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Abstract
Lipid nanoparticles (LNPs) are being increasingly considered for use in drug delivery.
However, understanding the interactions of LNPs with a biological environment is
crucial for successful deliver of their cargo, such as for example mRNA, across cellu-
lar membranes. Upon exposure to a biological fluid it is believed that the surface of
LNPs is spontaneously covered by a protein corona, a layer of adhered biomolecules,
prior to being taken up by the targeted cells. A protein of interest in this context is
Apolipoprotein-E (ApoE), both because it is known to be part of the protein corona
and because it may control endocytic uptake via specific interactions with receptors
in the cell membrane. Furthermore, ApoE-coated LNPs are expected to undergo a
structural change in the acidic environment of the endosome during cargo release to
the cytosol.

In this master thesis, we have studied protein-corona formation and the reaction
of the LNPs covered/not covered with ApoE in an acid environment that mimics
the endosomal environment using label-free surface-based bioanalytical tools such
as quartz crystal microbalance with dissipation monitoring (QCM-D) and waveg-
uide microscopy. QCM-D provides information based on ensemble averaging of the
biological interactions taking place on the surface of the sensor, while waveguide
microscopy provides both ensemble-averaged data and information based on inspec-
tion of individual LNPs. Further, waveguide microscopy is capable of detecting both
light scattering and fluorescence signals, which provides the possibility to observe
both the labeled interior of the LNPs and binding of unlabeled protein.

We found that ApoE bind to PEG-modified LNPs with a lag-time of tens of minutes
unless mixed with bovine serum albumin (BSA). This is attributed to BSA-induced
PEG shedding which promotes ApoE binding. Inspections using combined label-
free and fluorescence based waveguide microscopy releveled a weaker than expected
dependence between cargo fluorescence and scattering intensity, suggesting that the
self-assembly process utilized for LNP fabrication may vary with LNP size. It is also
concluded that further liquid handling must be improved to follow ApoE binding to
LNPs using waveguide microscopy.

Keywords: Waveguide microscopy, Quartz crystal microbalance with dissipation
monitoring, label-free, apolipoprotein-E, corona formation, protein corona, lipid
nanoparticle, MC3, drug delivery, mRNA therapy, serum protein, endosomal mem-
brane.
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1
Introduction

Nucleotide-based therapies have recently attracted increased attention due to their
potential to prevent and treat many presently untreatable diseases [1][2][3] such as
Alzheimer’s[4][5], diabetes[6], and cardiovascular diseases[7]. A striking example
of their potential is the mRNA-based Covid-19 vaccines produced by for example
Pfizer and Moderna, which appear promising in the globe strive to curb the current
pandemic[8].

However, to fully utilize the broad potential of this novel approach beyond vaccines
and to improve the latter, there is a need for understanding the mechanisms be-
hind cellular uptake of the nucleotide-based formulation. For example, how should
one deliver nucleotide-containing nanocarriers to the target cells of interest and how
should the interactions be steered to ensure efficient uptake? Further, once taken up
by a cell, how is the nucleotide content released for efficient translation into proteins
that the body is missing? [9].

In the following sections, a background to these questions are provided, aiming to
motivate the work of the thesis and provide the information needed to follow the
subsequent sections.

1.1 Background
Efficient delivery of nucleotide-based therapies such as DNA and RNA is a key chal-
lenge, since these can not penetrate the cell membrane by themselves. DNA and
RNA carry electric charge, and are thus blocked by the cell membrane that acts a
barrier which separates the internal and the external environment of the cell from
each other. Because of this, these therapeutic nucleotides need to be packed in
nanocarriers, often called biological nanoparticles (BNPs), to be transported to and
into a target cell.

An important phenomenon which impacts the fate of BNPs is the so-called protein
corona formation, which occurs spontaneously on the surface of BNPs prior to cel-
lular uptake. The protein corona is a layer of proteins that forms at the surface
of the BNPs. Once the corona formation has occurred, the BNPs are believed to
be taken up via specific interactions with receptors present in the cell membrane [10].

There are also several other factors that play a role in uptake or internalization of
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1. Introduction

BNPs such as chemical composition, surface charge, shape and size. BNPs with a
diameter around 100 nm are believed to have a higher probability of being taken up
by the cell [11]. Once the BNPs are taken up by the cell, the BNPs get enclosed
by cell membrane and ends up in the, so-called endosome. Inside the endosome the
pH value starts to decrease, which causes structural changes in the BNPs. This
structural changes of the BNPs lead to fusion with the endosomal membrane and
release of their cargo into the so-called cytosol of the cell[12].

This thesis focuses on BNPs containing mRNA due to its high potential in thera-
peutic applications in comparison to DNA which carries additional challenges [13].
Some advantages of mRNA are that it is highly selective and contains only a specific
genetic code for a specific protein that the body is missing, and it can be translated
by the ribosomes that are present in the cytosol. This means the mRNA does
not interact with the cell nucleus, unlike DNA that requires nuclear entery[13][14].
Therefore, mRNA-based nucleotide based therapy is less challenging than DNA
therapy. Moreover, after the mRNA is translated to protein by the ribosome, it is
degraded through the physiological pathways [14].

1.2 Lipid nanoparticles

One of the significant difficulties in nano-drug treatments is the poor degree of pene-
tration of the BNPs into the cell and the release of its cargo. However, despite recent
progress in this field, there are still many challenges to overcome. These challanges
include having a sophisticated nano-carrier that is biocompatible with negatively
charged naked mRNA while also enable release of the mRNA furher the BNPs can
travel in the blood; for a longer time before it gets degraded by unwanted enzymes
or uptaken by other untargeted cells [15].

The lipid nanoparticles (LNP) system is currently a promising candidate system for
genetic therapy delivery system. The origin of the LNP idea comes from observing
natural biological nanoparticles, e.g. exosomes, which are used as a delivery system
for both small and larger molecules by the body itself [11].

2



1. Introduction

Figure 1.1: A quite similar model of a lipid nanoparticle (LNP) containg cargo
(mRNA) which is enclosed by cationic lipds. The outer shell of the LNP is covered
by the PEG-lipids. The image is reproduced from Osborn, Dr. Rae. "Difference
Between mRNA Vaccine and Traditional Vaccine." Difference Between Similar Terms
and Objects, 21 December, 2020[16] under CC BY-NC-ND 4.0 licence.

These LNPs have proven helpful for drug delivery applications [11]. They have a
monolayer of lipids on their surface that acts as a barrier and separates the inte-
rior of the vesicle from the exterior. In this work, the LNPs contains O-(Z,Z,Z,1Z-
heptatriacont-6,9,26,29-tetraene-19-yl)-4-(N,N-dimethylamino)butanoate- (Dlin-MC3-
DMA), which is a cationic lipid having a dissociation constant (pKa) of 6.44, used
to encapsulate mRNA due to strong electrostatic interaction. For further details of
the LNP production, the reader is encouraged to read[11].

Additionally, when Dlin-MC3-DMA is in an environment where the pH value is be-
low its pKa, like inside the endosome, the ionizable lipid gets protonated. It then
interacts with the anionic endosomal lipids, leading to the release of the cargo into
the cytosol, which will further be translated to the desired protein by ribosomes in
the cytosol[11].

Along with Dlin-MC3-DMA, there are other lipids contained in the LNP such as
distearoylphosphatidlycholine-(DSPC), biotin-lipid, cholesterol, 1,2-Dimyristoyl-sn-
Glycero-3-Phosphoethanolamine (DMPE), conjugated Polyethylene Glycol- (DMPE
PEG), rhodamine and PEGylated phospholipid—a polyethylene glycol (PEG-lipids)
which is an inert, biocompatible polymer that are covalently attached to the head-
group of a phospholipid [11].

One of the most important roles of the PEG, besides preventing aggregation of the
LNPs with each other or with the different environment analytes (protein serum), is
also that it shields LNPs both from enzymes and other cells that are not the target
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cell, which lead to increasing bloodstream circulation lifetime of the LNPs [11]. In
addition, LNPs lose their PEG-lipids upon interacting with the serum proteins over
time, in a process called PEG-shedding. Figure (1.1), a cartoon of LNP mimics is
illustrated, which is quite similar to the LNPs described here [11].

1.3 Protein corona
Blood plasma, the liquid component of blood in which the blood cells are suspended,
contains several different proteins of different concentrations [17]. When nanoparti-
cles (NPs), e.g. nanocarriers, are transferred inside the blood, many of these proteins
attach to the surface of the NP, forming a layer of proteins referred to as the protein
corona. In the beginning, the most abundant proteins are adsorbed on the surface,
known as the soft corona. After a while, these proteins are substituted by proteins
with a higher affinity but lower concentration and forms the hard corona[18].

The composition and structure of the protein corona depend on many factors of the
NPs such as size, curvature, surface charge, body temperature and shape of the NPs,
as well as duration of exposure. Thus, the composition of each corona is different
since it depends on many parameters. Once a corona formation has occurred, it
gives the NPs a new biological identity, which helps the NPs to be seen and taken
up by the cells [11].

