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Abstract

Bioanalytical assays with single-molecule readout for studying molecular interactions have
in the past decades received increasing attention. The high sensitivity often offered by this
readout scheme has for example enabled ultra-sensitive analyte detection, having important
implications for monitoring early disease progression and the effects of drug treatment. In
addition, single-molecule studies of molecular interactions with membrane protein receptors
have proven useful for the development of new and more effective drugs. Ultra-sensitive
detection as well as the possibility to unravel heterogeneities in molecular interactions,
offered by single-molecule readout schemes, are both key components for the future of
personalized health care and the discovery of new disease biomarkers.

This thesis mainly focuses on the development of new bioanalytical assays with single-
molecule readout, with the purpose to enable studies of molecular interactions with mem-
brane protein receptors (an important class of drug targets) and to detect diagnostically
relevant biomarkers and pathogens. Lipid assemblies, either in the form of liposomes or
supported lipid bilayers, have been exploited for their compatibility and flexibility offered
in the context of studying many essential biological interactions. In the first part of the the-
sis, two surface-based assays, both utilizing total internal fluorescence (TIRF) microscopy,
were developed to study molecular interactions with a low-abundant and sensitive class
of membrane proteins; G protein-coupled receptors (GPCRs). With the insights gained
from that work, the focus was shifted towards solution-based detection schemes, based
on a home-built dual-color fluorescence microscopy setup. Two detection schemes, based
on Förster resonance energy transfer (FRET), for biomarker detection (phospholipase and
miRNA), and a third scheme for detection of virus particles via induced colocalization of
fluorescent liposomes, were developed.

As for future perspectives the thesis puts emphasis on how the different bioanalytical assays
can have implications for personalized health care and how the performance of the solution-
based colocalization assay can be further improved to become a generic tool for biosensing
purposes.

Keywords: Bioanalytical assay, single-molecule readout, drug discovery, biomarker detec-
tion, fluorescence, liposomes, QCM-D, spectrofluorometry, TIRF microscopy.
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Submitted.

Paper IV:

MicroRNA Detection by DNA-Mediated Liposome Fusion
Coline Jumeaux, Olov Wahlsten, Stephan Block, Eunjung Kim, Rona Chandrawati, Philip
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1

Introduction

B
iomolecular interactions occur in great numbers at every instant in our bod-
ies and is a prerequisite for all life. Most biological processes are highly dependent
on precise and timed interactions involving a plethora of biomolecules. These
well-orchestrated interactions are essential for maintaining cellular homeostasis

and in order for us to stay healthy. However, a slight dissonance among these biomolecular
interactions or the presence of a few malevolent intruders (for example viruses or bacteria)
can disturb this biological machinery and lead to disease. Being able to study interactions
between biomolecules is thus important from many perspectives. Gaining deeper under-
standing of our biological complexity and diseases that can affect us are two apparent
examples. In addition, biomolecular interactions are also important to study for develop-
ing new drugs and to learn more about biomolecular variations between individuals, which
may have important implications for future personalized health care. However, it is not
only the study of these biomolecular interactions that are of great relevance to the field of
life science and medicine. So is also the ability to detect certain biomolecules (so called
biomarkers), that might for example be indicative of a certain disease, in a specific and
reliable manner. In fact, similar methods can be used to detect toxic or other harmful
substances in for example food.

One of the most important and fascinating biological structures is the cell membrane, a
barrier separating the cytoplasm from the surrounding aqueous environment, which encom-
passes transduction mechanisms to allow for communication across the membrane. These
mechanisms can either relate to for example direct transport of nutrients or waste products
or sensing of the external environment and conveying of the message into the cell, where a
physiological response can be initiated. These sensing molecules, for example so called g-
protein coupled receptors (GPCRs), are interesting targets for drugs [1]. However, GPCRs
are low-abundant and their function is dependent on the lipid membrane environment in
which they reside [2;3]. For this reason GPCRs are difficult to study because of their poor
compatibility with conventional analysis methods, which often require that these mem-
brane proteins are enriched by for example separation from the natural lipid environment
or genetically modified to be more stable [4–7]. In papers I and II, surface-based platforms
based on total internal fluorescence (TIRF) microscopy were developed to study interac-
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CHAPTER 1. INTRODUCTION

tions with GPCRs, at a single-interaction level and with the GPCRs kept in a near-native
environment.

While GPCRs due to their crucial functional role represent an important class of drug
targets, the existence or changes in the expression level of many other types of molecules
rather report on a disease state. The latter are often named biomarkers; a term coined back
in the 1980’s [8], which in its broadest sense refers to a measurable indicator of a physiological
state of an organism. In the field of medicine, this indicator is usually a molecule whose
expression level correlates with the progression of a certain biological process or disease.
Two examples are the human chorionic gonadotropin (hCG) hormone produced by the
placenta in pregnant women [9] and the prostate-specific antigen (PSA), a protein produced
at elevated levels by the prostate gland in men with prostate cancer [10]. Additionally,
biomarkers can be indicative of bacterial or viral infection. The discovery of new biomarkers
is a constantly active research field, as is the continuous development of more and more
sensitive diagnostic methods based on the specific detection of biomarkers. Other important
aspects of the future of biomarker detection is the ability to detect multiple biomarkers
in the same sample, in so called multiplexed assays. This is to give a better significance
to the measured results as a disease state often alters the expression levels of multiple
biomarkers, or several disease states may alter the expression level of the same biomarker.
Further, the ability to detect biomarkers at very low concentrations and more convenient
monitoring of concentration levels over time has important implications for early diagnostic
and monitoring of disease progression after or during medical treatment.

With emphasis on offering simplified sample handling and readout, papers III and IV
introduce solution-based assays developed for detection of two biomarkers; phospholipase
A2 (PLA2) and the microRNA miR-29a, respectively. PLA2 is a biomarker for multiple
disease states, including for example several types of cancer [11;12], acute pancreatitis [13], and
ischemic stroke [14]. The miR-29a is a biomarker indicative of influenza virus infection [15].
Both assays rely on biomarker-induced mixing of fluorescently labeled lipids within lipo-
somal structures such that readily detectable Förster resonance energy transfer (FRET) is
induced.

The transition towards developing solution-based bioanalytical assays, although papers
I and II were based on an utterly sensitive surface-based single-molecule concept, stems
from the inherent hurdle of minimizing unspecific interactions with the underlying solid
substrate and our interest in developing simple biosensors with few experimental steps and
high success rate. In particular, paper V was developed as a reaction to papers I and II,
in which significant efforts had to be invested in order to suppress non-specific interaction
of native GPCR-containing vesicles and/or viruses with the underlying surface. Therefore,
a concept that could potentially enable direct detection of virus particles in solution was
developed. The proposed method is inspired by biomolecular assays that utilize dual
recognition elements, targeting for example different epitopes of the analyte in a so-called
sandwich format, offering highly selective detection. Representative examples are the well-
established enzyme-linked immunosorbent assay (ELISA) [16] or assays based on analyte-
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induced aggregation of colloidal particles decorated with the recognition elements [17–21].
Despite these concepts being developed several decades ago, recent efforts have been focused
on methods to enable detection of individual sandwich complexes, with single-molecule
resolution [22–28], thus improving the limit of detection. The method presented here takes
advantage of aggregation of two different fluorescently labeled liposomes (red and green),
containing the receptor for the virus, induced by the suspended virus particles. A dual-color
fluorescence readout enabled detection of the early onset of the aggregation, and thus also a
low limit of detection that makes the concept promising for future assay development.

The thesis has the following disposition: chapter 2 is meant to offer a biological foundation
for the biological systems studied in this thesis. Chapter 3 is devoted to a historical
perspective on biosensing including different sensing formats along with the possibilities
offered by single-molecule sensitivity. Chapter 4 brings up and briefly describes central
concepts and the main experimental techniques that have been used in this work. Chapter
5 summarizes the main results of the appended papers, and finally chapter 6 presents the
concluding remarks and the future perspectives of the experimental assays that have been
developed in this work.
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2

Background

T
he central theme of this thesis work has been to detect and study biomolecular
interactions. Therefore, the aim of this background chapter is to first elucidate
the challenge of studying biomolecular interactions, that ideally resembles what
occurs naturally, with conventional and established experimental techniques and

readout principles. The integrity and function of many biomolecules is strongly dependent
on the external environment, which inevitably necessitates careful consideration both when
choosing experimental techniques and when interpreting the obtained results. Highlighted
is also the importance of simplifying biological systems to make it possible to study individ-
ual interactions without having other factors inflicting and possibly distorting the outcome.
On the other hand, oversimplifications of biological systems should also be avoided as a
complete picture of a biological interaction is rarely fully unraveled using simple model
systems. In addition to biological simplifications, other experimental strategies exploited
for developing novel bioanalytical assays are briefly presented in this chapter.

As the majority of this thesis work relates to biomolecular interactions with the cell mem-
brane, or with components residing in the cell membrane, a section is devoted to portray its
features and importance for biological life. A speaking example of this is all the membrane
proteins that reside in the cell membrane where they are responsible for many important
functions, for example transport of nutrients and waste products across the membrane or
communication between cells. As a matter of fact, as briefly mentioned previously, mimics
of the cell membrane are often used to investigate interactions with the cell membrane.
As a direct follow up on the section about the cell membrane a class of membrane pro-
teins highly relevant for the pharmaceutical industry, namely G protein-coupled receptors
(GPCRs), is presented. Surface-based platforms to study GPCRs were developed in both
papers I and II.

The sections following the cell membrane and the GPCRs describes the individual biological
components that were used in the remaining work to develop solution-based bioanalytical
platforms. These are in order; A group of lipid-digesting enzymes named phospholipases
(paper III), a microRNA sequence being a biomarker for influenza infection (paper IV),
and virus-like particles (VLPs) of the Simian virus 40 (paper V).
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CHAPTER 2. BACKGROUND

2.1 Strategies for studying biomolecular interactions

In order to study complex processes occurring naturally inside our bodies, simplifications of
the biological systems are often of great importance. The reason for this is that biological
structures must be made compatible with the techniques used for the investigation and it
is often an advantage if the studied entities or processes can be isolated from additional
inflicting factors. Furthermore, being able to give the simplified model system a theoretical
foundation may increase the relevance of the experimental results. Also, it is important
to unravel the functions of isolated components before trying to figure out how additional
functions arise from complex interactions with other components.
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O O
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Figure 2.1: An illustration of different lipid molecule assemblies. A single lipid molecule
(a) is characterized by its hydrophilic head and hydrophobic tail(s). This amphiphilic nature
is responsible for the self-assembly of lipid molecules into liposomes (b) in aqueous solutions
and bilayers on solid supports (c).

In this thesis two common cell membrane mimics have been used; the liposome and the sup-
ported lipid bilayer. Many lipid molecules, illustrated in figure 2.1a, tend to spontaneously
self-assemble into liposomes when dissolved in an aqueous solution, figure 2.1b. A sup-
ported lipid bilayer (SLB), illustrated in figure 2.1c, is formed spontaneously via liposome
rupture on only a handful of surfaces (e.g. glass, silicon oxide, or mica) [29]. Variations
in how these aggregates are formed exist due to varying physical properties of different
lipids and surfaces. Bilayer formation via liposome rupture is often described by several
concurrent processes: liposome adsorption, rupture of these liposomes when at a critical
coverage leading to formation of bilayer patches, and merging of these growing patches to
eventually form a complete bilayer [30;31].

