼ 500µm silicon wafer. The core thickness is here defined as 2a,
with the y-coordinate zero being placed in its center.

E(r) = E(y)e−iβx, (3.23)

where β = k0neff is the wavenumber of light traveling in the waveguide in the x-direction,
with neff being an effective refractive index of the waveguide structure.

This expression in combination with equation (3.12) gives:

∂2E

∂y2
+ (k2 − β2)E = 0. (3.24)

With n2 > n1, the (k
2−β2)-factor will be positive for the core and negative for the cladding.

This results in equation (3.24) having the following solutions:

E =


A cos(a

√
k2n2

1 − β2 − φ)e−
√

β2−k2n2
2(y−a) y > a

A cos(x
√

k2n2
1 − β2 − φ) −a < y < a

A cos(a
√

k2n2
1 − β2 + φ)e

√
β2−k2n2

2(y+a) y < −a

(3.25)

where a is half the thickness of the core layer; A is a constant that can be derived from
the boundary condition of the electric field and φ a phase term[117]. Depending on a,
n1, n2 and the boundary conditions due to the geometry of a certain waveguide, there
can be one or multiple values of β which satisfy the above expressions. These denote the
multiple discrete bound modes supported by the waveguide. The geometry and material
properties for the waveguide structure used in this thesis is chosen such that a single mode
is supported for the light wavelengths used.
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Consideration of these equations reveal a propagating field in the waveguide core and the
exponentially decaying evanescent fields in the cladding layers. A convenient quantita-
tive characterization of these types of decaying fields is that of a decay length or pene-
tration depth, δ, defined as the distance where the field magnitude has decreased with
a factor of 1/e (or, equivalently, where the intensity of the field has decreased with a
factor 1/e2):4

δ =
1√

β2 − k2
cladding

=
λ0

2π
√
n2
eff − n2

1

(3.26)

Paper I-IV use a waveguide microscopy platform for investigation of surface bound nanopar-
ticles. It consists of a silica core (n2 = 1.42) enveloped in cladding layers of the fluorinated
polymer material CYTOP (n1 = 1.34). With 488 nm TE-polarized light and a core thick-
ness of 450 nm, this results in a decay length of ∼ 200 nm. Details of the experimental
setup is found in section 4.1.

3.5 Scattering of light by dielectric nanoparticles

Scattering of light, the excitation of charge oscillations and consequent elastic5 reemis-
sion of electromagnetic radiation due to refractive index contrasts, is rigorously described
through the Maxwell equations[112]. However, a thorough phenomenological discussion of
scattering using this foundation directly risks distracting from the special cases of interest
in this work, namely scattering of light by dielectric nanoparticles in the ∼ 50 − 200 nm
diameter range as discussed in paper I-IV.

3.5.1 Rayleigh scattering

An appropriate starting point for the modeling of this special case is the scattering intensity
of an infinitesimal oscillating dipole, which can be expressed as[118]:

Is = |α|2 π
2c|E|2

2εsλ4

(sin θ
r′

)2

r̂ (3.27)

where α is the particle polarizability, c the in media speed of light, λ the incident light
wavelength6, E the applied electric field, εs the relative permittivity of the scattering ob-
ject, r̂ a unit vector and r′ and θ being spherical coordinates. The sin θ-factor describes

4A consequence of this definition is that the distance at which the intensity has decreased by a factor
1/e is half the distance at which the field has decreased by 1/e.

5I.e. where the kinetic energy is conserved.
6The λ4-factor here is of fame as being the main explanation for why molecules scattering light in our

atmosphere make it look blue[119].
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the apparent dipole moment dependence on the angle of observation. Depending on exper-
imental setup, it is necessary to integrate over an appropriate angle range to find correct
values, i.e. considering just the light reaching the camera used to observe the scattering
object. For the purposes of discussing light scattering microscopy as used in this thesis,
where nanoparticles are observed using the same illumination in the same microscope ge-
ometry, all factors except α can be considered a constant, A, and the expression simplified
to

I0s = A |α|2 , (3.28)

where the superscript ”0” indicates the infinitesimal dipole approximation, i.e. that we do
not yet consider and correct for effects due to particle size.

Assuming an object to behave as an infinitesimal scattering dipole does, together with
the assumption of a refractive index close to 1, produce the premises for the Rayleigh
scattering model[110], which was developed in the 1800s[120]. Particles in this size and
refractive index range (basically, non-metallic particles with a size ∼ 1/10 of the light
wavelength) can be considered small enough to have a negligible internal phase shift. In
other words, it is assumed that the incident field, although changing over time, is uniform
over the particle volume, and thus that all induced charge oscillations in a particle are in
phase.

Understanding the relative scattering intensity of particles in the Rayleigh regime is thus a
question of expressing their polarizability α. For a spherical solid particle of radius r and
permittivity εs, in a medium of permittivity εm this is[112]:

α = 4πr3
εs − εm
εs + 2εm

(3.29)

Expressing the polarizability of particles of more complex structure and geometry, for
instance optically inhomogeneous and non-spherical particles, is in most cases difficult.
See Bohren & Hoffman[112] chapter 5 for an instructional derivation of the polarizability
of a coated ellipsoid. Beyond the few analytically solvable cases it is common to utilize
effective medium approximations[121].

An important case to consider in the context of this thesis is that of a coated sphere, i.e.
a core of permittivity ε1 surrounded by a spherical shell of permittivity ε2, in a medium
of permittivity εm. With a total radius r, the polarizability for this structure is expressed
as:

α = 4πr3
(ε2 − εm)(ε1 + 2ε2) + φ(ε1 − ε2)(εm + 2ε2)

(ε2 + 2εm)(ε1 + 2ε2) + φ(2ε2 − 2εm)(ε1 − ε2)
(3.30)

where φ is the fraction of the particle volume occupied by the core.
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In paper II, this expression is adapted for the case of a lipid vesicle (with polarizability αv),
modeled as a hollow sphere (consisting of a lipid bilayer of thickness ∆l and permittivity
εl). In this case the core and the medium have the same permittivity (ε1 = εm) and the
above expression becomes:

αv = 4πr3
(2εl + εm)(εl − εm)(1− φ)

(εl + 2εm)(εl + εm)− 2(εl − εm)2φ
(3.31)

where φ = (r − ∆l)
3/r3. Since the bilayer is thin compared with the dimension of the

vesicle, ∆l ≫ r, we can use the approximations 1−φ = 3∆l/r and φ = 1 in the numerator
and denominator, respectively. This yields:

αv =
4πr2∆l(2εl + εm)(εl − εm)

3εlεm
(3.32)

When considering the case of proteins binding to a vesicle, the particle can be viewed
as a two-shell system, where to the lipid bilayer an external shell of thickness ∆p and
permittivity εp is added. Still under the assumption of small shell thicknesses in comparison
with the vesicle radius r, the two shells can be replaced by one effective shell with the
thickness

∆lp = ∆l +∆p (3.33)

and permittivity

εlp =
εl∆l + εp∆p

∆l +∆p

(3.34)

Consequently, the vesicle protein complex has a polarizability of

αv,p =
4πr2∆lp(2εlp + εm)(εlp − εm)

3εlpεm
(3.35)

The ratio of scattering intensity increase to initial scattering intensity, can be expressed

∆Is
I0

=
Is(αv,p)− Is(αv)

Is(αv)
=

α2
v,p − α2

v

α2
v

(3.36)

Measuring this scattering intensity ratio thus provides, through equations 3.32, 3.35 and
3.36, a relation between the thicknesses and permittivities of the protein layer and lipid bi-
layer which to the first order approximation is independent of vesicle size. As demonstrated
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in this expression, considering an intensity ratio rather than absolute intenisty values al-
lows for eliminating the A-factor of equation 3.28. This approach is used in paper II and
III to quantify protein adsorption to vesicles.

3.5.2 Phase and evanescence

When waveguide scattering microscopy is used for observing particles with a size that
approaches the excitation light wavelength, we leave the regime of Rayleigh scattering and
need to take two additional phenomena into account: i) phase effects and ii) the exponential
decay of the evanescent field. For particles in the size and RI regime of interest here7, the
phase effects are considered using, so called, Rayleigh-Gans-Debye (RGD) theory. In this
approximation, a particle is considered a collection of volume elements which all act as
independent dipole scatterers. By integrating over the particle volume, the particle shape
and interference between its parts are accounted for. This approach can be combined with
an exponentially decaying illumination field, which both affects the scattering intensity
directly, but also how the magnitude of the RGD correction varies over the particle. We
can express the scattering intensity as:

Is = I0s ηs, (3.37)

with I0s from equation 3.28 and ηs being a being dimensionless correction factor accounting
for these effects. ηs for a particle can be calculated by integrating over its volume:

ηs =
∣∣∣ ∫ dV

V
e−z/δeiφ

∣∣∣2, (3.38)

where V is the particle volume, z is the vertical coordinate, i.e. height over the sensor
surface, δ the evanescent field decay length and eiφ a factor relating the phase of each
volume element to its position with respect to a chosen reference point. This is generally a
tricky integral to solve. It has, however, been shown that the two phenomena represented in
this correction factor can to a good approximation be treated independently[123], i.e.:

ηs = ηev.sηRGD =
∣∣∣ ∫ dV

V
e−z/δ

∫
dV

V
eiφ

∣∣∣2, (3.39)

7The limits are set by the assumption underlying RGD theory that the phase of each scattering element
is determined solely by its position in relation to the illumination, and not by phase retardation or other
effects (e.g. excitation of plasmons, as in plasmonic particles) due to the material properties of the particle
surrounding it. The element thus acts as if the rest of the particle were not there. This puts restrictions
on both RI and size. The assumptions for applying RGD theory can be expressed mathematically as
|m − 1| ≪ 1 and ka|m − 1| ≪ 1, where m is the particle-medium RI ratio, k the light wavenumber and
a the largest dimension of an object. The former inequality means the incident field is not considerably
disturbed by the particle, and the latter inequality that the phase difference in the particle relative to the
medium can be neglected. See chapter 8 in [122].
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where ηev.s and ηRGD account for the exponentially decaying evanescent field and phase
shifts according to Rayleigh-Gans-Debye theory, respectively. Solving these integrals for a
solid sphere geometry gives:

ηev.s = 9
(2δ
r0

)6

e−r0/δ
[ r0
2δ

cosh
( r0
2δ

)
− sinh

( r0
2δ

)]2
, (3.40)

where r0 is the particle radius (see paper III for details), and:

ηRGD =
∣∣∣ 3
u3

[sin(u)− u cos(u)]
∣∣∣2, u =

(2πnm

λ0

)
r0 sin

(ϑ
2

)
, (3.41)

where λ0 is the vacuum wavelength of the light and ϑ the angle between the incident
and scattered light[122]. When considering equation 3.41, it is worth noting that for
an increasing particle radius this factor will eventually reach a maximum after which its
contribution to the total signal will be negative. The effect is wavelength dependent but
will for visible light be of significance as particle diameters approaches a few 100s of nm.
Consequently, interpreting a specific scattering intensity in terms of particle size will for
certain size regimes be ambiguous (see figure S6 in the Supporting Information of paper III
for an illustration of this effect).