The composition of the corona has been studied with different methods such as
dynamic light scattering or differential centrifugal sedimentation, and it has been
found that proteins of a slight negative charge, such as albumin and apolipoproteins
play an important role in the protein corona. These proteins show an affinity for
hydrophobic surfaces [18][19], and as soon the hydrophobicity of an NP surface de-
creases, fewer apolipoproteins adsorb[19].

The binding of proteins to NPs may cause protein structural rearrangements that
are thermodynamically is favorable. These changes are typically irreversible even
after desorption from the NP. The larger the curvature of the NPs compared with
the size of the proteins the more are the proteins believed to retain their original
structure after binding. However, different studies indicate that the perturbation of
protein structure may occur [10].

1.3.1 Apolipoprotein-E
Apolipoprotein-E (ApoE) is one of the serum proteins present in the bloodstream
that has an important role in the corona formation[17]. ApoE concentration is ca.
3-7 mg/dl in an adult [20] and it has its isoelectric point (pKa) at 5.65[21]. ApoE
binds to the surface of BNPs and acts as "address tags," and determines the destina-
tion of the BNPs. Furthermore, ApoE binds to the cell via the so-called low-density
lipoprotein (LDL) ligand. LDL ligand is a common receptor that is present on the
surface of all types of cells. The amount of LDL receptor varies, depending on the
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type of cell we are looking at [22][23].

ApoE is an amphiphatic protein, which means that it contains both polar (hy-
drophilic property) and nonpolar (hydrophobic property) regions. ApoE binds to
the cell membrane with its C-terminal (hydrophilic property) to the N-terminal of
the LDL-receptors. ApoE is composed of 299 amino acids and has a molecular weight
of 34 kDa. ApoE is polymorphic with three dominant alleles: ApoE2, ApoE3, and
ApoE4. Usually, a healthy person has two of the three alleles. Those with ApoE4
are recognized as having a higher risk for the cascade of Alzheimer’s than those
who do not carry these genes due to ApoE4 associated with the increased risk for
the cerebral amyloidal. Unlike ApoE4, ApoE2 gives more of a genetic defense to
neuro-degeneration diseases and lowers the risk [23][22].

In this work, ApoE3 is used because it is the most common allele and it has been
shown that ApoE3 has a significant role in the protein corona formation and endo-
cytic uptake via specific interactions with receptors in the cell membrane[10].

1.3.2 Albumin
Albumin is the most abundant protein in the serum in the blood,[10][24]. It is a
water-soluble and composed of 585 amino acids and has molecular weight of 66.5
kDa. Albumin has a pKa at 4.9 [25]. It has many functions, among others, to trans-
port various hydrophobic macromolecules such as fatty acids, drugs, and hormones
to a target cell in an aqueous environment [10]. Here bovine serum albumin is used
to speed up PEG-shedding of the LNPs which furthere will increase the binding of
ApoE to LNPs.

1.4 Endosomal pathway
Once corona formation has occurred, the LNPs get internalized through the cell
membrane and ends up in an endosome inside the cell, where the LNPs will get ei-
ther degraded or deliver its nucleotide cargo into the cytosol. This pathway is called
the endocytosis pathway [26][12]. Inside of the endosome, the pH value decreases
gradually[26]. At the beginning when the pH starts to become slightly acidic is
called early endosomes and acts as a sorting station. It is expected that the LNPs
that contain MC3 releases their cargo at the early endosome stage[11].

When a cargo is not released from the early endosome, the pH continues to decrease
down to 4.6 which defines the so-called late endosome stage. At this point the highly
acidic environment and some specific enzymes that are activated at this pH degrade
the cargo [27]. Thus, today only a percent of LNPs taken up into cells are then
translated into protein[12].

Today many scientists are focusing on enhancing this endosomal escape process, for
example by optimizing the LNP design[12].
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1.5 Aim of the project
The main aim of this master’s thesis has been to find a suitable surface chemistry
for binding LNPs while being inert to varying pH, to observe corona formation by
ApoE and structural changes of the bare and protein covered LNPs using Quartz
crystal microbalance with dissipation monitoring[28] and waveguide microscopy[29].

We hypothesise that ApoE will bind to LNPs after PEG-shedding occurs. Moreover,
rinsing LNP with albumin may speed up PEG-shedding and promote ApoE binding.
Further, we hypothesise that by decreasing the pH, we should be able to observe
some structural changes of LNPs and it is expected to occur after the pH value 6.44,
since MC3 in the LNPs start to protonate at this pH value.
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2
Methods & Material

In this chapter, the main experimental methods and materials used in this thesis
are presented. In Section 2.1, the fundamental principles and setup of QCM-D are
described. In the following section, which is Section 2.2, the working principle and
setups of waveguide microscopy are described. In Section 2.3, describes the NTA
method, which is used for both concentration and size characterization of the LNPs.
In the remaining sections, the main materials that have been used in this work is
described.

2.1 Quartz crystal microbalance with dissipation
monitoring

Quartz crystal microbalance with dissipation monitoring (QCM-D) is a label-free en-
semble average nano-sensor which is widely used for biosensing applications [30][31],
such as studying protein interactions [32], biopolymers, artificial cells [33] and to
study viscoelastic properties of absorbed entities on the surface of the sensor [34].

The main working principle of QDM-D is based on the piezoelectric property of
crystalline quartz. The piezoelectric effect is obtained when a quartz crystal at AT-
cut, i.e. at an angle 35.35 to its optical axis, is exposed to an external voltage that
induces a shear mode oscillation. Consequently, an acoustic wave is propagating
perpendicular to the surface is created. The standing wave has a set of resonance
frequencies (fn) when the odd integer number (n) of half-wavelength of the resonance
frequency matches the crystal thickness, di.

fn = nvi
2di

= nvi
λ
, (2.1)

Where vi is the speed of propagation of sound in the quartz crystal and λ is the
induced acoustic wavelength. A frequency of 5 MHz corresponds to a thickness of
0.33 mm[30]. According to the Sauerbrey equation (2.2)[35], it is possible to convert
the frequency shift from the absorption of an entity on the QCM-D sensor to its
mass

∆m = −S∆fn
n

, (2.2)

where ∆f is the change in frequency, ∆m is the mass of the adsorbed entity on
the sensor, and S is the Sauerbery constant that corresponds to 17.7 ng/Hz cm2 at
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resonance frequency 5 MHz, under the assumption that the absorbed mass is thin,
rigid, and uniform on the surface [30]. It is worth mentioning that one should be
aware of this interpretation of the biomaterial mass from a QCM-D measurement
overestimates the mass of the bound entity on the surface sensor since it includes
the mass of the bound water molecules to the target entity [36].

In addition to measuring mass adhered to the sensor surface, a QCM-D can also be
used to monitor the viscoelastic properties, such as how soft or rigidly an entity is
bound to the surface. This is studied by measuring how fast energy dissipates over
the time. A rigid body usually has a rapid decrease in dissipation energy than the
soft one. In this work, QCM-D in which has been developed by the examiner of this
thesis is utilized using the third harmonic, n=3.

2.1.1 QCM-D setups and experimental
QCM-D setups. Figure (2.1a) shows an image of the QCM-D instrument uti-
lized in our work. It consists of a pump and four parallel flow cells, which make
possible to perform four simultaneous experiments with a continuous flow rate. The
sample solution (PLL-g-PEG-biotin or SLB, SA, LNPs, then proteins) were injected
from one side and then discarded from the other side with a constant flow. Figure
(2.2a) shows a QCM-D sensor having gold-electrodes and silicon dioxide (SiO2) as
a coating layer where the biological materials are deposited.

Figure 2.1: A photo of a QCM-D instrument with its flow cells and pump.

QCM-D sensor surface cleaning. Prior to the experiments, the sensors
were cleaned with Sodium Dodecyl Sulfate (SDS) soap and followed by rinsing with
the MilliQ water. MilliQ water is highly purified from organic and inorganic ma-
terials and often used for research applications. After a sensor had been washed
properly, it was dried with N2 gas. Moreover, the sensor put in a plasma machine
cleaner for 40 minutes in order to further clean the surface. The plasma machine
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Figure 2.2: QCM-D sensors. The sensor to the left(A) is the SiO2 coated layer
where the biological materials are deposit on and the sensor to the right (B) shows
the under of the sensor with gold-electrodes.

cleaner was also used in order to activate the sensor surface to promote biomaterials
binding on it.

LNPs and ApoE concentrations used in the QCM-D. As men-
tioned above, QCM-D provides information based on ensemble averaging of the
biological interactions taking place on the surface of the sensor. Therefore QCM-D
requires a lot of material to produce its signal. The two most important and ex-
pensive materials used in this work are LNPs (obtained from the industrial research
center FoRmulaEx) and ApoE (purchased from Sigma). The concentration of the
LNPs that was used in the QCM-D measurements was ca. 4x1010 mL−1. Initially,
a ApoE concentration of 5-10g mL−1 was used but did not giva a significant signal.
Therefore, the concentration of ApoE has increased to 25g mL−1 or 735 nM. This
amount of the concentration is also close to was ApoE concentration present in our
blood serum. Note that all the ApoE addition to the pre-bound LNPs required a
continuous flow rate. Therefore, the flow rate of ca. 7 µl min−1 was chosen in order
to lower the ApoE consumption.
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Figure 2.3: Schematic illustration of the microscopy setup, where the laser light
illuminates a single BNP through the waveguide chip. Then the waveguide micro-
scope monitors both the scattering and fluorescence signals of BNP that is present
on the surface of the chip in a biological aqueous environment. Image is taken
with permission from Sjöberg M. "Characterization of biological nanoparticles using
evanescent field sensing.", Chalmers University of Technology; 2020[39].

