AALBORG UNIVERSITY
DEPARTMENT OF PHYSICS AND NANOTECHNOLOGY

MASTER THESIS

Multivalent nanoparticle interactions of
membranes to design targeting systems for
cells

Supervisors:
Peter FOJAN

Author:

Justas SVIRELIS '
Erik REIMHULT

(( | KU

AALBORG UNIVERSITY
DENMARK Universitat fur Bodenkultur Wien







Aalborg University

Title:

Multivalent nanoparticle interactions of
membranes to design targeting systems for
cells

Project period:
September 2017 - June 2018

Participants:
Justas Svirelis

Supervisors:
Peter Fojan
Erik Reimhult

Copies: 1

Total pages: 109
Appendices: 1
Finalized 06-06-2018

Department of Physics and Nanotechnol-
ogy

The Faculty of Engineering and Science
Aalborg University

Skjernvej 4a

9220 Aalborg @

Abstract :

The understanding of how nanoparticles
(NPs) specically bind to receptors in
cell membranes is still lacking. In par-
ticular, a focus on decorating NPs with
speci cally binding ligand for target re-
ceptors have largely ignored the in u-
ence of nonspecic colloidal interactions
on targeting anity. Thus, model sys-

tems were established in order to set a ba
sis for interpretation of the e ect on the
avidity of NPs. Silica NPs were coated
with lipid bilayers by liposome fusion, us-
ing di erent composition liposomes that
would modulate the interaction potential
of the particles. A controlled density of
biotin functional groups in the lipid mem-
brane served as a model for speci ¢ inten
actions with avidin proteins. The qual-
ity of the coating was estimated by dy-
namic light scattering and zeta potential.
An optimal coating procedure was develt
oped. In addition, supported lipid bi-
layers and poly(ethylene glycol) surface
coatings were self-assembled on silica sen-

sor surfaces with dierent coverages of
avidin proteins to mimic the cell mem-
brane and used to investigate the speci ¢
and non-speci ¢ interactions with coated
silica NPs via Quartz Crystal Microbal-
ance with Dissipation monitoring.







Prologue

The master thesis project is written in the period from September thels 2017 to June
the 10" by Justas Svirelis, a student studying Nanobiotechnology at the department of
Physics and Nanotechnology at Aalborg University with associate professor Peter Fojan
(Aalborg University) acting as primary supervisor and professor Erik Reimhult (Institute
of biologically inspired materials, BOKU, Vienna). Relevant theory and methodology
regarding the project will be explained in the report as well as the results obtained will be
presented and discussed.

The experiments were conducted in biochemistry and biophysics laboratories at and in
collaboration with the institute of biologically inspired materials, University of Natural
Resources and Life Sciences (BOKU), Vienna.

The references in this report will be placed before the dot if the reference relates the
sentence, e.g.: "[number]." , and after the dot if the reference relates to the paragraph or
several sentences in that paragraph e.g.: ".[number]’. Figures used in this report will be
referenced as adopted if they are directly the same as the one cited to, or as adapted if it
is inspired by the referenced publication. If there is no reference for the gure, it is unique
for this report.
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1. Introduction

1.1 Motivation

Nowadays di erent kinds of nanoparticles (NPs) with various functional groups, moieties
or ligands are vastly researched in biomedical investigations such as hyperthermia therapy,
vaccine improvement, as contrast agents for imaging techniques and more e cient drug
delivery than conventional methods. In addition, often nanoparticles are employed in
order to purify and identify proteins, nucleic acids and cells as molecular marking systems.
Moreover, NPs as targeting machines are redolent of biological identi cation of exosomes
as well as viruses via receptors in the membrane, potentially serving as mimetic models
for these signi cant mechanisms [1].

The binding avidity of targeted-NPs is the quantitative description of the strength of the
binding to, e.g., a membrane, consisting of lipids. The former is dependent on the NP-
membrane association constant, which quantitavely de nes it. [2] Accordingly, it is crucial
to address the question of how NPs's physico-chemical characteristics are related to the
dissociation constant. Understanding the contributions of multivalency and nonspeci c
colloidal interactions to the avidity of targeted NPs is very important since the outcome
of targeting will relate to this and not to the a nity of the speci ¢ molecular interaction.

E ects of nonspeci c interactions can be expected to be large for large colloids such as cells
(membranes), drug delivery vehicles and viruses. The dominating nonspeci ¢ interactions
for membrane systems are the Derjaguin-Landau-Verwey-Overbeek (DLVO) interactions,
often referred to as Van der Waals and double-layer interactions. Also of interest is the
ability of ligands to move laterally in a lipid (cell) membrane and therefore increase the
ligand density and valency of an interaction occurring in an interaction zone. Even though,
in this project mainly silicon oxide NP (z-average 130 nm) interaction between mimetic
cell membrane (single lipid bilayer (SLB)) will be investigated, it was previously presented
that with increasing nanoparticle diameter from roughly 20 nm to around 50 nm the cellular
uptake of these targeting systems notably increases as well [3, 4, 5, 6, 7]. However, there
is a possibility that this e ect is probably relevant to selectivity by size in cellular uptake,
being passive (receptor-mediated) [8, 9] and/or active (clathrin-dependent) [10, 11].

Being responsible for NP-attached ligands's relation to the lipid membrane's receptors,
multivalent interaction, inuences the detachment rate ko to be several orders of
magnitude smaller than the monovalent interaction of the same origin. [4, 12, 13] It is
known, that with the increasing NP dimensions the avidity of binding mechanism rises
as well, results from the apparent geometry of NP itself, in uencing the count of ligand-
receptor connections made among the receptors of the lipid membrane and the NP (due
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1. Introduction

to increased areas of contact) [4, 13, 14]. However, it has generally been disregarded that
the rate of specic binding (explained by the rate of binding constant, k,,) relates to the
performance of targeted-NP function and the avidity in overall. With bond formation being
the leading event, the exclusive focus on multivalency and dissociation might overlook a
critical factor in uencing recognition and downstream events in vivo. [1] A model of that
may be presented as: due to the fact that the time of attachment of a targeted NP to an
interface rises, [2, 15, 16, 17] as a result of the ligand-receptor interaction multivalency, the
binding rate constant is usually higher for the ligand that is free rather than the binding
related to the system of receptor-NP based. [15, 16, 17] Furthermore, the multivalent
interaction has a tendency of being neglected on the equilibrium binding level by the
avidity, being characterized as the k, and kqs rate constant (low binding rates) ratio.
In addition to that, when taking into account that the multivalent interaction e ect is
really substantial, and the targeted NP attachment to a substrate is relatively permanent,
explained by large avidity, the initial event of binding itself might still be signi cantly slow,
thus the targeting of the cell-membrane receptors by the NP can, in fact, be restricted by
the speci ¢ binding rate (kon). [1]

1.2 Scope of the thesis

In this project, | intend to investigate the interaction of multivalent NPs with membrane-
type interfaces. The focus is on using supported lipid bilayers from liposomes coated
on NPs and on solid supports to measure the e ect on the avidity of targeted-NP by
a) non-specic interactions, b) ligand density in relation to particle dimensions, and

c) ligand mobility. The basic platform consists of monodisperse silicon oxide and iron
oxide NPs functionalized with supported lipid membranes interacting with lipid and
proteolipid membranes self-assembled on biosensor substrates. The use of lipid-coated
NPs instead of liposomes makes it possible to have monodisperse lipid membranes of
di erent compositions interacting with a cell membrane mimic, while liposomes cannot
be formed monodisperse for thermodynamic reasons. The work includes both assembling
the particle and sensor interfaces, however, not the particle synthesis, and investigating
their interactions. The colloids are characterized by Dynamic Light Scattering (DLS)
and electrophoretic measurements of the zeta potential. Binding of coated nanoparticles
to supported proteolipid bilayers is investigated in real time by using Quartz Crystal
Microbalance With Dissipation Monitoring (QCM-D). Due to its complexity and the
high demands on the model system to achieve quantitative results, the major part of
the thesis work was focused on developing a set of lipid membrane coated monodisperse
silica particles, for which the DLVO interaction potential is varied in a controlled way. The
results will be relevant for the understanding of specic and non-speci c interactions in
biology (e.g. of viruses) as well as for the design of cell-targeting medical NPs.
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1.3 Liposomes

Being the most essential part of the biological membranes, phospholipids comprise of
unsaturated or saturated fatty acids attached to a polar headgroup. For example, the
most frequently observed glycerol phospholipids contain two fatty acids, which connect
with the carbon atoms of the glycerol moiety. However, glycerol's third carbon atom is
attached to a phosphate group, which consequently is bound to a neutral or charged moiety
like glycerol (negatively charged) and choline (neutral; zwitterionic). In addition, the lipids
are found to have various degrees of saturation, sizes of the head group, chain lengths and
charges. It is also important to note that phospholipid headgroups, with positive charge,
do not appear in nature. [18]

Around four decades ago, Alec Bangham observed that phospholipids dispersed in aqueous
media may develop bilayered arrangements, having a closed form. These structures, called
liposomes, are considered to be arti cially produced microparticulate vesicles, which obtain
spherical shape upon synthesis. These systems may be constructed from substances
like non-toxic phospholipids or cholesterol. In addition, they are well known for gene
delivery (cationic liposomes as transfecting vectors) and cancer therapy applications due
to the fact that they have relatively small size, hydrophilic/hydrophobic properties and
are biocompatible. However, these transport vehicles's characteristics strongly depend on
their surface charge, method of preparation and the lipids that form them. For example,
unsaturated phosphatidylcholine (PC) phospholipids produce bilayers that are less stable,
rigid and permeable compared to saturated dipalmitoylphosphatidylcholine (DPPC) lipids.
Furthermore, by including cholesterol into the structure, it is possible to reduce membrane
uidity (above the phase transition temperature) correlating with reduced permeability to
agueous solutes. The allowed inclusion of up to 50 md@, observedin vivo and in vitro,
also displays maximum stability increase for the bilayer. [19, 20, 21, 22]
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Figure 1.1: Di erent species of liposomes relying upon their number of lamellae and size. Taken
from Amarnath Sharma et al. [23]

Lipid vesicles may have di erent sizes and consist of di erent number of layers, being
multilamellar (MLV; great mechanical stability for long term storage, relatively easy to
produce), large unimellar (LUV; is used for encapsulating hidrophilic molecules) or single
unimellar (SUV; usually with high homogeneity, however, thermodynamically not stable,
lenghty circulation time and sensitive to aggregation) (g. 1.1). An important factor, on
which liposome formation depends, is called the packing parameter or surfactant parameter
expressed in eq. 1.1:

Ve
Lc A

Ng = (1.1)
Where the lipid's/surfactant's hydrophobic part's volume is V¢, L¢ is the magnitude of
the hydrocarbon chain and A refers to the specic e ective area per single head group
of the lipid/surfactant. When the packing parameter of the lipids is close to 1, they
tend to achieve bilayer or vesicle forms. Knowing these basics and depending on the to
be internalized substance's varying hydrophobicity or hydrophilicity, it can be enveloped
either at liposome's bilayer interface, in the bilayer of the phospholipids itself or rather in
the agueous center of the vesicle. Another classi cation of these transport vehicles may
be according to the type of drug delivery and the arrangement of the liposome as well.
Several examples include: conventional liposomes (CL) usually containing phospholipids
with cholesterol, which having no and/or negative charge (PC, phosphatidylserine
(PS) or phosphatidylglycerol (PG)); cationic liposomes such as 1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) or 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP),

4



1.3. Liposomes Aalborg University

involving the possible induction of fusion with endosome or cell membranes and being
employed to deliver negatively charged macromolecules (DNA, RNA); pH-sensitive
liposomes such as mentioned above DOPE, being subject to coated-pit endocytosis due
to the fact that the endosome has a lower pH than the vesicle. In addition, liposome size
determines the circulation half-life in the organism as well as the quantity of the substance
that can be encapsulated within. [19, 20, 23, 24].

