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1. Introduction

Determining the interactions between nanoparticles and membranes is of high interest
for many different fields of research. In our everyday life, people become progressively
exposed to nanoparticles, since nanotechnological applications are on the rise. While
the number of applications of nanoparticles increases, it is more and more needed to
understand the effect of nanoparticle expusure to humans and to study their potential
toxicity. Particle toxicity is often related with their ability of entering cells and their fate
and behavior once inside a cell. In contrast, nanoparticles are also utilized for imaging
and diagnostics in the medical field, where interactions with tissues and cells is desired.
Consequently, understanding the interactions of nanoparticles and cells is crucial for
almost all applications related to nanotechnology. In vitro cytotoxicity studies have been
performed for a wide range of different nanoparticles [Lew08|, but science is still far from

completely understanding the uptake-process into cells [Jia08§].

Since direct investigation of living cells is rather complex, an artifical model system
is needed, which mimics the nanomechanical properties of a cell membrane, but excludes
all irrelevant features of a cell. In addition, multiple convenient characterization meth-
ods should be applicable and easy handling of the system is favored. It was found that
vesicles formed from amphiphilic block-copolymers, so-called polymersomes, are suitable
membrane models with mechanical properties close to those of liposomes (see [Figure 1.1)),
the main component of natural cell membranes [Jas12bl [Jas12al [Jas12d|. The main ad-
vantages of polymersomes over cells are long-term stability, the possibility of tuning their
properties due to their fully synthetic nature, and their easy handling as well as convenient
experimental requirements. The formed vesicles are of perfectly spherical shape and their

size can be adjusted according to the experimental needs. In this work, a reduced size of
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Figure 1.1: Comparision of elastic moduli of cell membranes, liposomes and polymersomes
as well as their schematic structures. The cryo-TEM image in the right shows a typical

polymersome in (frozen) water.

the polymersomes (diameter d = 300 nm) was chosen in order to enable characterization
techniques like photon correlation spectroscopy (PCS) or cryogenic transmission electron
microscopy (cryo-TEM). PCS allows the studies of both static and dynamic properties of
a very large number of individual structures in the sample, whereas cryo-TEM provides

a more descriptive image of the system.

Nanoparticles, that are particles from 1 nm to 100 nm in diameter, were extensively
researched during the last decades [Sch14]. The number of available nanoparticles is
endless. Besides many different materials, different shapes and sizes can be obtained. In
general, one distinguishes between inorganic (metals or oxides) and organic (carbon or
polymeric) nanoparticles. Among metal particles, gold colloids are probably the most
prominent examples, and they have been used in clinical therapy as early as the 1920s
[Aas98|. Gold nanoparticles (AuNPs) can be synthesized in many different shapes, in-

cluding spheres and rods, but also more advances geometries, such as mono-, bi-, tri-, and

tetrapods [Che03], triangles [Sha05], stars [Yual2|, or nanocages [Che05], are accessible.



AuNPs exhibit a number of physical properties which make them very suitable for med-
ical applications, such as the absorbance of light in the visible and near-infrared region
[Pay06, [F1e10], the high optical scattering intensities [ES05], the absorbance of X-rays
[Liul0], as well as the ability to transform absorbed light into heat [Chel2]. In addition,

the surface of the gold nanoparticles can easily be modified thanks to thiol chemistry.

The absorbance of light is probably the most prominent property of colloidal gold,
since it is responsible for its characteristic colors, which are absent in the bulk material.
This property is attributed to the gold particle’s surface plasmons, and the effect is very
sensitive to the particle’s size, shape and chemical surrounding |[Lin99]. This sensitivity
and the high scattering intensity of gold nanoparticles make them the perfect candidates
for being tracers in biomedical or sensing applications. On the other hand, polymersomes
offer a good system for investigating the interactions of nanoparticles with polymeric
membranes. Consequently, the combination of both polymersomes and gold nanoparticles
results in a highly sensitive methodology for sensing these interactions. In addition,
polymersomes and nanoparticles can be distinguished in light scattering experiments

without labeling with dyes, as will be shown in this work.