2.2 Waveguide microscopy

Waveguide microscopy is a label-free surface-sensitive bioanalytical technique that
uses an evanescent field to illuminate e.g. BNPs and generates both ensemble aver-
aged and single-particle-resolved data [37]. Further, waveguide microscopy is capable
of detecting both light scattering and fluorescence signals, which provides the possi-
bility to observe both the labeled interior and exterior of the BNPs [37][29], Figure
(2.3). Waveguide microscopy can be used in many various biotechnical applications
such as characterization of an individual viruses, exosomes or in the investigation of
the synthetic NPs that are used for drug or vaccine delivery[37][29]. Furthermore,
waveguide microscopy can detect the so-called protein corona formation that has
become a topic or interest in recent years in drug delivery development[37].

Due to the capability of single NP resolution of the waveguide microscopy, this
technique can provide information about the distributions of properties of BNPs,
such as composition, structure, and size [37] that, e.g., have a role in the cellular
uptake[38]. Besides that, the waveguide can provide a real-time-monitoring of the
scattering signal from single NPs and can simultaneously provide a fluorescence
signal if the NP is fluorescence-labeled[38].
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2.2.1 Fluorescence principle

As mentioned above, the waveguide microscopy can provide both a single-particle-
resolved and an ensemble-averaging signal obtained from the fluorescence mode.
Therefore, a short description of the basic principle of the fluorescence is presented
here. The main principle of fluorescence can be described with the Jablonski dia-
gram, shown in Figure (2.4). The diagram shows a fluorophore atom/molecule that
is excited to a higher electronic states (Si) from its ground state (S0) upon absorbing
the incident light, of wavelength λin [40].

Figure 2.4: General Jablonski diagram illustrating the concept of fluorescence.
The figure shows the processes of absorption, relaxation and both radiative (green
arrow) as well as non-radiative emission (red arrows). Image is taken with permission
from Sjöberg M. "Characterization of biological nanoparticles using evanescent field
sensing.", Chalmers University of Technology; 2020[39].

At the Si, the fluorophore molecule is not stable and is therefore deexcited back
to its ground state through radiative and non-radiative pathways. The radiative
process emits a photon, which corresponds to the energy gap between the Si and S0.
This phenomenon is called fluorescence. The energy from the non-radiative process
is mostly transferred to the environment. In a common absorption and emission
spectrum, one can see that the absorption wavelength is a shorter wavelength than
the emission wavelength. This can be explained by the Stokes shift [40].

It is worth mentioning that the fluorophore molecules besides that they can affect
the structure of the BNPs upon binding to them, in which can effect the result
[29][39], the fluorophore molecules can even undergo the so-called photo-bleaching
fluorophore by continuously exposing it to light [41]. Therefore, in general the use
of scattering modes has a number of advantages over using fluoresence modes but
at the same it can give us a specific information of the sample of the interest and
therefore fluoroscence mode instead can be used. Thus, waveguide microscopy is a
adequate technique for the type of studies carried out in this thesis.
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2.2.2 Waveguide chip
What makes waveguide microscopy unique is its chip, the single-mode waveguide
chip, Figure (2.5). The waveguide chip has been developed by one of the thesis
supervisors, Björn Agnarsson. It is consists of a silica layer with a refractive index
of n2=1.42. This silica layer is the core of the waveguide chip and it is sandwhiched
between two symmetric layers of a material with a lower refractive index, the so-
called CYTOP.

Figure 2.5: Each waveguide chip is 1x1 cm2 big and in the middle of its upper face
it has a 2x2 mm2 well-etched hole that goes all way down to the waveguide core,
where the sample is deposited on and illuminated by the evanescent field. Image is
taken with permission from Sjöberg M. Characterization of biological nanoparticles
using evanescent field sensing. Chalmers University of Technology; 2020[39].

CYTOP is an organic material that has a refractive index close to that of water,
n1=1.34 which makes it it ideal to reduce the stray light background during the
measurements. A short description of the propagation of light in the waveguide
chip is needed to better understand how a waveguide chip works. Describing light
as a homogeneous wave and assuming the electric field to be an harmonic wave, the
Helmholtz equation gives us

∇E + k2n2E = 0 (2.3)

where n = √εr and k = ω/c. From here, it is possible to approximate the propa-
gation of light, in the core, as a plane wave in the x-direction, and assuming that
z-direction is semi-infinite then we can express a trial solution in the form

E(x, y) = E(y)e−iβx (2.4)

where β is the wavenumber of light traveling in the waveguide in the x-direction.
Putting together eq. 2.3 and 2.4 gives

∂2E
∂y2 + (k2n2

1 − β2)E = 0. (2.5)

In our setup the incoupled light is generally linearly polarized and most often TE-
linearly polarized, meaning that the electric field has only a component in the z-
direction (Ez). We can thus postulate solutions that demonstrate the propagating
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electric field in the waveguide chip as

Ez =


A cos(a

√
k2n2

1 − β2 − ϕ)e−
√
β2−k2n2

1(y−a), y > a

A cos(y
√
k2n2

2 − β2 − ϕ), −a < y < a

A cos(a
√
k2n2

1 − β2 + ϕ)e−
√
β2−k2n2

1(y+a), −a > y

(2.6)

where the refractive index of the core, n2, is larger than the cladding layers n1, a
is the half-thickness of the core layer, A is a constant that can be derived from the
boundary conditions of the propagating light, and ϕ is the phase term. From these
equations, one can see that that the evanescent fields decay exponentially in the
cladding layers, which enables to observe a BNP close to the surface.

The small thickness of the core layer allows only the fundamental mode to be sus-
tained in the waveguide. What this means practically, is that as the light propagates
through the waveguide core, an evanescent tail is formed at the boundary between
the core and the cladding layers (CYTOP or water). This evanescent tail will have
a characteristic penetration depth (dp) that represents how far into the cladding
environment its effect will be noticed. This penetration depth is defined from the
the exponential term in equation (2.6), as the distance dp at which point the field
intensity has drooped to 1/e of the intensity at the cladding-core-layer interface
(y = a). Or in other words:

dp = 1√
β2 − k2n2

1

(2.7)

In general the propagation constant β will depend on both material properties (re-
fractive indexes), geometrical properties (core layer thickness) and properties of the
in-coupled light (wavelength and polarization). For a waveguide with a core-layer
thickness of around 400 nm, n1 =1.34, n2=1.42, λ = 488, we get a propagation
constant of 17,8 µm−1 which translates into penetration depth of around 228 nm.
Hence, only objects within this penetration depth will interact with the propagating
light and become visible in the microscope.

2.2.3 Scattering and fluorescence intensity by a small par-
ticle

In Rayleigh scattering theory, the phase of an incident electromagnetic wave in-
teracting with a particle much smaller than its wavelength, is assumed to not be
affected by the particle. Upon interaction the particle will experience an induced
dipole moment p inside of itself according to

p = αE (2.8)

which defines the polarizability of the particle, α. The electric field of the scattered
wave will be proportional to the dipole moment and the intensity thus proportional
to the square of both the incident electric field and the polarizability. In general the
scattering intensity can be represented as

Is ≈ A|α|2 (2.9)
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where A is function that includes the square of the evanescent field intensity.

If we assume that the model particle is a spherical shell (e.g. a model vesicle)
with radius r, thickness of d with a refractive index of nl; given that that both the
inside and outside of this spherical shell has the same refractive index of nm, the
polarizability [39]

αv = 4πr2d(2n2
l + n2

m)(n2
l − n2

m)
3n2n2

m

∝ r2 (2.10)

Furthermore, if the model particle has the same refractive index both inside as its
shell, in another word said that the sphere is filled with the same material as its
shell, then the polarizability will be([39])

αs = 4πr3 nl − nm
nl + 2nm

∝ r3 (2.11)

Inserting equation (2.10) or (2.11) into equation (2.9) gives us either the scattering
intensity of a vesicle Is,v or a filled vesicle Is,s

Is,v = Afs|αv|2 ∝ r4 (2.12)

or
Is,s = Afs|αs|2 ∝ r6. (2.13)

The readers interested in more details of the equations presented above, are referred
to [39][29] and [42].
On the contrary, the intensity from the fluorophore molecules present in the particle
of interest is proportional to the number of fluorophore molecules (Nf ), leading us
to fluorescence intensity for a vesicle (If,v) proportional to the vesicles area AA,v,

If,v ∝ Nf ∝ AA,v ∝ r2 (2.14)

and fluorescence intensity for a filled-vesicle (If,s) proportional to the vesicles volume
VV,s,

If,s ∝ Nf ∝ VV,s ∝ r3. (2.15)

For further details of these equations, the reader is encouraged to read [29][39][42].

