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Abstract
A central aspect of modern diagnostics is the detection of biomarkers, which calls
for both sensitive and specific biosensing technologies. Biosensors are devices which
based on various physicochemical principles are able to detect biomarkers by incor-
porating target-specific biological components. Due to their unique optical prop-
erties, gold nanoparticles (AuNPs) are often a core component of such techniques.
The aim of this thesis is to investigate the use of twilight off-axis holographic mi-
croscopy combined with surface-modified AuNPs to specifically detect optically faint
biological nanoparticles. In Paper I, twilight off-axis holography is introduced and
the ability to verify detection based on material properties is investigated. It is
demonstrated that by analyzing the real and imaginary parts of the complex-valued
optical field, metallic particles can be discerned from dielectric material. More-
over, it is shown that dielectric particles below the detection limit can, through
complex formation with functionalized AuNPs, be detected and quantified based
on refractive index. In Paper II, this approach was further developed for the use
of twilight off-axis holography for specific detection of biotin-modified lipid vesi-
cles. To form specific complexes between AuNPs and biotinylated lipid vesicles,
AuNPs were surface modified with streptavidin via biotinylated PEG attached to
the AuNPs. Using holographic microscopy, waveguide scattering microscopy and
surface plasmon resonance, it was demonstrated that surrounding non-biotinylated
PEG may sterically hinder streptavidin-biotin interaction, requiring a thousandfold
excess of streptavidin. By decreasing the molecular weight of non-biotinylated PEG,
the biotin accessibility was significantly increased and streptavidin-modified AuNPs
could be fabricated without the need for excessive protein consumption. Through
complex formation with these AuNPs, lipid vesicles could be detected using twilight
off-axis holographic microscopy with a sub-pM level of detection.

Keywords: Gold nanoparticles, Polyethylene glycol, Lipid vesicles, Surface modifi-
cation, Holographic microscopy, Waveguide scattering microscopy, Surface plasmon
resonance, Bioanalytical sensing
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1
Introduction

Medical diagnostics have been performed since antiquity, at which time diagnoses
were bound by sensory observations [1]. This mainly involved sight and hearing
[2], but physicians in various cultures would both smell and taste bodily fluids
[3]. These methods were, of course, often insufficient for proper diagnosis, which
combined with lacking knowledge of human anatomy and physiology severely ham-
pered positive medical outcomes [4]. Throughout history, our medical knowledge
has increased enormously. Detailed knowledge of anatomical function and revolu-
tionary tools for both diagnostics and treatment have significantly advanced modern
medicine and improved patient care. While we, in a way, still rely on our senses,
we now utilize diverse physicochemical principles and advanced instruments such
as magnetic resonance imaging scanners and X-ray machines to heighten them far
beyond human capacity.

A crucial aspect of modern medical diagnostics is the detection of specific biomark-
ers. Whether it concerns the detection of viral antigens to identify infection, tumor-
secreted molecules to diagnose certain cancers, or protein biomarkers to moni-
tor diabetes, the development of accurate methods for detecting specific biological
molecules is essential [5]. This can be achieved using a biosensor, which is an an-
alytical device designed for the detection of specific chemical compounds based on
the combination of biological components with a physicochemical detector [6]. Such
devices require two constituents. The first is some biological or biomimetic com-
ponent which specifically binds to or otherwise interacts with the biomarker. The
other part is a transducer, which converts this interaction into a detectable signal.
By utilizing physicochemical phenomena such as piezoelectricity, electrochemistry
or light-matter interaction, biomolecular interactions can be observed and analyzed.

Since small variations in the concentration of biomarkers typically occur with dis-
ease progression [7, 8], early diagnosis requires sensitive biosensors. Moreover, to
avoid misdiagnosis, highly specific sensors are essential. In addition to these fun-
damental requirements, aspects such as ease of use and sample volume ought to be
considered as well. Biosensors can be designed using a wide range of approaches,
which has led to the development of various types of sensors. For instance, opti-
cal biosensors probe the interaction of light and matter through e.g. absorption,
scattering and fluorescence to enable direct, often label-free detection of biological
substances [9], while piezoelectric biosensors detect changes in mass through shifts
in resonance frequency [10]. These are both examples of different approaches to
designing the transducer, which can then be combined with biological components

1



1. Introduction

specifically matched to the diagnostic target to produce a biosensor.

A common foundation of many biosensors is gold, due to its various unique physical
and optical properties [11], many of which are highly useful for the design of biosensor
transducers. Gold is also stable, biocompatible and highly versatile, which facili-
tates integration of the biological component. Owing to the versatility of gold, both
with respect to morphology and surface modification, there are many approaches
to incorporate gold in biosensing. For instance, thin gold films can be utilized in
surface-based sensors such as quartz crystal microbalance [10], surface plasmon res-
onance [12] and surface-enhanced Raman spectroscopy [13]. Gold is frequently used
in biosensing in the form of nanostructures, especially gold nanoparticles (AuNPs).
The integration of AuNPs in various established biosensors has been shown to in-
crease their sensitivity immensely [14]. For instance, detection of DNA hybridization
using gold-enhanced SPR demonstrated a thousandfold increase in sensitivity over
unamplified detections, as a result of the material and optical properties of AuNPs
[15].

In addition to enhancing established techniques, novel AuNP-based biosensors have
been demonstrated as well. Typical categories include electrochemical, pizeoelectric
and optical methods [14, 16]. Electrochemical biosensors are based on changes in
electrical characteristics, and AuNPs are typically applied as a platform for immo-
bilization or a reaction catalyst [14, 17, 18]. Piezoelectricity is a property of certain
materials for which an electric current can induce mechanical stress, and vice versa
[10]. When excited by an electric current, a piezoelectric material will vibrate at a
specific resonant frequency. Since this frequency is dependent on mass, piezoelectric
biosensors can temporally probe changes in mass on the surface. In such assays, the
high density of AuNPs has been utilized to amplify the mass change [16]. Optical
biosensing methods typically refer to techniques which measure how light waves are
altered by an analyte. Due to the various unique optical properties of AuNPs (see
Section 2.1.1), such methods encompass a variety of approaches [19]. A particu-
larly exploited attribute of AuNPs is their plasmonic property [9, 20]. Many such
biosensors are colorimetric, which means they are based on the interparticle distance
dependence [21–23] of the plasmonic coupling of AuNPs, which causes detectable,
and often visible, changes in color [24]. By conjugating AuNPs with analyte-specific
ligands, the presence of analytes can induce AuNP aggregation. If the AuNPs accu-
mulate in sufficiently close proximity, a colorimetric shift will occur, through which
specific analytes may be detected.

While numerous colorimetric biosensors have been developed, an inherent limita-
tion of such methods is the range of the plasmonic effects. Specifically, when the
interparticle separation exceeds approximately the particle diameter [25, 26], plas-
monic coupling no longer occurs. AuNPs often require surface modification for e.g.
passivation and bioconjugation. The size of these surface modification agents of-
ten exceeds the limitations of plasmonic coupling, which prevents colorimetric shifts
from occurring upon aggregation. In such cases, non-colorimetric aggregation-based
methods are needed. In the following thesis, a new use of holographic microscopy
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1. Introduction

as a biosensor is presented, wherein twilight off-axis holography is utilized to detect
biological nanoparticles based on the possibility of making a distinction between
metallic and dielectric material. In paper I, twilight off-axis holographic microscopy
is introduced and simultaneous estimation of hydrodynamic size and the ability
to detect bioloigcal nanoparticles below the detection limit through quantitative
differentiation between signals from metal and dielectric nanoparticles is demon-
strated. In paper II, this method is further developed for detection of optically faint
biological nanoparticles through induced aggregation with functionalized AuNPs.
Specifically, the PEGylation of AuNPs to facilitate subsequent streptavidin modifi-
cation, enabling complex formation with biotinylated lipid vesicles, is investigated
and developed.

The thesis will first present background theory on key concepts and experimen-
tal methods. Theoretical background on relevant material and physical principles is
outlined in Chapter 2, followed by foundational theory on experimental techniques
and fabrication methods in Chapter 3 and more detailed experimental procedures in
Chapter 4. Finally, the results of Paper I and Paper II are summarized in Chapter
5, while Chapter 6 presents the outlook for future research.

3
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2
Theoretical Background

2.1 Gold Nanoparticles

Any discussion of the history and properties of AuNPs would be sorely lacking with-
out a nice picture of a colorful church window or an old roman cup (both of which
can of course be seen in Fig. 2.1). These two, the famous Lycurgus cup from the
4th century and our long history of glass staining, are classic examples of how the
unique properties of gold nanoparticles were unknowingly utilized centuries before
we even began to understand them [27]. It wasn’t until 1857, when Michael Faraday
discovered that washing gold films produced a ruby-colored liquid, that we got a first
scientific description of gold colloids [28, 29]. Almost half a century later, in 1898,
Richard Adolf Zsigmondy developed another synthesis method to produce colloidal
gold in diluted solution [30]. He combined this method with Faraday’s to devise a
two-step method based on nucleation, an approach that would later be rediscovered
and further developed into what is now called seed-mediated synthesis (see Section
3.1.3) [31]. Zsigmondy’s work on colloids would eventually award him the Nobel
prize in Chemistry in 1925 [32].

In 1951, John Turkevich developed a method of synthesizing gold nanoparticles
through the reduction of gold ions. He investigated various approaches, such as the
introduction of carbon monoxide gas into a solution of chloroauric acid and creating
an electrical arc between two gold rods in a diluted solution of sodium hydroxide
(Bredig’s arc method [33, 34]). He also evaluated several reduction agents, but
what would finally come to be known as the Turkevich method utilizes reduction
by citrate [35, 36].1 This method was further refined by G. Frens in 1972 [37] to
produce more monodisperse and spherical particles with a tunable size. The details
of the Turkevich method, as well as how AuNPs were synthesized for the work in
this thesis, will be discussed further in Sections 3.1.1 and 4.1.

With straightforward and easily implementable methods for synthesizing AuNPs, in
combination with unique and highly diverse properties and great versatility, AuNPs
have become a cornerstone in numerous fields. These properties and various appli-
cations will be explored in the following section.

1While Turkevich et al. have been given the credit for this method, they actually adapted the
method from Ernst A. Hauser and J. Edward Lynn, referring to their textbook Experiments in
Colloid Chemistry, published in 1940.
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2. Theoretical Background

Figure 2.1: Pictures of the north rose window at Notre-Dame Cathedral in Paris
(left) and the Lycurgus cup at the British Museum in London (right). Without
detailed knowledge of their properties, the colors of both of these objects were
achieved by addition of gold nanoparticles. Photo to the left by Julie Anne Work-
man. License: CC-BY-SA 3.0. Image to the right attributed to The Trustees of the
British Museum. Shared under a Creative Commons Attribution-NonCommercial-
ShareAlike 4.0 International (CC BY-NC-SA 4.0) license.

2.1.1 Properties and Applications
The practical applications of AuNPs are extraordinarily extensive; from rapid anti-
gen tests for SARS-CoV-2 [38, 39] to conductive ink in printed circuits [40], AuNPs
are used in countless research fields. This is due to their many unique physical prop-
erties. To begin with, AuNPs are plasmonic (see Section 2.3.4) [11], which leads to
their pronounced coloration. This is why colloidal gold appears red or purple, rather
than gold-colored as some might expect. The difference in color depends on both
particle size [41] and interparticle distance [22]. The distinct color of AuNPs is the
property utilized in, for example, SARS-CoV-2 rapid antigen tests, in which both
a test strip and AuNPs in the sensor are conjugated with target-specific antibodies
[39]. As an antigen-containing sample is applied to the sensor, the antigens will
bind to the AuNPs. When the sample flows through the sensor, antigens bound to
AuNPs will bind to the test strip as well. The AuNPs will thereby aggregate on the
strip, yielding a visible red color. Thereby, a visible test strip indicates the presence
of antigens and thus a positive test. Moreover, plasmonic oscillations entail absorp-
tion of light, which is converted into heat. This can be utilized in photothermal
therapy to treat, for instance, cancer tumors [42]. In such treatments, AuNPs are
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conjugated to tumor-specific ligands and injected into the patient. As the AuNPs
accumulate on the tumor, the tumor is irradiated with near-infrared light, which will
be absorbed by the AuNPs. The absorbed energy is converted into heat increasing
the temperature enough to cause cell death.