This thesis consists of five chapters. Following this introduction, basic information on
membranes and colloidal systems are given. In addition, the principles of light scattering
of colloids is discussed. Chapter 3 gives an overview of the experimental methods used in
this work with a focus set on photon correlation spectroscopy. Results are presented in
Chapter 4, subdivided into four main parts: In the first part, synthesis of the amphiphilic
block-copolymer PDMS-0-PMOXA is described, as well as the formation of vesicles by
extrusion and their characterization by PCS and cryo-TEM. The second part contains
the synthesis and characterization of gold nanospheres, discussing in detail their inherent
internal crystallinity and their asymmetric surface coating. Part three and four comprise
the study of interactions of gold nanospheres and gold nanorods with vesicles, respectively.
In the final chapter, the results are summarized and an outlook for future experiments is

given.






2. Theoretical Background

2.1 Membranes

A membrane is a material that separates two compartments from each other, fa-
cilitating the transport of some material while hindering the transport of others. The
permeability of a membrane defines its function, and practical applications are widely
spread. Some prominent examples for membranes are biomembranes, which can be found
in living cells, dialysis membranes, which are used for purification of blood, and membrane
filters, which are used for (waste) water purification. In this section, an introduction on
biological membranes is given. The focus lies on transmembrane transport and in partic-
ular on the experimental and theoretical reports of endocytosis, which is the invagination
of molecules or small particles into cells. Furthermore, artificial membranes, which serve

as membrane mimics, are introduced and discussed.

2.1.1 The Cell Membrane

The cell membrane is a biological membrane, which surrounds the living cell and
separates its interior from the exterior environment. It protects and organizes cells,
controlling which substances enter and the amount that comes in. Natural cellular mem-
branes are composed of phospholipids which align side-by-side to form bilayer sheets.
The hydrophilic phosphate heads face both towards the water-based cytoplasm and the
exterior of the cell, while the hydrophobic hydrocarbon tails line up in the bilayer’s inte-
rior. There are approximately 5 - 10° lipid molecules per square micrometer area of lipid

bilayer [AIb02]. Although the cellular membrane is primarily composed of lipids, they
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only account for roughly half of its mass. The other half is due to proteins which are
embedded into the membrane and stick out on either one side (surface protein) or both
sides (integral protein). These proteins help control the transport of ions, molecules and
particles in and out of the cell, and also help mediate cell signaling [Lod00]. A schematic

representation of the biomembrane is given in [Figure 2.1]

Cellular membranes are fluid under physiological conditions, but they become gel-like
at cooler temperatures [Lod00]. This change of state is called phase transistion. When in
the fluid state, individual lipid molecules can diffuse freely within one side of the bilayer
(~ 107 times per second), but they rarely flip from one side of the bilayer to the other (less
than once a month). The fluidity of the cell membrane can be precisely controlled by its
composition and temperature. In general, phospholipids with short or cis-double bonded
hydrophobic tails increase the fluidity of the membrane, whereas the incorporation of
cholesterol and glycolipids into the membrane make the bilayer stiffer [Coo00]. Phase
transition has even been observed upon contact of phospholipid bilayers with charged

nanoparticles [Wan0g].

Surface protein Integral protein

Protein channel

Extracellular fluid

Cytoplasm

Figure 2.1: Schematic representation of a biomembrane. A phospholipid bilayer, which
also contains glycolipids (green molecules), cholesterol (red molecules) and some other
minor components, separates the cytoplasm from the extracellular fluid. Surface proteins

and transmembrane proteins are embedded into the membrane.
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Figure 2.2: The four major phospholipids in mammalian plasma membranes with different

head groups are shown.