2.2.4 Waveguide microscopy setups and experimental
Waveguide setups. In Figure (2.3) we have already seen a schematic illustra-
tion of the whole waveguide microscopy setup, where laser light of 532 nm is coupled
to the core of the waveguide chip through an optical fiber, where an exponentially
decaying evanescent field is generated and illuminates the solution droplet on top of
the chip, monitoring simultaneously the scattering and fluorescence signals of indi-
vidual BNPs.

Waveguide chip. A closer image of the chip with the liquid droplet on top of it,
is shown in Figure (2.6). In the droplet, a sequence of entities (PLL-g-PEG-biotin
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or SLB, SA, LNPs, then proteins) were added that bound to the previous entity
either via electrostatically or via biotin-streptavidin interactions. Before adding
each entity, the surface was rinsed a number of times with PBS in order to make
sure that the previously liquid totally was removed. As shown in Figure (2.6), there
is no pump machine coupled to the waveguide setup that can exchange the fluidity
in the waveguide chip. Therefore we needed first to remove the current liquid and
then replaced with the new one by pipetting. Changing the pH of the droplet was
done in the same way.

Figure 2.6: A liquid droplet of the sample on the waveguide chip.

Waveguide chip sensor surface cleaning. At the beginning of the
work, prior to each experiment, the waveguide was rinsed with MilliQ water, fol-
lowed by drying it with N2 gas and then placed into plasma cleaner machine in
order to both destroy all the contaminations and activate the surface. During the
experiments, we found out that a proper cleaning was needed since we could not
obtain a proper functionalized surface.

Therefore, we started with a new cleaning protocol. First, the chip was rinsed SDS,
MilliQ, and followed by drying with N2 gas. Further, the chip was placed into a
plasma cleaner machine for ca. 15 minutes. Then a drop of sulfuric acid was placed
on top of the chip for 15-30 minutes in order to remove all organic contaminations.
Towards the end, the chip was rinsed again with MilliQ water and dried with N2 gas.
With the new cleaning protocol, we were able to use the same chip during this thesis.

LNPs and ApoE concentrations used in the Waveguide mi-
croscopy. As mentioned above, waveguide microscopy can provide information
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based on a single individual NP close to the surface. Therefore it does not matter
which concentration of LNP one uses in this technique. In that sense, waveguide
microscopy measurements were of much low cost than the QCM-D ones. On the
contrary, the concentration of ApoE was used during waveguide microscopy was 1-5
times higher than the concentration used in the QCM-D measurements.

2.3 Nanoparticle tracking analysis

Nanoparticle Tracking Analysis (NTA) have been used to both determine the con-
centration and the size distributions of the LNPs in this work. NTA is a technique
capable of determining nanoparticle size and concentration both with scattering
and fluorescent modes by tracking the particles’ Brownian motion. NTA software
analyzes many particles individually and simultaneously by using Stokes-Einstein
equation (2.16) to determine the hydrodynamic diameter of the particle suspended
in an aqueous environment.

〈x̄, ȳ〉2

4 = Dt = kBT

6πηr (2.16)

where 〈x̄, ȳ〉2 is the average distance each particle moves in x and y directions, T is at
absolute temperature, kB is Boltzmann’s constant, D is diffusion constant, η is the
solvent viscosity and finally r is the hydrodynamic radius [43]. The NTA instrument
used in this thesis is a Nanosight LM10 with a Hamamatsu C11440-50B/A11893-02
camera and laser with a wavelength of 488 nm. The setup is equipped with a syringe
pump to enable having a continuous flow rate during the measurements, especially
when the instrument uses a fluorescent mode when the risk of photo-bleaching the
studied particles is high, Figure(2.7).

Figure 2.7: (a) Instrumental schematics of NTA detection, where the particles
suspended in liquid and illuminated by laser beam. Light scattered by a the particles
is detected, from which the position of the particles is identified by the software. (b)
The software tracks the trajectory of the particles and constructs particle tracks. The
image is taken with permission from Kim A, NgWB, Bernt W, Cho NJ. Validation of
Size Estimation of Nanoparti-cle Tracking Analysis on Polydisperse Macromolecule
Assembly. Sci Rep. 2019Feb;9(2639):1–14[43].
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2.4 Surface preparation

There are many ways to immobilize LNPs to the surface of a sensor. In this work,
two different substrates have been used in order to functionalize the surface of the
sensors, to which LNPs were bound via biotin-streptavidin interaction. The first
surface (surface) was composed of co-polymer with a poly(L-lysine) backbone and
poly(ethylene glycol) side-chains containing 5% biotin (PLL-g-PEG-5-%-PEG-biotin
(PLL-g-PEG)) (purchased from Avanti). PLL-g-PEG is a hydrophilic and uncharged
synthetic polymer that has a positively charged backbone (PLL-backbone), which is
used to bind to a negatively charged substrate through an electrostatic interaction
[44], Figure(2.8).

Figure 2.8: Surface chemistry1 composed of PLL-g-PEG-5-%-PEG-biotin. The im-
age is adapted from with permission from Sjöberg M. "Characterization of biological
nanoparticles using evanescent field sensing.", Chalmers University of Technology;
2020[39].

The second surface chemistry (surface2) that has been used was composed of sup-
ported lipid bilayers (SLB). An SLB is composed of phospholipids. A phospholipid
consist of a hydrophilic head and two fatty acid tails that are hydrophobic, Figure
(2.9). As shown in the image of the lipid, lipids used in this project usually have a
length of 2.5 nm and a head-group of 0.5 nm2, but not all the lipids have the same size
as it can be seen in Figure (2.10), where the another type of lipid called CAP-biotin
(green-circle) is slightly longer than the other ones. However, when lipids came into
contact with the water molecules or a charged surface, the hydrophobic parts of the
lipids hide themselves inside of the SLB and the head-group towards to the water
molecules or to the activated surface sensor, Figure(2.10). In this work, the SLB was
composed of 95-99%1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) and 1-
5% 1,2-Dipalmitoyl-sn-glycerol-3-Phosphoethanolamine-N-(CAP-biotin)(purchased
from Avanti).
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Figure 2.9: Illustration of a phospho-
lipid. A lipid has usually 2.5 nm length
and it has even an hydrophobic head of
the size ca. 0.5 nm2.

Figure 2.10: Surface chemistry2 (SLB)
composed of POPC and CAP-biotin on
a subtrate. The images are adapted with
permission from Sjöberg M. "Character-
ization of biological nanoparticles using
evanescent field sensing.", Chalmers Uni-
versity of Technology; 2020[39].

After the surfaces have been functionalized with a desired substrate through ac-
tivating the surface with the plasma cleaner machine, LNPs were bound to them
via biotin-streptavidin (from Sigma). Biotin and streptavidin are two proteins that
are well known in the biophysics field. They bind to each other irreversibly due
their high affinity (Kd) of about Kd = 10−15 to 10−14 [45]. Furthermore, a each
streptavidin (SA) can bind up to four biotines at the same time, shown in Figure
(2.11).

Figure 2.11: Illustration of a streptavidin with its four binding sites to biotin.
Image is taken with permission from Sjöberg M. "Characterization of biological
nanoparticles using evanescent field sensing.", Chalmers University of Technology;
2020[39].
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2.4.1 Vesicle extrusion
In order to create SLBs on different sensor surfaces, lipid-bilayer vesicles contain-
ing 95-99%mol POPC and 1-5%mol CAP-biotin were created. Each lipid solution
(POPC and CAP-biotin), originally dissolved in a chloroform solution, was mixed.
In order to remove all the chloroform solution from the sample, the solution has been
dried in a vacuum chamber for two hours. Then, PBS was added to the dried solu-
tion. When the lipids came into contact with the water, they enveloped themselves
into spherical lipid-multi-layers due to the entropic reasons [46]. Furthermore, to
obtain lipid-bilayers vesicles, the solution was froze-thrown five times [46]. Towards
the end, to obtain a monodisperse vesicle solution, the solution was extruded 11
times through 100 nm poly-filters.

2.5 pH preparation
In order to vary the pH of the bulk solution that mimics the pH value of an en-
dosome, different buffer solutions with different pH values were created following
universal buffer protocol. The table below (2.1) illustrates the amount of citric acid
(C6H8O7) with a concentration of 0.1 M, disodium phosphate (Na2HPO4) with a
concentration of 0.2 M, and sodium chloride (NaCl) with a concentration of 150 mM
that was mixed to obtain a specific pH value for this work. All the material above
was purchased from Avanti.

Table 2.1: pH preparation

pH 0.1 M C6H8O7 0.2 M Na2HPO4 150 mM Nacl
7.4 - - -
6.6 5.45 14.55 200
6.0 7.37 12.63 200
5.6 8.40 11.60 200
4.6 10.65 9.35 200

For the pH 7.4, a tablet of the phosphate-buffered saline (PBS)(from Sigma) was
directly dissolved into MilliQ water.
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3
Results and discussions

The results and discussions of this thesis are all presented in three subsections. In the
first subsection, the results and the discussions about which model surface chemistry
is suitable for binding LNPs while being inert to varying pH is presented. More-
over, the size distributions of the LNPs obtained from the NTA are also presented.
Once a suitable model surface chemistry was chosen, the results and discussions of
corona formation on LNPs with different proteins (ApoE or a Apoe-BSA mixture)
is introduced in the following subsections. Finally, in the last subsection, the effect
of an adhered ApoE layer on LNPs upon a varying pH is presented, a phenomenon
which is critical for the release of the cargo. Note that all the measurements were
first performed with the QCM-D, and then, based on these results, continued with
the waveguide microscopy.