These correction factors have also been solved for hollow spheres, which is useful when
considering lipid vesicles. The results can be found in paper III and in the supporting
information of ref. [123].

3.6 Fluorescence

The use of the fluorescence as a tool for the investigation of biological structures and
processes is well established[113]. The waveguide microscopy method utilized in paper
I-IV benefits from the possibility of combining its scattering microscopy capabilities with
that of the more traditional fluorescence microscopy-based investigations.

The method is typically based on the use of fluorescent labels, entities which can bind
to analytes of interest and which upon absorption of light in a certain spectral range,
emit photons of a (usually) increased wavelength[113]. This allows, as in the case of the
waveguide microscopy setup described in section 4.1, for the decoupling of the incident
and emitted light and thus the selective visualization of labeled objects. The concept is
usually explained through the use of a Jablonski diagram, see figure 3.3 where electronic
and vibrational state transitions in a fluorescent molecule are shown and photon absorption
and emission are highlighted8.

8Note that we are now leaving classical optics and are considering a phenomenon understood through
quantum physics.
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Figure 3.3: The concept of fluorescence illustrated through a Jablonski diagram. An example
of the fluorescence process is shown, where excitation of an electron from its ground state S0

to its first excited singlet state, S1, through the absorption of a photon and subsequent non-
radiative vibrational relaxation (phononic loss of energy) leads to the emission of a photon
of increased wavelength (i.e. of less energy). The difference in wavelength between incident
and emitted light can be utilized through optical filtering for highly sensitive observation of
fluorescing objects.

It is also worth mentioning that the highly reactive nature of fluorophores in their excited
state results in the phenomenon of photobleaching, where a fluorophore has a certain prob-
ability of suffering a photochemical alteration that permanently makes it non-fluorescent.
This is often manifested as a fluorescence signal decrease over time, an effect which puts
temporal limits on experiments utilizing fluorophores[113].

The fluorescence intensity of a labeled object scales with the number of fluorophores (disre-
garding quenching effects, i.e. fluorescence decrease due to a number of phenomena, many
which relate to interactions with other nearby entities[113]). This is an important point
when comparing a signal based on fluorescence emission with a light scattering signal of
the same sample. The scattering signal instead scales with the square of the polarizability
(see equations 3.30, 3.36).

The fact that an emitted fluorescence signal is incoherent9 means that phase related effects
as discussed for the scattering signal does not occur (i.e. there is no correction factor
like ηRGD for the fluorescence signal). This fact additionally results in a slightly different
expression for the correction factor accounting for the evanescent field decay, ηev,f:

ηev.f = 3
( δ

r0

)3

e−r0/δ
[r0
δ
cosh

(r0
δ

)
− sinh

(r0
δ

)]
. (3.42)

9Phase related effects such as an interference related signal decrease require coherent light, i.e. that
the frequency and waveform are identical and the phase difference constant. The time scale (nanoseconds)
over which fluorescence absorption and emission occurs is large enough for environmental interactions to
remove any phase correlation between individual fluorophores and thus any net effects due to interference.
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4

Experimental Methods

”There is a crack in everything,
that’s how the light gets in.”

— Leonard Cohen

P
ractical investigation, understanding and utilization of physical phe-
nomena require, in most cases, experimental measurements in order to gain neces-
sary information and more often than not, hard-obtained quantitative information
is desired. This thesis work focuses on the use of a number of methods and their

combination, to investigate the properties and behavior of biological nanoscopic objects.
A distinction to keep in mind is that of measurements providing single-particle resolved
information, such as waveguide scattering microscopy and nanoparticle tracking analysis
(NTA), and that of ensemble average methods, such as SPR and QCM-D, whose signals
exclusively originates from multiple particles. This section will provide information on the
principles of the main experimental methods utilized in this work.

4.1 Waveguide microscopy

The main method in use for the characterization of individual nanoparticles utilized here
builds on the use of evanescent field illumination through waveguide microscopy, as theo-
retically outlined in section 3.4. The use of evanescence for this purpose in its currently
most popular implementation, total internal reflection fluorescence (TIRF) microscopy, was
pioneered by Axelrod in the 1980s[124]. The rapidly decaying evanescent field provides a
means to limit the illumination to the volume ∼ 200 nm above a surface, thus provid-
ing a resolution beyond the depth-of-focus-limitation of other methods such as standard
epi-illumination microscopy. TIRF has been used extensively to examine interaction be-
tween cells and surfaces, making use of the methods palpable reduction in background from
cell and debris autofluorescence[125]. TIRF has also been combined with fluorescence pho-
tobleaching recovery and correlation spectroscopy to measure the binding rates and surface
diffusion constants upon fluorescently labeled serum protein binding[126, 127].
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Figure 4.1: Picture of the waveguide chips used in this work. The chips have an area of
1 × 1 cm2. The left image shows the open chip configuration, with square well design. The
well is covered by a droplet of sample to which a water immersion objective is connected.
The right image shows a chip designed for use with the NanolyzeTM fluid exchange system.
Two hole have been etched through the chip for the inlet and outlet connections, and a glass
slide has been attached on top of the well using double-sided tape to create an enclosed
compartment through which sample can be pumped.

Waveguide microscopy shares many similarities with this method in terms of the use of
the rapidly decaying evanescent field for sample illumination. Developed in the 1990s
and initially demonstrated for thin film characterization[128, 129], the method was later
implemented for biological applications[130] and has today been used in a variety of setups.
These include fluorescence microscopy approaches[131], transparent chip platforms[132],
dSTORM and ESI super-resolution fluorescence microscopy[133], multimode scattering
microscopy using high core-cladding RI contrast[134] and incoherent white light source
illumination[135]. The term waveguide microscopy also covers methods of quite different
geometries than in these works, including optical fiber based approaches[136, 137].

The basic structure of the waveguide chip used in this thesis consists of a silicon substrate
on which a lower cladding, core and upper cladding layer have been sequentially deposited.
A single chip (see figure 4.1) consists of a 1 × 1 cm2 square of this assembly with a well
etched through the top cladding layer, reaching the waveguide core and thus an excited
evanescent field at its interface. The field is generated through laser illumination by an
optical fiber but-coupled to the waveguide core layer from a chip facet. This illumination
setup features an orthogonal relation between the illumination and observation direction,
i.e. illumination from the side and observation from above or below.

In order to minimize stray light scattering, which as discussed in section 3.2 is a conse-
quence of refractive index contrasts, the cladding consists of CYTOP, a fluorinated polymer
material which has the convenient property of a refractive index of 1.34[138] (i.e. n1 in
figure 3.2 and equation 3.25), thus closely matching that of water. The cladding envelops a
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core of silica, in the form of spin-on-glass, with a refractive index of 1.42 (i.e. n2). In fact,
to utilize silica as a core in a waveguide chip, which is convenient from the perspective of
using well established surface modifications as well as SLB formation, the cladding must
have a refractive index lower than that of the core. CYTOP fulfills also this criteria.

A waveguide scattering measurement setup, as implemented in papers I and II, is shown
in figure 4.2. A water immersion objective is connected to a droplet of buffer placed in
the waveguide well, enabling the observation of objects emitting light due to the generated
evanescent field on the well bottom. This entails light emitted due to fluorescence excita-
tion and emission, in a manner analogue to that of TIRF microscopy, but also scattered
light due to a refractive index contrast between an object and the surrounding medium.
The penetration depth of the waveguide system, which defines its sensing range extend-
ing from the core, is determined by the refractive indices and thicknesses of the core and
cladding layers, the illumination wavelength and polarization, and can be tuned from be-
low 100 nm to well above a micron[139], while regular TIRF usually exhibits 100-200 nm
values. The implementation used in this thesis shows a penetration depth of approximately
100 nm.

Although the waveguide design used in papers I and II worked adequately for situations
involving experiments over short time spans and of a limited number of different sample
solutions, it did not allow for measurements where thorough or rapid exchange of liquids
was required. As measurements were carried out directly in a droplet exposed to the
environment, issues arose due to the droplet evaporating over time which changed both
the sample concentration and the optical properties of the setup. To mitigate this problem,
microfluidic flow structures were built into the waveguide chip allowing for a more stable
setup and a much easier way of liquid exchange (see papers III and IV, as well as section
4.1.3).

4.1.1 Waveguide microscopy among other methods

The persistent high interest in questions regarding nanoparticles and relating technology
has resulted in a vast space of approaches for nanoparticle characterization. Many of
these cover different areas and applications and can often be considered complementary.
When it comes to optical characterization methods, many challenges stem from the fact
that nanoparticles are small and thus generally produce a weak signal. For instance, as
seen in section 3.5.1, the light scattering signal from a dielectric nanoparticle is roughly
proportional to the particle volume squared1. This means that development of technology
for optical observation and investigation of nanoscopic objects is focused on the question
of generating contrast, the possibility of distinguishing a weak particle signal from its
background. One of the key approaches to this is that of fluorescence microscopy, where
the contrast originates from the spectral separation of the illumination and emitted signal,
i.e. that the emitted signal and the illumination are of different wavelengths (see section

1Reducing the diameter of a sphere 10 times thus reduces its scattering signal by a factor of 106.
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Figure 4.2: Illustration of the basic principle of a waveguide evanescent light measurement.
TE polarized laser light of a certain chosen wavelength, here 488 nm, is but-coupled from
an optical fiber to the waveguide core in which a propagating field, and outside of which an
exponentially decaying evanescent field, is generated. A droplet of solution which constitutes
the experimental environment and contains analytes of interest has been placed in the waveg-
uide well which provides access to the evanescent field on the core surface. A vesicle partially
consisting of fluorescently labeled lipids (CF488 labels) is found inside the evanescent field,
which causes it to scatter light of 488 nm and fluoresce at approximately 515 nm. This light
passes through an objective immersed in the solution droplet and subsequently through an
image splitter which separates the two signals which are subsequently projected onto a CMOS
camera.

3.6). The background can thus be efficiently suppressed by using appropriate optical filters.
While very useful, fluorescence microscopy carries a number of limitations, as it requires
samples which are either inherently fluorescent or labeled with fluorescent tags. Inherent to
the method is thus that one only observes what one has labeled and that other components
of a sample do not produce a signal. Additionally, the introduction of fluorescent molecules
to a sample might require complicated chemical procedures and both these procedures and
the physicochemical properties of the molecules themselves risks affecting the sample. For
instance, as discussed in paper IV, these tags can often carry charge and be of similar size
as the objects of interest (in this case, the lipids in LNPs). Quantitative interpretation of a
fluorescence signal is also complicated as it often requires accounting for phenomena such
as photobleaching and quenching[124].
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Waveguide microscopy as a means for (biological) nanoparticle characterization exists in
this context as a method specifically designed for single-particle-resolved, label-free and
quantitative investigations. It is worth noting that such information can also be obtained
through total internal reflection scattering microscopy, a method which shares the use of
evanescent light illumination with waveguide microscopy. Although mainly used exclusively
as a fluorescence microscopy method, there exist a number of approaches for suppressing
the background from the illumination and thereby observing also the light scattered of
a sample. Examples of this include dark-field TIR using a perforated mirror to separate
the scattered light from the illumination[140, 141], or bright field TIR through the use of
a number of noise reduction methods in the optical setup[142]. Compared to waveguide
microscopy, TIR scattering microscopy has a significantly smaller range over which the
evanescent field depth can be tailored and is limited by having a relatively small area of
homogeneous illumination. It also usually requires the use of a more complicated and
expensive optical setup, both in terms of TIR-enabling objectives and optics required for
background suppression[143].