There are four predominant phospholipids which constitute more than half of the mass
of lipid in the plasma membrane of most mammalian cells: phosphatidylcholine, phos-
phatidylethanolamine, phosphatidylserine, and sphingomyelin . Only phos-
phatidylserine is negatively charged, whereas the other three are electrically neutral at
physiological pH values. In general, the different lipid molecules are randomly distributed
within each monolayer of the lipid bilayer. However, small microdomains of ~ 70 nm in
diameter (lipid rafts) can be formed which contain mostly sphingolipids and cholesterol
[Lin10]. In addition, the composition of the outer and the inner monolayer may differ
significantly, which results in a charge difference between the two halves of the bilayer.

The thickness of the cell membrane ranges from 7 to 9 nanometers [Cur89).

2.1.2 Biological Transport Through Membranes

In biological systems, many substances can be transported from one side of the cell
membrane to the other, although the phospholipid membrane is not permeable for most
molecules and particles. In general, one can distinguish three main transport processes
(Figure 2.3): passive (Fickian) diffusion, facilitated diffusion (passive transport), and ac-
tive transport. Small hydrophobic molecules can pass the membrane by passive diffusion
due to a concentration gradient or an electrochemical gradient. Consequently, the entropy

of the system will increase. Here, no input of other energy is required. For facilitated
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Figure 2.3: Schematic of passive diffusion, facilitated diffusion and active transport (from

left to right) in biomembranes.

diffusion, membrane channels are involved in this diffusion process. These membrane
channels are embedded in the membrane and form small tunnels, which are selective
for specific ions or molecules. Again, no metabolic energy is consumed. In contrast to
passive transport, active transport requires input of additional energy from an outside
source. Therefore, ions and molecules can be translocated against a concentration or
electrochemical gradient, decreasing the energy of the system. In general, the energy for

active transport is provided by hydrolysis of adenosine triphosphate (ATP) .

The transport processes mentioned above describe how ions and small molecules can
directly pass through the lipid bilayer without disrupting the membrane. However, larger
molecules or even particles cannot diffuse through the membrane or its channels, but
need to be absorbed by being engulfed by the cell. This process is called endocytosis.
Upon contact of the substance with the membrane, a portion of the membrane becomes
deformed and invaginated until the substance is completely wrapped. Consequently, an
intracellular vesicle is formed, which is then pinched off and released into the cellular

interior. Such an internalization process is schematically shown in [Figure 2.4

In biology, endocytosis pathways can be subdivided into four different catergories:
clathrin-mediated endocytosis, caveolae, macropinocytosis, and phagocytosis. A detailed
review of all endocytosis pathways is beyond the scope of this thesis and can be found in

[Muk97], [LRO5], [Doh09] and [McMT11].
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Figure 2.4: Close-up of the endocytosis process of particles. The membrane wraps around
the particle and forms a vesicle, which is then internalized into the cell. An endosome is

formed.

2.1.3 Theoretical Models of Endocytosis

Endocytosis in biological systems occurs via a complex mechanism which has not yet
been understood completely. Therefore, theoretical models were developed to describe
the process of endocytosis and to predict the interactions between particles and mem-
branes. In an oversimplified physical approach, endocytosis can be described by two
competing processes: adhesion-energy gain upon close contact between a nanoparticle
and a membrane due to attractive interactions between them and deformation-energy
cost upon bending of the membrane. Basically, a nanoparticle will attach on the mem-
brane when the gained adhesion energy is greater than the energy needed to deform the
membrane upon wrapping. Many different computer simulations can model the interac-
tions of nanoparticles with membranes through using different mathematical descriptions

of the system.