In order to have a stable vesicle, one must consider several other parameters besides size,
such as surface charge density, surface hydration and bilayer uidity. Firstly, knowing that
liposomes have a phase transition temperature denoted ag, it is note able that there
are two physical states below and above this temperature. When temperature is lower
than T, phospholipids experience an ordered structure, which is observed as a gel-like
phase. On the other hand, lipids are in uid phase when the temperature is abovdy.
Secondly, the charge density and nature of lipids highly in uences not just the mechanism,
but also the degree of how well liposomes interact with other systems such as a cell. It is
known that the negatively charged surface could increase the uptake of liposomes in cells,
stimulate vesicle's plasma clearance upon systematic administration, reduce aggregation
of vesicles and also increase their degree of encapsulation. In contrast, cationic liposomes
are known to fuse with cell membranes in order to deliver the cargo inside. Lastly, surface
hydration plays a signi cant role in vesicle stabilization. For example, by including a
small amount (5-10 moPo) of molecules containing hydrophilic moieties (Polyethylene
glycol (PEG) - slows down the recognition by molecules called opsonins; hydrogenated
phosphatidylinositol (HPI)) into bilayers, it is possible to decrease the interaction with
blood components or cells, making liposomes have higher circulation half-lives. [23, 25].

1.3.1 Liposome preparation methods

There are several liposome preparation methods, which will be listed in the later text,
but the basic steps for the production usually involve: drying out the organic solvent of
the lipid solution; resuspending the lipids in other aqueous media; the produced liposomes
are puri ed and analyzed. However, in order to choose the most appropriate method for
the preparation, one should think about the application of the resulting system. For the
most common employement of liposomes, drug loading, there are three general loading
techniques - passive and active - which include solvent dispersion, mechanical dispersion
as well as detergent removal methods (where non-encapsulated material is removed) listed
in the table [20]:
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Table 1.1: Overview of the di erent liposome preparation methods. [20]

Mechanical dispersion methods
Sonication
French pressure cell: extrusion
Freeze-thawed liposomes
Lipid Im hydration by hand shaking, non-hand shaking or freeze drying
Micro-emulsi cation
Membrane extrusion
Dried reconstituted vesicles
Solvent dispersion
Ether injection (solvent vaporization)
Ethanol injection
Double emulsion
Stable pluri lamellar vesicles
Reverse phase evaporation method
Detergent removal method
Dyalysis
Detergent (Alkyl glycoside) removal of mixed micelles (absorption)
Gel permeation chromatography
Dilution
Reconstituted sendai virus enveloped

In this project there were mainly these methods applied: bath/tip sonication, membrane
extrusion, freeze-thaw, solvent dispersion method (with THF) - therefore they will be
explained more in detail. First of all, the sonication method is probably the most commonly
applied method for the preparation of SUVs (15 - 50 nm in diameter). When the solution
of MLVs are prepared, they are subjected to either a probe or bath sonicator at ambient
atmosphere conditions. The probe sonication follows as: tip sonicator is directly immersed
into the liposome aqueous media and due to high energy input in this method, quite
signi cant amount of local heat is produced, thus, the glass/vial with the liposomes
has to be submersed into ice or cold water. In addition, the main disadvantage of this
method is that usually titanium particles and ions will polute the dispersion even though

it supposedly can be removed by centrifugation. However, in contrast to probe, bath
sonication is relatively smoother method in terms of temperature control and exclusion
of unwanted material. Overall, sonication contains quite a few drawbacks, including
MLV presence besides SUVs, possible metal contamination from tip, usually small internal
volume/encapsulation e ectiveness and a chance that the phospholipids along side with the
future to be encapsulated molecules will degrade. Another mechanical dispersion method
involves extrusion of MLVs through nanosized and monodispersed pores. Compared to
sonication, extrusion o ers high reproducibility, no induction of phospholipid breakdown

is observed and it is possible to tune the average size of the liposomes by choosing the pore
size of the track-etched membranes. Nevertheless, main limiting features of this procedure
remain relatively small working volumes and some loss of material during the process.
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The last method of mechanical dispersion for liposome production is freeze-thawed vesicles,
which include SUV fusion to form LUVs by swiftly freezing and haltingly thawing. Finally,

the solvent injection method includes a rapid injection of lipid solution in, for example,
ethanol to a surplus amount of selected bu er. Consequently, vesicles are produced, being
largely polydisperse (range from 30 to 110 nm in size). [20, 26, 27]

1.4 DLVO and other forces a ecting the stability of colloids

Around six decades ago, Derjaguin, Landau, Verwey and Overbeek came up with a theory
that quantitavely explains aggregation process of particles in aqueous environments. The
approach is known as the DLVO theory [24, 28]. In it, the agglomeration between patrticles,
that are dispersed, is described mainly by two acting DLVO ( gure 1.2) and two hon-DLVO
forces: the repulsive force of the electric double layer, the attractive force of Van der Waals,
the solvation force, when particles interact with solvent molecules and the steric force [29].
The former is responsible for dispersion stabilization and the Van der Waals results in the
aggregation of the particles [24].

Figure 1.2: The contribution of Van der Waals and electrostatic potentials to the sum interaction
energy [29]

The DLVO estimations are applied mostly for cases with rather low separations between
surfaces of around 5 nm [29].
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1.4.1 Van der Waals Forces

Van der Waals forces are always present between particles that are distinct among any
environment - air, water or vacuum - and at relatively short distances, e.g. compared to
gravity, (correspond to the intermolecular gaps of atoms/molecules by a factor of inverse
power of seven) [29]. They arise from the relation between the uctuation and rotation
of dipoles of atoms or molecules in question and are mostly attractive [28, 29]. For
example, the known Debye interaction includes the attraction of nonpolar molecules to
polar molecules or vice versa. In addition, the Keesom relation belonging to the Van der
Waals forces results when one dipole that is permanent interacts with another permanent
dipole. Finally, the third class of the Van der Waals attraction forces is called the London
dispersion forces, arising when atoms are interacting with each other and their electron
density polarizes. [29] In most general case of such interaction it is possible to assume
that:

A131R
wo)= =2 (1.2)
or
_ H
Woaw () = 751 (1.3)

where H or Ai31 is the Hamaker constant and is in uenced by the dielectric relative

constants of the matter and it's atmosphere, h or D - surface separation between two
particles and R is the particle's radius. [29, 28] Most commonly, the Hamaker constant
corresponds to a range ol0 2! - 10 1° J. However, these characters may vary a bit due
to addition of salt. These equations may be used accurately until separation is relatively
small and for particles with smooth surfaces. On the other hand, when the separation
reaches a certain length limit, the interaction between the particles will start decaying,

because of particular retardation e ects as well as the unevenness of the matter. [28]

When talking about the interaction Hamaker constant, e.g. A121 (equation 1.4; vacuum
environment) or A3y, which can also be calculated from the dielectric constants at
imaginary and normal frequencies - and (iv) (equation 1.5:

Aip1 = [Aﬁz AZZ]Z (1.4)

Z
3 13 2 3 3h ™t q(iv)  5(iv)
A —kT + — — < > < dv 1.5
324 1+ 3 2+ 3 4 aliv)+ 3(iv) (1.5)

In the latter relation, the rst function is known as the zero frequency, including Debye
and Keesom energy contributions, however, the second function, usually being dominant
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over the rst one, describes the London dispersion forces and any other polarizations,
which may contribute to each frequency of the dipoles being induced for the atmosphere
or matter in question. [29, 24] Furthermore, compared to the electrostatic forces term
in the overall interaction energy, Van der Waals is independent of the ionic strength. It
results in a negative state (egn. 1.2) and is reversly proportional to the surface seperation
parameter, in contrast to electrostatic force term. Thus, it is important to note that at
relatively signi cant distances between particles, repulsive force dominates, however, when
the kinetic energy corresponding from the thermal motion would be bigger than the xed
barrier of energy. [29]

A controversial fact may be considered that when the ionic strength is relatively large, the
amplitude of Van der Waals force is bigger, thus, making the overall interaction energy
attractive at long distances between particles in accordance with, when moderate distances
between particles exist, an energy barrier that is repulsive will be generated. Consequently,
a secondary minimum is created. Now that the barrier is rather low, the particles are able
to surmount it more readily. Therefore, if we consider dispersions that are electrostatically
stable, they still might be prone to clustering. As a result, this stabilization technique is
rather used as a method of transient dispersion in the processing of ceramic powder. [29]

1.4.2 Electrostatic Forces

Firstly, it is important to note that the electrostatic forces only exist in the presence of polar
media and charged particles. When compared to other common forces residing at surfaces,
the previously mentioned one is the strongest and general act in longer distances. In
addition, imagine having a system with charged particles surrounded by an electrolyte - it
will be neutral in overall. Therefore, such charged surface of the particle is considered to be
compensated, disregarding any origin it may have, through electrostatically arranging ions
of the opposite charge, also known as counterions, and ions that are chemically attached
in the vicinity of the Stern layer. The former ions come from the other side of the Stern
interface to the preponderance of the solution, where the surface potential(x) is turning
into zero (Figure 1.3). [29]
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Figure 1.3: An electric double layer is shown at the gure. Stern layer consists of positively
charged particles, residing at the surface. Potentials o and s are related to the surface and
Stern layer, accordingly. [29]

The band that goes after the ions of the Stern interface is called th&ouy-Chapman
layer. In order to have an electrically neutral system, as mentioned before, the interface
of positively charged particles edict the amplitude of charge for the counterion layer.
However, if the layers of counterions of two particles overlap, this will result in repulsion
due to excess ions of the same species. [24, 29] This repulsion may be evaluated by
the Poisson-Boltzmann equation. The interaction energyWgpy among two spherical,
identical and having low Stern potential ( s) particles is expressed in a simpli ed version

of the previously mentioned equation:

Wg (D)=2 oR 2exp( D) (1.6)

Therefore Wg p) is decreasing in an exponential manner with the separation between the
particles D. In addition, even though the counterion interface rather restricts the repulsion
force, it cannot be absolutely distinguished from the potential at the Stern layer. For
example, with the increasing salt concentration, the Gouy-Chapman interface will extend
more into the main part of the solution. [29]

The electric double layer theory and fundamental mathematical estimations is continued
in section 1.3.2 (zeta potential measurements) due to relevancy to zeta potential.

10
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1.4.3 Steric Forces

The theory in this possible colloid stabilization method is not going to be looked at in detail,
however, in short, it includes grafted polymers on colloid surfaces in order to stabilize their
suspensions [29]. Most commonly, the interaction in question is called th&teric force [24].
Polymers are known to have two main attributes for the activity with the particles in
question - reactivity and solubility. One part of the acting polymer may anchor a certain
molecule to the surface of the particle, whereas a polymer that is strongly solvated also
induces an entropic barrier for other objects to approach the particle surface since the local
chemical potential of the polymer segments then increase further to produce a barrier of
sterical kind to counter agglomeration. [29]

1.4.4 The solvation force

The liquid structure at the vicinity of a certain interface is known to be distinctive from
that, that is in the bulk solution. For a lot of aqueous solutions the density scope, that
is considered adequate to a hard surface, uctuates around the density of the bulk with a
periodic factor of one molecular diameter, near to the surface. It is known that this area
may expand to several molecular diameters. Within this limit, molecules arrange in layers.
[24]

For example, in the event of these kind of two surfaces approaching one another, layers
are pushed away from the gap that is about to be closed. The oscillations in density as
well as some speci ¢ interactions result in exponentially reducing force that is periodic; the
magnitude of periodicity is related to the width of every layer. These forces are known as
solvation forcesdue to the aftermath of solvent molecules adsorbing on the surface of solids
[30]. Such forces between enclosed uids were rstly estimated by theoretical calculations
and computer simulations [30, 31, 32, 33]. Consequently, the experimental evidence came
only some years after by employing the surface force apparatus [34, 35]. The solvation
force importance is involved not only in the stabilization of dispersion, but as well as in
order to study the con ned liquid structure [24].