The capacity of these methods to investigate individual nanoparticles sets them apart from
methods solely producing ensemble average data (e.g. QCM-D or SPR). The possibility to
generate information from the scattering signal of nanoparticles distinguishes the method
from those requiring particle labeling. As shown in the appended papers, it is however
possible to still utilize fluorescent labels to gain additional information on the investigated
particles. To the extent theoretical models can sufficiently well represent the nature of
light scattering, the method is also quantitative and can thus be used to not only detect
the presence of a sample, but to produce data on its properties (e.g., as in the appended
papers: size, refractive index or temporal changes in bound mass).

A principle to keep in mind when comparing methods is that the light scattering signal
is, to a first approximation, a function of both particle size and refractive index and that
separation and measurement of the two requires a signal complementary to the scattering
intensity. In this thesis (more specifically, in paper IV), this complement is obtained by
inspecting how the signal varies as a function of medium refractive index. A number of
other methods instead use the movement of particles for this purpose, an approach with
other advantages and disadvantages to consider. In order to gain some further insights into
the waveguide microscopy method, this section will briefly describe alternative methods in
its vicinity and how they relate.

Nanoparticle tracking analysis

A method where both fluorescence and scattering signals are commonly used for nanopar-
ticle characterization is NTA, where the size of nanoparticles in suspension is probed by
tracking their position over time. The principle builds on the fact that the hydrodynamic
radius of a particle relates to its diffusion coefficient through the, so called, Stokes-Einstein
relation[34]. The method is similar to the dynamic light scattering (DLS) method, but
with single-particle-resolution. The fact that the method requires mobile particles brings
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with it some limitations. It is not possible to investigate the temporal evolution of prop-
erties for individual particles over time as is possible with surface immobilized particles.
It is also complicated to use the signal intensity for quantitative analysis due to signal
fluctuations related to particle movement. This challenge has been addressed in various
ways, for instance through limiting statistics[144] or by convex lens-induced confinement
(CLiC) microscopy[145]. The latter builds on the idea of confining individual particles
to a small volume in which they are homogeneously illuminated but still mobile enough
for tracking analysis. It is an open question whether this method can be extended from
fluorescence microscopy to using light scattering. This principle relates to the concepts uti-
lized in flow cytometer-based scattering measurements of NPs, which although restricted
to short measurement time spans have been show to provide high labels of sensitivity for
biological NPs[107, 146]. Another approach to limiting signal fluctuations and extending
the time span over which a particle is observed is to confine the particle movement to
two dimensions, i.e. to a surface. Using a protocol fully compatible with the waveguide
microscopy method of this thesis, this has been demonstrated using TIRF, where the im-
proved accuracy of this approach allowed for an investigation of the relationship between
size, number of tethers and the hydrodynamics of particle-surface interactions of vesicles
DNA-tethered to an SLB[147].

Interferometric scattering microscopy

An alternative to using the light scattered of a particle directly is to instead make use
of how it interferes with that of a reference light field. As implemented in a number of
methods this produces a signal proportional to the particle volume and to the reference
field[148], instead of the volume-square-dependence of regular scattering microscopy. This
significantly improves sensitivity and has allowed for the label-free observation of individual
proteins down to a few tens of kilo-Daltons in mass[149]. The currently most common
implementation of this principle is interferometric scattering microscopy (iSCAT), where
the interferometric signal stems from the interplay of light from a sample and a back
reflected reference signal. As with regular scattering microscopy the main challenges of
applying this method for investigating various samples relates to reducing the background
signal which in this case often consists of backscattering of rough surfaces or fluctuations
in the reference light due to various sources of noise. The currently sparse amount of
implemented iSCAT setups involving e.g. flow and sample exchange, suggest that this is
also not a trivial challenge. iSCAT has, however, recently been combined with NTA2[150],
offering a complementary particle size determination method.

Quantitative interpretation of iSCAT data is often complicated by the fact that the inher-
ent dependence on signal interference makes it highly influenced by the sample location in
relation to the reference, usually its z-coordinate above the surface. For instance, quantifi-
cation of protein binding to a nanoparticle would in many cases entail modeling how the
light scattering due to protein binding interferes both with scattering from the underlying

2Referred to as iNTA.
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surface and from the nanoparticle. While waveguide microscopy also has a z-dependence,
due to the decaying evanescent field, it is a weaker dependence than for iSCAT and thus
more easily modeled or accounted for by use of reference scatterers on the surface.

As a bright-field counterpart to iSCAT, the method of coherent brightfield imaging (COBRI)
has been developed[151, 152]. While not reaching the sensitivity levels of iSCAT, it carries
advantages e.g. for tracking particles within cells, as it is not disturbed by reflections from
interfaces inside a sample[143].

Holographic microscopy

Yet another approach to optical nanoparticle characterization is the use of phase infor-
mation contained in a signal. Light traveling the same geometrical length but through
media of different refractive index will have traveled different optical distances and might
thus be out of phase. Combining light having passed through a sample with a reference
beam will thus generate an interference pattern from which information on sample refrac-
tive index and geometry can be extracted. This approach is referred to as holographic
microscopy and has been implemented for characterization of particles near the nanoscale
[153, 154]. The signal obtained is approximately the product of the sample volume and
refractive index and can thus be used quantitatively. As a bright-field method, it carries
limitations due to a large background signal when used to investigate nanoparticles and
current quantitative state-of-the-art methods have a limit of detection around 300–400 nm
in diameter for polystyrene and silica particles, respectively. Interestingly, this makes the
method quite complementary to waveguide scattering microscopy, the signal interpretation
of which works well for particles smaller than the wavelength of light but become more
complicated when approaching it. Holographic microscopy thus takes over when waveg-
uide scattering microscopy quantification become ambiguous due to interferometric signal
decrease, while iSCAT provides superior sensitivity below the detection limit of waveguide
microscopy, but suffers from complications with respect to quantitative analysis above 50
nm.

4.1.2 Waveguide chip fabrication

The waveguide chips used in the measurements of papers I-IV were manufactured in the
Chalmers nanofabrication cleanroom laboratory in a process involving numerous different
tools and methods. Rather than describing the details of each method and protocol, this
section will focus on the main ideas behind the fabrication steps and highlight a number of
important points to consider during fabrication. More details can be found in paper I-IV,
as well as in other publications from our research group[51, 155, 156].

The process described here has been developed with a number of goals in mind. To produce
an optical waveguide structure with an evanescent field penetration depth of ∼ 200 nm.
To have a cladding material with a refractive index matching that of water. To have a
well accessing the waveguide core through the top cladding layer in which aqueous so-
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lutions containing biological samples can be placed. To have the surface of the sensing
well compatible with standard surface functionalization schemes including self-assembly of
supported lipid bilayers.

These goals are mainly achieved through careful choice of materials. This, in turn, creates
a number of requirements on which fabrication methods that can be used. The waveguide
core is the layer to which the light is coupled and whose surface the biological samples
under investigation interact with. Since many protocols used in microscopy investigations
of biological samples are developed for glass surfaces, this layer is preferably made of glass
or a glass-like material. As discussed in paper I, the material chosen, due to its low surface
roughness and thus low background scattering, is spin-on-glass.

In order to act as a waveguide, this core, with a fairly low refractive index of ∼ 1.42, needs
to be enveloped in a material of lower refractive index, the so-called cladding layers. The
cladding material chosen is CYTOP, a fluorinated polymer material with a refractive index
of ∼ 1.34, which also fulfills the purpose of having a refractive index close to that of the
liquid immersed in the sensing well, which in turn provides a symmetric wave propagation in
the core and low background scattering at the edge of the well. One of the main challenges
of the chip manufacturing is the low compatibility of the organic CYTOP polymer with the
inorganic core glass material, since large differences in thermal expansion coefficients easily
result in cracks or delamination. A related issue is the low glass transition temperature
of CYTOP, approximately ∼ 110 ◦C. Exceeding this temperature after the core deposition
on the lower cladding results in crack formation and thus put quite unusual restrictions in
terms of temperature on the other processing steps.

The waveguide fabrication process starts with the substrate, the structural foundation to
which the other layers of material are added. The substrates used are polished 4”Si (1 0 0)
wafers. Of high quality and of relatively low cost, these exhibit the beneficial properties
of low surface roughness, high purity and high inter-specimen consistency. Additionally,
and of essence when used for laser generated waveguide applications, they exhibit a low
auto-fluorescence for the wavelengths used.

Lower cladding

The hydrophobic nature of CYTOP generally results in a low adhesion to substrates. In or-
der to promote adhesion, the substrates were thus, after initial cleaning using the SC-1 stan-
dard procedure3, functionalized using a silanization protocol. More specifically, a mixture
of 3-Aminopropyl-triethoxysilane (APTES, H2N(CH2)3Si(OC2H5)3), filtered deionized wa-
ter and ethanol, in the volume ratios 1:25:475 was spin-coated to the substrate which were
subsequently baked at 100 ◦C for three minutes. To this surface, CYTOP CTX-809A P2

3SC-1, Standard Clean 1, is a commonly used cleaning procedure where a wafer is placed in a solution
of 5 parts deionized water, 1 part ammonia water (29 wt%) and 1 part aqueous H2O2 (30 wt%)[157].
For new and properly stored wafers, this procedure was, however, found to be unnecessary for the chip
fabrication.
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Figure 4.3: Fabrication steps of a waveguide chip on a Si substrate with microfluidics in-
corporated. a) CYTOP spin-coating and baking. b) Spin-on-glass coating and baking. c)
CYTOP spin-coating and baking. d) Reactive-ion etching of the upper cladding to form the
sensing well in the CYTOP. e) Etching of inlet and outlet holes through the substrate, core
and lower cladding. f) Application of tape and glass to close the flow cell.

was then spin coated, resulting in a 4µm layer after baking [figure 4.3 a)]. In order to slowly
remove gas and bubbles in the CYTOP, thereby ensuring a high surface flatness, the baking
was done at an initially low temperature which was slowly ramped to 250 ◦C.

Core

To, again, overcome the poor adhesive properties of CYTOP, its surface was treated by
the deposition and subsequent removal of a thin aluminum layer prior to adding the core
material. This procedure has been found to promote adhesion, presumedly through ori-
enting the hydrophilic COOH groups of CYTOP towards the surface[156, 158, 159]. After
this surface treatment, spin-on-glass (SOG) was added to the surface using spin coating
[figure 4.3 b)]. SOG refers to a class of sol-gel technology for silica deposition through spin
coating which, as described in paper I was the glass material investigated found to result in
the lowest surface roughness. From this point on, the structure could not be subjected to
temperatures above the glass transition temperature of CYTOP of ∼ 110 ◦C. The baking
of the SOG was thus done considerably below the recommended 400 ◦C, but instead for a
longer time than instructed.
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Upper cladding

Adding the upper CYTOP cladding layer [fig 4.3 c)] is similar to the procedure for the
lower, i.e. APTES functionalization, CYTOP spin coating and baking. The baking is
however now ramped to a maximum temperature of 100 ◦C. The requirements on surface
flatness and purity is not quite as strict for this layer since its upper surface is not in
contact with the waveguide core.