In both surface-based assays, papers I and II, an SLB were used to passivate the surface
and thereby minimize the amount of unspecific interaction with it. Importantly, not only
the inert properties of the SLB was exploited, but also the possibility of attaching one of
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2.2. THE CELL MEMBRANE

the interacting partners on the surface. This could either be done via chemical bonding or
exploiting self-insertion or anchoring into the hydrophobic interior of the SLB. To enable
the molecular interactions occuring on the substrate (i.e. the functionalized SLB) fluores-
cently labeled lipid vesicles †, holding membrane proteins (either naturally expressed or
reconstituted), also function as signal enhancers that enable single-molecule interactions
to be monitored.

In the solution-based assays, papers III, IV and V, liposomes were exploited both as
fluorescent reporters and for functionalization. The interaction partner was then freely
diffusing in solution and could be detected either by probing lipid mixing between the
liposomes (papers III and IV) or simply liposome colocalization (paper V).

2.2 The cell membrane

The living cell is the smallest unit that is classified as being alive and ranges in size from
1 to 100 µm depending on cell type, see figure 2.2. Additionally, cells are considered the
most complex systems of that size that we know of [32]. Since this thesis mainly focuses
on direct studies of molecular interactions with components residing in the cell membrane,
and on development of methods where biomolecular interactions with the cell membrane
are exploited, the entire cell machinery and crowded interior of the cell is not further
discussed. Instead focus will be on the cell membrane, artificially produced mimics of it
and the importance of a specific class of membrane proteins when it comes to discovering
certain new drugs.

The plasma membrane, enclosing the cell, has been of great importance in the formation of
life. Despite a thickness of only ∼ 5nm, it serves as a physical barrier to maintain essential
differences in chemical compositions between the cell interior and exterior. However, the
membrane must allow for transport of for example nutrients into and waste products out
of the cell. Furthermore, to enable cell movement, growth and division, it is important
that the plasma membrane is flexible. The solution that Nature has evolved to meet
these requirements is to use a type of molecular building blocks with two distinct physical
properties interconnected mainly by non-covalent interactions.

The amphiphilic phospholipid is one of the most abundant lipid species in cell mem-
branes [33;34]. The Greek amphis means ”both” and philia means ”love”. The molecule
has both a water-loving (hydrophilic) part and one fat-loving (hydrophobic). These two
properties are fundamental for molecules forming membranes. To minimize the free en-
ergy when dissolved in an aqueous solution the hydrophilic heads screen the hydrophobic
tails and assemblies are formed spontaneously, which is referred to as the hydrophobic ef-
fect [35]. The optimal head-group area, critical chain-length and hydrocarbon volume of the

†Throughout this thesis liposomes refer to the hollow spherical assemblies of lipids or lipid conjugates,
whereas vesicles might consist of other components as well, such as for example membrane proteins.
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CHAPTER 2. BACKGROUND

~5 nm

Eukaryotic cell

Nucleus Cell membrane

Figure 2.2: An illustration of a eukaryotic cell, with cell nucleus and other organelles such
as the golgi apparatus, lysosomes, endoplasmic reticulum and mitochondria. Magnified is
the cell membrane, together with filaments of the cytoskeleton, and some different types of
membrane-residing proteins, so called membrane proteins.

amphiphilic molecules are parameters that determine how they assemble [36].

The cell membrane contains many different lipid species, that are generally divided into
three major groups: phosphoglycerides, sphingolipids and sterols. In addition to the diver-
sity in lipid composition the cell membrane also contains a multitude of proteins with a
variety of purposes. Membrane-spanning proteins are for example responsible for trans-
port of specific molecules across the membrane as well as for detection and transduction of
chemical signals into the cell from the outer environment. However, the cell membrane is
far from a static non-flexible biological entity. In 1972, Singer and Nicolson proposed that
the cell membrane could be described as a two-dimensional fluid of oriented lipids and pro-
teins [37]. This so called fluid mosaic model has had a great influence on the understanding
of membrane function and topology. However, in 1982, Karnovsky et al. demonstrated that
the movement of some membrane proteins was constrained, most likely due to interactions
with cytoskeletal components. They also showed heterogeneity in the lateral distribution of
lipids and argued that this might be of functional as well as structural significance, leading
the way for the concept of lipid rafts [38].

The plasma membrane with its numerous constituents and intricate molecular interplay is
a true marvel created by nature itself, and in addition to lipids, it hosts many different
proteins with essential functions. Thus, gaining a better understanding of the plasma
membrane is as important as cumbersome.
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2.3. G PROTEIN-COUPLED RECEPTORS

2.3 G protein-coupled receptors

G protein-coupled receptors, or GPCRs, are the largest and most diverse family of cell-
surface receptors in eukaryotes. Their function is to mediate a wide variety of signals into
the cell from the external world as well as from other cells in the body. To accomplish
this function the receptors, embedded in the plasma membrane, each have an extracellular
part able to specifically recognize individual molecules. Upon binding of a molecule to
such an extracellular part of a matching receptor, a signal is transferred downstream in
the cell via reactions involving proteins, nucleotides and metal ions. Finally, this chain of
reactions leads to a physiological response of the cell, a response that will occur without the
receptor-binding molecule having physically passed across the cell membrane. Our sight,
taste and smell are examples of systems that depend on recognition and signal transfer
involving GPCRs. The diverse functions of this class of membrane proteins is manifested
by their ability to specifically detect various molecules such as peptides, hormones, lipids,
neurotransmitters, ions, odourants, tastants and even photons [39].

Despite the variety in function and molecules they are capable of specifically recognize,
all GPCRs share some common features. The single polypeptide chain, building up the
protein, forms a globular structure that passes through the plasma membrane seven times,
which explains the alternative name seven-transmembrane (7TM) receptors. Also, most
GPCRs relay signals intracellularly via water-soluble G proteins, as the name implies.
However, there are examples where the signal is transferred via other proteins, which
makes 7TM a more appropriate name for this family of receptors.

Due to their diversity and the important functions they are responsible for, this class
of receptors is a main target for pharmaceuticals. It is estimated that around 50% of
all marketed drugs target GPCRs or the signal pathways they are involved in [40]. This
emphasizes that a better understanding of this class of receptors along with an extended
toolbox for studying them is of great importance for modern medicine and future drug
development. Furthermore, arguing for the significance of GPCRs it is inevitable not to
mention the 2012 Nobel Prize in Chemistry, which was jointly awarded to R. Lefkowitz [41]

and B. Kobilka [42;43] ”for studies of G-protein-coupled receptors”. As a matter of fact, the
Nobel Prize in Physiology or Medicine 1967, 1971, 1988, 1994 and 2004 have all been related
to GPCRs. The interested reader is referred to the excellent Scientific Background on the
Nobel Prize in Chemistry 2012 by Sara Snogerup Linse in the Royal Swedish Academy of
Sciences reviewing the biological function and importance of GPCRs [39].

The intention of the work in papers I and II has been to develop complimentary meth-
ods for investigating GPCRs and molecular interactions involving this class of receptors.
GPCRs are generally very sensitive and preserving their natural environment is a key fac-
tor to maintain their function [3]. Furthermore, the low natural abundance of GPCRs in
the cell membrane forces most techniques to rely on protein enrichment via e.g. genetic
overexpression [44] or detergent solubilization and reconstitution [45]. Here, we have made
an attempt to develop methodologies that circumvent these challenging preparative steps
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CHAPTER 2. BACKGROUND

with the ultimate aim being to enable measurements that are compatible with endogenous
expression levels and that still correspond well with the natural responses of this kind of
receptors.

2.4 Phospholipases

Lipases are a group of enzymes that catalyze the hydrolysis, i.e. breaking down, of lipids
(fat molecules) and have essential roles in many different biological processes [46]. The
dietary system for digestion, transport and processing of lipids from food, cell signaling,
and inflammation are just a few examples. The hydrolytic action of lipases on lipids in
practise means that specific bonds in the glycerol backbone (of the lipids) are disrupted
by the addition of a water molecule, and in this way e.g. a fatty acid tail can be separated
from the lipid headgroup. Interestingly, lipases are also used in e.g. making of cheese
and yoghurt, as well as for industrial applications in laundry detergents and production of
biofuels [46;47].

Phospholipases are a subgroup of lipases that exert their hydrolytic action on phospholipids.
In paper III a new method for detecting phospholipase A2 (PLA2) was developed. PLA2
is an enzyme that cleaves the bond by the second carbon of glycerol backbone of the
phospholipid, illustrated in figure 2.3, which leads to separation of one of the fatty acid
tails from the lipid headgroup. Several pathological diseases, such as cancer [11;12], acute
pancreatitis [13], coronary heart dieseases [14] and ischemic stroke [14], are known to influence
the concentration and/or enzymatic activity of PLA2 which makes PLA2 an interesting
biomarker for diagnostic purposes as well as a target for drug development.

2.5 MicroRNA

MicroRNA (miRNA), first discovered in early 1990’s [48], are short sequences (between 17-
25 nucleotides) of non-coding RNA that are involved in regulating gene expression in cells.
The regulation of the gene expression is achieved by the miRNA (after forming a complex
with argonaute proteins) binding to the messenger RNA (mRNA) and in this way block
translation at the ribosomes. Additionally, the miRNA-protein complex increases the rate
at which the mRNA degrades, which also slow down the rate of translation.

The significance of miRNAs as regulators of gene expression is obvious from the fact that
approximately 30% of the protein-coding genome is estimated to be regulated by miR-
NAs [49] and over 1900 miRNAs have been found that have important regulatory functions,
involving most physiological processes [50]. In light of this, several studies have shown that
altered expression levels of miRNAs may have a significant impact on health, which thus
makes miRNAs suitable biomarkers. Further, altered expression levels of miRNA can for
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Figure 2.3: A schematic illustration of the hydrolytic action of phospholipase A2 on a phos-
pholipid (here POPC). The enzyme specifically targets and hydrolyze the acyl bond by the
second carbon of the glycerol backbone, by addition of a water molecule, making the unsatu-
rated fatty acid release from the lipid headgroup.

example be associated with viral infection where miRNA can regulate and control viral
replication [51].

In paper IV an assay was developed for highly selective detection of a certain miRNA
(miR-29a), which is a clinically relevant biomarker for influenza virus infection [15].

2.6 Viruses

Viruses are small (20 nm - 400 nm) agents capable of infecting all cellular life. Each virus
particle holds genetic material, in the form of RNA or DNA, surrounded by a protein
capsid. Some virus particles have an additional lipid envelope enclosing the protein capsid.
Since viruses can not reproduce themselves they need to take advantage of other cells, in
a parasitic way, in order to survive. By attaching to the membrane of a host cell, the
viruses can subsequently make their way into the cell and hijack the cellular replication
machinery. In this way, new virus particles are generated, that in turn can affect new host
cells. Despite the negative associations the general public might have towards viruses, they
have actually contributed to develop higher forms of life through infections and transfer
of genetic material. It is in fact estimated that around 8% of our genome is of viral
origin [52].

The life cycle of a virus particle is usually divided in separate processes, each very complex
in itself, such as attachment to the membrane of the host cell, translocation across the
cell membrane [53], replication of the genetic material [54] as well as escape from the host
cell [55]. However, this thesis mainly focuses on virus particles binding to gangliosides and
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membrane proteins, and exploit this for the purpose of detection (paper V) or deduce a
specific pathway for viral entry to a certain host cell (paper II).