11
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Figure 1.4: A picture, representing a liquid trapped between to adjacent surfaces. The periodic
force arises from the drastic change of order that depends on the distance. [24]

Solvation forces are commonly explained by the following function:

F(x)= fo cos 25 e s 1.7)
do
where f is denoted as the force per unit ared,q is the force that is extrapolated according
to x = 0, dg is known as the width of the layer (equal to the diameter of the molecule in
cases of simple liquids) andkg - characteristic decay length [24].

1.5 Dynamic light scattering

Dynamic light scattering (DLS; Photon correlation spectroscopy) is a well-known and
dominant technique not only for the analysis of size distributions of particles such as
polymers, liposomes, colloids, etc. In addition to that, the di usion processes of molecules
in suspension. In this section, only the basic theory about dynamic light scattering and
size distribution measurement theory for spherical particles will be looked into more detail.

For an established scattered light angle towards the detector, conventional DLS
instruments resolve the mean particle size in a certain size range. The common setup
is shown in gure 1.5.

12
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Figure 1.5: Conventional DLS method setup

The main characteristic analyzed by the DLS is theBrownian motion of the di erent size

of the particles [36, 37, 38]. This movement is explained by the solvent molecules's colision
into the particles of interest resulting in the random motion. If the particles are relatively
big, they are subjected to a slower movement and vice versa. In addition, Brownian motion
of the particles are greatly in uenced by the viscosity of the liquid they are in, which in
turn is related to its temperature [39]. A change in the latter may result in currents of
convection leading to incorrect analysis of the particle size in question due to establishment
of non-random particle movement. Furthermore, an attribute called translational di usion
coe cient, most commonly denoted as D, a ects the level of the Brownian motion and
will be explained in more detail in the next subsection [36].

In more practical and microscopic point of view, one can imagine the sample, containing
the material of interest that is immobilized, illuminated with a laser light and a glass cover
is applied to examine the sample. A conventional pattern of dots, which position and size
do no change due to the fact that the whole sample is stationary, would be observed. The
dots, marked in black, are representing an addition of two opposite phase electromagnetic
waves (scattered light) being jointly destructive due to cancellation in respect to each other.
The bright dots result from electromagnetic waves that interfere constructively, resulting in
greater intensity. When particles undergo Brownian movement, this dotted arrangement
is varying due to continual motion. This is explained by the fact that the positions at
which the constructive and destructive interference occurs from light scattered from the
same particles varies to produce novel patterns, due to particles's movement. Thus the
diameter of the particles in uences their velocity and thereby the speed at which the dot
patterns uctuate. [38]

Even though it is known how to measure the spectrum of dierent speed intensity
uctuations due to Brownian motion of the particles of interest straightforwardly, however,
it is ine ective and therefore a machinery called digital signal processer/correlator was
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developed. The instrument is made to analyze the extent at which two di erent signals
are similar to each other or one, being analogous to itself, at shifting periods of time.
Taking as an example that if signal's intensity is correlated to itself at a certain time point
and one signi cantly later, then it is clear that there will be no correlation what so ever
between these cases (g. 1.6). Consider the case of diusion - if it will be determined
at initial time t, then this information cannot anyhow correlate to the diusion of the
particles att = in nity. On the contrary, if the signal's intensity at the initial time value

is related to a relatively bigger increase of time next{+ 2 t), the a liation will be high
between those signals. [36]

Figure 1.6: A dependency of the uctuation of scattered light intensity compared to time

Taken Brownian motion of such example, the initial signal at time valuet will still be

su ciently acceptable related to time point t + 2 t, however, not as great as the rst
incline of time. Thus it is observed that this relation is declining in time. Furthermore,
two more points are important to mention. Firstly, if there is a complete correlation
between two signals, then it is identi ed as unity, yet, when correlation is non-existing, it
will be observed as zero. Secondly, the correlation is highly dependent on patrticle size, thus
for smaller particles the relation between signals at di erent points of time will decrease
rather quicker than for substantial ones. [36]

The rst-order correlation function mentioned in the previous paragraph is applied by the
instrument in general form:
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G()=<I @I+ )> (1.8)

where is the dierence in time between the correlated points [36]. If one considers a
more vast number of monodisperse particles that are dispersed in Brownian motion, the
beforehand mentioned equation becomes exponentially decaying of the time delayin the
correlator/processer:

G( )= B+ Ae( 2¢°D ) (1.9)

where B is denoted as correlation function's baseline, A - intercept, D - the translational
di usion coe cient and vector q is related as follows:

g=(@4 = g)sin(=2) (12.10)

being the dispersant's refractive index, ¢ - laser light's wavelength and - the angle, at
which the light is scattered. [37, 40]

However, it is rather not that often that samples are monodisperse, therefore it is important
to consider the polydispersity model as well:

a( )= X Aie( i) (1.11)
|
where ; = o?D; is called the reciprocal decay time,A; is denoted as the coe cient
proportional to a part of the intensity that is scattered by the certain particles of interest.
Therefore, the latter equation includes a sum of exponentials that contribute the rst order
correlation function. [37]

1.5.1 Size distribution measurements

In DLS method, the size of a particle of interest is estimated from the translational di usion
coe cient de ned in the Stokes-Einstein equation:

ke T

R, =
T 6D

(1.12)

where Ry is the hydrodynamic diameter, D = translational diusion coe cient, k g
= Boltzmann's constant, T = absolute temperature and = viscosity of solvent [40].
However, it is important to note, that the obtained hydrodynamic diameter is just referred
to a hard sphere's diameter, which in fact has identical translational di usion coe cient
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as the particle of interest, therefore the size is signi cantly dependent on the shapes of the
particles under investigation, type of ions existing in the medium and concentration [41].

Firstly, the type of ions in the solution as well as the overall concentration of the ions
may in uence the di usion velocity of the particles due to change in the density of the
Debye length, 1, of the electric double layer [42]. Therefore, if low conductivity medium
is achieved, it will result in a prolonged double layer of ions in the circumference of
the particle, lowering the di usion velocity and giving a bigger supposed hydrodynamic
diameter. Secondly, another important point to mention that a ects the di usion velocity
of the patrticle is its surface texture, resulting in varying hydrodynamic sizes [43, 44]. For
example, if there is a polymer layer grafted onto the particle of interest and it's part
is arranged in the solvent, it will lower the diusion velocity, thus, leading in greater
hydrodynamic size compared to a atly grafted polymer layer. Furthermore, polymer's
nature itself and the overall ionic concentration may in uence the conformation of the
polymer, which sequentially varies the size by a few nanometers.

Generally, the instrument obtains the size of the particles by employing di erent algorithms
on the correlation function [44]. However, there are mainly two methods that may be
applied:

1. Fitting of an individual exponential in the correlation function in order to attain
z-average diameter (or mean size of the particle) and polydispersity index (PDI -
distribution's width parameter), which shows how dispersed the sample is in terms of size
(Cumulant method; PDI = 1 = highly polydispersed and PDI = 0 = greatly monodisperse)
[44].

2. Fitting several exponentials in the correlation function in order to achieve a pro le of
particle sizes (The CONTIN algorithm) [44].

Therefore, the attained plot is related to the relative probability of a certain particle size
to be found and noted as the intensity size distribution [44].

1.6 Zeta potential measurements

The theory about zeta potential (ZP) is included in this chapter due to the fact that
the ZP measurements were done with the zetasizer machinery in accordance with the size
distribution measurements.

The zeta potential is commonly known as the electrokinetic potential, arising at the
shear/sliping plane of a particle of interest that is subjected to an electric eld. However,
generally speaking, the work, required to be achieved in order to move an individual
positive charge from the innity plane to the surface in question without applying
additional acceleration is called the electric potential [44]. By knowing these terms, one
can note that the zeta potential is a parameter that is nhecessary to indicate the di erence
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in potentials between the electrophoretically migrant particles belonging to the electric
double layer as well as the dispersant's layer in the vicinity of the particles at the slipping
plane's location. [44]

If we imagine a dispersed charged particle, it is known that an electric double layer will
form on its surface [45] (g. 1.7). In the electric double layer, an inner composite of such,
called the Stern layer, mostly contains molecules or ions, having a reverse charge compared
to the particle of interest. In addition, the electrostatic e ects arising from the particle's
surface charge decrease by a value of 1/e as stated by tiebye's lawwith the distance

of each Debye length [46].

Figure 1.7: In the gure it is seen how the negatively charged particle, enveloped by an electric
double layer, is moving to the positive electrode when the electric eld is applied. Electric double
layer is shown to contain a Stern layer and a Slipping plane, being a transition location among
the particle and the solvent. The potential at the slipping plane interface is referred to as the zeta
potential. [44]

Even though it is known that theoretically this electrostatic event continues until in nity,
experiments show that it is negligible beyond a few nm outside of particle surface for
solutions with typical ionic strengths. The electric double layer also contains adi use
layer, which is located after the Stern layer and contains ions of both positive and
negative charges, but with an average and exponentially decaying higher concentration
of the counterions. There are a few factors that a ect the beforehand mentioned layer -
ionic strength, concentration, pH, etc. A process callectlectrophoresisarises from such a
distribution when an electric eld is administered. In addition, a hypothetical plane exists,
acting as the interface among mobile particles and the solvent layer around it (during
electrophoresis), in the di usion layer. The potential at this liquid-particle interface is
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called the zeta potential as well as the plane itself is refered as thelipping/shear plane.
Unfortunately, particle's potential, commonly noted as the Nernst potential o, cannot be
estimated experimentally. [44, 47]

As previously mentioned, the electrostatic e ect is decreasing with the range away from
the particle's surface as seen in the equation:

= 4e X (2.13)
where is the potential at a certain range x from the stern layer, 4 is the surface potential
at the vicinity of the stern layer and is known as the Debye-Huckel factor. [44]

If one can imagine that the slipping plane is approximately at the same location as the
stern layer, then it is accepted that 4 is , thus, the equation 1.13 can be edited to:

= e X (1.14)

The Debye-Huckel factor is in uenced by ionic strenght, therefore if the later is increased,
the double layer is subjected to compression and the zeta potential declines. [44] This factor
can be expressed as:

1_ 0 — 0 )
& 6z 2e2 (1.15)

where e is denoted as the charge of the electrorny and are permitivity and the dielectric
constants, respectively, and c is the ion concentration having the valence z. The reverse
square root of the denominator determines the size of the Debye-Huickel factor. Therefore,
the interaction length or the electrostatic force range are highly in uenced by the ion
valency and concentration existing in the dispersion. [29, 34]

Due to the fact that zeta potential cannot be estimated straightforwardly, it needs to be
calculated from the electrophoretic mobility ¢ (1.16) of particles with certain charge when
electrostatic e ect takes place. [44]

e =

Vv
— 1.16
= (1.16)
where V is the velocity of the particles ( m/s) and E is the strength of the applied electric
eld (V/icm) [44]. Consequently, when ¢ is known, it is possible to calculate the zeta
potential from Henry's equation:

_2r0f (Ka)

e= 3 (1.17)
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where | is the dielectric constant, ¢ - vacuum's permitivity, f(Ka) - Henry's function

as well as is the viscosity at an exact temperature of the experiment. If one considers
a width of the electric double layer that is signi cantly smaller than the radius of the
particle, the Henry's function is considered as value of 1.5, hence, is also updated to
Helmholtz-Smoluchowskiequation [44]:

=0 (1.18)

In contrast, when the width of the electric double layer is signi cantly larger than the
radius of the particle, then the Henry's function is taken as 1 and the equation 1.17 can
be updated to (Htckel equation) [44]:

= (1.19)

In this thesis, the electrophoretic mobility, from which zeta potential is calculated, was
measured byelectrophoretic light scattering method. During this approach, the scattered
electromagnetic waves have contrasting frequencies compared to the laser light when the
particles are moving as well as the shift in frequency is related to the velocity of these
particles. Generally, the instrumentation applies a laser beam, which is divided into two -
one being the reference and other illuminates the sample. When the laser light is scattered
by the particles in the sample, it is joined with the reference beam to evaluate th®oppler
shift. Consequently, the amplitude of the particles's speed (V) is calculated from this shift
and then the zeta potential is estimated through the equations 1.16 - 1.19. [44]

As mentioned before, zeta potential is in uenced by additional factors beside the ionic
strength such as particle concentration and pH. First of all, the former is known as the

most important factor towards zeta potential in aqueous environments. If pH is negative,

zeta potential is positive and vice versa [48], depending on the isoelectric point and the
pKa of the surfaces and molecules involved. Due to this fact, most commonly a pH
curve is estimated from which isoelectric point, also known as point of zero charge in
agueous environments [49] (zeta potential = 0), is determined [50]. Furthermore, the
concentration of the particles in uence on the zeta potential is often complicated and

conventionally estimated through the eletric double layer e ect and the surface adsorption

[44]. When an exact threshold of concentration is reached, the electric double layer e ect
becomes dominant over the latter one, controversially declining the zeta potential value
and destabilizing the dispersion [51].

As a last point in this chapter, it is relatively signi cant to mention that nanoparticles's

surface charge may rely upon distinctive phases within the particle. According to the
Cohen's rulg if solvent and solute are both insulating substances, then the substance with
a higher  will be positive at the vicinity of the interface. Therefore, if one considers silica
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nanoparticles (; = 3.9), at room temperature, they will have a negative surface charge in
water ( ; = 80), however, positive surface charge in benzene (= 2.27). [44]

1.7 Quartz crystal microbalance with dissipation monitoring

Quartz Crystal Microbalance (QCM) or Quartz Crystal Microbalance with Dissipation
monitoring (QCM-D) has been emerging as a profoundly resourceful tool for analyzing
solvated interfaces (e.g., interface between bulk liquid and solid surface) due to the fact
that it presents data not only about changes in mass with nanogram sensitivity, but in Im,
made out, possibly, of proteins, phospholipid vesicles or virus particles structure/height due
to solvation as well. Some of the applications for this technique include: food processing,
marine technologies and biosensors. In addition, a few of the biggest QCM-D advantages
over other systems is that it contains the ability of measuring the molecule organization
in real time, the change in organization in accordance with external stimuli (physical or
chemical) and the method itself is quantitative. [52, 53] The basic setup and components
of a QCM-D system can been seen in gures 1.8 and 1.9. 1 - is the g-sense analyzer, 2 -
chamber, containining 4 cells with sensors (this enables high throughput of the system and
the ability to simultaneously compare the measurement parameters) and 3 - peristaltic

pump.

Figure 1.8: QCM-D setup and components.
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Figure 1.9: A brief overview of QCM-D main components. (a): A sensor with gold electrodes
for QCM-D method. In practice, it's thickness is around 300 m whereas the motion amplitude of
the crystal is known to be in the order of maximum of a few nanometers in aqueous environment
(also depends on the overtone order and driving voltage). (b): Quartz crystal having alternating
current, which is applied on the electrodes. This results in cyclical deformation, where antiparallel
fashion of tangentially moving surfaces are observed. (c): Limiting circuiting of the alternating
current. (d): After stopping the periodic electric eld driving the crystal oscillation, the quartz
crystal is coming to a rest and an oscillatory decay is observed. From this decay curve the energy
dissipation and resonance frequency are extracted. Taken from Mathew C. Dixon. [52, 54]

Even though there are a few possibilities to perform QCM experiments, but in this project

it was focused towards one, "ring-down" method, where the analysis of the crystal response
is in the time domain, through the decay of the freely oscillating crystal [52]. The example
of a response signal piezoelectric quartz, where certain voltage is produced in the event of
these decaying oscillations, yields two parameters per overtone that are important - the
resonance frequency,fand the dissipation D, which resolutions are on the order of 0:1

Hz and 1 10 7, as a function of temperature and time. The formal may be changed
between 15 and 45°C with an accuracy of 0.05°C and the latter's resolution is around
0.5 seconds with a stable baseline, which gives the opportunity to monitor an experiment
for 36 hours and more. Nevertheless, usually frequency and bandwidth shift (equivalent
to dissipation) interpretation can be problematic due to lack of knowledge of the energy
dissipation procedures, which function in these Im structures as they are mowed across
at megahertz frequencies as the experiment takes place. The theory behind this method
is that after the collision of a shear wave and the sample/resonator interface the wave
encounters an attenuation and as well as frequency shift. It is proportional to the amount
adsorbed on the sensor of the heterogeneous adsorbate (expressed in eq 1.20 - known
as the Sauerbrey relationship for rigid Ims such as single lipid bilayers resulting in low
dissipation) even though the energy which is dissipated during the process is proportional
to the attenuation of the wave. [53, 54, 55, 56, 57]
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fn

m = CQCM (1.20)
where m is denoted as the mass of the adsorbent on the surfac€qgcm is the mass
sensitivity constant (18 ng cm 2Hz latf=5MHz[52])and f, is the shift in resonance
frequency at the nth harmonic. Consequently, it has di erent order n numbers (1,3,5,7).
However, the mass sensitivity constant is not dependent om. Still, it is known that
the Sauerbrey relation is not quite tting with the data if the experiment is conducted
with su ciently "soft" Ims. [55] In the method of QCM-D, the shear-quartz resonator

is de ned by the relationship among the resonance frequency/bandwidth of the resonator,
the viscosity 1 of the medium and the density 1:

_ _ fn _ 1 ngi,
fn= T 5 D, = c 2 (1.21)
In this equation, ! = 2f ¢ and is known as the angular fundamental resonance frequency.

While QCM is receptive to the properties of the bulk solution, a reference test in the
same liquid is mandatory in order to separate bulk liquid contribution from the Im
characteristics. [52]

The bandwidth from equation 1.21 holds highly important knowledge, which is often
applied for the determination of material's viscoelasticity. If we consider a Newtonian
liquid, then the shifts of frequency and bandwidth as well as the viscosity of the molecules of
interest are related to the original equations of Mason proved for torsional resonators. The
practical value of the bandwidth, in fact, is that it is greatly more insensitive to variations

of mechanical stress and temperature compared to frequency. The latter parameters are
often not that easily susceptible to control in complicated environments. [58] Also, overall,
the bandwidth contains information on losses, while the resonance frequency contains
information on storage of energy.

1.7.1 Mechanism for supported lipid bilayer formation

In this project QCM-D was mainly used for formation of single lipid bilayers (SLBs; to
mimic the membrane model) as well as speci ¢ and non-speci ¢ interaction experiments
with functionalized or bare silica nanoparticles. To begin with, the fusion of the vesicles
with the substrate is in uenced by three aspects: vesicle-vesicle and vesicle-substrate
[59, 60] interaction, and the tension of the membrane [61] itself. The formation of a SLB
involves release of entrapped water during adsorption and rupture on the surface of the
sensor/substrate to consequently form a SLB with higher resonance frequency and lower
dissipation than the adsorbed vesicles. The decrease is explained by the loss of water and
the construct of a rigid structure. [54]
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In order to go in detail on how a SLB forms, two main points ought to be considered: the
adhesion and rupture of liposomes on the substrate and the following development of the
supported bilayer adsorbed chunks into a full SLB. The gure 1.11 illustrates the rupture
processes, that have been reported so far. [62]

Figure 1.10: Processes taking place when liposomes rupture. A) an adsorbed isolated liposome
ruptures spontaneously due to induced deformation by the substrate; b) fusion-induced rupturing
of the neighbouring liposomes; c) the rupture of the vesicle is promoted by the edge of a nearby
formed supported lipid bilayer; d) when the critical liposome coverage is reached, the coordinated
action of a few nearby liposomes results in the rupture of a rst vesicle. After the rst patch of
supported lipid bilayer is formed, its edges induce the rupture of adjacent liposomes. Taken from
Ralf P. Richter et al. [62]

Zhdanov and Kasemo observed that the deformation propagated by the substrate on the
adsorbed liposome is consequently increased by the adsorption of other liposomes in its
vicinity. After a de nite con nement of adjacent liposomes, matching critical coverage, is
achieved, the stress on the liposomes develops into adequate enough to promote rupture
(g. 1.10 d). [63] A typical example of the response achieved by QCM-D technique, when
the critical vesicular coverage is taking place is shown in g. 1.10 c) [62].

A rather unusual e ect was observed for liposomes having certain amounts of DOPC and
DOPS when they were subjected to mica in a solution containing calcium: in the case
of low surface density adsorbing vesicles, at the start they stayed intact, but ruptured
individually over a time span of minutes to hours. This observation was rather peculiar in
terms that previously it was thought that individual vesicles (the interaction with the same
species at their viccinity is negligible) either rupture instantly (e.g., in less than a second)
after the adsorption or stay unruptured for days. [64, 62] The possible explanation for such
event could be the fact of introduction of two di erent lipid species within the adsorbed
liposomes, which results in the dynamic changes in the vesicle-substrate interaction and
in the promoted stability of the liposomes [62]. The seen time span for rupturing is
signi cantly slower than the time required for the lipids contained in the single lipid lea et

to rearrange [65]. Thus, the proposal for the translocation of the lipid molecules between
the two lea ets of the liposome is the criterion for the gradual rupturing of the vesicles
[62].
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After the vesicle ruptures, the resulting chunk of lipid bilayer reveals an edge [66, 67].
They are energetically unfavorable and, from a thermodynamic point of view, anticipated

to induce the interaction with the neighbouring lipid material, such as the rupturing event

of the adsorbed liposomes or liposomes from bulk solution (g. 1.10 c)). If the density

of adsorbed vesicles is high enough, such process may be promoted across a few adjacent
liposomes and result in the formation of the extended lipid bilayer patches [68, 69].

Lipid assemblies as a complete system may have lateral mobility and undergo cooperative
form changes. This e ect should no be mixed up with the lateral di usion of individual
lipids. An indication about the lipid mobility is observed by the structure of the bilayer
patches. Chunks, that are laterally mobile, likely reorganize into circular patches in order
to reduce their line tension (seen on mica surfaces) [64]. However, bilayer islands on silica
usually retain a strictly noncircular shape, which, evidently, is due to lack of mobility [68].

There are several factors governing the SLB formation: the nature of the support
(roughness, surface charge), the liposomes themselves (their charge, composition, size, etc.)
and the aqueous environment (ionic strength, pH). However, most important parameters
include electrostatic interactions, calcium ions, solid support composition and vesicle size.

Most of the pathways how vesicle adsorbs on a substrate can be produced by changing the
charge of the liposomes consequently forming an SLB [62]. In the case of anionic DOPS
lipids and mica surface, molecules tend to arrange asymmetrically among two SLB lea ets,
however, when subjected to calcium, they may concentrate on the SLB-mica side more,
which is an electrostatic interaction mediated SLB formation [64].

In general, divalent ions and, in particular, calcium appear to engage in the screening of
charges, thus, altering the electrostatic interactions. However, it was proven that they

directly promote the adsorption and rupturing of liposomes, and consequent formation of
SLB [68]. Most commonly, small concentrations (in mM range and smaller) of the calcium

ions are enough to produce important e ects [62].