Sensing well

In order to access the evanescent field at the waveguide core surface, a sensing well is created
by removing a part of the upper cladding layer of each chip through photolithography
[figure 4.3 d)]. This process consisted of CYTOP surface adhesion promotion by aluminum
deposition and removal as described above, after which a photoresist is applied, baked,
patterned and developed. The wells were then etched through reactive ion etching using
a protocol which combines chemical etching by O2 plasma and mechanical sputtering by
Ar plasma. All steps done at a sub 110 ◦C temperature. Finally, the wafer was placed in
deionized water for neutralization of the highly reactive etched surface.

Dicing

When separating the wafer into individual waveguide sensor chips, two aspects are essential
to consider in order to achieve a good chip quality: avoiding contaminating the sensor well
surfaces and producing high-quality chip facets. Contaminations on the well surface results
in an increased scattering background for the measurements, and smooth chip facets are
crucial for a good light coupling into the chip. The debris generated during the dice sawing
process used was prevented from reaching the wells by covering the entire wafer surface
with a layer of photoresist. Facet quality (e.g. no cracks and no chipping) is governed
by a range of parameters, such as saw blade type and quality, blade rotation speed and
feed rate. Finding the correct parameters for a specific setup is likely a matter of trial and
error.

4.1.3 Waveguide microscopy under flow

Chips fabricated as described above are used paper I and II. A square sensing well, in
which a droplet of liquid is placed, is observed using a water immersion objective directly
in contact with the droplet. While fully working for a range of interesting applications,
this setup carries a number of limitations. The sample droplet will, depending on the
ambient temperature, evaporate over time, which affects both its optical properties and the
sample concentration within. It is also challenging to change from one sample to another
(done using e.g. a pipette) without disturbing the sensitive light coupling by accidentally
touching the chip. In order to enable a controlled exchange of liquid over the chip and
to allow for measurements under flow, two different microfluidic approaches are used in
paper III and IV, respectively. In paper III the fabrication protocol is adapted for used

38



4.2. SURFACE PLASMON RESONANCE SENSING

Figure 4.4: Picture of a waveguide chip with an integrated flow cell as implemented in
paper IV, placed in the NanolyzeTM Vision fluid handling and laser coupling system.

with transparent silicon dioxide wafers, making possible to use oil immersion objectives
from the chip backside. This allowed for an SU8-based microfluidic flow cell structure to
be added above the sensing wells during the chip fabrication procedure. The details of this
procedure can be found in paper III.

In an attempt to simplify the rather complicated chip fabrication process of paper III, the
measurements in paper IV were done with chips made as described in the sections above,
but with one additional step, the etching of inlet and outlet holes, using standard protocols,
before the wafer dicing [figure 4.3 e)]. A flow cell structure could then be constructed by
applying a custom cut double sided tape over the sensing well to which a thin glass slide was
attached [figure 4.3 f)]. This procedure produced chips compatible with the NanolyzeTM

Vision fluid handling and laser coupling system and allowed for pumping sample liquids
over the sensing well as desired. The sensor surface could then be observed through the
glass slide on top of the flow cell. Figure 4.4 shows a waveguide chip constructed this way,
placed in the fluid handling and laser coupling system.

4.2 Surface plasmon resonance sensing

In addition to waveguide microscopy a number of complementary methods have been uti-
lized in this thesis work. One of them is SPR, which provides information on changes
in interfacial refractive index near a liquid-metal interface. The defining property of a
metal is, I believe most students of physics would explain, the feature of cations in a
background of commonly contributed delocalized electrons, or expressed in analogical lan-
guage, the electron sea. These free electrons, or plasma, act as a main mediator of many
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Figure 4.5: Medieval application of localized surface plasmon resonance. Light in certain
wavelength intervals is absorbed and scattered by metal nanoparticles in the glass, producing
colorful results. Notre-Dame de Paris.

defining properties of this material class, for example its electrical conductivity. Extend-
ing the analogy further it is possible to excite waves in the electron sea, so called surface
plasma oscillations or surface plasmons, electron density oscillations which, although the
charges are highly confined to the metal surface, generate fields extending into the local
environment[160]. The generation of surface plasmons in a metal depends on a set of con-
ditions which, if properly fulfilled, causes an energetic maximum; this occurs at the, so
called, resonance conditions. Keeping in mind the existence of other types of plasmonic
excitations, such as bulk and wire and localized plasmons[161], the following discussion is
restricted to the case of surface plasmon resonance (SPR).

Utilized since at least around 300 AD[162] for fabricating stained glass4 (see figure 4.5),
properly understood in the late 1960s[163, 164] and applied for biosensing purposes since
the 1980s[31], the plasmon resonance phenomenon is an intriguing and colorful concept.
The principle behind the main bioanalytical technology utilizing this phenomenon, surface
plasmon resonance builds on the possibility to excite propagating electron density oscilla-
tions at a metal-dielectric interface. The field generated from surface plasmons exhibits
exponential decay into the local environment and SPR biosensors thus produces a situa-
tion similar to the above discussed evanescent field waveguide microscopy method, where
analytes are placed in an exponentially decaying field above a surface.

4Note that this specific application relates to the localized surface plasmon resonance phenomenon.
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As electrons in a metal surface are driven out of positional equilibrium due to plasmonic
excitation, they are subjected to a retrogradely directed force stemming from the oppositely
charged cations and mutually repulsive interactions of the equally charged electrons. This
is the driving mechanism of the resulting electronic oscillatory behavior, i.e. the plasmons.
As theoretically discussed in section 3.3, the refractive index of a medium relates to its
extent of electromagnetic field attenuation. An increase in refractive index in the region
above a metal surface, for example by the replacement of water with an optically more dense
material such as a biomolecular entity, will thus reduce the magnitude of the restoring force
felt by the electrons which thus reduces the plasma oscillation frequency. This is the basic
principle behind SPR based biosensing. Refractive index variations due to the presence and
behavior of biological analytes close to a surface affects the plasmon resonance frequency
which, if gauged, thus provides information interpretable in terms of analyte presence,
mass, structure and dynamics.

From a technological perspective it is convenient to excite plasmons through the use of
light, in particular laser illumination. Generation of SPR at a metal-dielectric interface (in
biosensing applications commonly gold-water) through these means is, however, nontrivial
due to the need of simultaneous matching of both energy and momentum between the
light and surface plasmon[160]. Of the two existing main methods for momentum match-
ing, grating based and prism based, the latter, called the Kretschmann configuration is
more common as it allows for more technologically elegant solutions and will be in focus
henceforth. In this context, the required momentum matching can be expressed as match-
ing the metal surface parallel components of the laser illumination wavevector incident
through the glass prism, ki,x, with the surface plasmon wavevector, ksp,x.

Under the, for our purposes, reasonable assumptions of typical material properties, metal
similar to an electron plasma and non-lossy dielectric (i.e −ℜ(εd) > εm, −ℜ(εd) ≫ ℑ(εd),
ℑ(εm) ≈ 0), allows expressing the real part of the propagating plasmon wavevector as:

ℜ(ksp,x) =
ω

c

√
ℜ(εd)εm

ℜ(εd) + εm
(4.1)

where ω is the angular frequency, c the speed of light, εd the permittivity of the dielectric,
εm the permittivity of the metal[165].

ki,x of illumination incident through the prism with an angle θ can be expressed as[160]:

ki,x =
ω

c

√
εg sin(θ) (4.2)

In the experimental setup in use in this work, the angle of illumination θ is continuously
varied across a chosen interval as the subsequent reflection is observed. As ki,x and ksp,x
coincides and surface plasmon resonance excitement occurs, this is manifested as a reflection
intensity minimum. The angle θ at which this occurs can be tracked over time, for example
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Figure 4.6: The working principles of the surface plasmon resonance sensing method utilized
in this work. When the metal surface parallel component of the laser illumination wavevector
incident through the glass prism, ki,x, coincides with the surface plasmon wavevector, ksp,x,
SPR excitation occurs. This happens at a certain laser illumination angle θ which is deter-
mined by continuously varying the illumination angle and observing the reflection intensity
minimum. θ, also referred to as the SPR response R, additionally depends on the refractive
index above the sensor surface and can thus be used as a gauge for this parameter. How this
response is manifested during the addition of samples of different dimensions and refractive
index can be seen in figure 5.11.

as material adheres to the surface, and constitutes a major signal of an SPR measurement
(see figure 4.6). This minimum angle is henceforth referred to as the SPR response, R.

The above reasoning on how the SPR response relates to environmental refractive index
variations is evident from equation 4.1 which shows that the plasmon wavevector is a
function of the dielectric permittivity, εd, thus its refractive index (nd =

√
εd).

The instrument in use in this work, the SPR Navi 220A instrument (BioNavis) provides
the simultaneous use of two SPR excitation wavelength, in this case 670 nm and 785
nm, allowing for more extensive data analysis. The sensors in use are gold surfaces on
glass substrates coated with a thin (10-20 nm) SiO2 layer in order to allow desired surface
chemistry.

The quantitative aims of this work require the interpretation of the SPR response in terms
of relevant analyte parameters, i.e. mass and dimensions of entities adhered to the sensor
surface. The key bridge between refractive index and mass concentration Γ, as discussed
in section 3.3, is the de Feijter’s formula:

Γ =
df(nf − nm)

∂n/∂c
(4.3)

with nf and nm being the refractive indices of an adhered film and bulk solution, respec-
tively, and df the film thickness[115]. Interpretation of the SPR response, R, in terms of
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refractive index thus provides a route to mass determination. The most straightforward
way for this is to assume a linear relationship between R and ∆n, an assumption which
holds for a small ∆n[166], i.e:

Rλ = Sλ(nf,eff − nb)λ (4.4)

where the subscript λ indicates the parameter wavelength dependence, nf,eff is the effective
refractive index of an adhered film, taking the exponentially decaying nature of the plasmon
field into account, and S is the SPR instrument sensitivity, a factor describing the signal
response per refractive index unit which in practice is determined through calibration
measurements with solutions of known refractive index (in this work H2O- or D2O-based
buffer or glycerol).

Expression of the effective refractive index of an adhered film of refractive index nf and
thickness df[166] enables the following relation:

Rλ = Sλ(nf − nm)λϕ(df,δλ) (4.5)

With ϕ being a dimensionless parameter accounting for the plasmon field decay:

ϕ(df,δ) = 1− e−df/δ (4.6)

Combining this expression with equation 4.3 provides an expression for the bound mass
concentration:

∆Γ =
Rλdf

Sλ(∂nλ/∂c)ϕ(df ,δλ)
(4.7)

As is evident above, determination Γ requires a value for df, value which can be ob-
tained from parallel measurements through other instrumentation or circumvented through
approximation[167].