The geometry of AuNPs is moreover highly tunable. During synthesis, size and
shape can easily be adjusted and surface modification techniques can be employed
to adjust the functional properties of the AuNPs (see Sections 3.1.1 and 3.1.3).
For instance, surface modification is utilized to conjugate antibodies to the AuNPs
in both the SARS-CoV-2 antigen tests and photothermal cancer therapies, as ex-
plained above. Various target-specific ligands can be bound to the surface of AuNPs
using, for instance, thiol chemistry (see Section 2.2.1) combined with click chemistry
[43], to enable specific ligand attachment. Additionally, AuNPs can be modified to
introduce charges [44, 45] and additional stability [46], to name just a few possibil-
ities. One such example is the use of AuNPs to quantify matrix metalloproteinases
[47], which are enzymes in the extracellular matrix that can break down proteins
and have been observed to promote tumor growth [48]. The AuNPs are modified
with carboxyl groups, which have high affinity for His-tags. As such, they self-
assemble when mixed with peptides conjugated with hexahistidine on both ends.
The self-assembly causes a detectable colorimetric shift. By designing the peptide
such that it is cleaved by matrix metalloproteinases, the presence of such proteins
breaks the self-assembly and thus reverses the spectral shift. Through this response,
the amount of matrix metalloproteinases can be estimated.

Furthermore, AuNPs are inert as well as biocompatible and generally non-toxic
(depending on e.g. particle size, dose and surface coating) making them highly use-
ful for medical and pharmacological applications [11]. Additionally, they are strong
scatterers and absorbers, which is utilized extensively in microscopy, e.g. for de-
tection and contrast enhancement [49]. These properties are only a selection of the
many advantageous properties of AuNPs, which again is why their applications are
extraordinarily vast.

2.2 Surface Modification
Surface modification refers to the alteration of the surface of a material to intro-
duce certain physical, chemical or biological properties. This process is employed
extensively in, among countless other fields, biotechnology and biomedicine, as it
allows for the fabrication of surfaces and particles specifically tailored for e.g. bio-
compatibility, target affinity and selective interaction with the environment. More
mechanical surface modifications such as coatings and etching have been utilized
for millenia. From the ancient Romans using opus signinum (a mixture of sand
and crushed pottery) for waterproofing [50], to the development of methods for
passivation of metal surfaces to prevent corrosion in the 1800s (although not fully
understood until the 1960s) [51]. As methods progressed, focus started to shift from
macroscopic techniques to molecular levels. In the 1980s, a crucial discovery was
made, as Nuzzo and Allara demonstrated the formation of self-assembled monolayers
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(SAMs) [52]. These highly organized structures spontaneously form by adsorption
as an ordered monolayer on a surface [53]. The discovery of SAMs provided a rev-
olutionary technique for molecular-level surface modification, and they have since
been extensively utilized in e.g. biosensors and on nanoparticles to create chemically
selective and functionally versatile surfaces [16, 54].

2.2.1 Thiol-Based Surface Modification
Thiols2 are organosulfur compounds with the characteristic form R SH, where R
is any organic group and SH is a sulfhydryl functional group, also known as the
thiol group. A central property for the use of thiols in biological research in general,
and for this thesis in particular, is the high affinity of the SH group to certain
metal surfaces, especially gold. Thiols can bind to gold surfaces by chemisorption
through the sulfhydryl group. To form a covalent bond at the surface, the SH is
deprotonated, yielding a thiolate anion which binds to the gold [56]. Notably, it is
yet unknown what happens to the cleaved hydrogen. It has even been suggested
by Inkpen et al. [57] that SAMs formed from thiol-functionalized compounds in
solution are physisorbed rather than chemisorbed, implying that the hydrogen is
retained.

The high affinity of thiol to metals, especially the Au S bond, is utilized extensively
for modification of both surfaces and nanoparticles in a broad range of applications.
Commonly, the thiol can be employed as an anchor between the surface and a func-
tional unit or spacer. There are several benefits of utilizing Au S interactions. Gold
is inert and does not easily oxidize. Moreover, due to the high affinity of the Au S
bond, the anchored molecule can be equipped with other functional groups without
disrupting the thiol conjugation [58]. As such, in addition to utilizing thiols as an-
chors of a SAM to sterically passivate a surface or nanoparticles, they can be utilized
to tether molecules with specific binding affinities, such as antibodies or DNA, to
gold surfaces and AuNPs, typically via a spacer molecule. An illustration of this
approach is presented in Fig. 2.2.

Spacer

Thiol

Functional
units

Figure 2.2: Schematic representation of the conjugation of functional units to a
planar gold surface via thiol-gold interaction. The thiol is employed to tether a
spacer to the surface, onto which various functional units can be conjugated.

2Thiols are also known as mercaptans, a historical name derived from the latin ”mercurium
captans” meaning ”seizing mercury”. This name refers to how easily thiols bind to mercury-based
compounds and was introduced by William Christopher Zeise in the 1830s [55].
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2.2.2 Polyethylene Glycol
Polyethylene glycol (PEG) is a polymer with an exceptionally expansive range of ap-
plications, from use in drug delivery systems [59] to cosmetics [60]. This petroleum-
derived compound is easily soluble in water as well as many other solvents, such
as ethanol and acetone, is nontoxic and nonvolatile, among other traits which can
be imparted to other compounds through conjugation [59]. As such, PEG is used
extensively in pharmaceutical and medical applications. PEG is a polyether, mean-
ing it consists of repeating units of ethylene glycol which can be described as
H (O CH2 CH2)n OH, where n is the number of units. When one end of the
polymer is attached to a surface, these chain-like structures can assume two main
conformations: brush, which has a more extended structure, and mushroom, which
is more coiled [61]. For PEG with a molecular weight of 2 kDa, for instance, the
distance between PEG molecules on a surface reportedly increases from 0.7 nm in
dense brush conformation to 2.7 nm for a mushroom-brush conformation, indicat-
ing a significant impact on footprint area [62]. The conformation of PEG on a
surface depends on several factors such as the PEG concentration [63] and the sol-
vent [64, 65].

An important property for biotechnological and biomedical applications is resis-
tance to protein adsorption. By forming a SAM of PEG with hydroxyl or methoxyl
end groups, protein repellency can be introduced to the modified surface [66, 67].
Moreover, replacing the terminal hydroxyl end group with other functional groups
can be used to introduce additional functionality or other specific properties to the
modified surface. For instance, a carboxyl end group is negatively charged at neu-
tral pH, and can thus introduce a charge to the particle, while modification with
azide groups can facilitate click chemistry and rhodamine modification introduces
fluorescence.

In this thesis, thiolated PEG (SH-PEG) was grafted to the surface of the AuNPs
for two reasons. Through steric stabilization, PEG will both introduce protein-
repellency, preventing non-specific interaction with other biological material, and
prevent AuNP aggregation in salt buffer, in this case phosphate-buffered saline
(PBS).

2.2.3 Biotin and Streptavidin
A very common ligand-receptor system used in biological research is the interaction
between biotin and avidin or other avidin derivatives such as streptavidin (StrAv).
Biotin, also known as vitamin B7, is involved in various metabolic processes [68].
StrAv is a tetrameric protein purified from the bacterium Streptomyces avidinii [69].
While biotin is quite small with a molecular weight of 244 Da, StrAv is significantly
larger at 60 kDa [70]. The interaction between biotin and StrAv has one of the
highest known non-covalent affinities, with a dissociation constant Kd ≈ 10−14–
10−16 M [69]. For the work included in this thesis, a subset of biotinylated SH-PEG
was included (see Sections 3.1.4 and 4.1.3). Subsequently, StrAV was added to these
PEGylated AuNPs, thereby introducing biotin affinity to the AuNP which enables
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complex formation with biotinylated lipid vesicles. Such complex formation has
been utilized to specifically detect lipid vesicles using twilight off-axis holographic
microscopy (see Section 3.3).

2.3 Optical Theory
One of the most fundamental processes for our perception and experience of the
world is the interaction between light and matter. It is the reason we can see, how
the sun keeps us warm, and how plants can produce the oxygen we breathe. It is
also a very complex and multifaceted process. In the following section, different
aspects of light-matter interaction will be discussed.

2.3.1 Propagation of Light
Light propagating through space may be described as electromagnetic waves. Such
waves can be modeled mathematically using Maxwell’s equations, given as

∇ · E = ρ

ε0

∇ · B = 0

∇ × E = −∂B
∂t

∇ × B = µ0

(
J + ε0

∂E
∂t

)
,

(2.1)

where E is the electric field, B is the magnetic field, ρ is the electric charge density,
J is the current density and t is time [71]. Furthermore, the vacuum permittivity ε0
and the vacuum permeability µ0 are known constants. These equations, in combi-
nation with the Lorentz force, form the foundation of classical electromagnetism.

From Maxwell’s equations, wave equations can be derived. In a homogeneous and
transparent medium, the electromagnetic wave equation is

∇2E = εµ
∂2E
∂t2 , (2.2)

where ε and µ are the permittivity and permeability, respectively, of the medium. A
particularly straightforward solution to Maxwell’s equations and the wave equation
is a plane wave, given as

E = E0e
−i(k·r+ωt), (2.3)

where E0 = |E| is the amplitude and ω is the angular frequency. The complex
wave vector k = k′ + ik′′ describes the propagation direction, spatial frequency and
attenuation of the wave. Notably all other solutions to Maxwell’s equations can be
described as a superposition of plane waves [71].

So far, it has been assumed that the propagation medium does not change. However,
in reality, this is seldom the case. As light travels through space it will encounter
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media of different materials with varying properties, which will impact how the
propagation continues, as can for instance be seen by the dependence on ε and µ in
the wave equation (eq. (2.2)). A very well-known constant is the speed of light, c.
As established by Maxwell’s equations, the speed of light in vacuum is given by

c0 = 1
√

ε0µ0
. (2.4)

However, as light travels in different media, the permittivity and permeability will
change. Thereby, the speed of light can be described as

c = 1
εµ

= c0

n
, (2.5)

where n is known as the refractive index (RI). As light propagates through the
interface between two media with different RI, the propagation speed will change
and consequently the propagation direction will shift towards the normal (see Fig.
2.3). This is called refraction and the change in direction can be described by Snell’s
law, given as

n1 sin θ1 = n2 sin θ2, (2.6)
where ni is the RI of each medium, θi is the angle between the propagation direction
and the normal, and i = 1, 2 refers to each side of the interface. Propagation of light
at an interface will be discussed further in Section 3.5 [72].

As will be seen in Section 2.3.4, when light travels through a medium, some of
it may be absorbed. This phenomenon is included in the complex RI

ñ = n + iκ, (2.7)
where the real part n is still the RI, describing how the light propagation is redirected
by the medium, while κ is the extinction coefficient and describes how much light is
absorbed [73].

θ1

θ2

n1 n2

Figure 2.3: Schematic of light refraction at the interface of two materials with
different refractive indices n1 < n2. Since the speed of light decreases with a higher
refractive index, the propagation direction of the wave changes at the interface,
bending towards the normal (dashed gray line).

11



2. Theoretical Background

2.3.2 Optical Wave Interference
As described in Section 2.3.1, propagating light can be described as a wave with a
characteristic amplitude and frequency. The interference of two waves of the same
frequency describes the intensity distribution of their superposition, where they will
interfere either constructively, i.e. the intensities will combine, or destructively,
meaning the intensities will instead cancel out, depending on their relative phase.
For plane waves, the relative phase of a wave describes its relative position at any
given time. If two waves are in phase, they interfere constructively. As such, it
follows that the interference pattern can be utilized to evaluate the relative phase
of two waves. A phase difference will develop between two initially identical waves
if they propagate over different optical path lengths. Based on this, interferometers
are used to evaluate differences in phase and are thus very sensitive to minute vari-
ations in path length.

In order to generate a stable interference pattern, the propagating light needs to
be both spatially and temporally coherent, meaning the wave needs to maintain
a consistent phase relationship over time and throughout the wavefront. For this
reason, interference-based methods such as interferometry and interferometric mi-
croscopy typically utilize laser light. By the use of a beam splitter, a coherent light
wave can be divided into two beams. One can be maintained as a reference, while
the other can be propagated through, and interact with, a sample. The latter is
often called an object beam. These beams can then be recombined, generating an
interference pattern which encodes both intensity and phase information of the ob-
ject beam. Thus, such information can be accessed by analyzing the interference
pattern. The intensity of the interference pattern of the reference beam Er and the
object beam Eo is given by

I = |Er + Eo|2 = Ir + Io + 2
√

IrIo cos (φrφo) , (2.8)
where Ii is the intensity and φi is the phase of wave i = r, o, respectively. This is
the basic principle of holography, through which the entire complex-valued optical
field can be reconstructed. A specific type of holography called twilight off-axis
holography will be presented in Section 2.5.

2.3.3 Scattering of Light
Light scattering occurs when matter absorbs and re-emits light in many directions.
It is fundamentally caused by heterogeneities, either in the form of particles or other
inhomogeneities, such as density fluctuations, in the medium [74]. These will alter
certain propagation properties such as direction and, in many cases, polarization.
How the light scatters depends on the relation between the size of the particle (or
another heterogeneity) and the wavelength of the incident light. If the particle is
much smaller than the wavelength, Rayleigh scattering will occur [72]. This is, for
example, how sunlight is scattered in our atmosphere. For Rayleigh scattering, the
intensity I of the unpolarized scattered light by a particle of radius r is given by

I = I0

(
1 + cos2 θ

2R2

)(2π

λ

)4 (m2 − 1
m2 + 2

)2

r6, (2.9)
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where I0 is the incident light intensity, R is the distance from the scattering particle,
λ is the wavelength of the light, θ is the scattering angle, and r is the radius of the
particle. Moreover, m is the refractive index of the particle normalized by the
refractive index of the medium [75]. An important observation from this relation is
that

I ∝ λ−4. (2.10)

Consequently, scattering is significantly stronger for shorter wavelengths. As an
aside, I would be remiss not to mention that this is why the sky appears blue. As
sunlight is scattered by molecules in the atmosphere, blue light will scatter more
than red, since blue light has shorter wavelengths. Another important insight is
that I ∝ r6, which will be relevant in later sections regarding scattering-based size
estimation (see Sections 3.6 and 3.7).