3.1 Lipid nanoparticle binding to the surface
There are many different ways to immobilize LNPs on a sensor surface. In this
project, two different model surface chemistries were studied by using QCM-D mea-
surements at room temperature. The first surface chemistry chosen for this work
consisted of PLL-g-PEG-biotin, see in section 2.4. The second model surface chem-
istry was a supported lipid bilayer containing POPC and CAP-biotin. The study of
these model surface chemistries were first performed with the QCM-D and then con-
tinued with the waveguide microscopy. Further, size characterization of the LNPs
was performed by NTA.

3.1.1 Surface chemistry 1 in QCM-D
In Figure (3.1), a cartoon of the first model surface chemistry chosen to bind LNPs
on the QCM-D sensor surface is illustrated. The QCM-D sensor was functionalized
with PLL-g-PEG-biotin, Figure (3.1, i). LNPs were then immobilized on the surface
via SA, Figure (3.1 ii and iii). As illustrated in the graphs in Figures (3.2) and (3.3),
the binding of each component (PLL-g-PEG-biotin, SA, and LNPs) to the surface
results in frequency decreasing as well as the energy dissipation increasing. The
solid lines show the binding of entities to the sensor’s surface, while the dashed lines
are the controls. The control measurement had been performed in order to see how
the signals changes upon LNPs binding to the surface compared when there is no
any LNPs.
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Figure 3.1: Schematic illustration of the binding of a LNP mimics (iii) to a fuc-
tionalized surface with PLL-g-PEG-biotin (i) via streptavitin (ii).

Figure 3.2: QCM-D measurement
shows that the frequency decreases when
each of the components: (i, ii and iii)
bind to the model surface. The light blue
dashed line is the control that results only
from (i) and (ii).

Figure 3.3: QCM-D measurement
shows that the energy dissipation in-
creases when each of the components: (i,
ii and iii) bind to the model surface. The
light orange dashed line is the control
that results only from (i) and (ii).
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Figure 3.4: Size distribution of the LNPs in NTA. The mean size of the LNPs is
ca. 138 [nm] with standard deviation of 14 [nm].

The frequency shift upon binding of each analyte to the sensor indicates a mass
increase on the sensor through the Sauerbrey equation (2.2). The frequency graph
shows that to obtain ca. a 30 Hz frequency response results from the binding of LNPs
on the surface, when a volume of 0.45 mL and a concentration of 4x1010 mL−1 was
used. This frequency response corresponds to ca. 2.7x107 cm−2 LNPs on the surface.
This assumes that an LNP has a spherical form with a hydrodynamic diameter of
138 nm as obtained from, Figure (3.4). Note that the QCM-D overestimates the
bound mass due to the mass of the coupled water molecules[36].

3.1.2 Surface chemistry 2 in QCM-D

The second model surface chemistry candidate was used in this work consisted of
the SLB. This SLB contained 95% POPC and 5% CAP-biotin, Figure(3.5,i). As in
the previous subsection, the LNPs were conjugated to the surface via SA, Figure
(3.5, ii and iii). Figures (3.6) and (3.7), show the frequency decrease and dissipation
increase upon the adsorption of enteties to the sensor surface, as was expected.
Figure (3.5) shows that the largest frequency shift results from binding of LNPs on
the SLB, and it is estimated to be ca. a -205 Hz, which corresponds to 1.8x108 cm−2

of LNPs on the sensor surface, using equation (2.2). The amount of LNPs used to
obtain this frequency shift was less than half of the amount of the LNPs used in the
first model surface chemistry.
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Figure 3.5: Schematic illustration of the binding of LNP mimics (iii) to a func-
tionalized surface with PLL-g-PEG-Biotin (i) via streptavitin (ii).

Figure 3.6: QCM-D measurement
shows that the frequency decreases when
each of the components: (i, ii and iii)
binds to the model surface. The light
blue dashed line is the control one that
results only from (i) and (ii).

Figure 3.7: QCM-D measurement
shows that the dissipation energy in-
creases when each of the components: (i,
ii and iii) binds to the model surface. The
light orange dashed line is the control one
that results only from (i) and (ii).

3.1.3 Control 1: Interaction of ApoE with surface 1 and 2
without any LNPs in QCM-D

In this section, we have studied the interaction between ApoE with the surface
chemistries outlined above to observe if ApoE binds or not. The best candidate
surface would be the one to which ApoE does not bind, or to which ApoE binds
reversibly. Figure (3.8) shows the QCM-D responses when ApoE was added to the
PLL-g-PEG-biotin functionalized surface. As a result, the frequency decreased and
energy dissipation increased. This result might indicate that a small amount of ApoE
had bound to the surface. There is also a small probability that these frequency and
dissipation shifts upon adding ApoE, are due to the background noise. However, the
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frequency and dissipation response is very small upon ApoE injection to the surface.

Figure (3.9) show the results when ApoE was instead added to the SLB surface
chemistry. The frequency decrease of 8 Hz upon adding ApoE suggests binding
ApoE either to the SLB or the SA. As the system was rinsed and the pH was
decreased to 6.6, the ApoE seemed to dissociate. In future work, one should study
if this shift in frequency and dissipation results from ApoE binding to SLB or SA.

Figure 3.8: Interaction of ApoE with
surface without any LNPs in QCM-D.

Figure 3.9: Interaction of ApoE with
surface without any LNPs in QCM-D.

3.1.4 Control 2: Reaction of the surface 1 and 2 to the pH
varying without any LNPs in QCM-D

This part aimed at finding which surface chemistry is inert to the varying pH. Dur-
ing the experiments, the pH was decreased step-wise from 7.4 to 6.6, 5.6, and 4.6
and then increased back to the initial pH of 7.4. Figures (3.10) and (3.11), both
surfaces are compared to each other. The graph in Figure 3.10) shows when the
surface was functionalized with the PLL-g-PEG-biotin. The result shows that the
frequency response was increased, and dissipation was decreased upon pH lowering.
This suggests that surface charges are affected and leading to partial dissociation of
the objects from the surface. In contrast, the second model surface seemed to be
stable at all pH, Figure (3.11).

The above results indicate that the SLB is the most suitable candidate as a substrate
for our experiments, since LNPs bind easily to this surface. Further, the ApoE binds
irreversibly to the SLB, as well the surface is being almost neutral for all pH values
used in this work. Therefore, the study of the SLB was chosen for the waveguide
microscopy measurements.
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Figure 3.10: Reaction of the sur-
face functionalized with the PLL-g-PEG-
biotin to the pH varying without any
LNPs in QCM-D.

Figure 3.11: Reaction of the surface
functionalized with the SLB to the pH
varying without any LNPs in QCM-D.

3.1.5 Immobilization of the LNPs on SLB in Waveguide mi-
croscopy

Based on the information obtained from the QCM-D measurements, the immobi-
lization of the LNPs to the SLB was studied with waveguide microscopy. Figure
(3.12) shows an image of an SLB composed of 95% POPC and 5% CAP-biotin-
lipids in scattering mode at wavelength 488 [nm]. As is illustrated in the image of
the SLB on the waveguide microscopy chip, some islands of SLB (dark areas) seems
to have formed among the adhered liposomes (bright spots). It was not possible
to fully induce rupture of all adhered liposomes. This in-homogeneity in the SLB
can be due to the high concentration of CAP-biotin-lipids, considering that POPC
and CAP-biotin have a slightly different lengths and head group sizes. Moreover,
the quality of the waveguide chip also had an effect on the homogeneity of the SLB
as well as the way the chip was cleaned as it is described in the cleaning protocol
of the waveguide chip, see section 2.2.4. Thus, the concentration of the CAP-
biotin in the SLB was then reduced to 1% for the following waveguide microscopy.

Figure 3.12: Un-
homogeneous SLB on the
waveguide microscopy chip
taken at wavelength 488
[nm].

.

Figure (3.13) shows LNPs adhered through SA to
the SLB composed of 99%mol POPC and 1%mol
CAP-biotin. The images are taken with different
wavelengths 635 and 532 nm. The first image to
the left shows the cargo of the LNPs in fluorescence
mode, while the middle one illustrates the RhD-
DOPE lipids present in the LNPs. The last im-
age illustrates the whole LNPs in scattering mode.
Comparing these images with each other, it is clear
that all LNPs had cargo. Note that these images are
zoomed in on the whole surface, and we can see more
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particles in the whole image.

Figure 3.13: Images of the LNPs on the SLB via SA on waveguide chip. The
Figure to the left shows the fluorescence image of the cargo exited with wavelength
635 [nm]. The middle Figure illustrates the fluorescence image of the RhD-DOPE
lipids in the LNPs exited at 532 [nm]. The last Figure shows the whole LNPs image,
which results from the scattering mode of the waveguide microscopy.

It is also worth mentioning that from this Figure (3.13), it is possible to analyze
the size distribution of the LNPs and then compare with the NTA s, but this is not
taken into account in this master thesis. From this result, it is clear that waveguide
microscopy can provide information both from the interior and exterior of a single
LNPs. Besides that, it in principle only needs a single LNP to obtain data using
this instrument, which makes the experiments much more low-cost compared to the
QCM-D.