A convenient alternative to this approach is the utilization of a second SPR illumination
wavelength with the purpose reducing the number of required approximations by determin-
ing df directly from the measured response ratio[32]. This dual-wavelength SPR method
exploits the fact that surface plasmons induced by different illumination wavelengths differ
in field decay length and thus senses refractive index variations at different depths. As
a volume of bulk solution in the vicinity of the sensor surface is replaced by sample, the
resulting effective refractive index change of the total sensing volume will differ between
wavelengths. This allows for the analysis of sample dimensions/geometry in addition to
the conventional mass quantification. Through consideration of the response ratio between
the wavelengths, the use of dual wavelengths further eliminates potential inaccuracies due
to assumptions on absolute component refractive index values. Since Sλ, the component
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(A) (B)

Figure 4.7: The response ratio for λ1 = 670 nm and λ2 = 785 nm as a function of film
thickness d. (a) shows the function for a nondeformed vesicle which has a laterally symmetric
mass distribution and thus a ϕ according to equation 4.6. (b) shows the function for a vesicle
deformed according to figure 4.8 and thus with a ϕ according to equation 4.9, calculated with
a radius r = 52.5 nm prior to deformation.

refractive index increments and δλ and their wavelength dependencies are known, the si-
multaneous dual response acquisition, in this case at 670 nm and 785 nm, and consideration
of their ratio enables calculating the adsorbed film thickness df using the following expres-
sion:

R670

R785

=
S670(∂n/∂c)670ϕ(df ,δ670)

S785(∂n/∂c)785ϕ(df ,δ785)
(4.8)

where (∂n/∂c)670/(∂n/∂c)785 ≈ 1.02[168].

This expression is illustrated for a homogeneous film in figure 4.7a), where the response
ratio is plotted as a function of the film thickness df. A measured R670/R785-value can
accordingly be interpreted as a film thickness.

The expressions above, which assumes thin films adhered to the SPR sensor surface, has
mathematically been shown to be equal when replacing a homogeneous film with vesi-
cles with a radius r = df/2, under the assumption of negligible vesicle deformation upon
interaction with the underlying surface, i.e. mirror symmetric vesicles along an axis per-
pendicular to the surface[32]. In situations where this assumption is not valid, such as
in paper V, an asymmetric distribution of the vesicle material needs to be considered. A
model for this, where vesicles are deformed into truncated spheres but with maintained
surface area (see reference[32]), can be implemented by expressing ϕ as:
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Figure 4.8: Liposome deformation is modeled as a sphere of radius r transitioning to a
truncated sphere of radius ρ and footprint radius a while the particle area is preserved. Prior
to deformation the liposome lateral dimension, i.e. the thickness as measured using SPR, is
simply 2r, while it after deformation equals d, relating to ρ and a as expressed in equation
4.10.

ϕ(r,δ) = [a2 + 2δρ(1− exp{−(ρ+
√

ρ2 − a2)/δ})]/2rδ (4.9)

with a and ρ being geometric parameters of the truncated sphere as defined in figure 4.8.
These parameters are related to the radius r of the vesicle prior to deformation and the
thickness d after deformation according to

ρ =
4r2 + d2

4d
(4.10)

See paper V for a more thorough discussion on this model. This expression thus allows the
expansion of the vesicle thickness determination methodology outlined above to include
deformed vesicles.

4.3 Quartz crystal microbalance with dissipation monitoring

Upon the 1959 discovery[169] of a linear relationship between changes in the oscillation
frequency response of quartz crystals with mass deposited on its surface, technology ex-
ploiting this fact, quartz crystal microbalances, were quickly developed and found use, not
least, in layer thickness determination in micro- and nanofabrication[170]. The area of
application for this measurement method was significantly expanded from measurement in
gas and vacuum to also include aqueous environments with the development of facilitat-
ing oscillator circuitry in 1982[171]. This opened the door to the realm of bioanalytical
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applications where QCM-based technology has occupied its place in the field of label-free
ensemble averaged investigations of surface adhered biomolecular compounds.

The method builds on the piezoelectric property of quartz, the fact that physical deforma-
tion of the material causes accumulation of electric charge through induced dipole moments,
and conversely, that an applied electric field induces deformation. The working principles
of QCM-D[170] is built upon the latter through the use of, so called, AT-cut crystals, cut
with an 35.25◦ angle with respect to the optical axis, which upon exposure to an alternating
electric field exhibits thickness-shear mode oscillations, i.e. propagating acoustic waves per-
pendicular to the crystal surface. A quartz crystal will have a set of frequencies, fn where
conditions for resonance are fulfilled. This occurs when the crystal thickness, tc coincides
with an odd number, n, of half wavelengths. The resonance frequency is expressed:

fn =
nvq
2tc

=
nvq
λ

, n odd (4.11)

where vq is the speed of sound in quartz and λ is the induced wave wavelength.

As described in the foundational Sauerbrey paper[169], a change in adsorbed mass to the
quartz crystal surface, ∆m induces a resonance frequency shift according to:

∆m = −C∆f

n
(4.12)

Where C = 17.7 ng/Hz cm2 for the 5 MHz crystals in use in this work. This expression
builds on assumptions of thin, rigid and uniform adsorbed films.

By measuring the dissipation of energy following crystal oscillation excitation, it is possible
to draw conclusions on the viscoelastic properties of an adherent.

The assumptions of Sauerbrey are often not fully valid when considering measurements
involving biomaterials, which usually results in a mass underestimation. By considering
information on resonance frequency shifts in combination with energy dissipation from
multiple overtones viscoelastic modeling allows for more accurate results[172].

Another effect of great importance in the context is that of coupling of environmental
water to a sample, leading to a mass overestimation in comparison to the sample dry
mass[173].

In this thesis QCM-D is utilized as a complement to the waveguide microscopy and plasmon
resonance measurements in paper II for confirming the findings on protein binding to lipid
vesicles. The Additional Results section of this thesis also contains QCM-D data on ApoE
binding to LNPs.
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5

Summary of Results

”The beauty of science is that all the important
things are unpredictable. The optimistic view in
me is that nature is designed to make the
universe as interesting as possible.”

— Freeman Dyson

T
his section summarizes the five articles which this thesis is based on. More
details are found in the appended articles themselves. The papers are ordered
with the aim to illustrate the parallel effort of method development and method
utilization that has accompanied this project. Paper I has an emphasis on the

manufacturing process and characterization of the optical waveguide chip, the core of the
waveguide microscopy method. This technology is applied in paper II to quantitatively
investigate the binding of protein to lipid vesicles through analysis of their light-scattering
intensity. These results are additionally compared with measurements using SPR, with
the differences and complementarity of the methods emphasized. In paper III, the possi-
bilities of the waveguide microscopy method are expanded by developing a fluid handling
system. This enables measurements involving controlled exchange of liquids over the sen-
sor surface, e.g. observing processes under flow. Paper IV then show how liquid exchange
can be utilized to quantify a number of physical properties of lipid nanoparticles, specifi-
cally their size, refractive index and how these correlate with fluorescently labeled particle
components. Finally, paper V describes how the SPR method can be used to investigate
nanoparticle deformation and its interplay with multivalent surface interactions, applied to
lipid vesicles. Beside its importance as a stand-alone method, it informs the interpretation
of the shape sensitive scattering microscopy results in the former four papers.

5.1 Paper I

This paper forms the foundation to a large part of the results presented in this thesis. Here
we describe the process of manufacturing a symmetric hybrid organic–inorganic slab waveg-
uide chip, the sensor used in the waveguide microscopy method. One of the main ideas
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behind this method is to, through careful selection of chip structure and material prop-
erties, produce an evanescent light-based illumination system which results in a signal-to-
background ratio (SBR) high enough for observing the light scattering signal of individual
dielectric nanoparticles.

The aspired SBR is accomplished mainly through two ideas: (1) having the laser illumi-
nation and resulting scattering signal decoupled by being perpendicular to each other, in
other words that we illuminate from the side but observe from above; (2) that the stray
light scattering background is minimized by letting the waveguide cladding layers, in which
the sensing well is located, have a refractive index closely matching that of the solutions
put in the well, i.e. close to water.

The cladding material chosen is CYTOP, a fluorinated polymer material with a refractive
index of ∼ 1.34 that through appropriate surface treatments, spin-coating and baking can
be applied to a planar surface. Sandwiched between two layers of CYTOP is the waveg-
uide core, a structure which needs to have a higher refractive index, be of high structural
and compositional purity and be chemically compatible with standard surface function-
alization procedures used in biophysical measurements. In other words, the core should
consist of glass or a glass-like material. One of the main challenges with manufacturing
these structures is to combine the organic CYTOP polymer with the inorganic core ma-
terials, since large differences in thermal expansion coefficients easily results in cracks or
delamination. A related issue is the low glass transition temperature of CYTOP, approxi-
mately ∼ 110 ◦C. Exceeding this temperature results in crack formation and thus put quite
unusual restrictions in terms of temperature on the other processing steps.

Four different core materials were investigated: spin-on-SiO2, sputtered SiO2, evaporated
SiO2 and Si3N4. With the possibility to tune the core thickness and to choose either SiO2

or Si3N4 as material, it is calculated1 that the resulting evanescent field penetration depth
can be chosen in the ≲ 100− 1000 nm range.

Waveguide chips made with cladding layers of spin-on-SiO2 (SOG), the material shown
through AFM measurements to have the least surface roughness, were chosen for an in-
depth characterization and for a comparison with epi-illumination microscopy to explore
the features of waveguide microscopy.

The chip behavior in terms of guided optical mode and light attenuation were shown to be
in agreement with expected values. In the former case by comparison with simulations, in
the latter by comparison with the literature[174–176]. See figure 5.1 for a visualization of
these results.

Fluorescent latex beads bound to the waveguide sensing surface were imaged using regular
epi-fluorescence microscopy as well as using scattering (WGS) and fluorescence (WGF)
signals acquired through evanescent light illumination (see figure 5.2). Measurements were
conducted with varying amounts of particles in solution, i.e. between the observed particles

1Based on known material dispersion relations and assuming a illumination wavelength of 532 nm.
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5.2 Paper II

With the objective of demonstrating the waveguide scattering microscopy method as a
quick and reliable, label-free and single-particle-sensitive method for quantification of pro-
tein adhesion to biological NPs with potential use in pertinent biological environments, the
interaction of biotin binding proteins with biotinylated lipid vesicles was investigated. The
interactions between the chosen proteins and biotin are of common use and well-studied
and the full system used consists of, in the context of protein film formation, relatively few
components[108, 177]. This resulted in a system of relatively low complexity, thus suited
for method development. Besides investigations through waveguide scattering microscopy,
which simultaneously provided a fluorescence signal, SPR measurements were utilized on
the same system for complementary purposes.