The scattering of particles with diameters closer to the wavelength of the incident
light is not well described as Rayleigh scattering. Instead, Mie theory3 may be
utilized. This theory is the analytical solution of Maxwell’s equations, assuming
homogeneous, isotropic and spherical particles. Under Mie theory, the scattered
intensity is an infinite sum, rather than a simple closed-form expression. Scattering
can be described by the scattering cross section, which is given as

Qsca = 2
x2

∞∑
n=1

(2n + 1)
(
|an|2 + |bn|2

)
, (2.11)

where an and bn are so-called Mie coefficients [77]. These are complex functions,
containing Bessel functions and resonance behavior from electromagnetic wave in-
teractions, both in and around the particle. Qsca also depends on the size parameter
x, which is given as

x = 2πr

λ
, (2.12)

i.e. the ratio of the, for spherical particles, radius and the wavelength of light [78].
This factor determines the size regime to which a particle belongs. If x ≪ 1, the
particle is in the Rayleigh regime, if x ≈ 1, Mie scattering should be considered and
if x ≫ 1, geometric optics [75] may instead be utilized, although Mie theory is valid
in all three regimes. For metallic particles, the size moreover affects the plasmon
resonance, which will be discussed further in Section 2.3.4, and the balance between
scattering and absorption. The size parameter moreover indicates the amount of
light that is back scattered compared to forward scattered. For small x, scattering
is symmetrical, meaning the amount of forward and backward scattering is equal.
For large x, however, light is strongly scattered in the forward direction [74]. Addi-
tional particle properties such as shape, surface structure and relative RI can further
impact the anisotropy of light scattering.

3This theory was first developed by Gustav Mie in 1908 in order to, as it happens, understand
the colors of colloidal gold [76].
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2.3.4 Absorption of Light
When light encounters matter, if the frequency of the light approximately corre-
sponds to the energy levels of the electrons in that matter, the electrons can absorb
the energy of the photons. The absorbed energy can either be re-emitted as the
electron returns to the ground state, as discussed in Section 2.3.3, or the light will
remain absorbed by the matter. The latter phenomenon is, unsurprisingly, called
absorption. As light propagates through absorptive matter, continuous absorption
of photon energy will cause attenuation of the electromagnetic wave, which can be
observed as a gradual decrease of the light intensity. This phenomenon is called ex-
tinction and is a combination of light scattering and absorption. It can be quantified
by the extinction cross section σ, given as

σ = σs + σa, (2.13)

where σs and σa are the scattering and absorption cross sections, respectively. The
cross section is a measure of the probability of a certain interaction, such as scat-
tering or absorption.

Since the light frequency needs to be at or near the energy levels of the electrons, the
wavelength of absorbed light is specific to the matter of interest. Moreover, as more
matter allows for increased light absorption, the level of absorption is dependent on
matter density. These two principles are the basis of absorption spectroscopy. In
principle, a sample of, typically, suspended analytes is irradiated by monochromatic
light. As the wavelength of the incoming light is incrementally varied, the amount
of absorbed light will increase as the frequency coincides with the energy levels of
the analyte. By analyzing the absorption spectrum, material properties of the ana-
lyte can be deduced. Moreover, under certain assumptions, such as noninteracting
analytes and the absence of nonlinear optical processes, the attenuation of light, i.e.
absorbance, is linearly dependent on the analyte concentration. This is known as
the Beer-Lambert law, or Beer’s law, which states that

A = log10

(
I0

I

)
= εcl, (2.14)

where A is the absorbance, I0 is the incident light, I is the transmitted light, ε is the
molar absorption coefficient, l is the optical path length and c is the concentration
[79]. The molar absorption coefficient is moreover related to the extinction cross
section as

ε = Na

ln 10σ, (2.15)

where NA = 6.022 × 1023 mol−1 is the Avogadro constant. The application of ab-
sorption spectroscopy will be discussed further in Section 3.8 [74].

In addition to absorption through the excitation of individual electrons, metals are
able to absorb photon energy through more complex, collective means. A defining
feature of metals is a collective cloud of delocalized electrons, which is the basis of
many distinguishing properties such as high thermal and electrical conductivity. At
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the interface between a metal and a dielectric, a wave can be excited in this cloud,
typically using light, meaning the electron density oscillates at a specific frequency.
These collective oscillations are called surface plasmons and can be divided into two
types: surface plasmon polaritons and localized surface plasmons. The former refers
to non-radiative electromagnetic waves coupled to surface plasmons which propagate
along the interface, while the latter is the localized mode which occurs in metallic
nanoparticles4. A practical application of plasmons will be discussed in Section 3.5
[74].

2.4 Brownian Motion
Named after the Scottish botanist Robert Brown, Brownian motion is the random,
jittery movement of particles suspended in a fluid [82]. In 1827, when studying plant
pollen in water, Brown observed that plant cell organelles ejected from the pollen
displayed a continuous trembling motion [83]. He then observed the same behavior
in inorganic particles, thereby excluding any biological process behind the move-
ment. In 1905, Albert Einstein published his seminal article on the movement of
small particles [84], in which his explanation of Brownian motion provided sufficient
evidence of the existence of atoms.

Einstein hypothesized that Brownian motion occurs due to constant collisions be-
tween the particle and molecules in the suspension fluid, and that this could be
described by a probabilistic model. From this, he showed that the motion of Brow-
nian particles can be described by the diffusion equation as

∂ρ

∂t
= D

∂2ρ

∂x2 , (2.16)

where ρ is the number density of the particles and D is the diffusion constant, i.e.
in accordance with Fick’s second law of diffusion

∂c(x, t)
∂t

= D
∂2c(x, t)

∂x2 . (2.17)

Here, c(x, t) is the particle concentration and the equation describes the net flux of
particles from regions of high concentration to regions of low concentration, which
leads to a uniform particle distribution. The solution of this equation, describing
the probability of locating a particle at a given position x and time t, is

c(x, t) = 1√
4πDt

exp
(

− x2

4πD

)
. (2.18)

From the time-dependent standard deviation, this Gaussian probability distribution
yields the mean square displacement〈

x2
〉

= 2Dt. (2.19)
4Localized surface plasmon resonance is the phenomenon responsible for the color in church

windows and the Lycurgus cup, as discussed in Section 2.1. As such, localized surface plasmon
resonance has been utilized since at least the 4th century [80], but it wasn’t understood properly
until the 1960s [81]
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Additionally, Einstein’s work utilized statistical physics to relate the diffusion con-
stant D to other physical quantities. He remarked that Brownian particles can be
considered as large molecules and thus, assuming the particles don’t interact, a pop-
ulation of such particles can be regarded as an ideal gas. Based on this assumption,
he derived the Einstein relation5, expressed as

D = µkBT. (2.20)

Here, µ is the mobility, kB = 1.380649 × 10−23 J/K is the Boltzmann constant and
T is the temperature of the medium. The mobility is the ratio of the terminal drift
velocity of the particle and an applied external force F . Using Stokes’ law, this
relation can be related to the size of the particles. Since the Brownian particles are
significantly bigger than the surrounding particles, the applied force is assumed to
be a frictional force. Assuming spherical particles with a hydrodynamic radius rH ,
this is given through Stokes’ law as

F = 6πηrH, (2.21)

where η is the viscosity of the fluid. Combining Stokes’ law with the Einstein relation
results in the Stokes-Einstein equation6, which states that

D = kBT

6πηrH
. (2.22)

A combination of eqs. (2.19) and (2.22) yields a relation between the mean square
displacement and the hydrodynamic radius, via the diffusion coefficient. Note that
Einstein’s derivation was made in one dimension. In three dimensions, the diffusion
equation generalizes to

∂ρ(r, t)
∂t

= D∇2ρ(r, t), (2.23)

where r = (x, y, z) and ρ(r, t) is the probability distribution in three-dimensional
space. From this, the mean square displacement in three dimensions is related to
diffusion as 〈

r2
〉

=
〈
x2 + y2 + z2

〉
= 6Dt. (2.24)

As the Stokes-Einstein equation does not depend on dimensionality, it remains the
same in three-dimensional space.

The relation between the mean square displacement and hydrodynamic radius is
the basis of diffusion-based particle size estimation, which allows for estimations of
particles below the optical resolution limit. In this thesis, this has been utilized for
nanoparticle tracking analysis (Section 3.7), dynamic light scattering (Section 3.6)
and twilight off-axis holographic microscopy (Section 3.3). An important aspect to
consider when utilizing particle tracking to estimate the mean square displacement is

5This relation was actually discovered several times independently. First by William Sutherland
in 1904, then by Einstein in 1905 and lastly by Marian Smoluchowski in 1906. It is not clear why
the relation was named after Einstein specifically[85].

6Also known as the Stokes-Einstein-Sutherland equation.
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the position uncertainty, caused both by limitations of the position estimation of the
tracking software and the particle movement during exposure time. It should more-
over be noted that the hydrodynamic radius is not strictly identical to the physical
size of the particle. The hydrodynamic radius, also known as the Stokes radius, is
the size of a hard, solid and spherical particle with the same diffusion coefficient. As
such, for analytes which deviate from these assumptions, e.g. non-spherical macro-
molecules, the estimated hydrodynamic radius may correspond poorly to the actual
size of the analyte.

2.5 Twilight Off-Axis Holography
Holographic microscopy is an interferometric imaging technique that allows for the
complete reconstruction of an electromagnetic wavefront. Through the use of op-
tical imaging theory, Fourier analysis and interference between a reference beam
and an object beam (see Section 2.3.2), the full complex-valued optical field can
be reconstructed. From this, both the real and imaginary parts of the optical field
can be quantified. This allows for a more comprehensive characterization of the
light scattered by the sample compared to techniques limited to the real part of the
signal. Specifically, evaluation of the real and imaginary parts of the field can be
used to distinguish between metallic and dielectric particles, as will be discussed in
Section 2.5.1 [86].

One particular variation of holographic microcopy is off-axis holography. Off-axis
here refers to the offset angle at which the reference and object beams are recom-
bined. A schematic of an off-axis holographic microscope is presented in Fig. 2.4a.
Assuming the reference beam is a plane wave at an angle θ against the propagation
direction of the object beam, the intensity of two interfering beams is given by

I = |Er|2 + |Eo|2 + E∗
o |Er|e−ik sin θ + Eo|Er|eik sin θ, (2.25)

where Er and Eo are the amplitude of the reference beam and object beam, respec-
tively, and k is the magnitude of the wave vector. Here, ∗ denotes the complex
conjugate defined such that if z = A exp (iθ), then z∗ = A exp (−iθ), where A ∈ R.
The interference gives rise to a sinusoidal interference pattern, which can be de-
scribed by three spatial frequencies, specifically

ν0 = 0

ν1 = k sin θ

2π

ν2 = −k sin θ

2π
.

(2.26)

These signals can be isolated in the frequency domain, meaning the interferometric
parts of the measured signal can be quantified separately from the intensity terms
through Fourier transform.

In order to detect scattered light in the object beam, the scattered light must be
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sufficiently intense relative to the non-scattered background. Therefore, the limit of
detection is determined by the signal-to-background ratio. Given this, the detection
limit can be lowered by introducing a low-frequency attenuation filter (LFAF), i.e.
a semi-transparent optical filter situated in the Fourier plane of a 4f system, consist-
ing of two lenses separated by two focal lengths, which will both Fourier transform
the incoming signal. As the object beam reaches the first lens of the system, the
background signal propagates as a plane wave, while the scattered light has been de-
flected by the sample. Since the Fourier transform of a plane wave is approximately
a point, and vice versa, by placing the LFAF in the Fourier plane, the background
signal can be selectively attenuated while the scattered object beam is left mostly
unaffected. Thus, the scattered intensity can be increased without altering the back-
ground, thereby increasing the signal-to-background ratio as well. This principle is
illustrated in Fig. 2.4b.