In paper II a surface-based platform was developed to verify the physical interaction
between the human cytomegalovirus (HCMV) and a specific GPCR. In paper V a solution-
based assay for simple and rapid virus particle detection was developed. Detected were
virus-like particles (viruses particles where the genetic material inside the protein capsid
has been removed) of the Simian virus 40 (SV40).
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3

Biomolecular sensing

I
n its broadest definition, a biosensor is an analytical device that either contains
and/or responds to the interaction with a biological element. Arguably, a more mod-
ern definition would be restricted to the requirement of the device containing a bio-
logical element [56;57]. All biosensors consist of an element for recognizing the target

of interest (referred to as the analyte) along with a transduction mechanism that converts
the sought recognition of the analyte into a signal that is more easily detected and mea-
sured. The transduction mechanism can be optical, electrochemical, thermal, magnetic,
mechanical, piezoelectric, etc. A reader device is used to process the transduced signal
and present the information to the user in a comprehensible way. Preferably, the detected
signal is proportional to the amount of target analyte that is detected [58].

Even though biosensors may have vastly different designs and application areas there are
some aspects that defines a well-functioning biosensor. The first critical aspect is a high
selectivity for the target analyte, which means that the recognition element interacts favor-
ably only with the target analyte (even in a crowded environment). Also, it is important
that the target analyte interacts specifically with the recognition element, and thus not
unspecifically with other parts of the sensor that might yield a signal †. Other important
aspects are the ability to generate essentially identical responses once repeatedly exposed
to the same sensing conditions, i.e. high level of reproducibility. Additionally, the biosens-
ing setup should be stable against external disturbances. All these aspects contribute to
the overall robustness of the biosensor, which combined with ease of use, sensitivity, fast
response time and low price are desirable properties of modern biosensors.

3.1 Perspectives on biosensing

From a historical perspective, one of the earliest examples of biosensing is the use of caged-
in canary birds for detecting toxic gases in coal mines. In the 1890’s John Scott Haldane,

†Other definitions of selectivity and specificity might appear in the literature, but throughout this thesis
the definitions given above will be used.
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CHAPTER 3. BIOMOLECULAR SENSING

a Scottish physiologist, introduced the use of canaries in coal mines as an early warning
system for build-up of for example carbon monoxide and methane, and other toxic gases.
Canaries, and birds in general, are very sensitive to toxic components in the air because of
their breathing anatomy and comparably fast rhythm of breathing. Thus, once the caged
birds stopped singing and fell down dead the miners knew it was time to evacuate the
shaft. Even though the canaries were replaced by electronic gas detectors already before
the 1900’s several modern biosensing techniques take advantage of living microorganisms
to detect toxic or other harmful substances. Speaking examples, because of their names,
are the CANARY (cellular analysis and notification of antigen risks and yields) technology
developed at MIT’s Lincoln Laboratory, where genetically engineered B cells are used to
detect and identify airborne pathogens [59], and the nanocanary technique developed at
University of Massachusetts Lowell, where macrophages are used to assess the toxicity
of engineered nanomaterials such as carbon nanotubes [60]. Even though Haldane’s caged
canaries might have saved many lives he was never formally recognized for inventing the
first biosensor. Instead, Leland C. Clark Jr., an American biochemist, was honored as the
”Father of Biosensors” at the 1992 World Congress on Biosensors in Geneva, Switzerland,
for his invention of the Clark electrode in 1956; a device for measuring oxygen levels in
blood, water and other liquids [61].

Despite the many application areas for biosensors, there are relatively few commercially
available biosensor for personal use. One of the most wide spread biosensor is the glucose
meter widely used in for example self-management of diabetes. In 1963, the first step to-
wards today’s glucose meter was taken by Ernie Adams, upon developing a paper strip that
turned blue when exposed to glucose. The intensity of the blue color was proportional to
the glucose concentration, which implied that the actual glucose level had to be determined
by comparison with a calibration chart. Today, glucose meters come in different designs.
The traditional approach is to have an enzyme (glucose oxidase, glucose dehydrogenase,
or hexokinase) react with the glucose in the blood. Measuring the presence of generated
products, for example hydrogen peroxide, via interaction with a dye is one of several ways
to give the user an approximate value of the glucose levels in the blood (typically in the
mM range) within seconds [62]. However, most modern glucose meters are based on an
electrochemical readout [63].

Another example of a commercially available biosensor that have greatly impacted our
society is the pregnancy test. Originally developed in the 1970’s the test is used to de-
tect human chorionic gonadotropin (hCG), a hormone produced by the placenta after the
fertilized egg has adhered to the uterus and thus a suitable biomarker for pregnancy [64].
The test is available in more than 10 different variants, but a common one is the strip test
that consists of a capillary membrane used to transport the analyte over different zones on
the strip. First, the urinal sample passes over a reaction zone of the strip. Here, mono-
clonal anti-hCG antibodies conjugated to enzymes reside. If hCG is present in the urinal
sample they can bind to the these antibody-enzyme complexes, now dissolved and part of
the capillary flow. Next comes the test zone, where polyclonal anti-hCG and inactive dye
is immobilized on the surface. In case of pregnancy, the formed complexes of hCG and
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monoclonal anti-hCG (carrying an enzyme) now bind to immobilized antibodies, which
allows the antibody-conjugated enzyme to activate the dye, which makes the test region
light up and become visibly colored.

With the glucose meter and the pregnancy test being two prominent biosensors for com-
mercial use at home some interesting aspects can be noted. Both of these biosensors have
a sensitivity in the right concentration range for the analyte to be detected (µM - mM)
accompanied by robustness and a fairly good precision making the sensors reliable. This
in combination with the comparably low cost and the ease of use are all key factors for
a successful biosensor for commercial use. Even though other commercial well-established
biosensors or sensing protocols, such as for example the enzyme-linked immunosorbent as-
say (ELISA) [16], or the polymerase chain reaction (PCR) [65], are capable of detecting and
quantifying other types of biomarkers with higher sensitivity for diagnostic purposes, they
generally require labor intensive sample preparation, expensive detection schemes, and/or
complicated analysis. One aim of this thesis work has been to explore concepts that might
open up for simple yet sensitive biosensors.

3.2 Biosensing formats

The importance of biosensors in our modern society was foreseen already in the influen-
tial interdisciplinary work by Turner et al. from 1987 [58]. The authors predicted that the
powerful combination of the specificity offered by biological components and the micro-
electronic components together with strong computational power held great potential for
future biosensing. In addition to applications in diagnostics and drug discovery, biosensors
can also be used to monitor personal health and fitness, quality of food, as well as the
external environment [66], to mention some areas of use.

Arguably already fulfilled, the prophecy of Turner et al. required the versatility of biosen-
sors in combination with clever sensing formats and readout schemes to be exploited. As
was mentioned earlier, a biosensor consists of a recognition element, which could be recep-
tors, enzymes, antibodies, nucleic acids, etc. [67] This in combination with different trans-
ducer mechanisms (optical, electrochemical, thermal, magnetic, mechanical, piezoelectric,
etc.), and many different readout principles offer a plethora of biosensing schemes, together
covering a wide range application areas.

To give a better overview of the different types of biosensing schemes they are often cate-
gorized. One such categorization relates to the type of biorecognition element that is used.
Catalytic-based sensors utilize the action of enzymes to detect the analyte (substrate to
the enzyme); for example the glucose sensor. Affinity-based sensors instead utilize the
physical binding of the analyte to the recognition element to induce a detectable signal;
for example the pregnancy test. Further, the sensing schemes can be categorized based in
how the signal readout is performed. There are time-resolved measurements and end-point
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measurements. Here, the former allows for information about the interaction kinetics to be
resolved as the binding and release processes can be readily followed. Also, depending on
if the sensing schemes require labeling of one of the interacting biomolecules (for example
fluorescent or radioactive molecules) they are classified as either label-free or not.

In this thesis different biosensing schemes have been developed both for studying biomolec-
ular interactions and detection of biomarkers and pathogens. In terms of biosensing formats
papers I and II are surface-based; having one of the interacting partners immobilized on
a surface. Surface-based assays have the benefit of offering the possibility to inject multiple
solutions over the same surface, and often each injection step can be monitored separately
(in time-resolved measurements) for easy and reliable readout, which also offers simpli-
fied troubleshooting. However, the objective of the thesis transitioned for the second part
(papers III, IV, and V) into developing solution- rather than surface-based assays. The
solution-based assays arguably are more similar to the situation occurring in vivo as none
of the interact partners necessarily needs to be immobilized on a surface, an action that
can potentially alter the interaction characteristics of the biomolecule. Additionally, the
interaction kinetics are faster which allows for more sensitive detection. Yet another impor-
tant aspect is the ability to design biosensing schemes that contain few experimental steps,
and possibly be as easy as mix-and-measure. Incorporated together with cheap detection
systems such sensors might increase their availability for example in facilities with scarce
resources.

As is evident from above different sensing formats have different advantages, and care needs
to be taken to choose biosensing assay based on the purpose of the measurement, such that
for example i) the sensitivity range covers the expected concentration span of the analyte,
ii) the sensor is compatible with the complexity of the sample, and iii) the readout provides
the information sought. Despite the lack of a generic sensor for all purposes some methods
have become more well-established than others. The enzyme-linked immunosorbent assay
(ELISA), developed in the 1960’s, and the polymerase chain reaction (PCR), developed
in the 1980’s, are two prominent examples nowadays being standard methods in clinical
diagnostics and research laboratories.

Despite many well-performing biosensing assays there are still major challenges that remain
to be resolved. Assays for simultaneous detection (and concentration determination) of
several analyte molecules in a single sample, so-called multiplexed assays, is an important
step for improved diagnostics, since for example the same biomarker might have altered
expression levels for several disease states. Additionally, detection of clinically relevant
biomarkers present at extremely low concentration (typically < 1 aM, corresponding to
less than ∼ 600 molecules per ml), in a reliable way remains very challenging. In light
of the latter challenge, there have been many reports on the development of methods
with extra-ordinary sensitivities. However, the transition of such findings to commercial
diagnostic assays are surprisingly rare.
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3.3 Single-molecule sensitivity

Even though traditional bioanalytical sensing relies on measuring the response from the
collective ensemble major activities have been spent on developing methods to circumvent
this. By improved instrumentation for detection new bioanalytical sensing schemes have
emerged with the ability to resolve individual interactions, at the so-called single-molecule
level, which represents the ultimate resolution limit. By being able to decompose an
ensemble signal into the contributions from individual interactions, it is possible to unravel
heterogeneities with respect to the biomolecular interactions. Additionally, the single-
molecule detection level possibly offers a more competitive sensitivity than the ensemble-
averaging counterpart. Two examples of biosensors that can provide detection at the level
of single molecules (even label-free) are sensors based on the so-called whispering-gallery-
mode [68] and single-molecule ELISA termed SiMoA (single-molecule arrays) [69].