3.2 Protein corona formation

As mentioned in the introduction, one of the most critical steps for the LNPs to be
taken up by a targeted cell is that they are covered by the so-called, protein corona
which mainly consists of serum proteins like e.g. ApoE, after LNPs have been ex-
posed to a biological fluid. ApoE can only be absorbed on the surface of the LNPs
after PEG-lipids have left the LNPs in the process called PEG-shedding. In line
with this, in this section we present results from QCM-D and waveguide microscopy
measurements when studying corona formation on the LNPs with different proteins.
Here, all bound LNPs on the SLB were rinsed either with PBS or PBS and BSA for
60-90 minutes in order to induce PEG-shedding.
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3.2.1 Protein corona formation in QCM-D
Figures (3.14) shows corona formation on the LNPs with ApoE in the QCM-D
measurement. The bound LNPs to the SLB via SA were rinsed only with PBS. Af-
terward, ApoE was added to the surface with a continuous flow. Shifts in frequency
and dissipation indicate that ApoE binds to the LNPs. The result shows a -55 Hz
frequency response upon ApoE binding compared to the -205 Hz from the previously
bound LNPs LNPs (thus a ratio of approximately 0.26). Further, the dissipation
signal increasing indicates that the soft of the LNPs is increased upon ApoE binding.

Figure 3.14: ApoE binding to the previously bound LNPs on SLB via SA in
QCM-D. ApoE binds with three different phases shown by the black arrows: i, ii
and iii. The solid blue line shows that the mass increases on the sensor surface as
well dissipation increases (solid orange) upon adding ApoE.

As can be seen in these curves, ApoE binds to the LNPs with three different ki-
netic phases (i, ii, and iii). The first kinetic phase (3.14, i), appears to be slower
than the two remaining phases, Figure (3.14, ii and iii). This possibly indicates
that PEG-shedding was occurring, causing the ApoE binding to the LNPs to be
slow. In the subsequent phase, ApoE binding seems to occur quickly, Figure (3.14,
ii), suggesting that ApoE binds well to LNPs after some amount of the PEG-lipids
have been washed away by the buffer. In the third part of the ApoE kinetic phase,
it can be seen that the ApoE interaction with the LNPs is slowed down compared
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with the second kinetic phase. This might indicate that the ApoE binding starts to
saturate. It might also be the case that LNP surfaces are saturated with ApoE but
further binding is due to ApoE-ApoE interactions.

When the system was rinsed with PBS around time 500 min, it could be seen that the
frequency started to increase and the dissipation response decreased, Figure(3.14).
The energy dissipation response upon rinsing with PBS was much larger than for the
frequency, suggesting that ApoE-ApoE interaction might have caused some kind of
aggregation on the LNPs. In addition to this speculation, this result might suggest
that almost all ApoE bound during the final binding phase (iii) is rinsed away by
the buffer observing that energy dissipation returns to the same level as binding
phases (i) and (iii).

Figure 3.15: ∆F upon ApoE binding to
the previously bound LNPs, normalized
to the absolute response at t = 315 min
giving ∆F(t=315 min)=-170 Hz. The
light-blue curve results from when the
LNPs were rinsed with PBS and the with
BSA. The dark-curve comes from when
the LNPs were rinsed with only PBS.

Figure 3.16: ∆D upon ApoE binding to
the previously bound LNPs, normalized
to the absolute response at t = 315 min
giving ∆D(t=315 min)= 32(10−6). The
light-blue curve results from when the
LNPs were rinsed with PBS and the with
BSA. The dark-curve comes from when
the LNPs were rinsed with only PBS.

In addition, the almost similar kinetic phases of ApoE binding to the LNPs have been
observed when the system has been rinsed with the BSA, Figures (3.15) and (3.16).
However, an important difference between the two measurements was observed, that
the BSA seemingly that removed PEG-lipids and promoted earlier ApoE binding,
Figure (3.15) and (3.16). The light-blue lines show the result from ApoE binding to
the LNPs after the surface has been rinsed with the PBS and then with BSA and
the light-blue lines result from when the system was rinsed with only PBS.
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Figure 3.17: ApoE and BSA binding to the previoulsy bound LNPs on the SLB
via SA in QCM-D. ∆F and ∆D are normalized to the absolute response at t= 330
min giving ∆F(t=330 min)=-160 Hz and ∆D(t=330 min)=30(10−6).

Contrary to the kinetic phase from only ApoE binding to the LNPs, Figure (3.17)
shows that the binding of a mixture of ApoE-BSA occurs monotonically before flat-
tening out. Prior to the experiment, the bound LNPs were rinsed with PBS. A
frequency response of 17 Hz was observed upon ApoE binding to the LNPs (which
themselves produced a response of 93 Hz upon binding to the sensor surface), giv-
ing a ratio between ApoE and LNPs ca. 0.18. As can be seen in the result, at
the beginning of the measurement, the dissipation response increased afterwhich it
decreased upon ApoE binding, while the frequency response continued to decrease.
These curves indicate that the ApoE might be bound more compact to the LNPs.
Therefore, the dissipation response curve is not soft, as shown in Figure (3.14).
Towards the end, the frequency did not increase as much as in Figure (3.17).

3.2.2 Protein corona formation in waveguide microscopy
In order to gain further understanding of the system investigated with QCM-D in
Figure (3.14), it was additionally studied using waveguide microscopy. The LNPs
were bound to an SLB via SA. Since the current waveguide microscopy setup do
not yet provide the possibility of measuring under continuous flow, the surface was
rinsed with PBS by pipetting a couple of times. ApoE was then added to the sur-
face. The result of the experiment is shown in Figure (3.18). As can be seen in the
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result, the intensity did not increased upon adding ApoE, which suggests that there
have been not interaction between ApoE and LNPs.

However, we were not able to observe binding between ApoE and LNPs as we could
see in QCM-D measurements, although different concentrations of ApoE were tested.
This indicates that PEG-shedding needs to occur for ApoE binding to happen. For
PEG-shedding to occur, the bound LNPs need to be rinsed with buffer with a con-
tinuous flow, which was not possible to be performed with the current waveguide
microscopy setup. Thus, future work should therefore include further developments
of the waveguide microfluidic chip in order be able to rinse the surface with a con-
tinuous flow to promote PEG-shedding.

Also note that it is still possible that ApoE binding did occur, but did not produce
a signal detectable due to the signal being small to be detected. This observation is
supported by the QCM-D measurements that ApoE response is much smaller than
the LNPs’, even though a lot of materials were used to obtain an average signal in
the QCM-D.

Figure 3.18: Scattering and fluores-
cence average intensity of all the LNPs
over time upon adding ApoE in waveg-
uide microscopy at wavelength 488 nm.
The drop in intensity results from when
the solution droplet was mixed by pipet-
ting which lead to a temporary loss of
intensity.

Figure 3.19: Scattering average inten-
sity of all the LNPs over time upon
adding ApoE to the surface in waveguide
microscopy at wavelength 488 nm. The
drops in intensity results from when the
solution droplet was mixed by pipetting
which lead to a temporary loss of inten-
sity.

Since we could not see any binding of ApoE to LNPs in the waveguide microscopy
as in the QCM-D measurement, the experiments was continued with a few modifica-
tions. To promote PEG-shedding, the LNPs were diluted and kept in the fridge for
two days. Moreover, before the measurement, the temperature of the LNPs temper-
ature increased to the body’s temperature to potentially promote PEG-shedding.
Then, the LNPs were bound to an SLB via SA and rinsed many times with PBS by
pipetting. In the final stage, ApoE was added to the system.
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The result of the experiment is shown in Figure (3.19). It shows that the average
scattering intensity of all particles, after time 500s, started to increase. After that,
the LNPs were exposed to a five times higher concentration of ApoE used in the
QCM-D measurement. This type of intensity increase was not observed in the
previous waveguide microscopy measurements. The drops in intensity in the curves
results from when the solution droplet was mixed by pipetting which lead to a
temporary loss of intensity. This result suggests that ApoE binding to LNPs might
have occurred, especially in points "a" are typical characteristics for protein binding
to the particles in the waveguide microscopy is seen, but we can not claim that we
have seen ApoE binding to the LNPs. Further investigations are needed to confirm
this observation.

3.3 Effect of a decreasing pH on bare and protein
covered lipid nanoparticles

As mentioned in the introduction, LNPs covered by a layer of proteins are expected
to undergo structural changes in the acidic internal environment of the endosome
during the process of cargo release to the cytosol. Thus, here we present the results
from QCM-D and waveguide microscopy measurements when lowering the pH of
the environment surrounding bound LNPs both bare or pre-exposed to a protein
solution (ApoE and BSA). The exposure to a protein solution models the LNP
interaction with serum which occurs prior to cellular uptake in vivo.