2.5.1 Scattering and Absorption of the Optical Field
A significant advantage of utilizing off-axis holography, compared to e.g. intensity-
based methods, is the ability to reconstruct the complex-valued optical field, allowing
both the real and imaginary parts of the signal to be analyzed. These parts relate to
different aspects of light-matter interaction. As demonstrated in ref. [87] (as well as
in Paper I), the real part of the optical field for particles fulfilling |Ep| ≪ 1, where Ep

is the particle signal, is related to the intensity I such that to a first approximation,
attenuation of light is given by

∆I ∝ 2Re(Ep). (2.27)

It is here apparent that the real part of the complex optical signal is related to
light attenuation, which in turn stems from absorption (see Section 2.3.4). For a
nanoparticle with extinction cross section σ, the integrated real part is given as∫∫

Re(Ep) dA ≈ −σ

2 . (2.28)

Furthermore, ref. [87] also shows that the imaginary part of the signal, given the
same assumptions as above, is approximately equal to the phase shift. Since the
phase shift is related to the wavelength λ, as well as the particle volume V and
relative refractive index ∆n, i.e. the difference in refractive index between the
particle and the medium, it follows that the integrated imaginary part of the optical
field is given as ∫∫

Im(Ep) dA ≈ 2π

λ
V ∆n. (2.29)

Given these relations between light-matter interaction and the complex-valued op-
tical field, it follows that since light interaction with metallic nanoparticles (below
a certain size) is dominated by absorption, while dielectric particles mainly scatter
light, evaluation of the real and imaginary parts of the signal can be utilized to
distinguish material properties. This distinction is the basis of the use of twilight
off-axis holographic microscopy for the specific detection of biological particles, as
will be presented in Section 3.3.
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Note that the specifics of this reasoning only applies when the difference in re-
fractive index between the particle and the surrounding medium is much smaller
than 1. For a more comprehensive derivation of these relations via the complex
polarizability, see ref. [88].
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Figure 2.4: a) Schematic illustration of a twilight off-axis holographic microscope.
Laser light is separated into two by a polarizing beam splitter (I). The object beam
is passed through the sample (II) and a 4f system with a low-frequency attenuation
filter at the Fourier plane (III) before being recombined with the reference beam at an
offset angle (IV) by the camera. b) Illustrative explanation of how the low-frequency
attenuation filter functions. Two lenses are placed with a double focal length’s
separation, with the filter placed between them in the Fourier plane. The first lens
Fourier transforms the incoming image, and the filter in the Fourier plane attenuates
the background signal selectively before the second lens Fourier transforms the signal
back into an image.
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3
Experimental Methods

The following chapter outlines the methods employed in this thesis, including the
synthesis of materials, their subsequent characterization, and the experimental tech-
niques used. Details of sample preparations and other experimental procedures are
presented in Chapter 4.

3.1 Gold Nanoparticles
While AuNPs, both surface-modified and bare, are available commercially, for the
purposes of this thesis AuNPs have instead been synthesized and functionalized in-
house. This was done in order to carefully control the number of ligands on the
particle surface, as well as to reduce the amount of detectable debris in the sample.

3.1.1 Synthesis
AuNPs can be synthesized by a variety of methods. An outline of a typical pro-
cedure is presented in Fig. 3.1. Essentially, the process encompasses the following
components and steps:

1. Gold precursor
2. Reduction
3. Nucleation and growth
4. Stabilization

Let us examine these one by one.

Gold Precursor
Gold precursors are gold in a soluble form, typically containing gold in an oxidized
state such as Au3+ and Au1+. These serve as the starting material of the gold
nanoparticles. Commonly used gold precursors include gold(III) chloride hydrate
(HAuCl4), also known as chloroauric acid, and sodium tetrachloroaurate (NaAuCl4)
[89]. In this thesis, chloroauric acid has been used. This inorganic compound is syn-
thesized by dissolving gold in aqua regia, which is a mixture of concentrated nitric
acid and hydrochloric acid [90]. The solution is then evaporated carefully, leaving a
yellow powder.

Reduction
In order to form AuNPs from the oxidized Au in the precursors, the ions need to
be reduced. Thus, a reduction agent is introduced which donates electrons to the
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gold ion, thereby producing Au0. In addition to investigating alternative methods,
Turkevich et al. (see Section 2.1) investigated several reduction agents, such as
acetone and oxalic acid, but finally arrived at citrate, which came to be known as
the Turkevich method. In addition to Turkevich’s work, countless methods have
been investigated and developed. In recent years, a great deal of attention has
been directed toward green synthesis of AuNPs. Such methods utilize non-harmful
reduction agents such as bacteria, fungi and algae [91] instead of more established
reduction agents which are often harmful and may be carcinogenic or otherwise toxic
[92].

Nucleation and Growth
When the reduction agent is introduced to the gold precursor, the gold ions are
reduced into gold atoms. Eventually, the gold atoms will reach supersaturation,
i.e. a concentration higher than the equilibrium solubility limit. Such a state is
thermodynamically unstable, leading to clustering of the gold atoms to return to
equilibrium. This process is called nucleation. While nuclei form spontaneously at
supersaturation, only nuclei above a certain critical radius will remain stable, while
smaller nuclei will redissolve. Through attractive van der Waals forces, free gold
atoms and smaller, unstable nuclei will cluster to the stable nuclei, making them
grow. As gold atoms cluster, the supersaturation will decrease and eventually, as
saturation is reached, nucleation will seize. This nucleation process can occur in
one of two ways: burst or continuous nucleation. Burst nucleation refers to nucle-
ation that occurs rapidly in a very quick ”burst”, followed by a pure growth phase.
Nucleation thus occurs only once as the gold precursor and reduction agent are
mixed. This generally leads to more monodisperse particles. For burst nucleation
to occur, a strong and highly concentrated reduction agent is required. Continuous
nucleation, on the other hand, entails a slower and more gradual nucleation phase
where nucleation and growth overlap. This leads to a wider size distribution and
occurs when weaker reduction agents are utilized. Continuous nucleation generally
produces a higher AuNP yield due to the prolonged nucleation phase [93].

During the particle growth phase, instead of clustering into more nuclei, the gold
atoms will aggregate with already formed gold nuclei. As more gold atoms aggre-
gate, the nuclei will grow into fully formed AuNPs. The growth rate and final size
will be determined by the amount of available gold atoms. For AuNPs, the gold
atoms distribute evenly across the surface of the nucleus which leads to smooth
and approximately spherical particles. By introducing some type of selective sur-
face passivation it is possible to achieve anisotropic growth as well, meaning certain
surfaces grow faster than others. For instance, by utilizing cetrimonium bromide,
which preferentially binds {100}1 faces and thus allows elongation along {111} faces,
gold nanorods can be synthesized [94].

1This notation, called Miller indices, is used to specify crystal planes such that each number is
the reciprocal of the intercept of each plane in a unit cell. A plane that cuts the x-axis parallel to
the y- and z-axes is described as (100). Moreover, using braces encompasses all planes which are
symmetrically equivalent. For instance, all faces of a cube can be described as {100} due to cubic
symmetry.
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Stabilization
Due to their large area-to-volume ratio and high surface energy, AuNPs are generally
not stable. The atoms on the surface of the particle are not fully bonded, unlike
the ones in bulk, which is energetically unfavorable. In the absence of stabilizing
forces, attractive van der Waals forces will cause the particles to aggregate, reducing
the total surface area and lowering the surface energy [95]. As such, the AuNPs
need to be stabilized. This can be achieved using various strategies. Electrostatic
stabilization, for instance, refers to charged compounds aggregating on the surface of
the AuNPs, causing a repulsive force between them. Such methods can be sensitive
to pH levels and ionic strength. Steric stabilization uses long-chain organic molecules
to introduce a physical barrier between the AuNPs. Such barriers are less sensitive
to changes in pH and ionic strength [96, 97].
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Figure 3.1: Schematic illustration of a typical AuNP fabrication procedure. A
gold precursor is dissolved, resulting in suspended gold ions (I). As a reduction
agent is introduced, the ions are reduced to gold atoms (II), which will aggregate
by van der Waals forces, forming nanosized nuclei (III). Sufficiently large nuclei
remain stable, and remaining gold atoms will cluster to the surface of such nuclei,
increasing their size (IV). Finally, the remaining reduction agent aggregates on the
surface of the AuNPs, forming a negatively charged layer which stabilizes the AuNPs
electrostatically (V).

3.1.2 The Turkevich Method
For the work presented in this thesis, AuNPs were synthesized using the Turkevich
method. This approach, as developed by John Turkevich [35] and further refined by
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G. Frens [37] (see Section 2.1), is based on burst nucleation and utilizes electrostatic
stabilization. Specifically, the gold precursor chloroauric acid is dissolved in water
and brought to the boil. Under vigorous stirring, sodium citrate (Na3C6H5O7) is
quickly added. As the sodium citrate and chloroauric acid are mixed, the gold ions
will rapidly be reduced to gold atoms and nucleation will occur almost instanta-
neously, followed by a growth phase. This can be observed as a rapid change in
color, from clear to almost black and then ruby red. The final size of the AuNPs
will depend on the amount of chloroauric acid, as well as the temperature and pH
level. Lastly, the remaining citrate ions will adsorb onto the surface of the AuNPs,
creating a layer of negative charge, which introduces a repulsion force between the
AuNPs, thereby preventing aggregation.

3.1.3 Seed-Mediated Synthesis
While the Turkevich method is a straightforward and reliable method to generate
uniform and tunable AuNPs, it has some limitations. Principally, it only produces
high-quality particles at diameters below ∼ 50 nm. Above this level, the particles
tend to exhibit a decreased uniformity in both size and shape. This can be addressed
by introducing an additional synthesis step. Firstly, small AuNPs (around 10–15
nm) are fabricated using the Turkevich method, as described in Section 3.1.2. These
may then be utilized as AuNP seeds, which larger AuNPs can grow from. In the
seed-mediated growth phase, additional growth precursor is mixed with the AuNP
seeds before the reduction agent is added. When the gold ions are reduced, the gold
atoms will cluster to the AuNP seeds, thereby increasing their size while maintain-
ing their spherical shape. Similar to the Turkevich method, the size of the AuNPs
will depend on ratio between the gold precursor and AuNP seeds. If fewer seeds are
added to a set amount of gold precursor, the final AuNPs will be larger, since the
same amount of gold atoms will distribute over fewer particles. By considering this
ratio, one can finely tune the size of the AuNPs [98].

A key issue with this approach is that while the gold atoms will indeed cluster
to the AuNP seeds, there is nothing preventing them from aggregating with each
other. This would yield additional small AuNPs, resulting in a bimodal AuNP dis-
tribution. This may, however, be mitigated by substituting the reduction agent.
For instance, hydroquinone (C6H4(OH)2) has a week reduction potential and is thus
unable to spontaneously reduce gold ions. However, as reported by ref. [98], in
the presence of AuNPs, this reduction potential will increase and gold ions can be
reduced. Thus, gold atoms will only emerge in the proximity of the AuNP seeds,
and thereby preferentially aggregate to the seeds rather than forming a secondary
population.

This would be all well and good, if not for the secondary role of citrate in the
Turkevich method. In addition to reducing the gold ions, citrate is utilized to stabi-
lize the fully grown AuNPs. Completely replacing citrate with hydroquinone would
thus generate uniform and monodisperse but unstable AuNPs. As such, a small
amount of citrate is still necessary. While this still yields a secondary population of
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small AuNPs, this population is negligible in quantity [98].

3.1.4 Surface Modification
As mentioned in Section 2.2, the AuNPs fabricated for the work in this thesis were
modified for two reasons. First, the particles needed to be stabilized, both to reduce
non-specific aggregation with dielectric material in biological media and to avoid
salt-induced AuNP aggregation in buffered solution. This was achieved through
PEGylation [99]. Secondly, the AuNPs were modified with StrAv via biotinylated
PEG, in order to enable specific interaction with biotinylated surfaces. StrAv-biotin
interaction is utilized extensively in biological research, due to their extraordinarily
strong bond, specific binding and ease of modification (see Section 2.2.3). Strepta-
vidin is moreover an exceptionally stable protein [69].

The AuNPs were modified with SH-PEG. PEG molecules were diluted in either
20% or 100% EtOH for SH-PEG and biotinylated SH-PEG, respectively, in order to
ensure proper dilution and thus promote brush formation [100]. There are varying
methods for grafting SH-PEG onto the surface of AuNPs. For example, one protocol
recommends incubating AuNPs with SH-PEG at room temperature for 20 min, fol-
lowed by 10 min of sonication and then further incubation overnight at 37°C [101].
Another option is incubation at room temperature for 2 h in a tabletop shaker at
top speed [102]. Generally, incubation overnight is more than sufficient. The aim
is to let ligand exchange between the SH-PEG and the citrate on the surface of
the AuNPs to occur [103]. Since thiol has a strong affinity for gold, while citrate
is bound relatively weakly, as SH-PEG molecules are mixed with citrate-stabilized
AuNPs, they will start to replace the citrate on the surface. Higher temperatures
typically increase the ligand exchange rate, thereby shortening the required incuba-
tion time. PEG is commonly added in large excess to ensure that a complete PEG
layer is formed.