An illustration of the biological system studied can be seen in figure 5.4. The purpose was
to produce the interaction of interest in this project, a surface presenting vesicles to which
fluorescently labeled proteins bound. In order to achieve this final experimental step, a
sequence of prior steps was taken:

The experimental procedure consisted of the sequential addition of components to the sen-
sor surfaces, each binding to the previous one, either electrostatically, through cholesterol
intercalation into a lipid bilayer, or through the biotin-streptavidin interaction. The final
step, in which fluorescently labeled proteins bound to biotinylated vesicles, was the main
interest of the measurements. The steps were:

1. After method specific cleaning procedures (detailed in the method section of the
paper), the sensor surface was functionalized with PLL-g-PEG. This is a synthetic co-
polymer which consists of a backbone of poly(L-lysine), a positively charged polymer
which serves the purpose of electrostatically binding to a negatively charged substrate,
to which side-chains of poly(ethylene glycol) has been grafted. The latter forms a
dense polymer brush structure which sterically hinders most nonspecific interactions
and passivates the surface. A fraction of the sidechains are biotinylated, and thus the
binding target for the subsequent streptavidin. Varying the PLL-g-PEG:PLL-g-PEG-
biotin ratio made possible to control the surface concentration of bound material.

2. The subsequent step consisted of adding a highly concentrated solution of streptavidin
which bound to all available biotin on the surface and thus enabled the binding of a
second biotinylated substance.

3. In order to enable the binding of vesicles, double stranded DNA tethers with one end
biotinylated and the other cholesterolated were added to the surface. This produced
a surface of cholesterol which could then intercalate into the lipid bilayers of subse-
quently added vesicles. Using these 30 base pair tethers is an established means of
binding[64].

4. Subjecting this surface to a lipid vesicle solution lead to their surface immobilization.
In this study, unilamellar vesicles consisting of 95 mol% 1-palmitoyl-2-oleoyl-glycero-
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Figure 5.4: Illustration of the system studied. Fluorescently labelled proteins, for example
streptavidin, bind to biotinylated vesicles which has been surface immobilized through binding
with cholesterolated DNA-tethers, streptavidin and PLL-g-PEG-biotin.

3-phosphocholine (POPC) and 5 mol% 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG(2000)-biotin of a diameter
of approximately 100 nm were used.

5. To the surface bound lipid vesicles, either streptavidin or anti-biotin IgGs labeled
with the CF488 fluorophore were added which lead to the formation of a vesicle-
adhered protein film. The protein footprint (∼ 30 nm2) is large in comparison with
the area per biotin in the vesicles.

Observations of the temporal change in scattering and fluorescence intensity during the
process of protein binding to the vesicles consistently revealed a signal increase, examples
of which can be seen in figure 5.5, both for individual vesicles and as averaged over the
approximately 1000 vesicles in the field of view.
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Figure 5.5: Normalized waveguide-microscopy intensities: scattering (blue) and fluorescence
(red), as a function of time for vesicles modified with 5 and 3 mol % biotin-lipids upon
exposure to (a) and (c) CF488-streptavidin (18 nM) and (b) and (d) CF488-antibiotin (6
nM), respectively. (a) and (b) show the signals for representative single vesicles, and (c)
and (d) exhibit the ensemble-averaged signal using around 1700 vesicles in each experiment.
Since (a) and (b) represent single vesicle data while (c) and (d) represent average values, the
absolute signals differ slightly. The sudden spikes in intensity seen in (c) and (d) are related
to liquid injection and/or mixing.
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Figure 5.6: Calculated adsorbed protein surface concentration, Γ, expressed in terms of mass
per cm2 of lipid membrane, as a function of the fourth root of the initial vesicle scattering
intensity, which is proportional to the vesicle diameter, for (a) streptavidin and (b) antibi-
otin binding to biotinylated vesicles, with the corresponding distributions projected onto the
axes, including the size distribution determined in bulk using NTA plotted together with the

distribution in I
1/4
s,v .

The scattering signal for each individual vesicle can be interpreted as a mass increase due
to protein binding as discussed in section 3.5. This revealed an adhered protein layer with
an average mass concentration of around 225 ng/cm2 for streptavidin and 249 ng/cm2 for
anti-biotin and distributions according to figure 5.6, where the mass concentration increase
for individual vesicles, Γ is plotted against the fourth root of vesicle scattering intensity
prior to protein binding, I

1/4
s,v , a parameter which roughly scales with the vesicle radius. The

results (red histograms) of NTA measurements showing the vesicle hydrodynamic diameter
distribution are placed on top of the waveguide microscopy scattering intensity histograms
(black) as a comparison. The measured mass concentration values can be compared to that
obtained through SPR measurements, 220 and 380 ng/cm2 for streptavidin and anti-biotin,
respectively.

When comparing the results of scattering microscopy and SPR, it is worth noting that in
the former case the vesicles are observed at an individual level, which makes possible the
analysis of distributions and subpopulations. It also allows for the separation of areas of
interest, i.e. the vesicles, from the surrounding surface which in SPR measurements may
contribute signal due to unspecific interactions. This background exclusion is an important
advantage in comparison with surface sensitive methods solely relying on ensemble average
information.
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5.3 Paper III

With the aim of extending the utility of the waveguide microscopy technique, this pa-
per presents two major modifications of the chip manufacturing process: (1) using trans-
parent glass substrates instead of the previously used silicon wafers and (2) incorporat-
ing a built-in fluid handling system. The performance of these chips were investigated
through measurements exploring the correlation between light scattering and fluorescence
of surface-immobilized polystyrene beads and measurements on cholera-toxin B protein
complex subunit (CTB) binding to GM1 modified vesicles. The discussion and interpre-
tation of these results involves extending and evaluating the analytical models used in
previous papers[155, 178].

The use of transparent substrates provides the possibility to perform measurements using
inverted microscopes, setups where the evanescent field-illuminated samples near the sensor
surface are observed from below. Light stemming from a sample thus no longer needs to
travel through the solution above before reaching the camera. This carries the advantage of
reducing the background and noise levels when measuring in complex biological solutions.
Additionally, the enabling of inverted microscope setups allows for the use of high numerical
aperture objectives, a possibility which is also explored in the paper.

By incorporating a fluid handling system into the chip design, it was possible to exchange
sample or sample environment in a controlled manner. Besides enabling measurements
under flow, it significantly simplified measurements by making sample introduction and
rinsing more convenient and less time consuming.

In order to gain further insights into how nanoparticles scatter light and fluoresce when
illuminated in evanescent fields, three different populations of fluorescent polystyrene beads
(with nominal diameters of 52 nm, 100 nm and 188 nm) were adsorbed to the sensor surface.
This was done by functionalizing the surface with a mixture of PLL and PLL-g-PEG, of
which the former promotes adherence of the negatively charged beads through electrostatic
interactions while the latter suppresses adsorption through steric hindrance. Varying the
PLL:PLL-g-PEG ratio thus enabled controlling the amount of surface adsorption. These
particles contained dye throughout their volume.

Figure 5.7 a) shows a logarithmic representation of how the fluorescence and scattering of
these beads relate to each other. Linear fits to the three data clusters reveal the trend that
as particle diameter increases, the line slope decreases. The reasons for this is thoroughly
discussed both in the paper and in the theoretical section of this thesis (section 3.5). In
brief, in a logarithmic plot like this we expect a slope of 2 for an infinitesimal dipole
scatterer since its fluorescence intensity scales with the volume and its scattering intensity
with the volume squared. As the size of an object approaches the illumination wavelength,
two factors will start to play an increasingly significant role: the evanescent field extinction
ηev.s and

2 phase related effects ηRGD. Figure 5.7 b) shows how the measured data coincides

2In the case of scattering intensity.
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Figure 5.7: a) Logarithmic representation of scattering versus fluorescence intensity obtained
with waveguide illumination for three different populations of surface adsorbed fluorescent
polystyrene beads (diameter of: 52 nm, 100 nm and 188 nm). The red hollow circles represent
excluded data-points that are more than three standard deviations away from the center of
a fitted bivariate lognormal distribution of each cluster. The blue, green and red lines are
the principal component of the selected data points (black solid circles) of the three observed
clusters, with slopes of 1.98, 1.87 and 1.70. The corresponding intensity distributions are
projected on each of the axis. b) Scattering intensities from surface adsorbed fluorescent
polystyrene beads as a function of their nominal measured nominal radius (26 nm, 50 nm
and 94 nm). The intensities have been normalized to the median intensities for the beads
obtained for r0 = 26 nm. The data points show the results of measurements while the solid
lines represent different adaptions of the proposed analytical models. In a), the models include
Is0 (black dashed line), Is0ηev.s (red dashed line), Is0ηRGD (black solid line), and Is0ηev.sηRGD

(red solid line).

with expectations as these factors are taken into account.

The models developed were extended to the case of hollow spherical particles and applied
to interpret data on CTB binding to GM1 modified vesicles. CTB is the subunit of the
cholera toxin protein complex responsible for binding to the cell membrane (usually, to the
ganglioside GM1 molecules there), thus enabling subsequent processes resulting in cholera
infection[179]. The vesicles were adsorbed to the sensor surface using PLL-g-PEG-biotin-
Neutravidin chemistry as described for paper II after which a solution of fluorescently
labeled CTB was introduced. Figure 5.8 a) shows a representative example of the resulting
scattering and fluorescence signal increase for a single vesicle. In figure 5.8 b) a histogram of
the ratio of the vesicle scattering intensity after and before CTB binding is shown, revealing
a modal value of approximately 2.6, a number which under reasonable assumptions can be
translated to a CTB protein thickness of around 3 nm. This number agrees well with the
literature[180], and thus validates the models here developed for data interpretation.
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Figure 5.8: a) A representative example of CTB binding to a single POPC vesicle containing
4 mol% GM1 acquired simultaneously in fluorescence (red) and scattering (blue) modes. The

inset shows a schematic representation of the system. b) Histogram of
Iv+CTB

Iv
and a fitted

lognormal distribution giving a modal value of 2.59.

This paper demonstrates the possibility of using transparent substrate-based waveguide
chips with an inverted microscope, the possibility of performing measurements with a
built-in fluid handling system and improved mathematical models for data analysis.

5.4 Paper IV

The fourth paper presents an approach to use the single-particle resolution capabilities of
the waveguide scattering microscopy method for investigating heterogeneities in nanoparti-
cle samples. By using an integrated liquid exchange system3, nanoparticle samples together
with reference particles could be observed as the surrounding medium refractive index was
varied sequentially (see figure 5.9). This, together with a theoretical model for data inter-
pretation, allowed for the extraction of nanoparticle size and refractive index at the level
of individual nanoparticles.