All bioanalytical assays developed in this thesis have been realized in a manner that allows
for single-molecule readout. In the surface-based assays presented in papers I and II the
ability to resolve single interactions was readily used to effectively sort out unspecific inter-
actions with the underlying substrate and also to be able to measure interaction kinetics at
equilibrium, i.e. without advanced liquid handling schemes. In the solution-based assays
for biomarker detection presented in papers III and IV the single-molecule resolution
did not offer a much improved limit-of-detection per se, but aided in gaining a deeper
understanding for the courses of events that lead to the measured signal. In paper V
the ability to image individual nanoparticles was a prerequisite to detect an early onset
of an aggregation process, induced by the presence of a pathogen, which would have been
very difficult, if not impossible, to realize in a setup measuring the aggregation state of the
ensemble in for example turbidity measurements. In the outlook section (6.2) suggestions
on how the limit of detection might be even further improved are included.
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4

Experimental methods and concepts

T
he fundamental steps necessary in the development of experimental assays
for studying biomolecular interactions usually involves biological model systems
of different levels of complexity. Additionally, several different instruments and
techniques originating from various scientific disciplines are often used along the

way. This chapter gives a brief overview and explanation of the four major techniques
playing a key role in the projects presented in this thesis. Additionally, the concept of
fluorescence and Förster resonance energy transfer (FRET), and their role in biological
research is briefly discussed.

4.1 Quartz crystal microbalance with dissipation

monitoring - QCM-D

QCM-D is an acoustic label-free high-sensitivity technique widely used for biosensing ap-
plications [70;71]. The technique is capable of measuring the mass adsorbed to the sensor
surface allowing for studies of for example protein interactions [72], biopolymers [73] and even
cells [74;75]. The mass adsorbed on the sensor surface can be measured with a sensitivity
of down to 1 ng/cm2 and the technique can be applied to biological and chemical enti-
ties ranging in weight from less than 200 Da up to several GDa [76]. From the dissipation
measurements, structural parameters like elasticity and viscosity of the system can be
modeled.

The sensing method is based on the piezoelectric property of crystalline quartz, a phe-
nomenon thoroughly investigated in 1880 by Jacques and Pierre Curie [77]. Crystalline
quartz consists of a continuous framework of tetrahedral SiO4-units ordered in a trigonal
crystal system. The chemical formula, SiO2, is a consequence of each oxygen being shared
between two tetrahedra. Physical deformation of the crystal induces dipole moments,
which in turn generate electrical charges on the crystal surface. Similarly, exposure to an
electric field induces a physical deformation of the crystal, a phenomenon named the con-
verse piezoelectric effect. By applying an alternating electrical potential across an AT-cut
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quartz crystal, 35.25o to its optical axis, a thickness-shear mode oscillation is induced. An
acoustic wave is created in the crystal, propagating in the direction perpendicular to the
surface [78], and the frequency at which half of its wavelength exactly matches the crystal
thickness is called the resonance frequency [70], fn. Similarly, the resonance condition is
fulfilled if an odd number of half wavelengths match the crystal thickness. At resonance
the crystal oscillation amplitude reaches a maximum and the energy losses are minimal.
The resonance frequency is determined as

fn =
nvq
2tq

=
nvq
λ

(4.1)

where n is the number of the odd harmonic, tq is the thickness of the quartz crystal, vq is
the speed of sound in quartz (3340 m/s perpendicular to the sensing surface) and λ is the
wavelength of the acoustic wave. Figure 4.1 shows a schematic illustration of the setup and
how the quartz crystal oscillates along with a photography of a QCM-D instrument.

10 mm

a) b)

Figure 4.1: a) A schematic illustration of a quartz crystal as a sensing device (top view
and side view with an SLB. An alternating electrical potential makes the crystal oscillate in
a thickness-shear mode as the white double arrow indicates. When an odd multiple of λ/2
of the acoustic wave created matches the thickness of the crystal the resonance condition is
fulfilled. b) A photography of a QCM-D E4 instrument where four different sensor surfaces
can be monitored simultaneously. To the left is a peristaltic pump.

The Sauerbrey relation [79], equation (4.2), which states that there is a linear relationship
between adsorbed mass and shift in resonance frequency of the crystal, is one of the key
bridges between measurements and results.

∆m = −C∆f

n
(4.2)

Where ∆m is the change in adsorbed mass per area unit and ∆f is the change in resonance
frequency. The mass sensitivity constant C equals 17.7 ng/(Hz cm2) for a 5 MHz crystal
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4.1. QUARTZ CRYSTAL MICROBALANCE WITH DISSIPATION
MONITORING - QCM-D

and n is the number of the odd harmonic used. The relation holds for rigid, evenly dis-
tributed and sufficiently thin adsorbed layers of molecules. When an adsorbed layer does
not fulfill these requirements the Sauerbrey relation underestimates the mass of the layer.
By combining information on shifts in resonance frequency and dissipation from multiple
harmonics with viscoelastic models, the thickness, shear elastic modulus, and viscosity of
the adsorbed molecular layer can be estimated [80]. This contributes to the characterization
of the adsorbed layer even though it is out of the Sauerbrey regime. Figure 4.2 shows the
result of a typical experiment that can be performed in a QCM-D instrument. A bilayer
formation is presented along with an illustration of corresponding liposome adsorption and
rupture. A well-formed bilayer is typically characterized by a ∆f around −27 Hz and a
∆D close to zero [81].
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Figure 4.2: A QCM-D graph showing the formation of a supported lipid bilayer. The blue
curve represents the resonance frequency shift (∆f) for the fifth harmonic. The orange curve
represents the dissipation shift (∆D). The illustration above the curve is in accordance with
the time axis and shows how liposomes adsorb on the surface and rupture into a bilayer when
a critical coverage is reached. During the liposome rupture the buffer inside the liposomes
de-couples from the sensor surface and the lipids form a more rigid structure. This is seen
as an increment in ∆f and a decrement in ∆D.

The QCM-D technique was used in paper I for evaluating different coupling chemistries
for immobilization of chemokine ligands on a supported lipid bilayer. Furthermore, it
was used to confirm specific binding of GPCRs contained in native membrane vesicles
to the immobilized ligands. The surface chemistry could then be transferred to the total
internal reflection fluorescence (TIRF) microscope, where ligand-receptor interactions could
be studied at a single-molecule level.

In a similar way QCM-D was used in paper V to verify that liposomes with incorporated
gangliosides (GM1) bind to SV40 VLPs, and can thus potentially be used as reporters for
detecting the presence of SV40 VLPs in solution.
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4.2 Fluorescence and spectrofluorometry

4.2.1 Fluorescence

One central and often employed concept in studying biological structures and processes is
fluorescence. The phenomenon comprises that certain molecules, atoms or nanostructures
upon absorption of light immediately emit light of longer wavelength (lower energy) than
they absorbed [82]. Briefly, the underlying physical principle is that the substance (here
termed fluorophore) has a certain energy gap in the range of the photon energy corre-
sponding to visible light (IR and UV are also possible). Upon absorption of an incoming
photon an orbital electron is brought from the ground state (S0) to the first excited singlet
state (S1). This excited state is not a stable state and relaxation down to the ground state
occurs through both radiative and non-radiative pathways, each with a different probabil-
ity. The radiative process where the electron jumps from S1 to S0 by emitting a photon of
corresponding energy is termed fluorescence, as is illustrated in figure 4.3a.
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Figure 4.3: a) A Jablonski diagram illustrating the concept of fluorescence. A high energy
photon (blue) transfers its energy to an electron of a fluorophore and brings it from the
ground state (S0) to the first excited single state (S1). After rapid relaxation to the lowest
vibrational level of S1 the electron jumps down to the ground state by emitting a photon of
corresponding energy (green). Note that the energy of the emitted photon is lower than the
absorbed (ω1 > ω2), and hence its wavelength is longer. b) Example of an excitation and
emission spectra for a fluorophore (here ATTO488). The discrepancy in wavelength between
the excitation and emission light, i.e. the Stokes shift, is utilized in for example fluorescence
microscopy to distinguish the light emitted by the fluorophores from background illumination
and scattering.

As previously mentioned, taking advantage of fluorescence is common in biological research
to image small scale objects and processes, that alone do not interact sufficiently with light
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to be visualized with a regular light microscope. Fluorescence labeling of these ”invisible”
objects increases their interaction with light which makes them visible in a fluorescence
microscope. As depicted in figure 4.3b there is a significant discrepancy in the wavelength
between the absorbed and emitted light of fluorophores (called the Stokes shift). A flu-
orescence microscope takes advantage of this and uses filters to monitor only light with
longer wavelength than the excitation light for creating the image to effectively suppress
the background and sort out only the light originating from fluorescence.

Fluorescence has been a central concept in all five papers appended in this thesis to enable
visualization of biomolecular interactions (papers I and II), but also for reporting the
presence of biomarkers or virus particles in solution (papers III, IV and V).

4.2.2 Förster resonance energy transfer (FRET)

Fluorescence is a very versatile phenomenon that can be exploited in many different ways.
One process that has been employed in both papers I, III and IV is that of Förster
resonance energy transfer (FRET). This is a process of energy transfer, illustrated in figure
4.4, from a fluorophore (donor) having an emission spectrum overlapping with the exci-
tation spectrum of another fluorophore (acceptor). The energy transfer occurs through a
dipole-dipole interaction and is thus a non-radiative process.

S
1

S
0

0

1

2
3
4

Excitation

Vibrational relaxation

E = ħω
1
 

Emission

E = ħω
2
 

Donor

0

1

2
3
4

S
1

0

1

2
3
4

0

1

2
3
4

S
0

Acceptor

Energy

transfer

Vibrational relaxation

Figure 4.4: Jablonski diagram illustrating Förster resonance energy transfer (FRET). An
excited fluorophore (donor) transfers energy to another fluorophore (acceptor) through a non-
radiative process (dipole-dipole interaction). When the acceptor fluorophore jumps back to the
ground state a photon is emitted with significantly lower energy than the photon first absorbed
by the donor (ω1 > ω2).
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The rate of energy transfer from donor to acceptor separated by a distance r is given
by [82;83]

kT (r) =
QDκ

2

τDr6

(
9000(ln10)

128π5Nn4

)
J(λ) (4.3)

where QD is the quantum yield (number of emitted photons relative to the number of
absorbed photons) of the donor (in absence of acceptor), κ2 describes to the relative orien-
tation between the transition dipoles of the donor and acceptor (equal to 2/3 for random
averaging), τD is the lifetime of the donor (in absence of acceptor), N is Avogadro’s number,
n is the refractive index of the medium, and J(λ) describes the spectral overlap between
the donor emission with the acceptor excitation.

To get a better feeling for what this rate of energy transfer implies it is usually rewritten
in terms of a so-called Förster distance (R0). At this distance half of the excited donor
fluorophores decay through energy transfer, and half through the usual decay paths in
absence of the acceptor, i.e. at the Förster distance kT = τ−1D . The Förster distance is
typically in the range of 1.5 to 6 nm [82]. As is evident from equation (4.3) the FRET
efficiency is strongly dependent on the distance r between donor and acceptor fluorophore
(r−6). As a reference the FRET efficiency drops from 98.5% to 1.5% in the distance interval
0.5R0 to 2R0. This in combination with the short Förster distance makes FRET an efficient
means to probe inter- and intramolecular distances in the nanometer range. FRET has
been employed in a multitude of ways to for example detect molecular interactions [84],
assess protein folding [85] or monitor lipid exchange or mixing and membrane fusion [86–88].
Note that FRET can be detected as a decrease in donor emission or as an increase in
acceptor emission.