Although the multivalency of StrAv is beneficial for stable binding [104], it may
in certain circumstances cause issues. Since StrAv is tetrameric, there is a risk that
several AuNPs bind to the same StrAv. In order to avoid this, AuNPs can be added
slowly to a solution of StrAv at high excess under vigorous stirring. As the AuNPs
are introduced, this increases the probability of them being rapidly saturated by
free StrAv, thereby preventing aggregation. The exact experimental procedure is
presented in Section 4.1.3.

For both PEGylation and StrAv-conjugation, excess material was utilized. This
calls for rigorous purification after each step, to ensure all free ligands are removed.
One possible approach is to use centrifugation by repeatedly forming a soft pellet of
surface-modified AuNPs and replacing the supernatant with clean solvent. Another
option is to employ a centrifugal filter. Such devices consist of a filter device fitted
with a filter membrane containing pores of a specific size. The sample is injected into
the filter device, which is placed in a centrifuge tube. As the device is centrifuged,
the suspension liquid, as well as any particles smaller than the pore size, will migrate
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through the filter into the centrifuge tube, while larger particles will remain in the
filter device. The remaining particles can thus be resuspended in clean solvent and
the process is repeated until all excess material has been filtered out. This is the
approach employed in this work.

3.2 Lipid Vesicles

Lipid vesicles, or liposomes2, are spherical lipid bilayers which form through self-
assembly in aqueous solution. They typically encompass an aqueous core, but can
be formed to contain specific cargo as well. As such, liposomes are widely used in
medicine, e.g. for drug and gene delivery [105]. While there are several methods
of synthesis, a common approach is to first form a thin lipid film by evaporating
a mixture of lipids using, for instance, nitrogen gas or in a vacuum. This film is
then rehydrated, whereupon lipid vesicles form. These vesicles tend to have a quite
broad size distribution, which is why additional steps are implemented to control
the particle size. This can be done using the extrusion method, where lipid vesicles
are repeatedly passed through a polycarbonate filter with a defined pore size. Other
approaches include the sonication method, where multilamellar vesicles (i.e. vesicles
containing multiple bilayers) are exposed to ultrasonic waves to break them apart
and form unilamellar vesicles, or through mixing using microfluidics. For the work
in this thesis, thin-film hydration followed by the extrusion method has been utilized
[106].

An important part of liposome synthesis is the choice of lipids, as well as addi-
tional material in the bilayer or the core of the vesicle. These components will
determine various properties, such as surface charge and stability. For the work
in this thesis, lipid vesicles were synthesized using POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) and biotinylated DSPE-PEG (1,2-Distearoyl-sn-Glycero-
3-Phosphoethanolamine-Polyethylene Glycol). POPC has a headgroup consisting of
a phosphocoine, meaning the lipids are zwitterionic and thus neutral at physiologi-
cal pH. It is moreover naturally found in eukaryotic cells and is thus biocompatible
[107]. DSPE-PEG contains a PEG headgroup, which provides a stable spacer onto
which biotin is anchored, thus introducing affinity for avidin and avidin derivatives.
The specific composition and synthesis of these vesicles are presented in Section 4.2.

3.3 Twilight Off-Axis Holographic Microscopy
As discussed, a considerable benefit of holographic microscopy is the ability to ac-
cess the entire complex-valued optical field. In Section 2.5.1, it was demonstrated
that the real and imaginary parts of the optical field can be related to contribu-
tions from metallic and dielectric particles, respectively. Given this, twilight off-axis

2In certain contexts, distinction is made between vesicle and liposome, as the former is of
natural origin and the latter synthetically produced. This distinction will not be relevant for, nor
made in, this thesis.
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holography may be used to distinguish between such particles, as well as aggre-
gates of the two. As illustrated in Fig. 3.2, by plotting the real part versus the
imaginary part, characteristic regions for each type of particle or particle complex
will emerge. Based on this, twilight off-axis holography has here been utilized as a
detection method for biological particles, as introduced in Paper I and further de-
veloped in Paper II. By mixing streptavidin-modified AuNPs (StrAv-AuNPs) with
biotinylated large unilamellar lipid vesicles (biotin-LUVs), specific complexes will
form. Using holographic microscopy, these aggregates, as well as detectable metal-
lic and dielectric particles, can be distinguished. Since metal/dielectric complexes
only form through specific StrAv-biotin interaction, the detection of such complexes
corresponds to detection of biotin-LUVs. Furthermore, by tracking the particle diffu-
sion and estimating the mean square displacement, the diffusion coefficient and thus
the hydrodynamic radius can be estimated, in accordance with the Stokes-Einstein
equation (eq. (2.22)).
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Figure 3.2: Illustration of lipid vesicle detection using twilight off-axis holographic
microscopy. StrAv-AuNPs and biotin-LUVs are mixed and as they incubate together,
specific StrAv-AuNP/biotin-LUV complexes will form. These are then measured us-
ing a holographic microscope. By evaluating the integrated real and imaginary parts
of the signal, detected particles can be differentiated based on material properties.
As StrAv-AuNP/biotin-LUV complexes are both metallic and dielectric, they gen-
erate a uniquely detectable signal, corresponding to a characteristic region in the
plot.

27



3. Experimental Methods

3.4 Waveguide Scattering Microscopy
As propagating light reaches the interface between two media of different refractive
index, some of it will refract (see Section 2.3.1), whereas some of it will be transmit-
ted. However, when the RI decreases at an interface, and the incident angle is above
a critical angle θc from the interface normal, all incoming light will reflect. This is
called total internal reflection (TIR), and the critical angle is given by Snell’s law
(eq. (2.6)) such that

θc = arcsin
(

n2

n1

)
. (3.1)

Here n1 and n2 are the RIs on each side of the interface, such that n1 > n2. While
it is indeed true that for TIR, no incoming energy can, on average, be carried across
the boundary (n1 < n2), in order to satisfy boundary conditions of the electromag-
netic wave function, a propagating wave is created at the boundary which has an
exponentially decaying part extending across the boundary. This interface-confined
wave is known as an evanescent wave and its intensity across the boundary is given
by

I = I0 exp
(

−z

δ

)
, (3.2)

where z denotes distance away from the interface and δ is the is the characteristic
penetration depth of the evanescent wave, defined as the intensity at which point
I(z) = I0/e [108]. The penetration depth is given by

δ = λ

4π
√

n2
2 sin θ − n2

1

, (3.3)

where λ is the wavelength of the incident light in vacuum [108]. It is seen that δ
is on the same order of magnitude as λ, which will typically be on the order of 100
nm. Thus, only particles close to the interface will interact with the evanescent field.
Interaction kinetics can be effectively probed by studying interactions on a surface.
By utilizing the limited penetration depth of an evanescent field, one can measure
the scattering of light by particles bound to a surface, while unbound particles in
bulk will remain outside of the field. This principle is utilized in waveguide scatter-
ing microscopy (WGSM) [72].

At a basic level, a waveguide microscope consists of three key parts: a light source,
a waveguide and an objective. A waveguide chip is composed of a substrate on
which a lower cladding, a core and an upper cladding is mounted. Materials are
chosen such that the refractive index of the cladding is lower than that of the core.
Moreover, by choosing a cladding material with a similar refractive index to that of
water, one can avoid refraction at the cladding-sample interface, avoiding additional
light scattering. The evanescent wave is generated by butt-coupling a single-mode
optical fiber to the waveguide using a xyz-translational stage. By including a small
well in the upper cladding, an injected sample can gain access to the evanescent
field propagating along the core. Particles close to the surface may thus scatter
light, while particles in the bulk remain outside the illumination region. Finally, an
objective is placed orthogonally to the propagation direction of the incident light.
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A schematic of such a setup can be seen in Fig. 3.3.

Since WGSM can be utilized for time-resolved measurement of particle binding,
the rate of binding is readily estimated. Assuming diffusion-limited binding, mean-
ing the rate of binding is controlled by how fast the particles reach the surface, the
binding rate can be related to the particle concentration C by

∆c

∆t
= ξ

(
D2Q

)1/3
C, (3.4)

where D is the diffusion constant, Q is the volumetric flow rate, and ξ is a geometry
factor specified by the flow channel as

ξ = 0.98
( 2

h2wl

)1/3
, (3.5)

and h, w and l are the hight width and length, repetitively, in accordance with ref.
[109].
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Figure 3.3: Illustrated explanation of the basic principle of waveguide scattering
microscopy. Laser light is guided by an optical fiber coupled to the core of the
waveguide chip such that an evanescent field is generated. Analytes are bound to
the bottom of the well in the upper cladding, where the evanescent field is sufficiently
intense to yield discernible scattering, which is detected by an objective mounted
orthogonally against the laser propagation direction.

3.5 Surface Plasmon Resonance
As presented in Section 2.3.4, a result of the collective cloud of delocalized electrons
in metals is that the energy of incident light can, under certain circumstances, excite
oscillations in the electrons called plasmons. Moreover, a specific type of plasmon is
the surface plasmon polariton, i.e. a non-radiative electromagnetic wave which prop-
agates along the surface. For a photon to excite such waves, it needs to match the
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surface plasmon polaritons in both frequency and momentum. Since free-space pho-
tons have less momentum than surface plasmon polaritons, coupling of photons into
a surface plasmon polariton requires a coupling medium such as a prism to adjust
the wave vector of the light. This allows incident light at a specific resonance angle
to excite surface plasmon polaritons. Such coupling occurs under TIR conditions,
meaning an evanescent field will form and excite the polaritons. This phenomenon
is called surface plasmon resonance (SPR) and at this so-called SPR angle, a sharp
drop in reflected light intensity, known as the SPR dip, can be detected. The surface
plasmon polariton propagates at the dielectric-metal interface, partially penetrating
into the dielectric medium with a distinct penetration depth. Since the evanescent
field decays exponentially from the surface (see Section 3.4), the surface plasmon is
highly dependent on the RI close to the surface. As such, changes of the RI, through
change of medium or binding to the surface at the interface, will alter the angle of
incidence required to induce SPR, and thereby the position of the SPR dip. This is
utilized in SPR for biosensing, where time-resolved binding kinetics (for instance)
can be probed through the change in SPR angle [76, 110].

The following describes the working principle of an SPR sensing instrument. A
metal surface is irradiated by a laser through e.g. a glass prism. The incident angle
is continuously varied within a set range and at a specific angle, SPR excitation will
occur. This will be detected as an SPR dip. By repeating the process, time-resolved
changes to the surface can be measured. A schematic of the SPR principle is shown
in Fig. 3.4.

The response of an SPR measurement is the variation of the SPR angle, and is
often referred to as R. This quantity can then, based on the properties of the in-
strument and analyte, be converted into more physically significant quantities. Since
both changes of R and changes in the absorbed mass are associated with variations
of the RI of the medium, the SPR response is, in accordance with ref. [111], given
as

R = S

(
dn

dC

)
C · d

δ
= S

(
dn

dC

)
Γ
δ

, (3.6)

where S is the sensitivity factor of the instrument, dn/dC is the refractive index
increment of the analyte responsible for the SPR angle shift, δ is the penetration
depth of the evanescent plasmon field, d is the thickness of the analyte layer (here
one assumes d ≪ δ), and Γ is the mass coverage. The sensitivity S is given as

S = ∆R

∆n
, (3.7)

where ∆R and ∆n are the measured changes in response and RI after a change of
medium. While ∆R can be measured directly, the change in RI can be estimated as

∆n = nprism (sin θ2 − sin θ1) , (3.8)

where nprism is estimated from the SPR angle in air and θ2 − θ1 is the change in
SPR angle after a change of medium. From this, the change in SPR angle can be
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converted to mass coverage according to

Γ = δR

S
(

dn
dC

) . (3.9)

In this thesis, δ = 109 nm has been assumed in accordance with ref. [109], and
dn/dC = 0.185 mL/g is commonly used for proteins [112].
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Figure 3.4: Schematic of the working principle of surface plasmon resonance (SPR).
When laser light is propagated through a prism at a specific angle θSPR, the light will
excite surface plasmon polaritons. As the refractive index of the surface changes, e.g.
when analytes bind to surface-bound ligands, this angle will shift. Time-resolved
tracking of the SPR angle can be utilized to study interaction kinetics on the surface.