The formation of SLB is also in uenced by the solid support composition [62]. There were
previous attempts to form SLBs on surfaces such as gold [59], platinum [70] and others,
however, not e ciently successful, leaving mica and silicon-based surfaces as the most
conventional supports for SLB formation [62].

It was recently reported [71] that relatively small liposomes form rather full bilayers by
rupturing on the substrate, however, the rupture of large vesicles is fragmentary and lead
to a mixture of bilayer patches and intact liposomes. The possible explanation for this
dependency is that the liposome adsorption is restrained by the di usion in the solution
and the rupturing process only starts at a time, which is relatively proportional to the size

of the liposomes. Even though at the critical coverage point, at which rupturing starts
is almost independent on the liposome size, but larger vesicles are subjected to sterical
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e ects, which keep some of them from rupturing. These intact vesicles play a barrier role
for lateral lipid molecule di usion, thus suggesting smaller vesicles to be preferable in the
formation of complete SLBs. [71]

In conclusion, it is also important to mention, that QCM-D technique is more
advantageous, in this project's case, compared to conventional Surface Plasmon Resonance
(SPR) or Elipsometry due to the fact that it enables the possibility of distinguishing
adsorbed layer of, e.g., liposomes from a planar bilayer of lipids ( gure 1.10) [52].

Figure 1.11: The gure represents one of the main advantageous points of QCM-D - its sensitivity
to discriminate between vesicle adsorption and SLB formation. In the graphs, red lines are denoted
as liposome adsorption on the surface without being ruptured. Blue lines show liposomes adsorbing
on the surface and then rupturing in to a planar lipid bilayer. However, the frequency shifts are
rather unusual due to the fact that adsorbed liposome layer results in a bigger frequency change
than a bilayer of lipids. This fact is explained by the fact that the liposome layer is thicker
and contains much more water coupled to the crystal oscillation than the planar lipid bilayer.
In addition, the liposome layer develops higher energy dissipation, because of the higher water
content and overall lower shear viscosity of the layer than for an SLB. Taken from |. Reviakine et
al. [52]

Even though, it might seem that qualitative study of the data provided by QCM-D could

be rather simple, bandwidth and frequency shift quanti cation using di erent overtones
lacks understanding of how hydrodynamic and mechanical processes are happening in the
system [52]. Up till now, most modeling was performed based on called continuum models,
in which the characteristics of a sample in question is explained by a sequence of layers of
de ned thickness and homogeneous densities, viscosities and elasticities [58]. However, this
method is only fully applicable to homogeneous systems, where the sound's wavelength is
larger than the length scale of the sample [52]. If heterogeneous systems (e.g. liposomes
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or proteins) are considered, the method might be a poor approximation since they are
laterally and orthogonally heterogeneous as well as that the connection to the substrate
might have signi cant in uence [52].

1.7.2 Interpreting QCM-D results

In order to reach an adequate interpretation of achieved QCM-D data one needs to deduct
whether the system is laterally heterogeneous or homogeneous as well as is dissipating
energy or not. Taking these characteristics into account, conventionally, the received data
is explained by several techniques ( gure 1.12 that are consolidated by one theory known
as the small load approximation Therefore, the review of this concept will be included in
the possible situations of QCM-D experiments discussed below. [52]

In the case of homogeneous layers, an induction of rather little or a big shift in dissipation
could be observed. Consequently, if one would consider a greater quantitative distinction,
a proportionof /  f should be taken into thought. When  is signi cantly smaller
than fn, the layer is evaluated as having rigid structure, thus, by applying the Sauerbrey
estimation, the density of the areal mass of the layer may be well approximated. [52]
However, if the layer is highly solvated, then the measured characteristic of the layer will
also contain both the solvent,mggent, and the adsorbate,myqs [52]:

Mi = Mgads + Msolvent (1.22)

In the situation where mggs is known from a di erent method, such as SPR [72], or
elipsometry [73], the weight part of the solvent in the layer of interest is then possible to
be quanti ed [52]. Even though the width of the adsorbed layer may be evaluated from the
equation 1.20 (if the solvent and adsorbate densities are close in value), another estimation
has to be considered when the densities are not alike in accordance with already known
Mags [74]:

1
hf = ms Mags 1 solvent (1.23)

solvent ads

where h; is the thickness of the layer, that is adsorbed, and sgyent, and ags are the
densities of the solvent in the Im and the Im itself, accordingly.
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Figure 1.12: The table in the gure shows the possible techniques in order to interpret QCM-D
data. Taken from I. Reviakine et al. [52]

When D results in a higher value than zero, then the layer is considered thick enough
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for the system to detect viscoelastic characteristics of the layer [58, 75, 76, 77, 78]. Then
they are conventionally depicted according to complex shear modulus:

G = G% iG" (1.24)

where i is known as an imaginary component (or square root out of -1). [52]

The term G' de nes the elasticity of the material, also known as the dependence between
force that is applied on the material and the magnitude of it's deformation. The other term,
G", is de ned as the loss modulus and is equal to the angular frequency of deformation
multiplied by viscosity . When the loss modulus is signi cantly smaller than the elasticity
term, the matter encounters most dominantly elastic demeanor, however, viscous if the
relationship is in reverse. In addition, in the situation where the two terms are almost
equal, both the viscosity and elasticity play an important role to model the mechanical
response of the material. It is also important to note that G' and G" obtain di erent
values according to changing and these numbers may range several orders of magnitude.
[52] Consequently, when a nite frequency assortment is established, these reliances are
commonly e ciently evaluated through power laws (taking into account exponents °and

")

GY!) = G(=! o) “and G"(!)= Go"(!=! o) (1.25)

where ! ¢ is promptly designated frequency for reference. [52] It is also known that ©
and " at their certain corresponding frequencies are associated with the movements and
interactions on the microscopic level inside the sheared material [79, 80].

When the case of laterally homogeneous viscoelastic layers is in question, the QCM's
feedback is conducted through the continuum model, which is established in such a
manner that the shear wave transmits across the viscoelastic environment basically as
electromagnetic waves in optical research do [81]. However, if the Ims are signi cantly
thinner than the wave value of the shear-acoustic wave, then areal mass density of the layer
(as well as it's viscoelastic characteristics) is associated with the bandwidth and frequency
shifts as in these equations [58, 82]:

n Gt" _n J0
fn cme 1 nte (CT+ G cmt 1 nte I (1.26)
n G? ~n JP
n Emf n' F I 1 ‘ (G? + Gf " 2) - Emf n' F | IT (127)
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where indexes f and | are depicted as Im and liquid, accordingly [52]. The relation
ms = ; h; explains again the layer's areal mass density and the terms J = J' - iJ"
= G ! is the compliance of the layer, in uenced by the frequency of the wave and J'
as well with J" are elastic and viscous units [52]. In order to achieve equal width and
z-average viscoelastic characteristics for latterally homogeneous Ims, with constantly
changing mechanical characteristics in the orthogonal direction, one has to establish the
model of the pro le (e.g. parabolic) and integrate the section in the brackets in the equation
1.27 (results in and f) [82]. A standard case for such layers are polymer brushes.

However, in order to apply the viscoelastic model, it is necessary to keep in mind several
aspects [52]. Due to the fact it has ve independent parameters to t, a premise about the
density of the layer ¢ has to be considered with caution - frequency series at which QCM
works is rather not probable to correspond to the frequency range in question [58]. To be
more precise, if G' is taken as frequency independent component and G" is in uenced by
the frequency linearly, the disadvantage of the space criterion is observed and commonly
not accepted [52].

It is also important to consider cases without laterally homogeneous Ims, layers that have
incorporated discrete objects on the nanoscale such as liposomes, nanoparticles, viruses,
etc. Until not that long time ago, the signi cance of these heterogeneous layers have
been taken into consideration due to the fact it was thought that the same viscoelastic
model may be applied as for the homogeneous counterpart [52]. However, in the previously
mentioned case the main processes taking place are the motion of the particles that are
adsorbing on the surface as well as the hydrodynamic in uences. Later on it was shown
that empirical models [83] and fundamental theory [84, 53] of such example exist and may
result in new applications of the whole QCM-D method [52].

Some studies showed that the surface coverage of the Im in question does not linearly
relate to the frequency shift in QCM-D. Indeed, the liquid that is inside the particles or

in spaces between them, contributes to the frequency decline with the increased surface
coverage of the layer. In addition, QCM-D is rather signi cantly more sensitive to the
particles being adsorbed at low surface coverage, but a lot less sensitive when particles
adsorb at high surface coverage. The example of high coverage correlates to the case of
laterally homogeneous layers as mentioned previously, however, the lower coverage is quite
di erent. Due to the fact that liquid is trapped around or in between patrticles, that are
adsorbed on the layer, the complexity of the case increases. For example, the fact that
the overall contribution of mass of particles with liquid trapped among them is lower than
the identical particle being adsorbed to the plane surface. However, there is no discrete
boundary between solvent moving freely or immobilized solvent in crevice of two or more
particles, nevertheless, it is a signi cant factor to consider to total hydrodynamic e ects
that occur amidst these layers. [52]
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Furthermore, an empirical model, that considers the liquid immobilized between the
particles as well as the particles are adsorbed on the layer in a random fashion, [85]
has shown that it is possible to reproduce coverage-dependent feedbacks of frequency
guantitavely [86, 83]. This model is dependent on a measurement of the areal mass density
of the particle being adsorbed taken from another experiment in di erent machinery [52].
Consequently, the fraction of immobilized liquid is taken (H = 1 - ma4s/ ms against the
adsorbed areal mass density and tted [52]. The result is particle's size and height-to-
width ratio if the oblique distribution and the mass of the particle are noted previously
[52]. Also, there is a possibility to achieve the particle degree of clustering or detail of
how particles are laterally organized if their size and orientation on the layer are known
[86, 52].

Another approach that helps to look at the same problem is known as nite element
method (FEM) simulations. In this method, the accumulation of stress over the adsorbed
particles of interest is estimated in order to acquire the uctuations in dissipation and
frequency [84, 53]. In addition, this technique does not take into account tting parameter
as mechanical characteristics and molecular geometry are only required initially, and gives
information about the coverage-dependent decline of QCM-D's sensitivity in the case of
laterally heterogeneous layers [84]. Additionally, it was proven that the main part of energy
is depleted through liquid-particle barrier, however, the extent to which it is depleted relies
upon the rigidness of the contact and the degree of coverage (particles protect each other
from ow conditions) as well [52]. Therefore, if heterogeneous system is taken into account
it will dissipate energy even at the point where the adsorbed particles are very rigid,
whereas in homogeneous system this will not be observed [52].