In this thesis FRET was used to verify lipid mixing and liposome fusion. In paper I a
FRET assay (between NBD and Rhodamine) was used to confirm that native membrane
vesicles (from a certain cell line) could be fluorescently labeled by sonicating them together
with fluorescently labeled (synthetical) liposomes, a protocol adapted from [89;90]. In paper
III FRET (between ATTO488 and ATTO633) was used to detect lipid rearrangements in
a solution of liposomes (for example micelle formation, lipid mixing, and liposome fusion)
subjected to the hydrolytic action of PLA2. In paper IV FRET (between DiI and DID)
was used to detect DNA-mediated fusion between liposomes.

4.2.3 Spectrofluorometry

Spectrofluorometry is a versatile technique used to study spectral properties of various
fluorescently labeled samples. One common setup, depicted in figure 4.5, is based on
having a high intensity light source with a broad spectrum from IR to UV (white light).
The light from the light source first goes through an excitation monochromator, where it is
decomposed in different wavelength by reflection on a diffraction grating. The wavelength
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of the light exiting the monochromator (through a narrow slit) can be controlled by rotation
of the grating. The light, used for excitation, is then focused onto the sample and readout is
then carried out at a specific angle to the excitation (in our case at 90o). The emitted light
then passes through a monochromator, adding the possibility to decompose the different
wavelengths, before hitting a photomultiplier tube (PMT). The PMT converts the photons
to an electrical signal that is monitored by a computer.

Excitation

monochromator

Cuvette

holder

Emission

monochromator

PMT

Light source

(Mercury lamp)

Cuvette

with

sample
Computer and display

Figure 4.5: Illustration of a spectrofluorometer. A mercury lamp delivers white light that is
passed through an excitation monochromator to enable any wavelength in the range to be used
for sample excitation (here blue). The light emitted from the sample (red), perpendicular to
the excitation light, is passed through a second monochromator before being quantified by a
photomultiplier tube (PMT) connected to a computer.

Spectrofluorometry was in this thesis mainly used to study samples of suspended liposomes.
In paper I the decrease in FRET signal was monitored for a NBD-Rhodamine pair to
verify that lipids from synthetical liposomes were mixed in native membrane vesicles upon
sonication. In paper III the emergence of FRET between the ATTO488-ATTO633 pair
was monitored to study lipid rearrangements among synthetic liposomes subjected to the
hydrolytic effect of PLA2. In paper IV a microplate-reader system, with essentially the
same components as the spectrofluorometer descibed above, was used to detect liposome
fusion via an increased FRET ratio (acceptor emission/donor emission). The FRET pair
used was the lipophilic dyes DiI and DiD [91].
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4.3 Total internal reflection fluorescence microscopy

- TIRFM

The key concept for studying the individual molecular interactions, in the surface-based
assays developed in papers I and II, was to exploit a very sensitive readout principle.
Fluorescence microscopy is a versatile technique that, in combination with keeping the
transmembrane proteins in a vesicle format, can be used to visualize the ligand-receptor
interaction without directly labeling either of the two interacting entities [92]. However, in
a standard fluorescence microscope not only the fluorescent molecules attached to or in
close proximity of the surface are visualized, but also those present in the relatively deep
focus volume. This results in a substantial background signal that makes it difficult, if not
impossible, to distinguish individual binding events on the surface. Upon total internal
reflection of the excitation light at the substrate-liquid interface, an evanescent wave is
created. This wave propagates parallel to the substrate and penetrates approximately one
light wavelength into the liquid medium. This evanescent field is capable of exciting fluo-
rophores, but it decays exponentially, according to equation (4.5) and (4.6), which confines
the excitation volume to the substrate-liquid interface. In this way the background signal
is substantially reduced, which enables studies of single molecular interactions. [93]

The basic principle behind total internal reflection fluorescence (TIRF) microscopy is the
refraction of light travelling between mediums of different optical densities, governed by
the well-known Snell’s law. If light travels from an optically denser to a less dense medium
and the angle of incidence is increasing, a point will be reached where the refraction angle
becomes 90o. The angle of incidence at which this occurs is termed the critical angle, θc,
and an expression for this angle is easily derived from Snell’s law as

θc = arcsin

(
n2

n1

)
(4.4)

where n1 and n2 denote the refractive indices of the optically denser and thinner medium,
respectively. If the angle of incidence is further increased the light will be reflected instead
of refracted. Even though light is not transmitted through the interface an electromagnetic
field appears in the optically thinner medium, called an evanescent field. The intensity of
the evanescent field decays exponentially with distance away from the interface according
to

I(z) = I(0) exp(−z/δ) (4.5)

where z is the distance away from the interface, I(0) is the intensity at the interface and
δ is the decay constant defined as
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δ =
λ

4πn2

(
sin2 θ

sin2 θc
− 1

)−1/2
(4.6)

where λ is the wavelength of the light, n2 is the refractive index of the optically thinner
medium, θ is the angle of incidence and θc is the critical angle. A schematic illustration of
a TIRF-setup along with a photography of a TIRF microscope is shown in figure 4.6.

b)

White light through

an excitation filter
Dichroic mirror

Emission filter

CCD camera

Glass slide

Immersion oil

Objective

Fluorescent particles

Evanescent field

θ
i
>θ

c

a)

Figure 4.6: a) Schematic illustration of a TIRF-setup. White light passes through an
excitation filter and monochromatic light enters the microscope. The light is directed to the
objective via a dichroic mirror. A crescent-shaped aperture makes the light enter the substrate-
liquid interface at an angle high enough for the beam to undergo total internal reflection.
An evanescent field enters the sample volume and fluorescent molecules on or very close
to the surface are excited. Subsequently, the emission light goes back through the objective
and hits the detector. Selective excitation of fluorescent molecules in close proximity to the
surface enables individual molecular interactions to be studied. b) A photography of a TIRF
microscope.

In this thesis TIRF microscopy was exclusively used in papers I and II to study native
membrane vesicles, proteoliposomes, or virus particles binding to surface-modified glass
substrates. A representative example of a micrograph from TIRF microscopy is shown
in figure 4.7. The fluorescently labeled vesicles holding membrane proteins that interact
with the corresponding ligands immobilized on the surface. Single vesicles are readily
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distinguished and by studying individual binding/unbinding to the surface over time in-
formation about the kinetic parameters describing the receptor-ligand interplay can be
extracted.
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Figure 4.7: (Left) Micrographs recorded in time-lapse mode showing individual receptor-
containing vesicles attached to ligands immobilized on the substrate. (Right) A schematic
showing how the residence time of single receptor-ligand interactions can be extracted from
these micrographs. Through image analysis the residence times from all vesicles binding and
releasing from the surface within the time-frame of the experiment are readily extracted.
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4.4 Dual-color fluorescence microscopy

Inspired by nanoparticle tracking analysis (NTA, Malvern Instruments [94]), a well-established
solution-based method for nanoparticle characterization, a new technique for imaging and
tracking liposomes and other nanoparticles was developed within the framework of this the-
sis. The technique, referred to as dual-color fluorescence microscopy, offers the possibility
to image the nanoparticle sample in two different wavelength regions simultaneously. The
technique is adapted to work on a standard light microscope with laser light as the illumina-
tion source. The laser light is introduced to a channel, holding the liquid sample, through
an optical fiber (see figure 4.8a and b). The high intensity of the illumination enables
nanoparticles to be individually imaged in both scattering and fluorescence mode.

CMOS camera

Laser light through

optical fiber

488 nm/532 nm/635 nm

Glass slide

Cover glass

Air objective (20×)

Image splitter

Dichroic mirror (DM)

Fluorescence filter 1 (F1)

Fluorescence filter 2 (F2)

F1

DM

F2

a)
20×

30 mm

Optical

fiber

20×

c)

b)

Figure 4.8: a) Schematic illustration of the dual-color fluorescence microscopy setup. Laser
light coupled through an optical fiber illuminates the sample. The light emitted by the sample
(either via scattering or fluorescence) passes through an image splitter before being projected
onto a CMOS sensor making it possible to separate signals originating from for example
different fluorophores. b) A more detailed illustration of the sample channel molded in black-
colored PDMS. A regular cover glass is used to seal the channel which also creates an inlet
and an outlet, through which the channel is readily filled, evacuated, and rinsed with a regular
automatic pipette. c) Example micrographs where two different (fluorescently labeled) lipo-
some populations (diameter ≈ 100nm) are imaged simultaneously. Here, the micrographs are
taken from a colocalization experiment, which explains some overlap between the liposomes in
the two channels. Scale bars are 50 µm.
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The dual-color fluorescence microscopy setup is designed to allow for customization of
illumination settings and optical components to better match the specific needs of each
experiment. The illumination source can be any light source that can be readily coupled
into an optical fiber. A fiber combiner can then be used to join multiple light sources
allowing for multi-wavelength excitation. In the work presented in this thesis lasers of
488 nm, 532 nm and 633 nm wavelengths were used, either individually or in combination
(mixed), depending on the particular experiment. In addition to wavelength alteration and
mixing, the laser settings (for example intensity, exposure time, pulsing etc.) can easily be
adjusted by the user for each experiment.

The image splitter, as the name implies, offers the possibility of separating a single input
image into two parts based on wavelength by means of a dichroic mirror. Additionally,
two fluorescence filters can be added to the setup, which enables separation of light from
for example two different fluorophores or separation of fluorescent and scattered light (see
figure 4.8a and c). The combination of dichroic mirror and fluorescence filters is adapted
to fit the properties of the sample being studied.

The home-built sample holder, illustrated in figure 4.8b, consists of a piece of PDMS ren-
dered non-transparent with black color to minimize the background scattering. A narrow
L-shaped channel (measuring 1.5 × 1.5 × 40 mm) with a total volume of ∼ 100 µl was
molded in the PDMS and sealed off by a thin glass slide creating an inlet and an outlet.
The channel is easily filled, rinsed, and evacuated with an automatic pipette. The optical
fiber guiding the excitation light is inserted into the sample chamber from the side through
a small incision in the PDMS.

Being able to alter the setup with different illumination sources, filter combinations, PDMS
channel dimensions, light collection optics and cameras enables the technique to be easily
adapted to almost any the experimental system. This is rarely the case in similar commer-
cially available instruments, where a certain laser source and filter set often are predefined.
In addition to flexibility of illumination source and the optical components the setup also
allows for custom analysis of the recorded data. The micrographs from the CMOS camera
can be imported and analyzed with custom-written scripts in e.g. MATLAB (see figure
4.8c).

In this thesis the versatility of the dual-color fluorescence microscopy setup was exploited
in papers III, IV, and V. Even though fluorescently labeled liposomes and other lipid
assemblies were exclusively studied in these three papers it was of great advantage to be
able to alter both the illumination wavelength and intensity, the fluorescence filters in
the image splitter and customize the analysis of the recorded micrographs. To mention
some examples; liposomes were counted, correlation patterns between the two fluorescence
channels were studied, the overlap between the two fluorescence channels was quantified,
and liposomes were tracked (in the two fluorescence channels) for liposome size determi-
nation.
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5

Summary of appended papers

I
n this chapter a short description along with a brief summary of the main results
is given for each of the five appended papers. The papers are organized in a way to
illustrate how the work conducted in this thesis evolved from first relying on surface-
based assays, and studies of interactions involving GPCRs, towards solution-based

assays, focusing more on new concepts for detecting important disease biomarkers and
virus particles in a rapid, easy and sensitive way.