3.6 Dynamic Light Scattering
Dynamic light scattering (DLS), also known as photon correlation spectroscopy or
quasi-elastic light scattering, is an analysis technique based on the scattering of light
and Brownian motion (see Sections 2.3.3 and 2.4). The method is primarily utilized
for size estimations of suspended particles or polymers, although more sophisticated
DLS setups can measure additional physical properties such as concentration and
zeta potential. A sample is illuminated by a monochromatic light source, typically
a laser, and then scattered by the analyte (here assumed to be suspended particles).
A detector is typically placed at 173° (backscattering) or 90° (right angle), where it
measures the intensity of the scattered light. As the particles move in and out of the
sampling area due to Brownian motion, the intensity will fluctuate. This fluctuation
is analyzed using an autocorrelation function, which is a measure of the likelihood of
a particle retaining its position over time. The first-order autocorrelation function,
g(1)(τ) (where τ is the time delay), is the field correlation function, which describes
changes in the electric field of the scattered light. The second-order autocorrelation
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function, g(2)(τ), is the intensity correlation function. As fluctuations of the scat-
tered light are measured, the normalized second-order autocorrelation function is
calculated as

g2(τ) = ⟨Idet(t) · Idet(t + τ)⟩
⟨Idet⟩2 , (3.10)

where Idet denotes the detected intensity and t is time. For short time delays, the
correlation will be high. As the time delay increases, the correlation will decrease
exponentially, until there eventually is no measurable correlation. The rate of this
decrease depends on the diffusion rate of the particles. While g(1)(τ) is necessary
to determine particle motion, this function is typically not measured directly. How-
ever, g(1)(τ) and g(2)(τ) are not independent of each other. As g(2)(τ) transitions
from correlated to decorrelated, the interference of scattering signals from individual
particles will be altered. These changes manifest in the first-order autocorrelation
function. As such, g(1)(τ) can be determined by measuring g(2)(τ). Specifically, as-
suming Gaussian scattered fields with zero mean, as well as no multiple scattering,
g(1)(τ) and g(2)(τ) are connected by the Siegert relation according to

g(2)(τ) = 1 + β|g(1)(τ)|2, (3.11)

where β is an instrument factor. For monodisperse particles, the electric field cor-
relation can be expressed as a single exponential decay such that

g(1)(τ) = exp(−Γτ). (3.12)

Here, Γ is the decay rate which is related to the diffusion constant (see Section 2.4)
according to

Γ = Dq2. (3.13)

The scattering vector q is given as

q = 4πn

λ
sin

(
θ

2

)
, (3.14)

where n is the RI of the solvent, λ is the wavelength of the incident light and θ is
the scattering angle. It thus follows that, by extracting the diffusion factor from
the autocorrelation function, and applying it to the Stokes-Einstein equation (eq.
(2.22)), one can use the autocorrelation function to estimate the size distribution of
the particles.[113–115].

For polydisperse samples, g(1)(τ) is instead expressed as a weighted sum of exponen-
tial decays, from which particle information can be retrieved using e.g. cumulant
expansion or regularization algorithms such as CONTIN. The polydispersity can
moreover be quantified by the polydispersity index, which is defined as the ratio of
the mass-weighted and number-weighted molecular weight and is a measure of the
size heterogeneity of the samples. In addition to size distribution, this value can
also be estimated from the autocorrelation function [113–115].

As mentioned, DLS is an ensemble technique, meaning the measured results are
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generated from a population average. It cannot be used to estimate the size of
individual particles. Consequentially, as the scattering intensity depends on the
particle radius as r6 ∝ I, in accordance with the Rayleigh scattering principle (see
eq. (2.9)), larger particles will scatter significantly more light, possibly skewing the
size distribution. Note that since the scattering cross section (eq. (2.11) is inversely
dependent on the size parameter (eq. (2.12)), increased scattering for larger parti-
cles holds true under Mie theory as well. However, since smaller particles scatter
only minimal amounts of light, they are very difficult to detect individually. By
measuring the ensemble average, DLS can be used to study particles as small as 1
nm in diameter, under optical conditions.

3.7 Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) is a scattering3 based technique that utilizes
Brownian motion to estimate the particle size. Particles in suspension are illumi-
nated by a laser and the scattered light is detected by a camera mounted perpendic-
ular to the light path, through which the Brownian motion of the particles can be
measured. As discussed in Section 2.4, the mean displacement can then be related
to the diffusivity and thus the estimated hydrodynamic radius, in accordance with
the Stokes-Einstein equation (see eq. (2.22)). Unlike DLS, which is an ensemble
method, this approach estimates the size of each detected particle individually. As
such, this method is less sensitive to polydispersity, as more intense scattering does
not skew an ensemble average. However, as discussed in Section 3.6, the scattering
intensity depends on particle radius as r6 ∝ I. Therefore, smaller particles scatter
significantly less light. Since NTA is used to detect individual particles, this raises
the lower bound of detectable particle sizes. While NTA struggles to detect particles
close to 10 nm in diameter (depending on the refractive index of the particle [116]),
DLS can be used to study particles approaching 1 nm in diameter, as mentioned
in Section 3.6. Furthermore, since larger particles diffuse more slowly, it is more
difficult to accurately estimate their hydrodynamic radius. They also scatter more
intensely, which increases the risk of them obscuring smaller particles. Consequently,
particles larger than ∼ 1 µm are difficult to measure accurately [116].

Since each particle is detected individually, it is possible to estimate the particle
concentration using NTA. This is done straightforwardly by simply counting the
particles in the field of view and extrapolating to the full volume. As the particles
diffuse in a three-dimensional fluid but are tracked in two dimensions, it is impor-
tant that they don’t overlap in the vertical direction. For this reason, limiting the
particle concentration is key. However, in order to track enough particles to gather
statistically sufficient data, the particle concentration ought not to be too low either.
Given this, the recommended concentration range is 107–109 particles/ml [116].

3NTA setups with fluorescence modes are available as well but such methods have not been
used in this work.
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3.8 Ultraviolet-Visible Spectroscopy
Ultraviolet-visible Spectroscopy (UV-Vis) is a widely used analytical technique based
on the absorption of light in the ultraviolet and visible region (typically around
200–800 nm). As discussed in Section 2.3.4, when absorptive molecules interact
with light at specific wavelengths, they absorb light. This wavelength is dependent
on the molecule and an individual molecule absorbs a certain amount of light. As
such, by illuminating a sample with a spectrum of discrete wavelengths, it is possible
to determine the content and concentration of the sample based on the absorbed
wavelengths and maximum absorbance, respectively. This is the basic principle of
UV-Vis. Essentially, the instrument consists of a light source, a monochromator
and a detector. The monochromator, usually a prism or a diffraction grating, is
used to select a wavelength from the broadband light source. The detector will then
measure the transmitted light at that wavelength. By comparing transmitted light
to the initial intensity, the absorbance is estimated. This analysis is performed over a
range of discrete wavelengths, from which an absorbance spectrum can be obtained.
The amount of absorbed light is dependent on the composition of the sample. In
accordance with the Beer-Lambert law (eq. (2.14)), the analyte concentration can
be expressed as

c = A

εl
. (3.15)

Since the molar absorption coefficient ε and the optical path length l are typically
both known constants, the concentration of an analyte can be calculated based on
the measured absorbance A.

In this work, UV-Vis has been utilized to evaluate AuNPs throughout the fabri-
cation process. In addition to calculating the particle concentration, the position of
the absorbance peak can be related to the size of the AuNPs, in accordance with
ref. [41]. This has been used to complement size estimations performed using DLS
and NTA (see Sections 3.6 and 3.7).
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In the following chapter, the experimental procedures utilized in this thesis are out-
lined. This includes material synthesis and analytical measurements. Experimental
details of all characterization methods, performed in accordance with manufacturer
recommendations, are included in Paper I and Paper II.

4.1 Gold Nanoparticle Fabrication
AuNPs were produced by seed-mediated synthesis based on the Turkevich method.
The particles were stabilized electrostatically by citrate before they were surface
modified by addition of SH-PEG and StrAv. A schematic of the synthesis steps is
shown in Fig. 4.1.

4.1.1 Seed Synthesis
To remove potential aggregates or contaminants, gold(III) chloride hydrate dissolved
to a concentration of 25% w/v was centrifuged at 20370 g for 60 min at 10°C. 40 µL
of the supernatant was added to 100 mL of Milli-Q water. This solution was brought
to the boil on a hotplate stirrer. Under vigorous stirring, 6 mL of 1 wt% sodium
citrate tribasic dihydrate was added quickly. The solution was then left at boiling
point for 15 min, generating a ruby red solution of approximately 14 nm AuNP seeds.

After cooling to room temperature, the AuNPs were split into 2 mL aliquots and
centrifuged at 2000 g for 30 min at 10°C. To remove any aggregates or larger AuNPs,
the bottom 10% of each aliquot was discarded. The size distribution and concen-
tration of the AuNP seeds were characterized using DLS and UV-Vis.

4.1.2 Seed-Mediated Particle Growth
Gold(III) chloride hydrate dissolved to 25% w/v was yet again centrifuged at 20370
g for 60 min at 10°C. AuNP seeds were diluted in 100 mL of Milli-Q water to a
concentration of approximately 6.5 × 1010 /mL together with the top 40 µL of the
centrifuged gold(III) chloride hydrate. While keeping the solution at room temper-
ature, under rapid stirring, 1 mL of 30 mM hydroquinone and 220 µL of 1 wt%
sodium citrate tribasic dihydrate was added simultaneously. The solution was left
under moderate stirring for at least 60 min, producing a ruby red and slightly cloudy
solution of approximately 50 nm AuNPs which were then characterized using DLS,

35



4. Experimental Procedures

UV-Vis and NTA. To increase the concentration of the AuNPs, which aids in sub-
sequent functionalization, they were centrifuged in 1 mL aliquots at 1000 g for 30
min at 10°C, forming soft extractable pellets. The concentrated solution was again
characterized using DLS, UV-Vis and NTA.

14 nmHAuCL4

100°C

Sodium citrate Hydroquinone
Sodium citrate

H2O

Centrifuge 2000g, 10 min

Centrifuge
1000g, 30 min

HAuCL4

Make sure everything is at aligned, text aligned etc

I II III
50 nm

Figure 4.1: Schematic of gold nanoparticle (AuNP) fabrication. HAuCL4 was
added to water (I) and brought to the boil before sodium citrate (II) was added to
the solution. As the gold ions were reduced, the resulting gold atoms aggregated,
forming 14 nm gold seeds. More HAuCL4 was added to these seeds, together with
sodium citrate and hydroquinone (III), yielding approximately 50 nm AuNPs. The
first centrifugation step was implemented to remove aggregates, while the latter was
to increase to concentration to aid subsequent surface modification.

4.1.3 Surface Modification
The AuNPs were surface-modified in two steps. First, 3 kDa and 5 kDa SH-PEG
were diluted to 10 mM in 20% EtOH and 80% Milli-Q water, while 5 kDa bi-
otinylated SH-PEG was diluted to 10 mM in 100% EtOH. The SH-PEG was then
prepared in two 250 µL mixtures of either 3 kDa or 5 kDa SH-PEG and 0.06% 5
kDa biotinylated SH-PEG at a tenfold excess over the AuNP surface area, assuming
1 nm2 per PEG. This fraction of biotinylated PEG corresponds to approximately 5
biotin moieties per AuNP. Each solution was then mixed with 250 µL high concen-
tration AuNPs and vortexed intensely before incubating at 4°C overnight. Excess
PEG was then removed using 300 kDa centrifugal filters, centrifuged 8 times at 400
g for 17 min at 10°C.

The second surface modification step was the addition of StrAv. As previously
discussed (see Section 2.2.3), StrAv has a tetrameric binding capacity to biotin. As
such, the introduction of StrAv to the PEGylated AuNPs may lead to aggregation.
As the aim is to saturate each biotinylated AuNP with free StrAv, aggregation was
minimized by slow addition of AuNPs into an excess of StrAv moieties. AuNPs were
diluted in Milli-Q water to a concentration on the order of 1011 /ml with 0.25 mg/ml
bovine serum albumin (BSA) and, using a positive displacement pump, carefully in-
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troduced at 2 µL/min to a solution of StrAv with a StrAv:Biotin ratio of 10:1, 100:1
or 1000:1, depending on the AuNP (see Section 5.2 for further details). The solution
was then filtered 8 times at 400 g for 17 min at 10°C using 300 kDa centrifugal filters
and stored in PBS with 0.1 mg/ml BSA.

4.2 Lipid Vesicle Synthesis

The lipid vesicles utilized in this thesis were composed of 99% POPC and 1% DSPE-
PEG-Biotin. The lipids were dissolved in chloroform and mixed to a final concentra-
tion of 2 mg/mL before the chloroform was dried under a nitrogen gas flow and then
left to fully evaporate in vacuum overnight. The ensuing lipid film was then rehy-
drated with 2 mL of PBS and vortexed for approximately 10 min. After rehydration,
1 mL of the solution was extruded 25 times through a polycarbonate membrane filter
with 400 nm pores. The size distribution and particle concentration were estimated
using NTA.

4.3 Measurements
The work included in this thesis mainly centers around three techniques: twilight off-
axis holographic microcopy, WGSM and SPR. Details around their implementation
are presented here, whereas background theory can be found in Chapter 3.

4.3.1 Twilight Off-Axis Holography
Three types of samples were prepared: StrAv-AuNPs, biotin-LUVs and StrAv-
AuNPs+biotin-LUVs. Each sample was prepared with a total volume of 30 µL
and the final StrAv-AuNP and biotin-LUV concentrations were 6.6 × 1010 /ml and
5 × 108 /ml, respectively. The samples were left to incubate for 30 min at room
temperature before they were pipetted into a BSA-coated microfluidic channel in
the microscope. The flow rate was controlled gravitationally by manually adding
PBS to the outlet. Each measurement consisted of three 1500 frame videos at 41
frames/s.