According to the continuum viscoelastic model that de nes layers which are homogeneous,
the previously mentioned relations proves that the barrier-dependent way of energy
depletion is superior in heterogeneous layers compared to homogeneous systems. Knowing
this, it is insigni cant to use the viscoelastic model for single layers of molecules or
nanoparticles. [52]

All of these methods and approaches towards QCM-D data interpretation over time led to
the development of a unifying approach, which includes an intricate change of frequency:

fo= f+] (1.28)

f =iz =2mg) (1.29)

where mq is the areal quartz crystal's density of the areal mass and| = ZE +izZ."
is known as the ratio between velocity and shear stress at the exterior of the uctuating
crystal. [52] The latter sum is known as theload impedance[87]. In addition, the linear
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relation among the frequency change term as well as the load impedance is namgu
small load approximation [52]

In the case of laterally homogeneous layers, the load impedance may be estimated through
appliance ofFresnel theory taken from optics [73, 81]. The acoustic impedance acts as the
refractive index of the matter in question [76]:

Z=(G)*¥ (1.30)

When the materials are considered very rigid (G' is signi cantly bigger than G") or layers
with small width, Z, = i'm , which results in change of frequency that is evident (no
dissipation). In contrast, the estimation may also result into rather complicated changes
in frequency (energy dissipation exists). Consequently, if one excludes the dissipation of
energy, then both underestimation and overestimation of the true mass load on the QCM
crystal can occur. [52]

In heterogeneous systems, the area-averaged stress needs to be estimated numerically, e.g.,
by obtaining a numerical mean of shear stress that is acquired by FEM modeling around
the interface of interest. Even though this technique is more rigorous than viscoelastic
modeling based on continuum mechanics, it requires serious amount of computational
recourse and prior knowledge of the structure of the adsorbed Im.. [52]

In conclusion, it is important to mention that QCM-D is an astonishing qualitative and
guantitative technique, but the modelling of the data can be rather complex. When it is
applied in combination with other machinery that may evaluate the mass of the adsorbed
molecule/particle per area of the surface, a compelling amount of data can be gathered.
[52]
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2. Materials and methods

2.1 Materials and chemicals

The lipids used for liposome production POPC, POPG, DOPE-biotinylated, POPS and
DSPE-PEG(2000)-biotin are presented in the gures below:

@)

(b)

(©

(d)

(e)

Figure 2.1: Lipids used in the project: a) POPC; b) POPG; c) DOPE (It was biotinylated for
this project); d) POPS; e) DSPE-PEG(2000)-biotin. Structures taken from Avanti lipids website
[88].
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Table 2.1: Materials used in this thesis

| Material Manufacturer Description \

CacCl,(Calcium dichloride) CARL ROTH > 94%

DOPE(1,2-dioleoyl-sn-glycero-3- Avanti Lipids (18:1 biotinyl PE Sodium

phosphoethanolamine)-biotin salt); 25 mg/mL in chloro-
form

DSPE-PEG(2000)-biotin Avanti Lipids >99%; 10 mg/mL in chlo-

(1,2-distearoyl-sn-glycero- roform

3-phosphoethanolamine-N-

[biotinyl(polyethyleneglycol)-2000]

(ammonium salt)

Ethanol CARL ROTH >96%

HCI(Hydrogen chloride) CARL ROTH 6N

Isopropanol Inhouse 99.5%

MilliQ Water Inhouse -

NaCl(Sodium chloride) CARL ROTH >99.8%

NaOH(Sodium hydroxide) CARL ROTH >99%

Neutravidin, biotin binding protein Thermo Fisher Scientic -

PLL-g-PEG-biotin(Poly(L-Lysine)-g- SuSOS AG PLL (20 kDa) grafted

Poly(ethylene-glycol)-biotin) with PEG (2 kDa) and
PEG-biotin having g (Lys
units/PEG chains) = 3.5;

POPC(1-palmitoyl-2-oleoyl-sn-glycero-  Avanti Lipids (16:0 - 18:1 PC Sodium

3-phosphocholine) Salt); 25 mg/mL in chlo-
roform

POPG(1-palmitoyl-2-oleoyl-sn-glycero-  Avanti Lipids (16:0 - 18:1 PG Sodium

3-phospho-(1'-rac-glycerol)) salt); 25 mg/mL in chlo-
roform

POPS(1-palmitoyl-2-oleoyl-sn-glycero-  Avanti Lipids (16:0 - 18:1 PS Sodium

3-phospho-L-serine) Salt); 25 mg/mL in chlo-
roform

SDS(Sodium dodecyl sulfate) pellets CARL ROTH >99%

Silica nanopatrticles Inhouse -

Streptavidin from Streptomyces Sigma - Aldrich >13 units/mg protein

THF (tetrahydrofuran) CARL ROTH >99.5%

Trichloromethane CARL ROTH >99%

Trizma base Sigma - Aldrich >99.9%

2.2 Methods

All of the materials and solutions very mainly stored at 4 °C except for lipids and

streptavidin/neutravidin, which were stored at -25 °C.

2.2.1 Buer preparation

Both bu ers after preparation were ltered through a 0.2 m lter.

Tris 10 x (or 0.1 M):

1. Dissolve 60.57 mg of Tris in 0.5 L of milig HO and while reaching the nal volume

adjust the ph with an appropriate acid to pH = 7.5.
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TBS 10 x (or 0.1 M of Tris and 1.5 M of NaCl):

1. Add 43.83 g of NaCl and 6.057 g of Tris.
2. Reach a nal volume of 0.5 L with milig H,O. The pH should be adjusted with HCI
to pH = 7.5.

2.2.2 Activation and preparation of silica nanoparticles for coating

1. Incubate Silica Nanoparticles in 0.1 M NaOH solution for 1 hour. Vortex the
suspension from time to time during the period.

2. Centrifuge at 6000 RPM for 5 minutes and discard the supernatant.

3. Wash with Ethanol and miliQ H,O three times by centrifuging with the same
parameters as in point 2.

4. Pipette out the supernatant from the nanoparticles and freeze-dry overnight under
vacuum.

5. Take 15 mg of Silica Nanoparticles and resuspend them in 10 mL of Tris 10 x.
Sonicate this suspension overnight in bath sonicator (37 kHz; 2€C).

2.2.3 Liposome preparation

Liposomes were produced by employing several di erent methods in order to reach the
desired size of the vesicles. In addition, POPC, POPC/DOPE-biotin, inclusion of POPG or
POPS and POPC/DSPE-PEG(2000)-biotin liposomes were prepared for the coating with
the silica nanoparticles. The exact values of lipid mass are excluded from the protocols
due to several di erent mol% of lipids inclusion through the production.

1) Initial liposome preparation (Rehydration method; Final liposome concen-
tration 2 mg/mL):

1. Wash with Ethanol and milliQ H >0 the glass container for liposome production.

2. Under chemical hood wash the glass container with chloroform 2 times.

3. Add lipids according the needed molar percentage of POPC (25 mg/mL) and DOPE-
biotin (25 mg/mL) and dry the chloroform with nitrogen under weak stream.

4. Freeze-dry the lipids for at least 30 minutes under vacuum.

5. Resuspend the dried lipids in TBS 1 x bu er to reach the nal concentration of 2
mg/mL, vortex for 10 seconds and incubate at room temperature for 15 minutes.

6. Extrude the lipids using one 400 nm and two 50 nm polycarbonate Iters (washing
with ethanol and milliQ H >0 of the extrudor before use).

2) Liposome preparation/bath sonication (Rehydration method; Final liposome
concentration 2 mg/mL):

1. Wash with Ethanol and milliQ H >0 the glass container for liposome production.
2. Under chemical hood wash the glass container with chloroform 2 times.
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6.

. Add lipids according the needed molar percentage of POPC (25 mg/mL) or DOPE-

biotin (25 mg/mL) and dry the chloroform with nitrogen under weak stream.
Freeze-dry the lipids for at least 30 minutes under vacuum.

Resuspend the dried lipids in a volume of TBS 1 x buer to reach the nal
concentration of 2 mg/mL, vortex for 10 seconds and incubate at room temperature
for 15 minutes.

Sonicate in bath sonicator for 30 minutes (37 kHz; 20C).

3) Liposome preparation/bath sonication (Solvent injection method; Final
liposome concentration 2 mg/mL):

1.
2.
3.

7.

Wash with Ethanol and milliQ H ,O the glass container for liposome production.
Under chemical hood wash the glass container with chloroform 2 times.

Add lipids according the needed molar percentage of POPC (25 mg/mL) or DOPE-
biotin (25 mg/mL) and dry the chloroform with nitrogen under weak stream.
Freeze-dry the lipids for at least 30 minutes under vacuum.

Add THF solvent (according to the amount of lipids) to the dried lipids.

Pipette the THF/lipid solution by drops into certain volume of TBS 1 x (to reach
the nal concentration) and mix with a magnetic stirrer while blowing with a gentle
stream of nitrogen for at least 15 minutes.

Sonicate in bath sonicator for 30 minutes (37 kHz; 20C).

4) Liposome preparation/tip sonication (Rehydration method; Final liposome
concentration 2 mg/mL):

1.
2.
3.

Wash with Ethanol and milliQ H >0 the glass container for liposome production.
Under chemical hood wash the glass container with chloroform 2 times.

Add lipids according the needed molar percentage of POPC (25 mg/mL), DOPE-
biotin (25 mg/mL), DSPE-PEG(2000)-biotin (10 mg/mL), POPG (25 mg/mL) or
POPS (25 mg/mL) and dry the chloroform with nitrogen under weak stream.
Freeze-dry the lipids for at least 30 minutes under vacuum.

Resuspend the dried lipids in TBS 1 x bu er to reach the nal concentration of 2
mg/mL, vortex for 10 seconds and incubate at room temperature for 15 minutes.
Freeze in liquid nitrogen and thaw 5 times.

Tip sonicate under these settings: 10% duty cycle, 20 minutes, output: 6 with a
probe (Branson Soni er 250).

Centrifuge for 10 minutes at 8000 RPM to get rid of titanium particles from the
probe.

Extrude through one 100 nm and two 30 nm polycarbonate membranes.
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2.2.4 Coating of the silica nanopatrticles

The rst protocol is the one that was established before | started the project at the
institute, however, it was not optimized and not at all reproducible. The second protocol
is the one obtained after optimization through the work presented in this thesis to obtain
the parameters for best yield of uniformly membrane-coated nanoparticles suitable for the
interaction measurements. The optimization procedure will be discussed more in detail in
section 3.2.

1) Initial coated silica nanopatrticle preparation:

1. Add in this order: 200 L of vesicles (2 mg/mL), 80 L of TBS 10x, 320 L of
miliQH >0 and 400 L of silica nanoparticles (in Tris bu er). Final concentration of
TBS should reach 1x.

Mix 10 times with a pipette.

Centrifuge at 1000 rcf for 30 minutes.

Discard the supernatant.

Resuspend the pellet in 1 mL of TBS 1x.

Repeat the steps 3,4 and 5 three times.

o0k Wb

2) The most optimized and reproducible silica nanoparticle coating procedure
obtained in the project:

1. Sonicate silica nanoparticles in bath sonicator for at least 2 hours (37 kHz; room
temperature).

2. Add 159.7 L of liposomes (2 mg/mL), 740.3 L of TBS 1 x and 100 L of activated

and prepared silica nanoparticles.

Vortex for 25 minutes at 600 rpm in room temperature.

Centrifuge at 6000 rpm for 5 minutes.

Discard the supernatant (pipette out around 900 L of solution).

Add 900 L of Tris 10 x.

Vortex for 10 seconds.

Repeat the cycle (Points 3-6) two more times.

© N g s W

2.2.5 Dynamic light scattering

Size distribution measurements were performed on a Zetasizer Nano ZS. Cuvettes used
for DLS size distribution measurements were semi-micro PMMA cuvettes and Disposable
Capillary Cell (DTS1070) for zeta potential measurements. For each size distribution or
zeta potential evaluation there were 3 measurements (averaged in plots, which are presented
in the result section) consequent one after another done having at least 12 assessments per
one sample for size distribution and 100 for zeta potential.

A pre-wash with a certain bu er (10 x Tris or 1 x TBS) of the cuvette was made before
evaluating size distributions or zeta potential of the liposomes/particles in order to avoid
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additional contamination during measurements. Dispersants were chosen accordingly
(Tris 10x or TBS 1x) and equilibration time was set to 10 seconds for each sample.
The concentrations for the appropriate measurements were 2 mg/mL for liposomes, 1.5
mg/mL for bare silica nanoparticles and 0.15 mg/mL for coated silica nanoparticles. In
addition, the laser wavelenght of zetasizer was 633 nm. The calculation method for the
size distributions from dynamic light scattering data was the CONTIN algorithm.