To connect back to the experimental strategies when studying biological systems, briefly
discussed in section 2.1, before going into each paper individually, both papers I and
II take advantage of a surface to study molecular interactions with GPCRs. In both
studies TIRF microscopy was used and an SLB enabled an inert surface onto which one of
the interacting partners was immobilized. Further, in both studies, lipid-based vesicular
structures (either as proteoliposomes or native membrane vesicles) were used to ensure
that the GPCRs were kept in a near-native environment to minimize the risk of altering
their function.

Although the strategies employed in the first two papers worked fairly well for studying
these types of ligand-receptor interactions, we wanted explore ways of studying biomolec-
ular interactions directly in solution instead. In this way we could avoid precarious surface
cleaning protocols and possibly lower the risk of having problems with unspecific binding to
the underlying substrate; issues that we invested significant efforts into solving in papers
I and II. Additionally, in comparison with surface-based assays, solution-based assays can
be as easy as ”mix-and-measure” and thanks to diffusion and collision in three dimensions,
the kinetics is faster, which possibly allows for easy, rapid and sensitive readout.

In papers III and IV we investigated two different detection methods based on biorecognition-
induced lipid mixing and/or fusion (via FRET) with the biomolecular recognition and the
readout occurring directly in solution. In paper V an alternative solution-based detection
method was explored, this time with similarities to paper II, as colocalization of differently
colored nanoparticles confirmed a specific interaction.
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5.1 Paper I

In the first paper we took advantage of an already established method based on TIRF
microscopy capable of extracting kinetic information of biomolecular interactions at equi-
librium [92]. In many other conventional biosensing techniques, for example QCM [95] and
SPR [96], the ensemble signal needs to be monitored upon both injection and rinsing in
order to extract the same type of kinetic information (association and dissociation rates).
The concept here employed is termed equilibrium fluctuation analysis [92;97–100] and is based
on the ability to monitor biomolecular binding and release events individually. From the
statistics of individual bind and release events kinetic information about the biomolecular
interaction being studied can then be readily extracted at equilibrium, i.e. without the
liquid handling required to control injection and rinsing steps.

CXCR3 (GPCR)

TIRF

(GPCR)

Time

ħω 

ħω 

Figure 5.1: Illustration of the TIRF microscopy assay were chemokine ligands (CXCL10;
red spheres) were immobilized on an SLB. Fluorescently labeled native membrane vesicles,
expressing the corresponding GPCR receptor (CXCR3; blue), are, when in close proximity
to the surface, possible to detect. The low level of unspecific interaction with the underlying
SLB and the ability to disregard irreversible interactions this TIRF microscopy assay can be
used to characterize the chemokine-GPCR interaction at the level of single interactions.

Equilibrium fluctuation analysis and a similar TIRF microscopy assay, to the one developed
in [92], was employed to determine kinetic parameters describing the interaction between
the chemokine receptor CXCR3, belonging to the family of GPCRs, and two of its natural
chemokine ligands; CXCL10 and CXCL11. This was realized, as illustrated in figure 5.1,
by immobilizing CXCL10 (a small ∼ 9kDa protein) on an SLB using a maleimide coupling
chemistry [101]. CXCR3 was contained in native membrane vesicles (NMVs) derived from
the membrane of CHO-cells [102] genetically modified to overexpress this (human) CXCR3.
The membrane of the NMVs was fluorescently labeled via lipid transfer induced by soni-
cation of the NMVs together with synthetically produced fluorescently labeled vesicles [89].
Owing to the TIR illumination, the fluorescent molecules now incorporated into the mem-
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brane of the NMVs were only excited once residing in close proximity to the surface, by
the evanescent field, where the ligands were present. The receptor-containing NMVs were
thus only detected once bound to the immobilized ligands. This is how this concept makes
it possible to obtain information about individual ligand-receptor interactions. Thus, the
vesicle format both offers a near-native environment for the receptor as well as a possibility
to visualize the interaction between the receptor and corresponding ligand via fluorescence
but without labeling either of them directly, which might possibly alter the functionality
of the proteins [103;104]. The sensitivity offered by the assay format makes it is compat-
ible with low concentrations of membrane receptors, which is particularly interesting in
studying GPCRs, that are naturally expressed at low abundance.
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Figure 5.2: a) Relative binding rate of the fluorescently labeled native membrane vesicles
to the surface with immobilized chemokines as free CXCL10 is added in solution at differ-
ent concentrations inhibiting the interaction. The equilibrium dissociation constant Kd was
determined to ∼ 7 nM. b) From the residence time of the individual binding events a dissoci-
ation curve could be constructed from which the dissociation constant koff was determined.
Here, its value was calculated to 1.0 · 10−2 s−1, which corresponds to a typical residence time
of ∼ 100 s.

From the TIRF microscopy data of individual NMVs binding and release rates could be
readily extracted (see figure 5.2). The affinity (equilibrium dissociation constant) of the
interaction was determined by adding free CXCL10 in solution which inhibits the interac-
tion occurring at the surface as fewer CXCR3 receptor become available for binding upon
inhibition. In the same way, free CXCL11 was added in solution (still having CXCL10 on
the surface), to determine the affinity of the interaction between CXCR3 and CXCL11. In
this way we could show that the platform had the capacity of both preserving the func-
tion of the GPCR and simultaneously allow for extraction of kinetic information on its
biomolecular interactions with specific ligands, which is highly advantageous in discovering
and characterizing potential drug molecules targeting GPCRs. The extracted value of the
kinetic parameters compare well with those previously reported [105;106].
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5.2 Paper II

In the second paper we contributed by developing a surface-based dual-color colocalization
assay for verifying a specific interaction between the human cytomegalovirus (HCMV),
belonging to the family of herpesviruses, and the membrane protein endothelin B receptor
(ETBR), which belongs to the family of GPCRs. Verifying this interaction was a step
towards further understanding how HCMV infects endothelial cells (expressing ETBR).
To achieve this, as is illustrated in figure 5.3, the enveloped HCMV was fluorescently
labeled with a red membrane-inserting dye and attached to an SLB via cholesterol-modified
DNA [107;108]. Subsequent addition of green-labeled proteoliposomes containing the ETBR
enabled validation of a specific interaction by investigating the degree of spatial overlap
between the two entities, i.e. the colocalization level, on the surface.

TIRF

V

ETBR ligand

(Endothelin-1)

Anti-ETBR ETBR inhibitor

(BQ788)

V V V

Figure 5.3: Illustration of how a TIRF-based dual-color colocalization assay was used to ver-
ify the specific interaction between ETBR and HCMV. Red-labeled HCMV was immobilized on
the SLB via cholesterol-modified DNA. Green-labeled proteoliposomes, containing the ETBR,
were introduced in solution and the amount of colocalization was determined. Three different
ways of inhibiting the ETBR/HCMV interaction were used to elucidate its specificity.

The primary parameter assessed in this assay was the degree of colocalization per sensor
element, which simply reflects the fraction of immobilized HCMV (red) colocalized with at
least one ETBR-proteoliposome (green). To evaluate the specificity of the HCMV/ETBR
interaction the colocalization level was also determined after inhibition in three different
ways; with ligands (Endothelin-1), antibodies (Anti-ETBR), and inhibitors (BQ788), all
directed against the ETBR residing in the proteoliposome.

The outcome of the dual-color colocalization assay is summarized in figure 5.4a, showing
micrographs from the red channel, imaging immobilized HCMV, and the green channel,
imaging ETBR-proteoliposomes, along with an overlay of the two channels. In the overlay
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Figure 5.4: Qualitative and quantitative results from the colocalization assay to verify the
physical interaction between ETBR and HCMV. a) Micrographs (without inhibition and with
antibody inhibition) showing red-labeled HCMV (top row), green-labeled ETBR proteolipo-
somes (middle row) and the corresponding overlays (bottom row). The dots overlapping,
termed colocalization events, are marked with white rings for clarity. Scale bars are 25 µm.
b) Number of colocalization events per HCMV bound to the surface for the four different
studies. Presented here are mean values ± standard deviations (n ≥ 3).

colocalization events are registered, and marked with circles if the centroid position of
an ETBR-proteoliposome (green) is within

√
2 pixels (∼500 nm) away from the centroid

position of an immobilized HCMV (red). The figure also shows an experiment where an
antibody against ETBR was used to inhibit the interaction between the suspended ETBR-
proteoliposomes and the HCMV on the surface. As seen in the overlay, the number of
colocalization events was significantly reduced upon inhibition. Figure 5.4b shows the
quantitative results of the number of colocalization events per visible HCMV (called sensor
element) for the four different experiments illustrated in figure 5.3. There is a 2 to 5-fold
reduction in colocalization in presence of inhibitors. However, it is clear that all three
inhibiting entities decrease the amount of interaction between the HCMV and the ETBR,
which strongly indicates that the interaction between them is specific.

Note, however, that even though the assay could confirm a physical interaction between the
HCMV and the ETBR it was neither capable of verifying viral entry nor elucidating which
part of the virus protein pentamer (on the HCMV) that is responsible for the interaction
with the ETBR. Furthermore, it is worth noting that with ETBR being identified as a
potential target for antiviral therapy, the surface-based assay developed in this work could
aid in future drug-discovery efforts.
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5.3 Paper III

In the third paper we developed a solution-based bioanalytical assay for detection of phos-
pholipase A2 (PLA2). Deviations in PLA2 activity and expression level is known to corre-
late with several different pathological diseases such as cancer [11;12], acute pancreatitis [13],
coronary heart disease [14], ischemic stroke [14] and a broad range of neurodegenerative disor-
ders, such as schizophrenia [109] and Alzheimer’s disease [110]. For this reason PLA2 concen-
tration and activity can accordingly serve as a diagnostic and prognostic disease biomarker,
and has also emerged as a potential target for drug development.

The developed assay exploits the hydrolytic effect of PLA2 to destabilize synthetically
produced liposomes and cause them to exchange lipids. Lipid transfer was detected by
having the membranes of half of the liposomes labeled with donor fluorophores, and the
membranes of the other half labeled with acceptor fluorophores belonging to an established
FRET pair, which upon lipid mixing leads to an increased FRET signal. The detection
scheme we envisage is illustrated in figure 5.5.

Initial digestion

Fusion

Complete digestion

Micelle formation

Lysolipid transfer

(i)

(ii)

(iii)

Excitation light

PLA2 enzyme

Lysolipid

Fatty acid tail

Excitation light

Donor emission

Acceptor emission

Intact lipid

Figure 5.5: Schematic illustration of detection of PLA2 via lipid mixing between two types
of fluorescently labeled liposomes (FRET pair). Upon binding of PLA2 to a liposome the
hydrolysis of individual lipids may result in exposure of hydrophobic regions on the liposome
surface, which promotes lipid transfer and/or fusion. Lipid mixing results in an increased
FRET signal (red color). At complete lipid hydrolysis, the lipid assemblies (not micelles)
disintegrate completely and the FRET signal vanishes.