A very simple theoretical model by Deserno et al. uses coarse-grained membrane simu-
lations to describe the interactions between a homogeneous vesicle and a colloidal particle
[Des02]. Adhesion between the vesicle and the particle as well as deformation of the mem-
brane were investigated. Under specific conditions, the particle can either be unbound,
partially wrapped or fully enveloped, depending on on the physical properties of the sys-
tem. These properties include the ratio of adhesion and membrane stretching energies,
the size ratio between particle and vesicle, and the bending energy of the membrane. It

was found that complete wrapping of the particle takes place if the the membrane tension
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is low enough and if the size ratio between particle and vesicle is in a specific (intermedi-
ate) size range. Particles that are either too small or too large cannot be taken up by the

vesicle. Therefore, the process of endocytosis is strongly size-dependent [Des04), [Des03].

Balazs and co-workers examined the interactions of synthetic vesicles with spherical
nanoparticles using dissipative particle dynamics [Smi07]. They also found that, for
complete wrapping of the particle, there is a threshold adhesion strength even at zero
membrane tension. However, they did not observe fission of the fully wrapped particle
from the inner leaflet of the membrane, but noticed the formation of a membrane "eyelid"
(Figure 2.5). In order to allow the wrapped particle to detach from the membrane
(fission), an inhomogeneous membrane is needed, consisting of an adhesive raft in an
otherwise nonadhesive membrane. This is due to the draft’s interfacial energy, which is
reduced by a fission process at the membrane neck, thus releasing the endosome (wrapped
particle) from the membrane. shows multiple cross-section images for different

wrapping processes.

Compared to wrapping of spheres, the wrapping of ellipsoidal or cylindrical particles
is qualitatively different [Das13]. For spherical particles and zero membrane tension, only
two possible stable states exist: a zero-wrapped state and a completely wrapped state,
and the transition between these is continuous. This is due to the fact that upon mem-
brane wrapping around a perfect sphere, the bending energy stays constant. A partially
wrapped state is only possible if the membrane possesses a finite tension. However, for
ellipsoidal particles, this half-wrapped state is possible for both zero and non-zero mem-
brane tension. A partially wrapped state is already possible at low adhesion energies
and is separated from the fully wrapped state by a relatively high energy barrier. It was
shown that the higher the aspect ratio of the particle, the more easily it can attach to the
membrane. However, at the same time, an increasing aspect ratio makes it more difficult

to achieve complete wrapping due to the elevated curvature at the tips of the particle.

In addition to ellipsoidal particles, Dasgupta et al. have also studied the interactions
of other nonspherical particles with membranes [Dasl4]. Although geometrically similar,
nanorods show qualitatively different wrapping behavior compared to ellipsoids. Ellip-

soids are wrapped by a submarine mode, where the particle’s long axis is oriented parallel
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Figure 2.5: (a) Cross-section images of membrane wrapping around a particle at various
values of adhesion energy. (b) Time sequence showing a cross-section of the formation
of a membrane "eyelid" which prevents fission of the particle from the inner leaflet of
the membrane. (c) Time sequence of an inhomogeneous membrane wrapping around a
particle, forming a neck and finally allowing the particle to separate from inner leaflet

of the membrane (adapted with permission of the American Institute of Physics from

[Smi07]).

to the membrane, and the wrapping process is continuous. In contrast, rod-like parti-
cles attach with the long axis normal to the membrane, because parallel binding would
cost too much deformation energy of the membrane. Depending on the sharpness of the
particle’s edges and on its aspect ratio, the rod either enters in a rocket mode without

reorientation, or it switches back to parallel orientation after initial binding and then
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back to normal orientation (competing submarine and rocket mode). Generally, particles
with low aspect ratios and/or sharp edges prefer the rocket mode, whereas the other

mode is more favorable for particles with high aspect ratios and/or rounded edges.

All these theoretical models assume homogeneous surface properties of the particle
and homogeneous membranes. Multicomponent membranes and additional features like
cell cytoskeleton or patchy particles require more detailed calculations. However, the
theoretical models give a good overview on the physical background of endocytosis and

predict the passage of nanoparticles across membranes under certain conditions.