2.2.6 Sensor cleaning protocol for quartz crystal microbalance with
dissipation monitoring measurements

1. Put the needed number of silicon dioxide QSensors (around 1 évactive surface
diameter; crystal type QSX303) in compact uv-ozone cleaner (ProCleanet BioForce
Nanosciences) with 4"x 4" Chamber - EQ-PCE-44-LD for 10 minutes with blunt
tweezers.

2. Turn of the chamber and wait 5-10 minutes.

3. Sonicate the silicon dioxide QSensors in% SDS solution for 15 minutes in bath
sonicator (37 kHz; 20°C) and incubate for additional 15 minutes.

4. Clean the sensors thoroughly with milliQ HO in the direction of the tweezers (to
avoid possible contamination from the tweezers).

5. Blow o the residual milliQ H 2O from the QSensors with nitrogen stream.

6. Put the silicon dioxide QSensors in the uv-ozone cleaner with 4"x 4" Chamber -
EQ-PCE-44-LD for 10 minutes with blunt tweezers.

7. Wait for 5-10 minutes after the uv-ozone treatment is complete.

8. Blow of the possible dust from the QSensors while transferring from the uv-ozone
chamber to the QSense ow cell.

2.2.7 Quartz crystal microbalance with dissipation monitoring

QCM-D measurements were done with QSense Analyzer 4-channel system (presented in
1.5 section). The fundamental frequency of the silicon dioxide QSensor was 4.95 MHz.
Also, the pump for the QCM-D experiment was set to 0.51 mm diameter tubing system.
Concentrations, dispersants and ow rates for di erent materials for QCM-D experiments
are shown in table 2.2:

] Material Bu er Concentration Flow rate \
Liposomes for SLB formation TBS1x 0.1 mg/mL 50 L/min
PLL-g-PEG(2000)-biotin Tris 10 x 0.1 mg/mL 50 L/min
Streptavidin TBS 1 x 0.05 mg/mL 50 L/min
Neutravidin TBS 1x  0.05 mg/mL 50 L/min
Coated silica nanoparticles TBS 1x 0.1 mg/mL 10 L/min
TBS buer - 1x 50 L/min
Tris bu er - 10 x 50 L/min

Table 2.2: Materials, bu ers, their concentrations and ow rates used for QCM-D experiments
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In addition, most of the QCM-D experiments were conducted in such manner: establishing
a baseline with a certain bu er (mostly 1x TBS); assembling a single lipid bilayer (with
liposomes); washing step with a bu er; addition of streptavidin/neutravidin; washing
step with a bu er; addition of bare or coated silica nanoparticles; washing step with an
appropriate buer (g. 2.2).

Figure 2.2: The manner, in which, QCM-D experiments were mostly proceeded. In the legend,
rst numerical value indicates the sensor and the second - the overtone.
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3.1 Liposome production method results

In this project, several liposome production methods were tested to achieve the necessary
size unilamellar vesicles for the coating procedure of silica nanoparticles. A reasonably
uniform vesicle size smaller than the silica nanopatrticle size as well as a high relative
concentration of liposomes compared to nanoparticles is required to coat nanoaprticles
uniformly and without aggregation. As described above, most techniques used to produce
unilamellar nanoscale liposomes start using rehydration in combination with extrusion,
sonication and freeze-thaw. The size distributions of the liposomes will mostly be presented
as intensity distributions from DLS data, however, there will also be a table showing
standard errors of all produced liposome z-average diameters in the end of this chapter
(table 3.1).

The rst protocols for liposome preparation included methods from section 2.2.3 1) -
3). The vesicle size range at z-average = 85 - 112 nm with relatively low or moderate
polydispersity (gures 3.1 and 3.2; PDI = 0.2 - 0.3) in accordance to the results of
Oliver Bixner and Erik Reimhult [89]. In the picture 3.1 a) and b) represent the same
method to produce liposomes containing di erent components. An amount of lipids with
biotin functionalized headgroups (1 mo%; 910 molecules per coated silica nanoparticle
of z-average 135 nm) was incorporated in the liposome structure for later interaction
experiments on QCM-D. Due to the fact, that via the employed protocol (2.2.3. 1)) the
produced liposomes were relatively large for this project, optimization or changes in the
protocol steps to reduce the size in order for them to fuse more easier during coating or
rupture for the supported lipid bilayer assembly. Thus, rstly bath sonication (30 and 60
min; 3.1 ¢) and d); 2.2.3. 2)) after the extrusion of the liposomes was applied in order to
possibly break up the current vesicles into smaller ones or membrane fragments. However,
as seen in 3.1 d), longer sonication time increases the risk of introducing artifacts (z-average
1 - 20 nm) rather than decreasing the overall liposome z-average size.
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Figure 3.1: DLS intensity size distribution measurements on the rst attempts to produce
liposomes. Rehydration methods (2.2.3. 1) and 2)). A) POPC liposomes; z-average diameter
= 96.2 nm b) POPC-1mol%DOPE-biotin liposomes; z-average diameter = 92.2 nm c) POPC
liposomes, 30 min. bath sonication; z-average diameter = 112.4 nm d) POPC liposomes, 60 min.
bath sonication; z-average diameter = 84.7 nm.

Furthermore, g. 3.2 represents another set of rst attempts on liposome development
in order to achieve smaller vesicle size, however, with other, solvent injection method
(2.2.3. 3); this protocol uses solvent injection with THF as the carrier solvent to rst
produce unilamellar vesicles in the 100-200 nm size range, which are then bath sonicated
to achieve a reduced size. Due to the fact that method includes bath sonication as well as
the previously mentioned technique, it is essential to take into account that the size of the
vesicles vary in correspondence to di erent sonication times and salt concentration. By
increasing the salt concentration and sonication time, one can expect smaller vesicles in the
20 - 40 nmregion (g. 3.2¢). Inthe rstthree sub guresin g. 3.2 it is observable that the
z-average diameter is 75 - 123 nm, which is almost the same as with the rst technique
and the polydispersity is higher, thus, this method was not further pursued. Nevertheless,
statistical two tailed t-tests were performed to see whether varying salt concentration
and sonication time is signi cant for the z-average diameter of the POPC liposomes. In
the case of 1x TBS or 10x TBS bu er concentrations in POPC vesicle solutions during
production (sub gures a) and b) in g. 3.2) alternative hypothesis at signi cance level
0.05 was accepted stating that z-average diameter depends on the salt concentration (t-
critical value = 22.52978324, corresponds to p-value < 0.001). In addition, bath sonication
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time (sub gures b) and c¢) in g. 3.2), according to two-sided t-test, proved to have

in uence on z-average diameter of the POPC vesicles (t-critical value = 54.30422871,
corresponds to p-value < 0.001) as the alternative hypothesis at signi cance level 0.05
was accepted as well. The last sub gure d) in g. 3.2 represents an inclusion of a freeze-
thaw step, which according to Jonathan et.al. [90] should impose vesicle size reduction by
immersing the sample solution into liquid nitrogen and thawing correspondingly at room
temperature, in this case. However, the overall intensity size distribution pro le remained
not monodispersed enough and the size has not decreased adequately. Also, the two-sided
t-test has shown the z-average diameter of the POPC vesicles is in uenced by the freeze-
thaw step inclusion due to the fact that the alternative hypothesis (freeze-thaw in uences
z-average diameter of liposomes) was accepted at signi cance level 0.05 (t-critical value =
8.422938864, corresponds to p-value = 0.001 - 0.002).

Figure 3.2: The rst attempts to produce liposomes (DLS intensity size distribution
measurements). Solvent injection a), b) and c)) and rehydration (d)) methods (2.2.3. 2) and
3)). A) POPC liposomes, 1x TBS, 30 min. sonication; z-average diameter = 101.8 nm b) POPC
liposomes, 10x TBS, 30 min. sonication; z-average diameter = 123.2 nm c) POPC liposomes, 10x
TBS, 50 min. bath sonication; z-average diameter = 75.4 nm d) POPC liposomes, freeze-thaw 5x,
30 min. bath sonication, no extrusion; z-average diameter = 56.3 nm.

After the two previous sets of developments not vyielding suciently small and
monodisperse liposomes, we switched to preparation protocols based on tip probe
sonication in combination with freeze-thaw has come into consideration. Figure 3.3
demonstrates the application of this approach to liposome production. The rst sub gure
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a) already shows a decline in vesicle size to z-average = 80.9 nm, which, in turn, suggests
that inclusion of tip probe sonication might result in the desired yield if parameters are
optimized. Thus the attempts, b) and c), represent the optimization pathway. With the
inclusion of smaller (30 nm) polycarbonate membranes in the extrusion step and increase
in duty cycle of tip probe sonication to 100%, the z-average of vesicles became signi cantly
smaller (z-average diameter = 61 - 66 nm) and the PDI decreased gradually to a value of
0.1. Consequently, the actual necessity for freeze-thaw step was tested and the results
displayed that it leads to a decline in size by a few nanometers. Additionally, the sub gure
d) is just an example to see whether the size of liposomes, with the inclusion of lipids with
biotin functionalized headgroups in their structure, will remain within the same range.
Nevertheless, the z-average diminished even more, to 53.4 nm from 61 - 66 nm, when
tip sonication time was increased. However, this was estimated as the maximum time a
sample could be sonicated due to the fact of a possibility for sample being overheated
and therefore result in change of it's concentration. Long sonication times causing high
temperatures are also believed to cause sample damage through lipid degradation.

Figure 3.3: The gure shows DLS intensity size distribution measurements on liposomes produced
via rehydration method (2.2.3. 1)) with inclusion of tip sonication and with or without freeze-
thaw. A) POPC liposomes, freeze-thaw 5 times, tip sonication (5@6 duty cycle, probe, 6 output,

15 minutes), extrusion through one 100 and two 50 nm membranes; z-average diameter = 80.9 nm
b) POPC liposomes, no freeze-thaw, tip sonication (10% duty cycle, probe, 6 output, 15 minutes),
extrusion through one 100 and two 30 hm membranes; z-average diameter = 65.8 nm c) the same
as b), but with freeze-thaw 5 times; z-average diameter = 61.2 nm d) POPC-1ma&lDOPE-biotin
liposomes, freeze-thaw 5 times, tip sonication (10% duty cycle, probe, 6 output, 15 minutes),
extrusion through one 100 and two 30 nm membranes; z-average diameter = 53.4 nm.
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Finally, the latest protocol involving rehydration method with tip sonication and extrusion
was used for further liposome production during the project, however, as it will be shown
later on in the section of the results of the nanoparticle coating, the need for inclusion of
anionic lipids into the vesicle structure was inevitable in order to obtain a stable and needed
size colloidal systems. The idea for anionic lipids has risen as well due to the fact that
the silica nanoparticles, to begin with, are negatively charged in overall (zeta potential

-43 mV; g. 3.4), thus, as one of the stabilization methods of the colloidal systems,
we have chosen electrostatic stabilizing e ect by including anionic lipids (di erent molar
percentage of POPG or POPS) in the liposome structure, which would help to prevent
aggregation and keep the negative potential high during the coating.

Figure 3.4: DLS measurement of silica nanopatrticle (z-average diameter 130 nm) zeta potential
in Tris 10x buer (pH = 7.5). After roughly 3 months keeping the colloids in the solution, the
zeta potential shifts to  -49 mV from  -43 mV.