The possibility to detect PLA2 via FRET induced by lipid mixing via any of the proposed
mechanisms (see figure 5.5) was first evaluated using a conventional spectrofluorometer.
Liposomes containing donor-conjugated lipids (depicted as green) consisted of POPC and
2wt% DOPE-ATTO488, and the liposomes containing acceptor-conjugated lipids (depicted
as faintly red) consisted of POPC and 2wt% DOPE-ATTO633. This fluorophore concen-
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tration corresponds to around 1mol% of labeled lipids. For the fluorometer measurements
1 pM of each liposome type was used for PLA2 detection. Figure 5.6a shows how the
acceptor emission (at 645 nm) increases upon addition of PLA2. After a certain time the
FRET complexes are digested to a state that does not induce FRET at a faster rate than
they are created, which makes the acceptor emission decline and eventually stabilize.
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Figure 5.6: a) Change in acceptor emission (at 645 nm) monitored for a sample of 1 pM
donor liposomes and 1 pM acceptor liposomes upon addition of different concentrations of
PLA2 measured with spectrofluorometry. A higher enzyme concentration is accompanied by
a higher rate of FRET complex formation, but also a faster digestion process after which the
FRET signal vanishes. b) Size distribution of individual donor liposomes (green) and FRET
assemblies (red) extracted from single particle tracking analysis using dual-color fluorescence
microscopy.

To evaluate the molecular mechanism that contributes to the initial increment in the FRET
signal and subsequent decline, a dual-color fluorescence microscopy setup was used to
image the liposome sample upon addition of PLA2. With an image splitter separating
the emission from the donor and acceptor to two adjacent regions on the same camera,
the setup offers the possibility to image individual donor liposomes and lipid assemblies
(exhibiting FRET) separately. During the digestion process it was evident that individually
detectable FRET-active assemblies emerged in the acceptor channel. We also used single
particle tracking analysis [111] to determine the hydrodynamic sizes of the visible objects,
in each channel respectively (figure 5.6b), demonstrating the appearance of aggregates
significantly larger than individual liposomes. However, the majority of the FRET-active
assemblies have a size that is comparable to the original size, suggesting that lipid transfer
is the dominating source to the observed FRET signal.
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5.4 Paper IV

In the fourth paper an assay for selective detection of miRNA based on DNA-mediated lipo-
some fusion was developed. The detection scheme relies on liposomes carrying cholesterol-
terminated double-stranded DNA (ds-DNA) that can hybridize together in a zipper-like
manner [88;112;113] if a blocking hairpin strand is removed, as is illustrated in figure 5.7.
The hairpin is carefully designed to be specifically recognized by the target miRNA and
being displaced upon their hybridization. With the blocking strand removed the DNA
sequences presented on the two liposome types can hybridize, leading to docking and sub-
sequent fusion between the liposomes. Having one of the liposomes fluorescently labeled
with donor fluorophores (DiI) and the other with acceptor fluorophores (DiD) liposome
fusion, accompanied by lipid mixing, was detected by a FRET signal increment.

ds-C/D

ds-A/B/H

miRNA

target (T)

ds-H/T

After

displacement

Liposome

fusion
ds-A/C ds-B/D

Figure 5.7: Schematic illustration of the miRNA detection scheme exploiting DNA-mediated
liposome fusion. The target miRNA (T: red strand) present in solution is complementary
to the hairpin (H: green strand), and upon their hybridization the end of the ds-A/B is
revealed. With the hairpin displaced, ds-A/B and ds-C/D hybridize upon contact in a zipper-
like manner that promotes liposome fusion accompanied by lipid mixing which results in an
increased FRET signal.

The concept was first verified as very robust and selective using a regular microplate reader.
For example, target miRNA designed with only one mismatch resulted in no significant
increment in the FRET signal, while the matching miRNA induced a detectable FRET
signal with a miRNA concentration down to ∼ 1nM. Our contribution to this work was to
employ the same miRNA detection scheme in the dual-color fluorescence microscopy setup
with the intention to lower the limit of detection and the sample consumption. With the
dual-color microscopy setup individual donor liposomes and fusion complexes exhibiting
FRET could be imaged separately. The intensity traces from the two fluorescence channel
are shown in figure 5.8; separated in figure a) and as a ratio in figure b).

Due to a small level of bleed-through from the green to the red channel, in combination with
the majority of the detected liposomes being donor liposomes, we were not able to correlate
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Figure 5.8: a) Intensity traces over the entire green and red channel, respectively, from
the dual-color fluorescence microscopy setup. The fluctuations are caused by donor liposomes
(black arrows) and fused liposomes exhibiting FRET (red arrow) entering and leaving the field
of view. b) Ratio between the red channel intensity, Ired(t), and the green channel intensity,
Igreen(t). The burst in the signal are indicative of fused liposomes exhibiting FRET entering
the field of view.

the number of liposome complexes exhibiting FRET with the miRNA concentration in a
stringent way. However, the intensity ratio between the two channels, see figure 5.8b, was
less sensitive to bleed-through and instead emphasized the events originating from FRET.
By applying an autocorrelation formalism, resembling that used in fluorescence correlation
spectroscopy (FCS) [114], more accurate results were obtained. The autocorrelation g(τ),
defined as in equation (5.1), was calculated for Ired(t)/Igreen(t)− γ (with γ = 0.065 being
the average bleed-through factor).

g(τ) =
〈I(t) · I(t+ τ)〉
〈I(t)〉2

− 1 (5.1)

Representative autocorrelation functions are shown in 5.9a for three different miRNA con-
centrations. Here, it is evident that the value of g(0) increases with decreasing miRNA
concentration, which is a direct consequence of the number of FRET complexes being fewer
as g(0) = 1/NFRET . By measuring the corresponding g(0) values for a set of samples with
known concentrations of FRET complexes a calibration curve was obtained (not shown)
that enabled us to translate the measured g(0) values to FRET complex concentration.
The results are shown in figure 5.9b.

With the autocorrelation analysis of the dual-color fluorescence microscopy data we were
able to lower the limit of detection by one order of magnitude and the sample consumption
by three orders of magnitude.
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Figure 5.9: a) Representative autocorrelation functions of Ired(t)/Igreen(t) − γ (with γ =
0.065 being the average bleed through factor) for three different miRNA concentrations. Here,
1 T corresponds to 7.2 ·10−10 M. b) Dose-response curve with extracted g(0) values translated
to a corresponding concentration of FRET complexes, here averaged over three independent
samples.
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5.5 Paper V

In the fifth paper an assay based on aggregation of fluorescently labeled liposomes was
developed for easy, rapid and sensitive detection of SV40 virus-like particles (VLPs). Since
typical VLPs are spherical objects with multiple evenly distributed receptor sites, a de-
tection principle based on binding induced colocalization is expected to be generic, while
the biological components required for a given virus will be very specific. The idea with
the assay is that color-coded reporters, here fluorescently labeled liposomes, carrying a
ganglioside specific towards the VP1 protein (360 copies) constituting the capsid of SV40
VLPs [115;116], upon binding to the target can reveal its presence, see figure 5.10. By having
half of the liposomes labeled green and half red this assay has an early onset compared to
regular aggregation assays, based on for example turbidity, as it is sufficient (in 50% of the
cases) to only have two liposomes attached to a VLP for detection.

Figure 5.10: Illustration of how fluorescently labeled (green and red) liposomes, both excited
by the light from the optical fiber (two wavelenghts), were used to detect SV40 VLPs in
solution. Green and red liposomes, all decorated with the ganglioside GM1 capable of binding
to the VP1 proteins constituting the capsid of SV40 VLPs, are diffusing around freely in
solution. Upon bridging of at least two differently colored liposomes, by a VLP, complexes are
formed that are visible at the same position in both the green and the red emission channel
simultaneously, so called colocalization events.

Dual-color fluorescence microscopy was used to image the sample. With an image splitter
the red and green liposomes could be imaged separately. By overlaying the two channels the
level of colocalization could be determined. A side note here is that we tried to quantify the
colocalization level with the method described in [117] without any significant improvement.
Figure 5.11a shows the time-evolution of the colocalization level for a sample with a total
liposome concentration of 6.7pM and VLP concentration of 300pM. The sample was diluted
10 times before measuring, to avoid too many fluorecent liposomes being present in the field
of view, which would have complicated the analysis. Figure 5.11b shows the colocalization
level after 90 min incubation for a range of different SV40 VLP concentrations. The same
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liposome concentration and dilution factor was used as in figure 5.11a. As can be seen the
colocalization level starts off small, but increases with higher VLP concentration. However,
at even higher VLP concentrations the level of colocalization becomes smaller again. This
effect is ascribed to the high-dose Hook effect [118], which in this context means that the
VLP concentration is so high that individual liposomes are completely coated with VLPs
before they get the chance to form bigger aggregates.
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Figure 5.11: a) Colocalization level over time for a mixture of 6.7 pM liposomes and 300
pM VLP (diluted 10 times when measuring). b) Dose-response curve measured after 90 min
incubation. The highest colocalization level, around 60-70%, is reached at a VLP concentra-
tion of 300 pM. The data points are presented as mean values and the error bars represent
the standard deviation (n=3). The fits (solid lines) originate from the theoretical model.

Further, a theoretical model was formulated that conform well with experimental data
presented in figure 5.11. The model was formulated as a set of differential equations,
one equation for each individually defined entity in the system, each describing how the
concentration of the corresponding entity changes in time i.e. its time-derivative. Since
the change in concentration of any entity is most often accompanied by a change in the
concentration of other entities the set of differential equations are coupled. By solving the
system of coupled differential equations numerically the concentration (time-resolved) of
each entity could be extracted. The colocalization level was then readily determined from
combinatorics since an aggregate needs to hold at least one liposome of each color to be
defined as a possible colocalization event.

With this quantitative bioanalytical assay a virus particle concentration in the 10 pM range
was detected within 30 min. The fluorescent liposomes add versatility to the strategy as
they can host many different biological molecules (such as for example membrane proteins,
DNA, and antibodies) used to recognize and bind to various analytes. The fluorescence
readout also enables molecular detection in crude body samples as long as the unspecific
interaction with the reporter liposomes is negligible.
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Concluding remarks and outlook

O
ne of the objectives of the work presented in this thesis was to develop bioan-
alytical assays compatible with GPCRs, a class of important membrane proteins
able to sense changes in the external environment of the cell and convey this
information to the cell’s interior. Because of this capacity, GPCRs receive sig-

nificant attention by for example the pharmaceutical industry as suitable targets for new
drugs. However, GPCRs are very sensitive to the lipid membrane environment in which
they reside, making it challenging to assess them with conventional bioanalytical techniques
without risking damage or altering their function.

In papers I and II two surface-based assays were developed, that take advantage of having
the GPCRs incorporated in liposomal structures (either in the form of native membrane
vesicles or as proteoliposomes) to maintain a near-natural environment and increase the
likelihood of preserving their function. The strategies turned out to be successful, as
verified using TIRF microscopy which was used to study the interactions of interest: both
GPCR-ligand and GPCR-virus interactions. Even though the methods developed could in
principle be used for studying native GPCRs, genetic modifications for overexpression of
the GPCRs were used in both cases. GPCRs are low-abundant which makes it challenging,
yet still important, to be able to investigate them in their endogeneous state. In section 6.1
we discuss if the method presented in paper I can be used to study GPCRs under natural
expression levels, which can possibly have great implications for future personalized health
care as cellular samples from different individuals will be directly compatible with such
analysis methods.