2.1.4 Membrane Models

Biological membranes are rather complex structures, containing lipids, proteins, poly-

saccharides, etc. (see subsection 2.1.1 (The Cell Membrane)|) and thus making direct in-

vestigation of nanoparticle-membrane interactions difficult. Therefore, in order to study
the interactions between membranes and particles, cell membrane mimics are used. Vesi-
cles formed by self-assembly of phospholipids in water, so-called liposomes [Ban93|, are
the closest model to the cellular membrane. However, these liposomes are often unstable

and tend to fuse or flocculate [Mat95]. The formation of lipid bilayers can also be mim-

icked by amphiphilic block copolymers (see [subsection 2.2.2 (Self-Assembly Principles))),

which consist of a hydrophobic polymer block covalently linked to a hydrophilic poly-
mer block, and thus have the same amphiphilic character as phopholipids. Amphiphilic
block copolymers can be synthesized in large quantities via polymerization reaction, and
are therefore easily accessible and non-expensive raw materials. Similar to lipids, am-
phiphilic block copolymers self-organize in water into so-called polymersomes [Dis06],
so they are promising model systems for biomembranes. Their chemical, physical and
mechanical properties should be similar to liposomes, but can be, due to their synthetic

origin, synthetically tuned in order to match the requirements of the desired membrane.

The most important parameters for cell membrane mimicks are membrane fluidity and
stability: due to the low molecular weight of lipids and also due to their phase transition
at temperatures below physiological conditions, lipid molecules are highly mobile within

the membrane. This is responsible for high membrane elasiticity in liposomes, but low
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stability in vesicles. Several efforts were made to stabilize liposomes, e.g. by photopoly-
merization [Mor03|, Spe93|, by steric stabilization due to incorporation of PEG-ylated
lipids or PEG-containing polymers into the membrane [DS07, Kos99, [Las94. [Ran03|, by
adsorption of polyelectrolytes [Mad09, |Quel0] or even by charged nanoparticles on the li-
posome’s surface [Sav1il, YuO7b, MicI3|. In contrast to liposomes, polymersomes exhibit
only moderate or even very low exchange rates of polymer chains between aggregates. In
addition, they possess higher chemical stability towards oxidation |[Kem88|, Log80, [Fra84]
and /or hydrolysis of ester bonds [Gri89, [Gri93, [Ken8&1], resulting in much longer lifetimes
while remaining similar membrane fluidity. Prominent examples for polymersomes in
water are PEO-b-PBD (poly(ethyleneoxide)-block-polybutadiene) and the hydrogenated
homolog PEO-b-PEE (PEO-block-poly (ethylethylene() [Dis99, [AE0TL Lee02|, PEO-PPS
(PEO-poly(propylene sulfide)) [Nap01], PEO-PLA (PEO-polylactide) [Bat97], as well
as PDMS-6-PMOXA (poly(dimethylsiloxane)-block-poly(2-methyloxazoline) as a diblock
copolymer [Eglll] and PMOXA-PDMS-PMOXA as a triblock copolymer [Nar00], just
to name a few. In general, the polymersomes become more stable but less fluid with
increasing molecular weight of the single polymer chain [Dis02, Dis06]. The stability
increases linearly until it reaches a plateau, whereas the fluidity (lateral mobility of the
individual polymer chains) decreases drastically when the chains become long enough
to entangle (see . Membrane thicknesses of the polymersomes also increase
with increasing molecular weight of the building blocks, showing a larger range than lipid
membranes. However, a minimum membrane thickness of d &~ 8 nm seems to be required
for stable polymersomes [Sch99, Ber02]. Hence, the membrane thicknesses are always
larger than for liposomes, and many integral membrane proteins, which are optimized
for lipid membranes, may not be compatible with these thick polymersome membranes.
Nevertheless, Meier et al. reported on the insertion of integral membrane proteins into tri-
block PMOXA-b-PDMS-b-PMOXA membranes with d &~ 10 nm [Mei00]. This is possible
because polymer chains can be significantly compressed and due to their polydispersity,

shorter chains can segregate around a membrane protein.