4.3.2 Waveguide Scattering Microscopy
The waveguide chip was cleaned through 5 min oxygen plasma treatment, sealed
with a microfluidic channel, mounted in the microscope and then rinsed with 1%
Hellmanex, Cobas and finally Milli-Q water. After rinsing with 100 µL degassed
PBS at 10 µL/min, the surface was functionalized with 0.1 mg/ml PLL-g-PEG and
10% biotin by flowing the mixture at 10 µL/min for 10 min. The channel was again
rinsed with 100 µL degassed PBS at the same flow rate. StrAv-AuNPs were injected
at 10 µL/min for 1 min, followed by PBS at the same flow rate for 10 min in order
to advance the StrAv-AuNP sample past the field of view. Videos were recorded as
300 frames at 0.5 frames/s. Between each measurement, the channel was rinsed with
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PBS at 10 µL/min for approximately 10-15 min. This was repeated sequentially for
all StrAv-AuNP samples, in order of increasing StrAv excess during fabrication.

4.3.3 Surface Plasmon Resonance
SPR sensor chips coated with gold were cleaned in accordance with RCA-1 cleaning
protocol. 2 ml of NH2OH was added to 10 ml of H2O followed by 2 ml of Milli-Q
water. The solution was placed on a hotplate together with a separate beaker of
14 ml Milli-Q water, both of which were heated to 75°C. The chip was placed in
the cleaning solution for 15 min, then transferred to the Milli-Q water and moved
from the heat. After approximately 1 h, the chip was placed in 100% EtOH for
transport, and finally dried under a flow of nitrogen gas before being mounted in
the SPR instrument. After rinsing with Milli-Q water (using a pre-programmed
”Clean All’ feature in the software), a 1 nM mixture of either 3 kDa or 5 kDa
SH-PEG with 1% 5 kDa biotinylated SH-PEG was introduced at 10 µL/min for
40 minutes. Following functionalization, the channels were rinsed first with Milli-Q
water and then with PBS. StrAv samples was injected sequentially at increasing
concentrations (from 1.7 nM to 1.7 µM) at 20 µL/min for 5 minutes. The channels
were rinsed with PBS at 20 µL/min for 10 min between each sample.
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Summary of Results

The following sections summarize the results of the two papers on which this thesis is
based. The first paper introduces the use of twilight off-axis holographic microscopy
to distinguish detected particles by material properties. The second paper presents
further development of this technique as an aggregation-based biosensor, focusing
on the fabrication of surface-modified AuNPs to form specific aggregates with target
lipid vesicles. Further details of these results are found in the appended papers.

5.1 Paper I
To investigate the possibility of distinguishing between metallic and dielectric ma-
terial based on the integrated real and imaginary parts of the optical signal using
twilight off-axis holographic microscopy, salt-induced complexes of 10 nm AuNPs
and 300 nm silica particles were analyzed. As demonstrated in Fig. 5.1, the signal
from only silica has a clearly dominating imaginary part and a negligible real part,
which is consistent with pure dielectric material (Section 2.5.1). Furthermore, for
mixtures of AuNPs and silica in high salt concentration, the real part of the sig-
nal increases in amplitude. As AuNPs are strong absorbers, which corresponds to
the real part of the signal (Section 2.5.1), it follows that these detections are com-
plexes of both silica and AuNPs. Moreover, since the imaginary part of the signal
was largely unchanged, these complexes likely consisted of individual silica particles
with numerous bound AuNPs. This interpretation is further corroborated by the
estimated hydrodynamic radius of the complexes, for which the increase compared
to individual silica particles aligns well with the approximate size of the AuNPs.

In addition to silica/AuNP complexes, mixtures of silica particles and AuNPs yield a
second population of detections (Fig. 5.1b). Based on the dominating real part and
negligible imaginary part, this population corresponds to pure AuNPs. Since the
magnitude of the integrated real part is well above what is expected of individual
AuNPs, these detections are most likely salt-induced AuNP aggregates. Further-
more, the number of AuNPs in these clusters can be estimated from the integrated
real part using eq. (2.28) by relating the total extinction cross section to that of
individual AuNPs. From this, it was concluded that the AuNP aggregates consisted
of approximately 100 AuNPs. By considering these aggregates as fractal clusters
with fractal dimension 2, the expected size of such clusters can be calculated. It was
seen that this corresponds well with the measured hydrodynamic radius. Similarly,
it was estimated using eq. (2.28) that the silica/AuNP complexes consisted of ap-
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proximately 340 AuNPs/complex. Again, the hydrodynamic size of these complexes
aligns well with expected values for such clusters. As such, it is concluded that by
using twilight off-axis holographic microscopy, silica/AuNP complexes, pure silica
particles and pure AuNPs are clearly distinguishable by quantitative differences in
their real and imaginary parts, which corresponds to their material differences.

Figure 5.1: Salt-induced aggregation of silica particles and gold nanoparticles was
measured using twilight off-axis holographic microscopy. Comparing the optical sig-
nal of pure silica particles (a) and silica particles mixed with gold nanoparticles (b)
shows a shift towards negative values of the real part, as well as an increased con-
centration, for the latter, indicating aggregate formation. Moreover, the appearance
of a subpopulation with low contribution from the imaginary part, a larger contri-
bution from the real part and a hydrodynamic radius around 50-100 nm, indicates
the presence of gold nanoparticle aggregates. The two dashed lines divides the plot
into three regions, corresponding to dielectric, metallic and mixed particles.

To investigate whether dielectric particles significantly below the detection limit
of twilight off-axis holography can be detected through aggregation with metallic
particles, 50 nm StrAv-AuNPs were mixed with 200 nm biotin-LUVs (Fig. 5.2a).
It was seen that the imaginary part of the signal is higher than expected for pure
AuNPs, from which it can be concluded that these detections correspond to StrAv-
AuNP/biotin-LUV complexes. As neither monomeric StrAv-AuNPs nor individual
biotin-LUVs are detectable using this instrument, it follows that these complexes
contain multiple AuNPs and biotin-LUVs. Based on the real part of the optical
signal of these complexes, the average number of StrAv-AuNPs per complex ranges
between 2 for the smallest complexes and 12 for the largest, and increases with the
estimated hydrodynamic radius (Fig. 5.2c). Furthermore, by subtracting the hydro-
dynamic radius and integrated imaginary part of the StrAv-AuNPs, given that the
number of StrAv-AuNPs is known by eq. (2.28), the contribution of the biotin-LUVs
to the optical signal can be ascertained. From this, in accordance with eq. (2.29),
an effective RI of each vesicle can be estimated, here found to be consistent with
that of water-filled vesicles enclosed by a 4 nm thick lipid bilayer (Fig. 5.2d). This
highlights that not only can dielectric particles below the detection limit be detected
through specific aggregation with StrAv-AuNPs, quantifiable material properties of
these particles can be deduced as well.
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In summary, this paper demonstrates the use of twilight off-axis holographic mi-
croscopy to distinguish particles based on material properties from the real and
imaginary parts of the optical signal. This has been utilized to detect nanoparticles
both above and below the detection limit. These detections are moreover quanti-
tative, wherein the RI of biotin-LUVs as well as virus particles (see paper I) below
the detection limit was estimated using the optical signal.

Figure 5.2: (a) Complexes of StrAv-AuNPs and biotin-LUVs were evaluated using
twilight off-axis holographic microscopy, which showed that the complexes have a
consistently higher imaginary part than expected for pure AuNPs (dashed lines
indicate regions as in Fig. 5.1), which is attributed to complex formation with
biotin-LUVs. (b) The hydrodynamic radius is moreover consistent with the size
distribution measured using NTA. (c) The average number of StrAv-AuNPs bound
per complex increases with the estimated hydrodynamic radius. (d) By subtracting
the optical signal of the AuNPs from the total signal, the contribution of the vesicles
can be isolated. From this, the RI can be estimated, which here is consistent with
expected values of water-filled vesicles enclosed by a 4 nm thick lipid bilayer (solid
curve).
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5.2 Paper II
Having demonstrated that twilight off-axis holographic microscopy may be used to
detect dielectric particles below the detection limit through aggregation with metal-
lic nanoparticles, the aim of the following paper was to further investigate the use
of StrAv-AuNPs to employ this technique as a biosensor. AuNPs were synthesized
and PEGylated with a fraction of biotinylated PEG. Finally, StrAv was conjugated
to the PEGylated AuNPs via biotin-binding. The StrAv-AuNPs were then mixed
with biotin-LUVs. In doing so, specific StrAv-AuNP/biotin-LUV complexes were ex-
pected to form, which was evaluated using twilight off-axis holographic microscopy.
As presented in Paper I (Section 5.1), StrAv-AuNPs and biotin-LUVs will contribute
to the real and imaginary parts of the optical signal, respectively. It is shown in
Fig. 5.3a that StrAv-AuNPs and StrAv-AUNP/biotin-LUV complexes indeed yield
signals separable based on these difference in the complex-valued optical field.

(c)(a) (b)

Figure 5.3: (a) The ability to detect biotin-LUVs through specific complex for-
mation with StrAv-AuNPs (fabricated under high, i.e. thousandfold, StrAv excess)
was evaluated using twilight off-axis holographic microscopy. Detections made for
just StrAv-AuNPs (red) correspond to dimers induced by tetrameric StrAv. The
increase in both the integrated real and imaginary part of the optical signal for the
StrAv-AuNP/biotin-LUV mixture (blue) indicates complex formation. Moreover,
decreasing the StrAv excess to a (b) medium (hundredfold) and (c) low (tenfold)
StrAv excess did not alter the AuNP aggregation significantly. However, it did in-
hibit complex formation substantially.

As pointed out in Section 5.1, neither monomeric StrAv-AuNPs nor individual
biotin-LUVs are detectable using twilight off-axis holographic microscopy, mean-
ing the detected particles in the absence of biotin-LUVs are StrAv aggregates. Since
the magnitude of the integrated real part is approximately twice that expected of an
individual StrAv-AuNP, and the estimated hydrodynamic radius is consistent with
dimer formation, it is concluded that these aggregates consist mainly of dimers. This
aggregate formation is attributed to interlinking caused by the tetrameric biotin-
binding capacity of StrAv. While the estimated concentration of these aggregates
only constitutes approximately 0.01% of the total StrAv-AuNP concentration, they
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still impact the ability to clearly detect and discern StrAv-AuNP/biotin-LUV com-
plexes. As such, it is of interest to minimize the amount of StrAv-AuNP aggregation.
To do so, StrAv-AuNPs were surface-modified through slow addition of PEGylated
AuNPs to a high excess of StrAv. Since this still resulted in some aggregation, as
seen in Fig. 5.3a, it was investigated whether the aggregation was rather a conse-
quence of the relatively high StrAv concentration, possibly due to dynamic exchange
of suspended and bound StrAv. The AuNPs were therefore similarly StrAv-modified
through slow addition of AuNPs, but instead using a tenfold and hundredfold ex-
cess of StrAv over biotin. However, as demonstrated in Fig. 5.3, the amount of
StrAv-AuNP aggregation was not impacted by altering the relative StrAv concen-
tration. Instead, surprisingly, the ability to induce aggregation of StrAv-AuNPs and
biotin-LUVs was significantly reduced with decreasing StrAV concentration. Specif-
ically, under a tenfold StrAv excess, only a negligible amount of complex formation
was detected, and while some complexes are seen for a hundredfold excess, clearly
distinguishable StrAV-AuNP/biotin-LUV complexes are only able to form for StrAv-
AuNPs fabricated with a thousandfold StrAv excess.

One plausible explanation for the lack of StrAv-AuNP/biotin-LUV complex for-
mation is that the capacity of StrAv to bind to biotin-modified PEGylated AuNPs
is insufficient at a tenfold and hundredfold StrAv excess. To investigate this possibil-
ity, all three StrAv-AuNPs were analyzed using WGSM on a surface modified with
PLL-g-PEG and 10% biotin. As shown in Fig. 5.4a, the binding rate significantly
decreased for StrAv-AuNPs fabricated using a lower StrAv excess, demonstrating
that a higher relative StrAv concentration is necessary to yield functional StrAv-
AuNPs.