The surface-immobilization of a water soluble ligand employed in paper I is not easily
translated to study the interactions between a virus particle and a membrane residing
membrane protein, since the latter can not be easily distributed on a sensor surface on for
example a planar supported lipid bilayer. In paper II, we therefore employed a colocaliza-
tion strategy to be able to more accurately verify a physical interaction between the GPCR
and the membrane-enveloped virus (HCMV). To achieve this, an assay was developed where
both entities were labeled with different fluorophores and having the virus immobilized on
the surface. The specific binding of a proteoliposome (originally in suspension) to a virus
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could then be verified by identifying the overlap between the two fluorescent entities. Also,
by identifying proteoliposomes that were not overlapping with a virus, originating from
unspecific interactions with the surface, these could be disregarded.

With the insights gained from papers I and II regarding the significant efforts that had
to be invested to eliminate non-specific interactions with the underlying surface, the fo-
cus of the thesis was shifted towards developing a solution-based bioanalytical assay that
could potentially circumvent such problems of unspecific interactions with the underlying
substrate while still offering single-molecule sensitivity and possibly low limits of detec-
tion.

A new technique, termed dual-color fluorescence microscopy (section 4.4), was developed
to enable studies of nanoparticle systems in solution. This technique was successfully im-
plemented for detection of biomarkers (papers III and IV) and virus particles (paper V).
For detection of biomarkers, the assays were designed such that FRET was induced among
fluorescently labeled liposomes in the presence of the biomarker, while the virus detection
instead relied on induced colocalization between fluorescently labeled liposomes. The colo-
calization method in particular demonstrates promising results and might be adapted for
detection of other biomolecules at very low concentrations. Section 6.2 describes how this
method, realized in the dual-color fluorescence microscopy setup, should be possible to
optimize further to achieve an even better performance. Three improvements, each given
a separate subsection, relate to: i) improved sample chamber design, ii) reduction of un-
specific interactions between suspended liposomes, and iii) improved image analysis.

6.1 Non-overexpressed GPCR systems

Based on the methods presented in papers I and II and their compatibility with GPCRs,
a collaboration with the department of Microbiology and Immunology at the University
of Gothenburg was initiated. They managed, based on fluorescence-activated cell sort-
ing (FACS) [119] measurements, using a fluorescent antibody specific to mouse CXCR3,
to identify a mouse cell line (CTLL-2) that naturally expressed CXCR3. Cells from the
CTLL-2 cell line were then cultured, harvested and extruded in our lab, to form so-called
native membrane vesicles out of the cell membranes. The same strategy as in paper I
was then employed to investigate if the receptor and corresponding ligand could be studied
in a similar way and if the interaction was specific. In brief, the mouse CXCL10 ligand
was immobilized on an SLB via a maleimide-based connection chemistry and the QCM-D
response was compared between two surfaces, one with ligand present and one without,
otherwise identical, upon addition of CTLL-2 vesicles, see figure 6.1. A response of ∆f
∼ −3.5 Hz with the ligands present, compared to a response of ∆f ∼ −0.5 Hz without the
ligands present, gives a promising indication of a specific interaction between the receptor
and the ligand.
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Figure 6.1: QCM-D plot showing the specific interaction between mouse CXCR3 (recep-
tor) and immobilized mouse CXCL10 (ligand); (i) Injection of POPC + 10%DOPE-MCC
(0.1 mg/ml) and subsequent bilayer formation, (ii) NaAc (10 mM at pH 5.0) buffer step,
(iii) Addition of ligands pre-incubated in Traut’s reagent (molar ratio 1:60 at 100µg/ml) and
subsequent rinsing with NaAc buffer, (iv) PBS buffer step and, (v) injection of (unlabeled)
CXCR3-containing CTLL-2 vesicles. The red curve represents the surface containing ligands
and the blue curve a surface with no ligands. Step (v) is emphasized in the upper right inset.

However, verifying that vesicles derived from the membrane of CTLL-2 cells naturally
expressing mouse CXCR3 interact with a surface with immobilized mouse CXCL10 is just
the first step in assessing whether the method presented in paper I can be employed to
study non-overexpressed GPCR systems. The next step would be to confirm that the
interaction between CXCR3 and CXCL10 is specific. This could for be done example by
inhibiting the interaction by adding free CXCL10 in solution and measuring the resulting
response. After verifying that the interaction is indeed specific, TIRF microscopy studies
can be performed to try to extract information about individual ligand-receptor interactions
and kinetics.

The ability to study non-overexpressed GPCR systems has great benefits for future person-
alized health care. For example, without the need for overexpression, cells from patients can
be directly processed and binding information about the specific GPCR for each patient,
with all individual variations and interaction heterogeneities, can be extracted separately.
From a future perspective, this paves the way for individually tailored drugs and a more
personalized health care.
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6.2 Improvements of the colocalization assay

Using colocalization of fluorescently labeled liposomes, decorated with gangliosides, for
detection of virus particles directly in solution, as described in paper V, is in my view a
promising concept that can be further extended. Although many pathogens have membrane
bound molecules as natural receptors, the assay could become more generic and allow
for detection of other relevant biomolecules and biomarkers by designing the liposomes
differently, for example through decoration with antibodies. However, before new ideas
are put to the test, there are a few more or less simple ways of improving the dual-
color fluorescence microscopy setup and the colocalization experiments and analysis, that
should increase both specificity and sensitivity, which is important to make the method
more competitive in several different application areas.

6.2.1 Thin sample channel with flow

In the work leading up to papers III, IV and V, dual-color fluorescence microscopy was
used. The solution-based measurements were performed in a similar way to that shown in
figure 6.2a. The basic setup allows for monitoring of the nanoparticles in (or close to) the
focal plane of the objective, which is illuminated by a slightly diverging laser. Particles
a bit outside the focal plane (still being illuminated) are captured as fuzzy out-of-focus
objects that are difficult to both quantify properly and track, and they might even disturb
the detection and analysis of the particles in focus.

To circumvent the problem with out-of-focus particles a thin channel (∼ 10µm in height
and ∼ 100µm in width) can be designed, where all particles are forced to pass the field of
view close to the focal plane, as is shown in figure 6.2b. Adapting the channel dimensions
to ensure that all particles in the channel are detected as focused objects is beneficial in
terms of pressing the limit of detection even further down. Thus, if a target molecule of
interest is present (and has induced colocalization between liposomes) it will pass the field
of view and hence be detected. However, possible problems with background scattering
in this configuration might be met by using CYTOP (with a refractive index similar to
water) as the channel material instead of PDMS [120].

Along the same lines, another aspect to improve the assay is to detect as many particles
as possible within the experiment time. In the current setup, the passive diffusion of par-
ticles necessitates long experimental runs to detect enough colocalization events to give
statistically valid results. This aspect can be met by gently flowing the sample through the
channel. In this way, the rate of particles passing the field of view increases, which theo-
retically lowers the limit of detection of the device and reduces the experiment time.
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Figure 6.2: a) Current setup where liposomes in (or close to) the focal plane (fp) are
imaged. When liposomes are a bit further away from the focal plane they become unfocused
and fuzzy, schematically illustrated in the lower part of the figure. Particles with crosses
indicate colocalizing particles. b) Proposed modification of the setup where the channel is
made thinner (both width and height) to ensure that all particles pass the field of view, and
that they are close to the focal plane (fp), as the schematic micrographs below illustrates.
Flowing the sample (indicated by the arrows) allows more particles to be imaged within a
shorter experiment time.

6.2.2 Low unspecific interaction

Another important aspect for improving the colocalization assay is to minimize the unspe-
cific interaction between the reporter liposomes. This is because the level of spontaneous
colocalization in absence of the target analyte dictates the limit of detection for the as-
say. A common strategy to minimize unspecific interaction and to passivate surfaces in
biosensing application is to use polyethylene glycol (PEG) [121]. In the colocalization assay,
decorating the reporter liposomes with a sufficient amount of PEG, as is illustrated in
figure 6.3, could aid in lowering the level of spontaneous colocalization and thus improve
the limit of detection. However, care needs to be taken that this procedure does not hinder
or obstruct the biomolecular interaction that is meant to induce colocalization.

As previously stated the level of spontaneous colocalization in absence of target analyte
dictates the limit of detection of the assay. As an example, a liposome concentration of
1 pM and spontaneous pair-formation of one in thousand results in a theoretical sensitivity
limit in the fM range. However, a low level of spontaneous pair-formation alone does not
ensure low limit of detection. Equally important is the analysis method used to quantify
the level of colocalization. The analysis needs to be able to distinguish colocalization
events, originating from actual pair-formation, from colocalization events originating from
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Unspecific interaction

less probable

Figure 6.3: To minimize the level of unspecific interaction between liposomes, they can
be decorated with polyethylene glycol (PEG), here depicted as orange coils on the liposome
surface.

liposomes seemingly overlapping at a particular point in time (either due to their immediate
vicinity or similar position in the xy-plane, but at different depths (z-value)).

6.2.3 Improved data analysis

In brief, the current image analysis method employed to quantify the colocalization level re-
lies on overlaying the micrographs from the two channels of the image splitter and identify-
ing overlapping objects. Due to chromatic aberration originating from imperfections in the
optical system, the overlay has to be carried out in a non-uniform way, through a so-called
aberration correction. This correction is carried out computationally by imaging liposomes
exhibiting some level of FRET (and hence visible in both channels simultaneously) and
mapping their position in the xy-plane. Since the images from the two channels should be
perfectly overlapping, a function can be derived that corrects for any misalignment of the
objects. This function is then used to map the raw data from a colocalization experiment
to yield the correct spatiotemporal position of the objects. However, this method does
not account for the fact that the xy-position of two liposomes might occasionally coincide,
either because they are found just next to each other (same x-, y- and z-coordinates) by
chance or because they are located ”on top” of each other (same x- and y-coordinates, but
different z-coordinates), as is schematically shown in 6.4.

The current analysis method that relies on overlaying micrographs, i.e. spatiotemporal
overlap, can thus be further improved by also implementing a comparison of liposome
trajectories as an additional criteria for verifying colocalization. In brief, individual trajec-
tories of overlapping liposomes must be similar enough for the liposomes to be considered
as colocalized. In this way the number of false colocalization events detected would de-
crease. However, to be able to extract the trajectories with a good enough resolution the
acquisition frame rate must be increased considerably, which yields more data to be ana-
lyzed for the same experimental time. Here, the aspect of implementing a liquid handling
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b)a)

Figure 6.4: Two different scenarios that with the overlay method are detected as colocal-
ization events. a) True colocalization event caused by a virus particle bridging a red and a
green liposome. The entity moves as a single unit and the separate liposome trajectories are
close to identical. b) False colocalization event where a red and green liposome (not bridged
by a virus particle) happen to pass the same point in the xy-plane (either same or not same
z-coordinates) at the same time. The liposome trajectories are not similar.

system with flow becomes relevant as this would be beneficial in terms of detecting many
liposomes during the same experimental time.

In light of these three proposed improvements it is important to keep in mind that the
theoretical model described in paper V is a good complement to the improvements of the
experimental setup and the analysis method. Modifications of the theoretical model to ac-
count for reversible interactions between the target analyte and the liposomes can deepen
the understanding of the performance of the colocalization assay and aid the analysis of tar-
gets that do not engage in irreversible binding. This might be valuable for future detection
schemes exploiting the strategy of target-induced colocalization of liposomes.
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