Besides their increased stability, polymersomes have the advantage that their proper-

ties can be adjusted by a precise molecular design of the polymer chains and /or by mixing
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Figure 2.6: Schematic plot of typical physical properties of vesicles versus molecular
weight of the constituent amphiphiles (Used with permission of Annual Reviews from

[Dis06)).

different amphiphiles for membrane formation. Depending on their field of application,
e.g. for drug delivery, their permeability or their ability to release loaded drugs can be
modulated [LM11]. Their surface functionality [Egli1] as well as membrane inhomogene-

ity [Winl3] can be tuned.

Jaskiewicz et al. studied the mechanical properties of PDMS-6-PMOXA polymer-
somes by atomic force microscopy (AFM). They found that these polymersomes exhibit
a bending modulus around 5-7 times greater than that of gel-like lipids [Jas12d|. This
is due to the higher membrane thickness (d &~ 16nm) compared to natural liposomes
(d ~ 5nm). However, compared to other polymersomes based on PS-b-PAA (polystyrene-
block-poly(acrylic acid)), the PDMS--PMOXA polymersomes are more flexible by 1 or-
der of magnitude. This difference results from the very low T, of the PDMS-b-PMOXA
polymer (7, ~ —124 °C). At the same time, PDMS-b-PMOXA polymersomes exhibit
long-time stability in water without the tendency to fuse, and they even remained stable
when adsorbing onto silica surfaces [Jas12d|. This combination of high stability and ele-
vated elasticity makes PDMS-b-PMOXA polymersomes auspicious candidates for model

membranes.
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2.1.5 Experimental Transport of Nanoparticles Through Membranes

As seen previously in [subsection 2.1.3 (Theoretical Models of Endocytosis)|, the wrap-

ping of nanoparticles through membranes has been extensively studied theoretically and
by simulations due to the importance of this topic for understanding nanoparticle bioac-
tivity and nanotoxicity. However, concrete experiments of interactions of nanoparti-
cles with model membranes are scarce, and most experimental reports are on direct
investigation of nanoparticle uptake into living cells. Experiments on the transport of
nanoparticles into mammalian cells suggested that nanoparticles enter red blood cells
and cyt-D-blocked macrophages by non-endocytotic pathways, since both systems lack
endocytotic capabilities [Gei05, [RR06]. However, when using liposomes as a mimic for a
biological membrane, no passive transmembrane transport of gold nanoparticles could be
observed [Ban07|. Some experimental reports on the adhesion and spontaneous wrapping
of nanoparticles by liposomes are published [Die97, [Kol99, Fer03, [Mic13]. The adhesion
of the nanoparticles is based on electrostatic interactions, but the (partially) wrapped
particles remained attached to the vesicle’s periphery. LeBihan et al. observed nanoparti-
cle uptake into large unilamellar DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) lipo-
somes by using cryo-electron tomography [LB09], demonstrating that nanoparticles can
be transported through a lipid membrane via an invagination process similar to endocy-

tosis, but without any supplementary energy from the biological cell.

So far, Jaskiewicz et al. were the first and only to report on the uptake of nanoparti-
cles into polymersomes, which are synthetic membranes. They used vesicles composed of
PDMS-b-PMOXA with a definite size of around 250 nm in diameter and both polystyrene
and silica nanoparticles with smaller diameters of ~ 30 nm. To visualize and analyze the
internalization process, cryogenic transmission electron microscopy (cryo-TEM), fluores-
cence correlation spectroscopy (FCS), and photon correlation spectroscopy (PCS) were
used [Jas12b|. Similar to LeBihan et al., they observed nanoparticle uptake upon mem-
brane deformation. They divided this endocytosis-like process into four steps, which are
schematically shown in 1) nanoparticle adsorption at the vesicle surface, 2)

engulfing of single nanoparticles or groups of particles, 3) entire coverage of the nanopar-
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Figure 2.7: Schematic illustration of the four steps of nanoparticle uptake into PDMS-
b-PMOXA polymersome. Details are given in the text. (Used with permission of Wiley
from [Jas12b])

ticles by the membrane, and 4) complete internalization. They have also shown that this

process is size and concentration dependent [Jas12c]|.