Although it has previously been demonstrated that StrAv binding on a biotiny-
lated SH-PEG surface on planar gold1 reaches saturation within tens of minutes,
such investigations often employ SH-PEG with significantly shorter chain-length
[117]. This raised suspicion that PEG with a higher molecular weight may im-
pose a steric hindrance for the StrAv to bind to the biotin embedded in the PEG
layer. To investigate this hypothesis, StrAv-AuNPs were fabricated as before but the
molecular weight of the non-functionalized SH-PEG was reduced from 5 kDa to 3
kDa, while the biotinylated SH-PEG remained at 5 kDa, thus potentially increasing
the accessibility of the biotin. These were similarly analyzed using WGSM (Fig.
5.4b). It was observed that the binding rate increased for all three StrAv-AuNP
variants, surface modified at a tenfold, hundredfold and thousandfold StrAv excess,
significantly so for the StrAv-AuNPs fabricated using a lower StrAv excess which in-
creased by a factor of 16.5 and 12.25, respectively. Moreover, the expected binding
rate, based on the UV-Vis-estimated concentration, was calculated in accordance
with eq. (3.4). It was estimated that the measured binding rates were, despite the
extraordinarily high affinity between StrAv and biotin, an order of magnitude lower
than expected, indicating reaction controlled binding which is consistent with steric
hindrance. Furthermore, it is seen that the binding rate scales linearly with the

1Direct comparison between a planar surface and the highly curved surface of a nanoparticle
should be made cautiously.
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StrAv excess. This, combined with the observation of StrAv-AuNPs traversing the
WGSM field of view without binding, suggests that not all StrAv-AuNPs have been
successfully StrAv-modified.

(a) (b)

(c) (d) (e)

Figure 5.4: StrAv-AuNPs PEGylated with a subset of 5 kDa biotinylated SH-
PEG and either (a) 3 kDa or (b) 5 kDa SH-PEG, fabricated using a low (tenfold,
black), medium (hundredfold, blue) and high (thousandfold, pink) StrAv excess,
were evaluated using WGSM. It is seen that decreasing the molecular weight of the
non-functionalized SH-PEG, instead of using a uniform molecular weight, increases
the binding rate for all three StrAv-AuNP variants. (c-e) StrAv-AuNPs modified
using SH-PEG with reduced molecular weight were moreover evaluated using twi-
light off-axis holographic microscopy. While the AuNP aggregation only decreased
slightly compared to Fig. 5.3, all three StrAv-AuNP variants were able to form
specific complexes with biotin-LUVs. Dashed lines are used for gating to identify
particle detections (see Paper II).

Finally, as StrAv-AuNPs functionalized using SH-PEG of varying molecular weight
demonstrated increased binding rates on a planar biotin-modified surface, their abil-
ity to form aggregates with biotin-LUVs was evaluated using twilight off-axis holo-
graphic microscopy (Fig. 5.4). Firstly, only a slight reduction in AuNP aggregation
compared to StrAv-AuNPs functionalized with SH-PEG with uniform molecular
weight was observed, demonstrating that the slow addition of AuNPs into an excess
StrAv suspension ensures a sufficiently high local StrAv-to-biotin ratio to minimize
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aggregation. Furthermore, the twilight off-axis holography data show a distinctive
increase in both the integrated real and imaginary parts, indicating that all three
variants of StrAv-AuNPs form specific aggregates with, and are thus able to de-
tect, biotin-LUVs. Thereby, the previously required excess StrAv consumption can,
through this approach, be eliminated. Using this method, biotin-LUVs were de-
tected at a sub-pM detection level.

In conclusion, the results presented in this paper show that specific binding of StrAv-
AuNPs enables detection of biotin-LUVs using twilight off-axis holographic mi-
croscopy. However, PEGylating the AuNPs with functionalized and non-functionalized
SH-PEG of the same molecular weight poses a steric hindrance which prevents StrAv
from binding to the biotin, requiring high concentrations of StrAv to yield functional
StrAv-AuNPs. Using WGSM and holographic microscopy, it was demonstrated that
reducing the molecular weight of the non-functionalized SH-PEG reduced the steric
hindrance, leaving the biotin more accessible for the StrAv. As the increased bind-
ing ability of the StrAv-AuNP was shown on both planar (see Paper II) and curved
surfaces, these results indicate that this improvement in PEGylation strategy may
be useful for a wide range of applications, including binding to cells and biological
nanoparticles.
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Outlook

In this thesis, it has been demonstrated that the ability to quantitatively distin-
guish between metallic and dielectric particles using twilight off-axis holographic
microscopy can be utilized to detect biological targets. In Paper I, we showed that
biological nanoparticles below the detection limit of twilight off-axis holography may
be detected using the same technique through aggregation with AuNPs by distin-
guishing different material properties from the complex-valued optical field. In paper
II, this method was further developed by the introduction of AuNPs functionalized
for specific aggregation with the target. It was seen that PEGylation of AuNPs
with uniform molecular weights appears to limit the ability of StrAv to bind to the
biotinylated PEG, requiring high excess of StrAv for proper functionalization to oc-
cur. By reducing the molecular weight of the non-functionalized PEG, this issue
was mitigated and functional StrAv-AuNPs could be fabricated regardless of StrAv
excess. The following sections discuss how this insight may be utilized in future
research.

6.1 Surface Modification of Lipid Nanoparticles
The necessity of producing functionalized nanoparticles is, of course, not limited
to neither holographic microscopy nor AuNPs. One very active area of research is
the surface modification of lipid nanoparticles (LNPs). LNPs are nanosized, spher-
ical lipid structures commonly used for encapsulation and transport of biological
molecules into cells [118]. These have received considerable attention in recent
years, especially after their successful use in the development of mRNA vaccines
for SARS-CoV-2 infection [118]. Such vaccines deliver antigen-encoding mRNA into
cells, which results in production of, in this case, virus proteins which in turn stim-
ulates the immune system to produce antibodies directed against the virus.

For this to occur, the mRNA needs to be delivered into the cytosol of the cell.
As such, effective delivery systems are required. It is for this reason LNPs are
used, as they are fabricated to carry genetic material as cargo, which they then
transport to the intended location. While LNPs used for vaccines are taken up by
cells through spontaneous adsorption of proteins on their surface, which in turn fa-
cilitates receptor-mediated uptake to a very limited subset of cells, much effort is
presently invested in targeted LNP (tLNP) delivery to a wide range of different cell
types for the expansion of oligonucleotide-based therapeutic applications [119]. By
conjugating specific cell-targeting ligands to the LNPs, precise delivery of genetic
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material can be envisioned. This is known as active targeting and can, for example,
be used to increase drug concentration at the target site and deliver genetic material
to specific cells. Some examples include the effective in vivo treatment of cardiac
injury in mice using T cell-targeted LNPs [120], and increased uptake and cargo
delivery in patient-derived leukemia cells by the use of LNPs conjugated with an
antigen-specific peptide [121].

6.1.1 Quantification of Conjugated Ligands
It has been documented that the number of ligands per targeting nanoparticle sub-
stantially affects the functionality of the particle. For instance, the ligand density
can be optimized for cellular uptake; while more ligands will increase the associa-
tion rate, too many will cause steric hindrance [122]. Moreover, there are currently
no clinically approved LNP therapies utilizing active targeting mechanisms. This is
partly due to the limited availability of effective techniques to accurately quantify the
number of ligands on each particle [123]. As such, advancement of such methods is
a crucial aspect of the development of effective tissue-targeting LNPs for clinical use.

Estimations of ligand density on tLNPs are typically based on preparation parame-
ters, such as the ligand-to-tLNP molar ratio, rather than direct measurement, due to
inherent limitations of available measurement methods [124]. While there are some
methods used for quantification of ligands on nanoparticles in general, they are not
widely employed for tLNPs. These approaches are most commonly ensemble meth-
ods, which measures the total amount of attached ligands, from which the average
number of ligands/particle can be estimated [125]. This is done either directly or in-
directly, i.e. by either measuring the amount of conjugated ligands or by measuring
the remaining amount of free ligands after functionalization. Indirect estimations
are more common. Such methods include UV-Vis and colorimetric assays, while
direct measurements can be performed using e.g. fluorescence-based assays. While
ensemble methods are more prevalent, single-particle strategies are available. High
precision does, however, remain a challenge, especially for biological nanoparticles,
since only inorganic particles allow for estimations through total protein analysis
[122]. Another approach is to utilize imaging methods such as transmission electron
microscopy (TEM) [125]. Such methods are, nevertheless, generally complicated and
often have a very low throughput. Moreover, these methods are often unsuitable for
LNPs. TEM, for instance, requires a dehydration step which would likely damage
the LNPs. While LNPs may be imaged using cryogenic TEM, ligand quantification
would only be possible for very large ligands or using contrast agents such as AuNPs.

Recently, some potential methods for quantifying ligands on liposomes have been
presented. One approach, reported by Belfiore et al [124], is to analyze liposomes
with fluorescently labeled ligands using total internal reflection fluorescence mi-
croscopy. First, fluorescent ligands were immobilized on the surface of the micro-
scope. By studying the stepwise decrease in intensity due to photobleaching, the
intensity of a single fluorophore could be extrapolated. Following this, liposomes
with fluorescent ligands were assessed in the same manner, allowing the fluorescent
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intensity of each liposome to be translated into the number of fluorophores, and
consequently ligands, on each particle. This method, however, requires the use of
fluorescent labels, which may lead to potential complications. For example, accu-
rate quantification requires complete accuracy in labeling and effective purification
of free dyes. The use of florescence is moreover not applicable on LNPs designed to
be applied in vivo. Additionally, the dependence on labels limits the universality of
this technique, as not all ligands are susceptible to labeling. Another approach was
presented by Chen et al. [123], in which they utilize nanoflow cytometry to quantify
the ligand density on a single-particle level. They also employed fluorescently labeled
recombinant receptors bound to the surface ligands, in order to ensure only ligands
available for selective binding are included. While this high-throughput method
is able to evaluate thousands or particles per minute, it also requires fluorescent
labeling.

6.1.2 Ligand Density on Targeting Lipid Nanoparticles
It is apparent that effective methods for quantification of the ligand density on
LNPs fabricated for active targeting is lacking. Accordingly, the primary aim of my
forthcoming research is to develop a method to quantify ligand density on ligand-
conjugated LNPs. In this project, our group will fabricate tLNPs modified with
T cell specific nanobodies (i.e. an antigen-binding fragment of an antibody), de-
signed to deliver CD19 CAR-coding mRNA to T cells. Specifically, the tLNPs will
be surface-modified using click chemistry, which denotes an efficient, simple and
highly selective approach to molecular assembly [43]. This approach is based on
so-called click reactions, which are a set of reactions that fulfill certain criteria,
such as modularity, high chemical yield and stereospecificity [126]. The concept
was first introduced by K. Barry Sharpless et al. [127] in 2001, for which he would
later jointly receive the Nobel Prize in Chemistry in 2022 with Carolyn R. Bertozzi
and Morten P. Melndal [128]. While there are various click reactions, perhaps the
most well-known is the copper-catalyzed reaction between an azide with an alkyne
[129]. Another approach is the copper-free reaction between an azide and a reactant
called dibenzocyclooctyne (DBCO) [130]. This is the approach which we plan to
utilize in the upcoming project. Specifically, sortase (a bacterial enzyme) will be
used to tether DBCO onto the nanobodies. This occurs through a process called
sortagging, wherein the sortase cleaves the target protein at a specific site where a
triglycine sequence is attached, to which the DBCO can subsequently bind [131].
Additionally, functional PEG on the LNPs will be modified with an azide end group.
Thereby, a click reaction can occur between the DBCO and the azide, conjugating
the nanobody to the LNP. Given the conclusions of this thesis, non-functionalized
and functionalized PEG with different relative ratios and chain-lengths will be ex-
plored to precisely control conjugation efficiency.

Initially, based on the observations made in Paper II, the impact of the molecu-
lar weight ratio of functionalized and non-functionalized PEG on the efficiency of
the click chemistry will be evaluated. Nanobodies will be tethered through a DBCO-
azide click reaction onto PEG at varying compositions, added to a supported lipid
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bilayer. Using a surface-based technique such as SPR, the attachment efficiency
and saturated coverage of the nanobodies will be measured, whereby the PEG com-
position may be optimized. Based on this, optimally PEGylated LNPs will then
be tethered onto an inert surface and, using SPR, the binding efficiency and satu-
rated coverage of nanobodies on the LNPs will be evaluated as well. The ratio of
LNP and nanobody mass may then be related to the number of nanobodies per LNP.

An additional part of this project will be to evaluate the extent to which tLNPs
bind to a supported lipid bilayer modified with ectodomains of CD8, which is a
receptor on T cells that controls the uptake of LNPs. This will be done using
evanescent field-based microscopy, such as WGSM or total internal reflection mi-
croscopy. Under the assumption that the ligand-receptor interaction is reaction
controlled, meaning the binding kinetics are limited by the association rate for the
ligand-receptor interaction, it is expected that the binding rate of LNPs onto the
lipid bilayer will be proportional to the number of nanobodies on the surface. As
such, studying the binding kinetics may not only enable an evaluation of the speci-
ficity of the interaction but also provide additional information on the density of
binding competent ligands on the tLNPs.

Figure 6.1: Illustration of a targeting lipid nanoparticle (tLNP) binding to a CD8
receptor in order to specifically deliver mRNA to a T cell. The purpose of the mRNA
is to code for CD19 CAR (Chimeric Antigen Receptor) in order to generate CAR T
cells in vivo. The aim of my future research is to evaluate the surface modification
of such tLNPs.
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