We tried three di erent anionic POPG molar ratios (4mol %, 10moP6 and 25moPb; g. 3.5
and 3.7) included in the POPC liposome structure. Even though the size di ers just by
1-2 nm between these di erent compositions, the PDI decreased even more for liposomes
containing DOPE-biotin ligands (from 0.164 to 0.107) compared to the previous protocol,
which does not include anionic lipids. In order to see how the inclusion of each anionic lipid
molar percentages in the vesicle structure has in uenced the coating of the nanopatrticles
it is important to look into their monodispersity and stability.
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Figure 3.5: DLS intensity size distribution measurements of liposomes containing certain molar
percentages of anionic POPG lipids. A) POPC-4mo%POPG liposomes, freeze-thaw 5 times, tip
sonication (100 duty cycle, probe, 6 output, 15 minutes), extrusion through one 100 and two 30
nm membranes; z-average diameter = 56.3 nm b) POPC-10m&POPG liposomes, freeze-thaw 5
times, tip sonication (100% duty cycle, probe, 6 output, 15 minutes), extrusion through one 100 and
two 30 nm membranes; z-average diameter = 57.1 nm c¢) POPC-25m@POPG liposomes, freeze-
thaw 5 times, tip sonication (100% duty cycle, probe, 6 output, 15 minutes), extrusion through
one 100 and two 30 nm membranes; z-average diameter = 55.5 nm d) POPC-10mM6POPG
liposomes-1mdkDOPE-biotin liposomes, freeze-thaw 5 times, tip sonication (108 duty cycle,
probe, 6 output, 15 minutes), extrusion through one 100 and two 30 nm membranes; z-average
diameter = 55.4 nm.

In addition, there were also attempts to produce liposomes that include POPS anionic lipid
(4mol% and 10moPs; g. 3.6 and 3.7) due to their possible coordination in self-assembly
by calcium?* ions [91], however, in the later experiments this decision was excluded due to
insigni cant changes in the nanoparticle coating procedure and higher costs than POPG
anionic lipids. Nevertheless, the inclusion of POPS anionic lipids in the vesicle structure
yielded smaller z-average size (drop from 56.3 nm to 52.3 nm for 4m36land from 57.1 nm
to 51.2 nm for 10mof6 anionic lipids) as well as polydispersity index (decline from 0.182
to 0.096 for 4moPb and from 0.122 to 0.12 for 10mdk anionic lipids) compared to POPG
counterparts.
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Figure 3.6: DLS intensity size distribution measurements of liposomes containing certain molar
percentages of anionic POPS lipids. A) POPC-4mdPOPS liposomes, freeze-thaw 5 times, tip
sonication (100 duty cycle, probe, 6 output, 15 minutes), extrusion through one 100 and two 30
nm membranes; z-average diameter = 52.3 nm b) POPC-10m&bPOPS liposomes, freeze-thaw 5
times, tip sonication (100% duty cycle, probe, 6 output, 15 minutes), extrusion through one 100
and two 30 nm membranes; z-average diameter = 51.2 nm.

Figure 3.7: Z-average sizes of liposomes diering by the molar concentrations of POPG and
POPS lipids in their structures.
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Statistical two-sided t-tests were performed at signi cance level 0.05 for POPC vesicles,
containing anionic lipids in their structure, z-average values in order to see the signi cance
in varying the molar concentrations. It was found that in the cases between 4mébPOPG
and 10moPoPOPG (t-critical value = 1.016334647, corresponds to p-value = 0.30 - 0.40)
10moPkoPOPG and 25moPoPOPG (t-critical value = 2.236456054, corresponds to p-
value = 0.05 - 0.10), 4motPOPG and 25moP6ePOPG (t-critical value = 1.909590092,
corresponds to p-value = 0.10 - 0.20) null hypothesis is accepted at 0.05 signi cance
level (two-sided test), which states that the POPG molar concentrations (4madbs, 10mobb
and 25moPo) have no inuence on the z-average diameter of the POPC vesicles. The
examples of 4mdkPOPS and 10mot%POPS (t-critical value = 3.114395225, corresponds
to p-value = 0.05 - 0.02) and 10mdPOPG, and 10moPoPOPS (t-critical value =
7.877165741, corresponds to p-value < 0.001) result in alternative hypothesis acceptance
at 0.05 signi cance level (two-sided test) stating that the z-average diameter depends on
appropriate anionic lipid (10mol%POPS or 10moP6tPOPG) or their molar concentration
(4mol%POPS or 10moPoPOPS) inclusion in the POPC liposome structure.

Table 3.1: Di erent methods for liposome production and their statistics (Each sample having 3
measurements)

Nr. | Sample; Z-average, nm| PDI St. error of
Subsection in method part; mean, nm

1 First POPC liposome preparation; | 96.2 0.242| 1.17
223. 1)

2 First POPC-1mol%-DOPE-biotin | 92.2 0.17 | 2.31
liposomes; 2.2.3. 1)

3 POPC liposomes, 30 min bath soni-| 112.4 0.192| 1.04
cation after extrusion; 2.2.3. 1);

4 POPC liposomes, 60 min bath soni-| 84.7 0.202| 0.82
cation after extrusion; 2.2.3. 1);

5 POPC liposomes, 30 min bath soni-| 101.8 0.216| 0.37
cation 1x TBS; 2.2.3. 3);

6 POPC liposomes, 30 min bath soni-| 123.2 0.292] 0.87
cation; 10 x TBS; 2.2.3. 3);

7 POPC liposomes, 50 min bath soni-| 75.4 0.293| 0.1
cation; 10 x TBS; 2.2.3. 3);

8 POPC liposomes, freeze-thaw 5 56.3 0.273] 0.82
times before sonication; 2.2.3. 2)

9 POPC liposomes; 2.2.3. 1) Tip| 80.9 0.13 | 0.29
sonication

10 | POPC liposomes; 2.2.3. 1) Tip| 65.8 0.102| 0.23
sonicatior?
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11 | POPC liposomes; 2.2.3. 1) Tip| 61.2 0.101| 0.5
sonicatior®

12 | POPC-1mol%-DOPE-biotin; 2.2.3. | 53.4 0.164| 0.47
1) Tip sonication*

13 | POPC-4mol%POPG; 2.2.3. 1) Tip | 56.3 0.182| 0.36
sonicatiort

14 | POPC-10mol%POPG; 2.2.3. 1) Tip | 57.1 0.122 | 0.69
sonicatiort

15 | POPC-25mol%POPG; 2.2.3. 1) Tip | 55.5 0.124| 0.26
sonicatiort

16 | POPC-10mol%POPG-1mol%- 554 0.107| 0.51
DOPE-biotin; 2.2.3. 1) Tip
sonicatiort

17 | POPC-10mol%POPG; 2.2.3. 1) Tip | 58.3 0.102| 04
sonicatiort*; Diluted to 20 mM NacCl

18 | POPC-10mol%POPG; 2.2.3. 1) Tip | 56.5 0.104 | 0.17
sonicatior?*; Diluted to 10 mM NaCl

19 | POPC-10mol%POPG; 2.2.3. 1) Tip | 55.7 0.08 | 0.3
sonicatior*; Diluted to 50 mM NaCl

20 | POPC-4mol%POPS; 2.2.3. 1) Tip| 52.3 0.096| 0.16
sonicatiortt

21 | POPC-10mol%POPS; 2.2.3. 1) Tip| 51.2 0.12 | 0.28
sonicatiort

22 | POPC-1.5mol%-DOPE-biotin; 58.7 0.146 | 0.29
2.2.3. 1) Tip sonicatiorf

23 | POPC-2mol%-DOPE-biotin; 2.2.3. | 55.5 0.128 | 0.46
1) Tip sonication®

24 | POPC-2.5mol%-DOPE-biotin; 57.7 0.113] 0.45
2.2.3. 1) Tip sonicatiorf

25 | POPC-3.5mol%-DOPE-biotin; 61.3 0.135] 1.11
2.2.3. 1) Tip sonicatiorf

26 | POPC-1mol%-PE-PEG-biotin; 64.4 0.137| 1.01
2.2.3. 1) Tip sonicatiorf

27 | POPC-5mol%-PE-PEG-biotin; 59.4 0.106| 0.54
2.2.3. 1) Tip sonicatiorf*

28 | POPC-10mol%POPG-0.1mol%- 55 0.174| 0.53
PE-PEG-biotin; 2.2.3. 1) Tip
sonicatior?
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29 | POPC-10mol%-POPG-1mol%- 61.3 0.106| 0.65
PE-PEG-biotin; 2.2.3. 1) Tip
sonicatior®

15 minutes, 50% duty cycle; probe sonication and output level 6; Freeze-thaw 5 times; extrusion
through one 100 and two 50 nm membranes

15 minutes, 100% duty cycle; probe sonication, output level 6; extrusion through one 100 and
two 30 nm membranes; No freeze-thaw

30 minutes. 100% duty cycle; probe sonication, output level 6; extrusion through one 100 and
two 30 nm membranes; Freeze-thaw 5 times

20 minutes. 100% duty cycle; probe sonication, output level 6; extrusion through one 100 and
two 30 nm membranes; Freeze-thaw 5 times

20 minutes. 100 % duty cycle; probe sonication, output level 6; extrusion through one 100 and
two 30 nm membranes; Freeze-thaw 5 times; Centrifugation step (8000 rpm; 10 min) after tip
sonication

3.2 Silica nanoparticles and their coating procedure

In this section, the DLS intensity size distribution and some zeta potential measurements
regarding bare and coated silica nanoparticles as well as the e ects in uencing the coating
procedure will be discussed. The coating protocol, in general, involves the mixture of
liposomes in TBS 1x bu er, bare silica NPs in Tris 10x bu er, TBS 1x bu er, consequent
vortexing and puri cation by centrifugation.

Due to the fact of a vast amount of DLS measurements, the reproduced coated silica
nanoparticles under a certain method will not be shown, thus, it is essential to note
that a graph or z-average value presented is the best achieved value or plot out of at
least 2-3 productions. All the bare silica nanoparticle and coated-silica nanoparticle DLS
measurements with statistics are depicted in the appendix table 5.1.

The silica nanoparticles synthesized by Stober synthesis have shown to have dierent
average size and polydispersities under contrasting dispersion conditions marked in the
standard operating procedure (SOP) in DLS and whether they are activated (method
2.2.2) or not (g. 3.8).

50






	Titlepage
	Table of contents
	Introduction
	Motivation
	Scope of the thesis
	Liposomes
	Liposome preparation methods

	DLVO and other forces affecting the stability of colloids
	Van der Waals Forces
	Electrostatic Forces
	Steric Forces
	The solvation force

	Dynamic light scattering
	Size distribution measurements

	Zeta potential measurements
	Quartz crystal microbalance with dissipation monitoring
	Mechanism for supported lipid bilayer formation
	Interpreting QCM-D results


	Materials and methods
	Materials and chemicals
	Methods
	Buffer preparation
	Activation and preparation of silica nanoparticles for coating
	Liposome preparation
	Coating of the silica nanoparticles
	Dynamic light scattering
	Sensor cleaning protocol for quartz crystal microbalance with dissipation monitoring measurements
	Quartz crystal microbalance with dissipation monitoring


	Results and discussion
	Liposome production method results
	Silica nanoparticles and their coating procedure
	QCM-D interaction experiments
	Supported lipid bilayer formation
	Supported lipid bilayer interaction with streptavidin
	Streptavidin covered supported lipid bilayer interaction with bare silica NPs
	Interaction between streptavidin covered supported lipid bilayer and coated silica NPs
	Increasing the streptavidin coverage on the supported lipid bilayers
	Neutravidin covered grafted polymer support (having PEG linkers) interactions with coated silica NPs containing or without PEG linkers
	Neutravidin covered supported lipid bilayer interactions with coated silica NPs containing or without PEG linkers


	Conclusion
	Liposome production
	Silica NP activation and stability
	Silica nanoparticle coating procedure
	QCM-D interaction experiments

	Bibliography
	Appendix