The samples chosen for this investigation were lipid nanoparticles, a class of delivery ve-
hicles currently under intense research efforts for their application for nucleic acid-based
therapeutics. It has previously been observed that when LNPs, designed for RNA delivery,
are taken up by a target cell, only a few percent produce a functional response[88]. It is
in this context worthwhile to recall that LNPs are typically prepared using microfluidic
assisted rapid mixing precipitation protocols[82, 83], and although the mean diameter can
be controlled by varying PEG-lipid content[78], the half-width-half-maximum of the size

3A different technical solution was used here compared to the one used in paper III. Here, a flow cell
was constructed on top of waveguide chips made on non-transparent silicon wafers, see section 4.1.3.
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Figure 5.9: Schematic representation of the particle size and RI determination procedure.
LNPs (blue) and silica nanoparticles (white) are bound to the waveguide chip sensor surface
inside the flow cell. The particles are illuminated by coupling laser light into the waveguide
core, generating an evanescent field which produces a light scattering signal from the particles.
This signal is observed as the medium refractive index, nm, is varied.

distribution is generally broad, with magnitudes approaching the mean diameter of the
LNPs. This suggests that properties other than size could vary within single LNP batches,
which can potentially be related to the observed low functional response. Observing sample
heterogeneities could thus provide better understanding of these systems and be a route
to optimize LNPs for delivery.

The investigated LNPs were bound to an SLB on the waveguide chip sensor surface using
biotin-streptavidin chemistry and then subjected to surrounding solutions of different RI
by varying concentrations of iodixanol in the buffer solutions. By also having immobilized
silica nanoparticles on the sensor surface, serving as references of know size and RI, it was
possible to extract the LNP size and RI from the particle scattering signals. Figure 5.10
shows a scatter plot, where the position of each data point indicates the extracted LNP
size versus RI an individual particles. The data reveals a mean LNP RI of ∼ 1.45 and a
trend of lower RI values for larger particles.

Besides having the light scattering signal from the particles, two LNP components: Cy5-
labeleld mRNA cargo and rhodamine-labeled DOPE-lipids, provided fluorescence signals.
The color coding in figure 5.10 a) and b) shows how the LNP fluorescence intensity for
the two respective components is distributed over the size-RI-space by dividing the data
into five subpopulations of increasing signal (with the faintest 20% being blue etc.). Based
on this data we conclude that the labeled components are likely concentrated in an in-
ner particle core surrounded by a thin shell of unlabeled components, presumable lipids.
We additionally note the possibility of structural pockets in the LNPs, permeable to the
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Figure 5.10: Refractive index (nLNP) vs. radius (rLNP) for individual LNPs color-coded
according to a) Cy5-mRNA- and b) Rhod-DOPE-content for the LNPs shown in Figs 3 and
4, with corresponding histograms projected onto the respective axes. The LNPs are divided
into subpopulations and colored based on their fluorescence intensity, with the faintest 20%
being blue etc. The black line indicates how the center of mass of the fluorescence varies with
nLNP and rLNP.

surrounding medium which would elicit an RI independent increase in LNP size.

This paper demonstrates the possibility of determining and correlating nanoparticle size
and RI with other properties such as fluorescent content, and shows a way towards un-
derstanding the potential differences in behavior of heterogeneous nanoparticle popula-
tions.

5.5 Paper V

This investigation utilizes two capabilities offered by dual-wavelength SPR, mass quantifi-
cation and adherent thickness analysis, in order to elucidate the interplay between particle
rigidity, ligand density and receptor distribution in a system modelling nanoparticle in-
teractions with the cytosolic membrane. The study focused on liposomes binding to a
supported lipid bilayer through the streptavidin-biotin interaction. The processes studied
are of interest in the context of e.g. pathogen recognition and initiation of cellular uptake
pathways, where polyvalent interactions at the cell membrane is a central concept[181].
Particle rigidity is expected to play a key roll in the cellular uptake process as the energy
required for membrane envelopment of a highly deformable entity increases[182].

Two types of liposomes, consisting of either DOPC or DSPC as the main constituent
lipid and a fraction of DSPE-PEG(2000)-biotin, were studied while binding to biotinylated
SLBs, saturated with streptavidin prior to the liposome addition (see figure 5.11 for an
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Figure 5.11: Illustration of a typical dual-wavelength SPR measurement with (i) injection of
5 wt% glycerol for calibration purposes, (ii) injection of liposomes and formation of an SLB
containing 5 mol% cap biotin (∆Γ ∼ 345 ng/cm2), (iii) binding of SA (∆Γ ∼ 120 ng/cm2)
and (iv) binding of DOPC-PEG-biotin (∆Γ ∼ 1100 ng/cm2, d ∼ 77 nm). The inset shows
the Rλ1/Rλ2 ratio upon SLB formation plotted vs time used to calibrate the decay lengths.

illustration of the experimental steps). The two liposomes, which at the experimental
conditions used exhibited different lipid phase behavior, fluid- and gel phase for the DOPC
and DSPC, respectively could be compared in terms of deformation upon interaction with
the SLB.

As the liposomes were added to an SLB containing 0.5% biotinylated lipids, liposome cover-
age were in both cases below the expected jamming limit for random sequential adsorption
of spheres to a planar surface (∼ 54%), suggesting that the limiting factor for binding
is not geometrical saturation of liposomes, but rather the amount of available ligands
(streptavidin) on the SLB. This consequently means that all streptavidin were engaged in
the binding of liposomes and thus located in the liposome-SLB contact area. Based on
measurements of the adsorbed mass of streptavidin and liposomes, it was calculated that
on average 100 and 56 streptavidin proteins were bound per liposome for the fluid and
gel phase liposomes, respectively. Using the interpretation approach outlined in section
4.2 the dimensions and thus the deformation and the contact area of the liposomes could
be calculated (the fluid phase liposomes contracted from 105 nm to 90 nm while the gel
phase liposome deformation was negligible) suggesting that the gel phase liposomes had
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significantly higher concentration of biotinylated lipids in the contact area than possible
for immobile lipids. This, in turn, indicates that the DSPE-PEG(2000)-biotin lipids are
indeed able to diffuse in both the liposome bilayer in the gel phase liposomes as well as the
fluid phase.

Adding the liposomes instead to an SLB containing 5% biotinylated lipids produced li-
posome coverages close to or above the jamming limit (for fluid and gel-phase liposomes,
respectively), suggesting not only the expected possibility of bound liposomes to diffuse
on the SLB surface but also that in the gel-phase case, steric hindrance due to reciprocal
liposome interaction limits the amount of binding. In these cases liposome deformation
from 105 nm to 75 nm and 93 nm for fluid and gel liposomes, respectively were observed.
This corresponds to at least ∼ 184 and ∼ 79 streptavidin engaged in the respective cases,
and possibly even higher. Hence, it appears likely that on the SLB, which served to mimic
a cellular membrane, the liposome deformation of fluid-phase liposomes is limited by the
number of available ligand-receptor bonds while membrane stiffness seems to play a signif-
icant role in limiting the deformation of gel-phase liposomes.

In conclusion, the possibility of investigating and potentially disentangling the effects of
nanoparticle deformation and interaction valency was demonstrated, while showing that
differences in deformability seems to play an important role, worthy of further studies.
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6

Additional Results and Future Outlook

T
he five papers presented in this thesis demonstrate how a number of char-
acterization methods, with a focus on waveguide scattering microscopy and SPR,
can be used to gain in-depth information about various nanoparticle proper-
ties. Waveguide microscopy is presented as a means for multiparametric single-

particle-resolved nanoparticle characterization, where properties such as size, refractive
index, fluorescently labeled content and mass variations can be measured and compared.
A method is also presented for using dual-wavelength SPR sensing to elucidate the inter-
play of liposome rigidity, ligand density and receptor distribution upon interaction with a
cell-membrane mimic. During the years of working with this project, a range of investiga-
tions outside of the scope of the published papers have also been conducted. This section
will present results from the most interesting of these measurements, together with some
thoughts on possible future developments of the methods and their use.

6.1 Nanoparticle heterogeneity and protein interaction

As described in section 2.3, one of the key processes in the in vivo route of an administered
nanoparticle, and thus its efficiency as a drug delivery vehicle, is that of protein corona
formation. When considering the papers of this thesis it is clear that a combination of
microfluidic controlled measurements as done in papers II, III and IV would offer some
interesting possibilities in this context. If the size, refractive index and content character-
ization procedure of paper IV was combined with an investigation of protein binding as
done in paper II and III, single-particle-resolved data on how these parameters correlate
could be generated, thus opening a potential way of approaching the paramount questions
(e.g. as discussed in the context of LNPs in paper IV) of how batch particle heterogeneity
and delivery efficiency relate.

Some preliminary measurements of this kind were in fact conducted on the LNPs investi-
gated in paper IV. After binding LNPs to an SLB on the waveguide sensor as described
in the paper, a solution of 25µg/ml (735 nM) ApoE1 was injected to the sensor surface.

1A protein shown to play a crucial role as a corona component for boosting cellular uptake of LNPs[99]
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In figure 6.1 a), the recorded variation of LNP scattering intensity over time is shown.
The data is sub-grouped based on relative scattering intensity increase, and display a wide
spread. In figure 6.1 b) the same subgroups are shown in a log-log plot of scattering vs.
mRNA fluorescence intensity. It can be seen that particles that behave similarly upon
ApoE exposure, i.e. of the same color in the figure, seem to be spread throughout the
sample, and that amount of mRNA does not seem to correlate with disposition for ApoE
interaction. As described in papers II and III the scattering intensity can under certain rea-
sonable assumptions be related to bound protein surface mass concentration. Translated
into bound mass of ApoE, the particles showing the highest signal increase (green) bind
∼ 250 ng/cm2 vesicle area. With a molecular weight of 34 kDa, this corresponds roughly
to an adhered ApoE monolayer. While a majority of particles show a signal increase,
suggesting binding of ApoE, some remain relatively unaltered and a significant fraction
of particles lose mass. The same system of SLB bound LNPs exposed to ApoE was in-
vestigated using QCM-D [figure 6.1 c)], which showed a net mass increase. The QCM-D
frequency data seems to also show three distinct binding phases (labeled i, ii and iii in the
figure), speculatively related to the expected time dependent shedding of PEG-lipids from
the LNPs[183]. A similar multi-phase behavior can possibly be seen in the scattering data
as well, with a second phase beginning around t = 60 min. Although more measurements
are needed before drawing firm conclusions on these observations, they suggest an interest-
ing application of the single-particle-resolution of the scattering microscopy, where distinct
nanoparticle behavior can be related to particle parameters such as size, refractive index or
labeled components. For example, could the wide distribution in ApoE binding observed
using scattering microscopy be due to differences in PEG shedding from the LNPs, or is it
due to structural changes induced upon ApoE binding as previously observed[99] and here
confirmed using QCM-D?

Measurements of this kind, enabling a particle parameter of interest (such as disposition for
protein interaction) to be correlated with size, RI or content, can help identify approaches
for increasing drug delivery efficiency. Systematic investigations using this method, where
clusters in parameter scatter plots like figure 6.1 b) are sought, hold the potential of adding
important information to the ongoing effort of nanoparticle delivery system development.
While improved fabrication methods which produce more homogeneous nanoparticle prepa-
rations can be envisioned by improved self-assembly protocols, information of this type
would benefit further from sorting protocols making possible to investigate the biological
function of different subpopulations. This is challenging from many perspectives, not least
the requirement to obtain sufficient yields to perform biological experiments with high
enough statistics. Sorting thus represents a key bottleneck that deserves special atten-
tion in order to make full use of the multiparametric information obtained with this and
complementary methods developed in the field of nanoparticle analytics.