3.3.1 Lowering pH for LNPs pre-exposed to protein solu-
tions in QCM-D

Figures (3.20) and (3.21) present the results from QCM-D measurements when the
pH were lowered gradually for the LNPs pre-exposed to different proteins. The blue
colors show when the bound LNPs were only rinsed with PBS and BSA and followed
by exposure to ApoE, yielding results similar to those shown in Figure (3.14). The
purple curves show when the bound LNPs were rinsed with PBS and exposed of the
mixture to a protein solution containing ApoE and BSA, i.e. the same measurement
as shown in Figure (3.17).
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Figure 3.20: ∆F response upon pH de-
crease of the LNPs pre-exposed to the
ApoE (the blue curve) and to mixture of
the ApoE-BSA (purple curve) in QCM-
D. ∆F is normalized to the absolute re-
sponse at t= 488 min giving ∆F(t=488
min)=-185 Hz.

Figure 3.21: ∆D response upon pH de-
crease of the LNPs pre-exposed to the
ApoE (the blue curve) and to mixture of
the ApoE-BSA (purple curve) in QCM-
D. ∆D is normalized to the absolute re-
sponse at t= 488 min giving ∆D(t=488
min)=32(10−6).

As is illustrated in the graphs, by lowering pH value, both the mass and the dis-
sipation increases. These results possibly suggest structural changes in the LNPs.
One explanation can be that the LNPs might have deformed and expanded their
surface area thus allowing for more water molecules to bind to them, resulting in
an increase in mass on the QCM-D sensor chip. Moreover, another explanation can
be that more water molecules have entered inside the LNPs. Comparing the two
graphs shown here, the blue and the purple one, the frequency response of the blue
curve (LNPs pre-exposed to the ApoE) decreased, and the dissipation response in-
creased until pH value 4.6. On the contrary, when a mixture of ApoE-BSA covered
LNPs, the frequency response increased only until pH value 6.0, and the dissipation
response increased only at the beginning of the pH 6.0, and then it continues to
decreases.

This result indicates that comparing these proteins solutions (ApoE and ApoE-
BSA), the mixture of ApoE-BSA acts more as a shelter for the LNPs and makes
them less sensitive to a varying pH in the environment compared to when the LNPs
were only pre-exposed to ApoE. However, in both cases, it can be seen that most
structural changes in the LNPs have occurred at pH 6.0, which was expected since
the MC3 has a pKa pH value at 6.44. In future work, more pH steps around this
pH 6 could be added in order to find exactly at which pH the LNPs react.

Another similarity between these results is observed to occur around pH 4.6. In
both cases, the frequency and dissipation response show similar behaviors at this
pH value. These results suggest that some entities are leaving the surface, which
could potentially be related desorption of some ApoE. Since ApoE has a pKa at
5.65, and will thus become positively charged at a pH below this, it might leave the
LNPs, which in turn the LNPs are also positively charged. Further, toward the end,
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when the pH is increased back to pH 7.4, the frequency and dissipation responses
have returned almost to the same value as before the pH decrease.

3.3.2 Comparison between stepwise and instant pH decrease
in QCM-D

In this section, we compared the pH value lowered directly to 4.6 with when the
pH value was lowered stepwise on the previously bound LNPs that have been pre-
exposed to ApoE in the QCM-D instrument. The results from the experiments are
of shown in Figures (3.22) and (3.23). The pink curves shows when the pH was
decreased directly to 4.6 from 7.4 and back again to the initial value of 7.4. The
blue curves, which is the same curve as illustrated above Figures (3.20) and (3.21),
show when the pH was lowered stepwise from 7.6 to 6.6, 6.0, 5.6, 4.6 and again back
to the initial value of 7.4. As can be seen in these results, the total frequency and
dissipation shift upon increasing the pH is almost the same. Furthermore, in both
cases, ApoE desorption occurs at pH 4.6 and has similar desorption kinetics.

Figure 3.22: ∆F response upon pH de-
crease of the LNPs pre-exposed to the
ApoE. In the pink curve, the pH is low-
ered directly. Meanwhile in the blue
curve, the pH is lowered stepwise. ∆F
is normalized to the absolute response at
t= 488 min giving ∆F(t=488 min)=-187
Hz.

Figure 3.23: ∆D response upon pH
decrease of the LNPs pre-exposed to
the ApoE. In the pink curve, the pH
is lowered directly. Meanwhile in the
blue curve, the pH is lowered stepwise.
∆D is normalized to the absolute re-
sponse at t= 488 min giving ∆D(t=488
min)=33(10−6).

3.3.3 Comparison between bare and protein covered LNPs
upon pH changes in QCM-D

In this part, we aimed to observe if there were any differences in structural changes
for LNPs with and without preexposure to the ApoE when the pH value was lowered
stepwise from 7.6 to, 6.6, 6.0, 5.6, 4.6 and then back to the initial pH value of 7.4.
Prior to the experiments, the LNPs were bound to an SLB via SA and the rinsed
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with PBS. Figures (3.24),(3.26),(3.25) and (3.27) show the results of experiments
that was carried out in QCM-D instrument. Graphs in Figures (3.24) and (3.26)
result from when the LNPs were pre-exposed to ApoE, while the graphs in Figures
(3.25) and (3.27) came from bound LNPs were not pre-exposed to ApoE. In the
case of LNPs covered with ApoE, they reacted to the pH 6.6 faster compared to the
when the LNPs without presxposed to ApoE. In addition, at pH 5.6, we can see the
same phase kinetic of structural changes in both cases, which was expected since
the MC3 that are present in the LNPs starts to protonate at pH 6.44.

Figure 3.24: ∆D shifts upon pH de-
creases of the LNPs with ApoE. The
dashed line is the control. ∆D is normal-
ized to the absolute response at t= 540
min giving ∆D(t=540 min)=52(10−6).

Figure 3.25: ∆D shifts upon pH de-
creases of the LNPs without ApoE. The
dashed line is the control. ∆D is normal-
ized to the absolute response at t=300
min giving ∆D(t=300 min)= 45(10−6).

Figure 3.26: ∆F shifts upon pH de-
creases of the LNPs with ApoE. The
dashed line is the control.∆F is normal-
ized to the absolute response at t= 540
min giving ∆F(t=540 min)=-320 Hz.

Figure 3.27: ∆F shifts upon pH de-
creases of the LNPs without ApoE. The
dashed line is the control. ∆F is normal-
ized to the absolute response at t= 300
min giving ∆F(t=300 min)=-215 Hz.

Another difference between these results can be seen at pH 4.6 in Figures (3.24) and
(3.26), where both the mass and dissipation response are decreased where the ApoE
covered the LNPs. These results possibly indicate that some ApoE dissociation has
occurred. Meanwhile at Figures (3.25) and (3.27), the LNPs without ApoE still
were undergoing a structural changes at pH 4.6. Furthermore, these curves suggest
that the structure of LNPs have changed differently, depending on if they have been
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preexposed to the ApoE or not. However, there is a need to study this process
further to understand why LNPs preexposed to ApoE are more sensible to 6.6 pH.
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3.3.4 Comparison between bare and protein covered LNPs
upon pH changes in waveguide microscopy

Based on the QCM-D measurements that LNPs without ApoE showed a slightly
more significant structural change upon lowering the pH. In this part, we aimed to
study if it is possible to see any differences in the structural changes when the LNPs
are preexposed to the ApoE and when they are not using waveguide microscopy.
Figure (3.28) shows a scatter plot of the bound LNPs without any preexposure to
ApoE at pH 7.4 and pH 4.6. Before the experiments, the LNPs were bound to
an SLB via SA and the rinsed with PBS by pipetting and afterwhich the pH was
decreased to 4.6. As is seen in the result, the intensity of the LNPs decreased when
the pH was lowered to 4.6. The intensity decrease is also apparent in the histograms
shown on the scatter plots axes, which indicate that the population intensity is
shifted down.

Figure 3.28: Scatter plots from the log-log plot of the scattering signal (whole
LNPs) versus the fluorescence signal (from RhD-DOPE) of the bound LNPs not
preexposure to ApoE at pH 7.4 (black histogram and circles) and pH 4.6 (red his-
togram and circles), at wavelength 532 nm.

Moreover, during the experiment, when the pH was decreased directly down to 4.6,
the LNPs became more mobile, and suddenly the LNPs became blurred and smaller.
Figures (3.29) and (3.30) illustrate both images and signals obtained from scattering
and fluorescence mode of a single LNP during the pH decrease at wavelength 532
nm. These graphs and images of the LNP possibly indicate that either LNP has
gone further away or got closer to the SLB, perhaps causing fusion. The second op-
tion is more likely to occur since the POPC in the SLB is slightly negatively charged.
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Thus, by decreasing pH in bulk, the MC3 present in the LNPs are protonated,
leading to an interaction between LNPs and the SLB. Unfortunately, a quantitative
theory to account for how much an LNP is fused with the SLB has not yet been
formulated. Thus, in future experiments, one should consider varying the amount
of the RhD-DOPE-lipids on the LNPs to observe how much and how fast the fusion
of the LNP occurs with the SLB.

Figure 3.29: Scattering intensity of a
single LNP over time when the pH was
lowered to 4.6.

Figure 3.30: Fluorescent intensity of the
same LNP over time upon pH decreasing
to 4.6.

Figure 3.31: Scattering intensity of the
same LNP over time when the pH was in-
creased back to the initial pH of 7.4.

Figure 3.32: Fluorescent intensity of a
single LNP over time when the pH was
increased back to the initial pH of 7.4.

Figures (3.31) and (3.32) illustrate both the scattering and fluorescence signals when
the pH was increased back to the initial value of 7.4 from pH 4.6. As illustrated in
the graphs, the signal did not return to the initial value upon the increase of pH.
In figure (3.33) we show images of different parts of LNPs at three stages in a
process where the environment changes pH from 7.4 to 4.6 and then back to 7.4
again. The images were taken from the same spot, but since the LNPs became
more mobile upon pH changing, it may not look like the same LNPs in all images.
Comparing these images of the LNPs with each other, it is evident that the LPNs
have undergone structural changes and, as a result of this, the cargo has also been
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affected. In additional, these results indicate that permanent structural changes
have occurred on the LNPs upon lowering the pH, and this finding was also in the
QCM-D measurements, Figures (3.25) and (3.27).

Figure 3.33: Waveguide microscopy measurements of the bound LNPs not preex-
posure to ApoE on SLB captured at different wavelengths and pH. The first column
illustrate the bound LNPs at pH 7.6. The middle one is at pH-value 4.6, and then
the column to the left shows when the pH-value of the LNPs had been increased
back to pH of 7.4. The A-row show the fluorescence signal from the cargo. The
B-row shows the fluorescence-labeled lipids in the LNPs (RhD-DOPE), and which
is C-row shows the whole LNPs taken with scattering mode.

Moving to the next measurement, we lowered the pH in the experiment shown in
Figure (3.19). Prior to lowering the pH in bulk, the bound LNPs that had been
preexposed to the ApoE was further rinsed with PBS by pipetting. The results are
shown in a scatter plot in Figure (3.34). The scatter plot of the bound LNPs that
had been preexposed to ApoE shows that both scattering and fluorescence intensity
upon the pH lowering was decreased, but not as much as in the case when the LNPs
was not pre-exposed to ApoE, Figure (3.28). This observation indicates that LNPs
without preexposure to ApoE were more sensitive when the pH was lowered. This
behavior has also been indicated in our QCM-D measurements, where LNPs without
ApoE had larger structural changes.

39



3. Results and discussions

Figure 3.34: Scatter plots from the log-log plot of the scattering signal (whole
LNPs) versus the fluorescence signal (from RhD-DOPE) of the the bound LNPs
preexposure to ApoE at pH 7.4 (black histogram and circles) and pH 4.6 (red his-
togram and circles), at wavelength 532 nm

The micrographs in Figure (3.35) show the LNPs before, during, and after pH was
lowered in the system. As it can be seen, the scattering signals that originate from
the whole LNPs are almost unaffected during the experiments. The fluorescence sig-
nals from the cargo and the RhD-DOPE lipids were mostly affected by the change
in the pH. These results indicate that the LNPs had interacted with the SLB but
not as much as in the case when the LNPs were not preexposed to ApoE.

In addition, during the experiments, the LNPs had less mobility compared to the
LNPs in an experiment where the LNPs were not diluted before the experiment and
heated up to the body temperature. This difference in mobility might partially be
due to the LNPs having undergone PEG-shedding, making them more charged and
interacting with the SLB. Further, it might also be due to PEG-shedding, the LNPs
had more contact points in the binding to the surface via biotin-SA.

However, in both results (3.18) and (3.34), decreasing intensity reveals that the LNPs
have undergone some structural changes. In addition, comparing these results shows
that the intensity in case where the LNPs were not pre-exposed to ApoE decreases
more upon pH decreasing, which is also clear by comparing images in Figures (3.33)
and (3.35).
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Figure 3.35: Waveguide microscopy measurements of the bound LNPs preexpo-
sure to ApoE on SLB captured at different wavelengths and pH. The first column
illustrate the bound LNPs at pH 7.6. The middle one is at pH-value 4.6, and then
the column to the left shows when the pH-value of the LNPs had been increased
back to 7.4. The A-row show the fluorescence signal from the cargo. The B-row
shows the fluorescence-labeled lipids in the LNPs (RhD-DOPE), and which is C-row
shows the whole LNPs taken with scattering mode.

Furthermore, by analyzing the scatters plot in Figures (3.28), (3.34) and (3.36),
thorough taking a log-log plot of the scattering signal versus the fluorescence signal,
one can obtain a slope that gives information about the contents of the LNPs. This
information may include if the length of the cargo is proportional to the size of the
LNPs or to find out the qualitatively the location of the RhD-DOPE-lipids in the
LNPs, such as if these lipids are inside or on the surface of the LNPs.

In this kind of analysis, we expected a slope of 2 for the cargo and 3 for RhD-DOPE-
lipids. However, in our experiment, we obtain a slope of between 1-2 for both the
cargo and RhD-DOPE-lipids. Putting together these label-free and fluorescence-
based waveguide microscopy results suggests that the cargo is not proportional to
the size of the LNPs and the RhD-DOPE-lipids are not only on the surfaces of the
LNPs, which might be due to the self-assembly processes utilized for LNPs fabrica-
tion may vary with LNP size.
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Figure 3.36: Scatter plots from the log-log plot of the scattering signal (whole
LNPs) versus the fluorescence signal (from cargo) of the bound LNPs preexposure
to ApoE at pH 7.4, prior lowering the pH, at wavelength 635 nm

It is worth mentioning that waveguide microscopy is a new technology, and there-
fore these experiments need to be further studied and analyzed. Moreover, several
studies are also needed to further understand the structural changes of the LNPs
upon the pH decreasing since our measurements indicate a clear difference in the
structural changes of the LNPs with and without preexposure to the ApoE upon
lowering the pH.

The primary aim of this section was to elucidate if any differences in structural
changes of bare or protein covered LNPs upon a decreasing pH are detectable in
the waveguide microscopy. Our results confirm that there are different structural
changes on the LNPs depending on preexposure to ApoE. Furthermore, the results
show that the cargo also is affected by structural changes. Further studies are
needed to investigate the structural changes of the LNPs, especially when the cargo
is affected by the structural change of the LNPs.
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Conclusions & Future outlook

This chapter will summarise the main conclusions from each part of the results and
discussions of this thesis, as well as including some suggestions for the future studies.

4.1 Lipid nanoparticles binding to the surface
Our QCM-D results showed that an SLB composed of the POPC and CAP-biotin is
a good candidate for binding LNPs. Since LNPs bound easily to this surface, ApoE
interacted irreversibly with the SLB, and the surface chemistry was almost unaf-
fected by the varied pH. Through waveguide microscopy, we could further improve
the quality of the SLB for the rest of the experiments by lowering the amount of
CAP-biotin in the SLB. However, this surface chemistry can be improved more in
future research by decreasing the amount of the CAP-Biotin, which might affect the
reaction of the ApoE with the surface. Furthermore, one can compare the size distri-
butions of the LNPs obtained from the NTA with the waveguide microscopy, which
will reveal more details of the inhomogeneity of the LNPs production, which was
not taken into account in this thesis. Waveguide microscopy can be used to monitor
an event occurring on the surface in real-time via scattering and fluorescence modes,
and it is an even more low-consuming technique than QCM-D.

4.2 Protein corona formation
ApoE seems to bind to LNPs, bound to an SLB via SA, with three kinetic phases,
and the binding is flow rate dependent. The first binding phase is slower than the
second one, possibly suggesting that PEG-shedding is occurring, while the third
binding phase could perhaps be explained by aggregation of ApoE on the LNP sur-
faces. In order to investigate this speculation of the ApoE aggregations on LNPs,
the protein solution of the ApoE mixed with bovine serum albumin (BSA) showed
a monotone binding of the ApoE to the pre-bound LNPs. Furthermore, our studies
showed that ApoE binds to PEG-modified LNPs with a lag-time of tens of minutes
unless mixed with BSA. This is attributed to BSA-induced PEG-shedding, which
promotes ApoE binding. There are many unanswered questions about the ApoE
binding to the LNPs, such as: what is the mechanism behind the ApoE binding,
how can a solution of ApoE mixed with BSA affect the ApoE binding to the LNPs,
why ApoE is both temperature and flow rate dependent, how we can design LNPs
that promote ApoE binding. Moreover, there is also need for a more detailed in-
terpretation of the energy dissipation results of the QCM-D. In the future design of
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waveguide microscopy, one should take into account the flow rate setups.

4.3 Effect of a decreasing pH on bare and protein
covered lipid nanoparticles

Our QCM-D results showed that, upon a pH decrease, the largest structural changes
of the LNPs for both bare particles and those preexposed to ApoE is observed around
pH 6. We have found that ApoE seems to dissociate from the preexposed LNPs at
pH 4.6. More details about how much ApoE gets dissociated are needed in future
studies. In addition, LNPs without preexposure to ApoE have different structural
changes than the LNPs preexposure to ApoE, both in QCM-D and waveguide mea-
surements. Furthermore, we have found that lowering pH induces a permanent
structural change of the LNPs, affecting the escape of the cargo either into the
SLB or in the bulk solution. Inspections using combined label-free and fluorescence-
based waveguide microscopy releveled a weaker than expected dependence between
cargo fluorescence and scattering intensity, suggesting that the self-assembly process
utilized for LNPs fabrication may vary with LNPs size.
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