(see section 2.3).
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Figure 6.1: a) Normalized average light scattering intensity increase measured with waveguide
microscopy vs. time for five subpopulations of surface immobilized LNPs, divided and colored
based on relative signal change, as a solution of ApoE is added. The ApoE solution reaches
the surface at around t = 15 min. b) Log-log plot for the particle scattering intensity prior to
ApoE injection vs. fluorescence intensity of the Cy5-mRNA cargo, with the particles colored
according to the subpopulation division shown in a). c) QCM-D data on frequency (blue)
and dissipation (red) vs. time as LNPs are subjected to ApoE solution and subsequently
rinsed in PBS in a system similar to the waveguide measurement shown in a) and b). The
binding curve exhibits three phases, labeled i, ii and iii.

6.2 LNP-membrane fusion

LNPs are taken up by a cell via endosomes, and are designed to become electrostatically
attracted to the anionic inner lipid bilayer of the endosome as the pH decreases during
endosomal processing. If this interaction is sufficiently strong, the LNPs fuse with the
endosomal membrane, resulting in release of cargo to the cytosol of the cell. A collabora-
tor investigating the interactions between LNPs and an SLB-based endosomal membrane
mimic using TIRF, observed particles appearing to fuse with the SLB upon varying the
environmental pH (unpublished). We investigated this system using waveguide microscopy,
thus accessing a label-free scattering signal in addition to fluorescence from Cy5-labeled
mRNA cargo and rhodamine-labeled lipids present in the LNPs. The results can be seen
in figure 6.2 which shows that upon a fusion event, the fluorescence from the Cy5-mRNA
remains relatively unaltered, while the scattering signal decreases and the rhodamine-lipid
fluorescence signal disappears. This is interpreted as the lipids diffusing out into the SLB
while the mRNA remains on the surface, still fluorescing and scattering light. Access to
the scattering signal helped excluding the possibility that the particles on the surface did
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Figure 6.2: Dual-mode fluorescent-scattering microscopy of LNP-membrane fusion events.
An SLB formed on glass that prevented the cargo release upon fusion and thus the decrease
in the Cy5 signal, while the RhD (lipids) and scattering signal show the collapse of the system
upon fusion at 40 seconds. The cargo residue on the surface caused a low scattering signal at
the local point of the fusion that is visually appreciable at 40 seconds. Time is approximate.

not fuse but solely exchanged fluorescently labeled lipids with the SLB over time. This in-
vestigation is an example of how evanescent-light scattering microscopy can add additional
information and contribute understanding inaccessible through fluorescence alone.

TIRF measurements on this system has also been done using a porous silica surface (un-
published), which allows for observing cargo penetrating the membrane by entering the
pores. An interesting future direction of the waveguide scattering microscopy platform
would be the integration of a similar porous silica surface, on top of the waveguide SOG
core. The interaction of the coupled light with a porous silica layer and how this affects
the evanescent field would however need to be experimentally and theoretically addressed
in order to make quantitative interpretations like those possible on homogeneous planar
substrates.

6.3 Nanoparticle mobility

As discussed in section 4.1.1, many nanoparticle characterization methods, such as NTA
or DLS, exploit the correlation between particle diffusivity and radius to produce data
on particle size by measuring their mobility in three dimensions. As one of the main pa-
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rameters for nanoparticle classification, accurate size determination for variuos types of
samples has remained a topic of interest for a long time and for which new methods are
steadily developed[150, 154]. Our research group have contributed to this effort through
the development of 2D flow nanometry, a method where particle size is determined from
tracking the mobility of particles bound to an SLB under exposure to a constant flow[184].
This approach has been shown to provide a higher accuracy than NTA and DLS, espe-
cially when investigating polydisperse samples[147]. As presented in papers II and IV,
the technology is now in place for conducting waveguide scattering microscopy under a
controlled flow, which thus enables extending the 2D flow nanometry method from TIRF
to label-free measurements. This would provide a complementary size-determination ap-
proach to the method used in paper IV, where changes in medium RI was used for size
determination.

Besides the straight-forward implementation of flow nanometry protocols for the label-
free waveguide platform, the possibility to measure particle mobility opens the door to
additional novel applications of waveguide microscopy. One example of this comes from
observations done while immobilizing LNPs on SLBs during this thesis work. In many
measurements investigating LNPs using waveguide microscopy, biotinylated LNPs were
bound to a biotinylated SLB with streptavidin as a linker. As particles were bound to the
surface they often exhibited an initial mobility, moving across the surface for a distance
before becoming stationary. This process is not observed to occur for vesicles, which
instead are immediately immobile upon binding. For LNPs, this process was observed to
depend on the amount of biotin in the SLB, with a lower amount of biotin in the SLB
correlating with a longer mobile phase (see figure 6.3). A particle bound to an SLB is
immobile if enough bonds between the two are established. The delay between initial
binding and immobilization is thus likely the time it takes to form enough such bonds, an
interpretation further supported by a stepwise mobility decrease seen for many particles
(data not shown). The reason that this is not observed for lipid vesicles is attributed
to the fact that the biotin-lipids in this case have significantly higher mobility than for
LNPs. Hidden in this data, there is likely extractable information on the mobility of the
biotinylated lipids on the LNP surfaces. Thus, with additional data and analysis it should
be possible to demonstrate 1) the ability to measure the mobility of individual nanoparticle
components and 2) the possibility to quantify the number of particle-SLB bonds.

6.4 Pushing the limits of detection

In paper II, we used the SNR values for the single-particle-resolved data to estimate the
limit of detection for protein binding to vesicles for the waveguide scattering microscopy
method. For IgG-antibodies, this number was around 40 proteins. A number of ap-
proaches could likely be taken to try to improve this value and further push the limit of
detection.

When considering this data, where both the fluorescence and scattering intensities are
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Figure 6.3: Traces of biotinylated LNPs binding to SLBs of increasing biotinylation (to which
streptavidin was bound prior to LNP addition) as they bind under flow and eventually become
immobile. An increasing biotinylation (0.1-5%) correlates with shorter LNP tracks.

recorded as fluorescent proteins bind to nanoparticles, it is striking how well it would
suit training neural networks for label-free detection of weak scattering signals. With
the fluorescence as a ”ground truth”, a network could be trained to detect the very weak
scattering signal during the initial phase of binding, stemming form just the first bound
proteins. It is possible that a data analysis approach like this could significantly improve
the limit of detection.

Besides advanced data analysis approaches, it is worth further investigations how the use
of reference particles could benefit scattering microscopy measurements. Adding light-
scattering reference structures to the sensor surface, either during the waveguide fabrication
or during measurements (e.g. in the form of silica nanoparticles as done in paper IV) could
enable reducing both short and long term noise that are due to variations in light-source
intensity, light incoupling, vibrations etc. With reference scatterers inert to protein binding,
it should be possible to significantly improve the SNR.
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6.5 Setup development

There are a number of directions for interesting future development of the waveguide
microscopy method used in this work. A feature currently lacking is an integrated solution
for temperature control. A simple and user-friendly method of performing measurements
at 37 ◦C would appreciably extend the scope of biophysical investigations possible.

Another interesting possible development is the integration of more advanced microfluidic
designs on the waveguide sensing surface. This would open the door to possibilities such as
spatial confinement of samples without any sample-surface bonds or the use of very rapid
liquid exchange rates.

Recently there has been a number of publications demonstrating the intriguing possibility
to combine various super-resolution microscopy methods with waveguide microscopy. This
includes super-resolution radial fluctuation microscopy[132], entropy-based superresolution
imaging[133] and stochastic optical reconstruction microscopy[133]. An exciting opportu-
nity exists in integrating similar approaches with the refractive-index matched platform in
use in this thesis. This way, it would be possible to significantly increase the amount of
information extractable from the fluorescence of a sample, thus further complementing the
scattering data.
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J. O. Lötvall, M. Bally, V. P. Zhdanov, and F. Höök, “Dual-Wavelength Surface
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F. Höök, “Single-vesicle imaging reveals lipid-selective and stepwise membrane dis-
ruption by monomeric α-synuclein,”Proceedings of the National Academy of Sciences,
2020.

[124] D. Axelrod, E. H. Hellen, and R. M. Fulbright,“Total internal reflection fluorescence,”
in Topics in fluorescence spectroscopy, pp. 289–343, Springer, 2002.

[125] E. H. Hellen, R. M. Fulbright, and D. Axelrod, “Total internal reflection fluorescence:
theory and applications at biosurfaces,” in Spectroscopic Membrane Probes, pp. 47–
79, CRC Press, 2018.

[126] A. N. Weiss, M. A. Bittner, R. W. Holz, and D. Axelrod, “Protein mobility within
secretory granules,”Biophysical journal, vol. 107, no. 1, pp. 16–25, 2014.

[127] D. Axelrod, “Total internal reflection fluorescence microscopy,”Methods in cell biol-
ogy, vol. 30, pp. 245–270, 1989.

[128] W. Hickel and W. Knoll, “Optical waveguide microscopy,” Applied physics letters,
vol. 57, no. 13, pp. 1286–1288, 1990.

[129] F. Thoma, U. Langbein, and S. Mittler-Neher, “Waveguide scattering microscopy,”
Optics communications, vol. 134, no. 1-6, pp. 16–20, 1997.

83



BIBLIOGRAPHY
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Jungová, D. Albinsson, Q. Lubart, D. van Leeuwen, F. Westerlund, et al., “Label-free
nanofluidic scattering microscopy of size and mass of single diffusing molecules and
nanoparticles,”Nature Methods, pp. 1–8, 2022.

[150] A. D. Kashkanova, M. Blessing, A. Gemeinhardt, D. Soulat, and V. Sandoghdar,
“Precision size and refractive index analysis of weakly scattering nanoparticles in
polydispersions,”Nature methods, vol. 19, no. 5, pp. 586–593, 2022.

[151] Y.-F. Huang, G.-Y. Zhuo, C.-Y. Chou, C.-H. Lin, W. Chang, and C.-L. Hsieh, “Co-
herent brightfield microscopy provides the spatiotemporal resolution to study early
stage viral infection in live cells,”ACS nano, vol. 11, no. 3, pp. 2575–2585, 2017.

85



BIBLIOGRAPHY

[152] Y.-F. Huang, G.-Y. Zhuo, C.-Y. Chou, C.-H. Lin, and C.-L. Hsieh, “Label-free,
ultrahigh-speed, 3d observation of bidirectional and correlated intracellular cargo
transport by coherent brightfield microscopy,” Nanoscale, vol. 9, no. 19, pp. 6567–
6574, 2017.

[153] S.-H. Lee, Y. Roichman, G.-R. Yi, S.-H. Kim, S.-M. Yang, A. Van Blaaderen,
P. Van Oostrum, and D. G. Grier, “Characterizing and tracking single colloidal par-
ticles with video holographic microscopy,”Optics express, vol. 15, no. 26, pp. 18275–
18282, 2007.

[154] B. Midtvedt, E. Olsén, F. Eklund, F. Höök, C. B. Adiels, G. Volpe, and D. Midtvedt,
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