It is very remarkable that endocytosis of nanoparticles can be mimicked by an artifi-
cial vesicle. This leads to the assumption that the process of nanoparticle uptake is driven
by physical parameters only, and no bioactive components like membrane proteins or re-
ceptors are needed. In addition, it opens the possibility to study nanoparticle-membrane
interactions in a much less complex system than the cell, using very sensitive and noninva-
sive analytical techniques such as PCS. This minimal model system can also be modified

and specialized for further experiments or applications in nanotoxicology research.

2.2 Colloidal Systems

According to IUPAC , a colloid is a molecule or particle dispersed in a medium which
is between 1 nm and and 1 pm in diameter [McN97|. The term “colloid” is derived from
the greek words x6M\\a (kdlla) and €idoc (eidos), which mean “glue” and “shape” or “form”,
respectively. In principle, a colloidal system always consists of two phases: a dispersed
phase and a continuous phase. Depending on the aggregation states of both phases,
colloids can be classified into different categories. In this work, only emulsions (liquid
dispersed in liquid) and sols (solid dispersed in liquid) are used. The following sections
introduce basic terms of colloidal science, focusing on the self-assembly of amphiphilic

block copolymers in water. Furthermore, the stability of colloidal dispersions is discussed.
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Figure 2.8: Schematic representation of different copolymer structures: a) alternating,
b) statistical, ¢) diblock and d) graft copolymers. The blue and yellow spheres represent

different monomers.

2.2.1 Block Copolymers

A copolymer is a polymer consisting of two or more different monomer units. For sim-
plification, only copolymers of two different monomers will be described here. Depending
on how the two monomers are arranged along the chain, one can distinguish between alter-
nating copolymers (regular alternating monomer units), statistical copolymers (monomer
sequence follows a statistical rule), block copolymers (covalently linked homopolymer sub-
units), and graft copolymers (homopolymer subunits grafted on a homopolymer chain).
All different possible structures are shown in The copolymer composition is
the molar ratio of the two monomer units in the copolymer and depends on the reactivity
ratios 74 and rg of monomer A and monomer B, respectively. This is mathematically

described by the Mayo-Lewis equation [Odi04].

In this work, only block copolymers have been used. Depending on the number of
covalently linked homopolymer subunits, one can distinguish diblock ((A),(B)m), tri-
block ((A)n(B)m(A), or (A),(B)m(C),) and multiblock ([(A)n(B)m]p) copolymers. Block
copolymers can be synthesized by controlled radical polymerization (both reactivity ratios
are greater than one), by living polymerization and subsequent addition of the monomers,
or by polymerization of the other monomer using a homopolymer block as macroini-

tiator [Had02]. Here, poly(dimethylsiloxane)-block-poly(2-methyloxazoline) copolymer
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Figure 2.9: Chemical structure of PDMS-b-PMOXA block copolymer. n and m refer to
the degree of polymeraization of the PDMS- and PMOXA-block, respectively.

(PDMS-b-PMOXA) was synthesized by cationic ring-opening polymerization of 2-methyl-
2-oxazoline (MOXA) using a triflate-activated poly(dimethylsiloxane) block (PDMS-Otf)
as initiator. The chemical structure of PDMS-b-PMOXA is shown in

Since block copolymers consist of at least two different chemical blocks which might
be incompatible but are covalently bonded to each other, they undergo a microphase
separation in order to minimize interfacial free energy. Depending on the relative lengths
of the blocks, different morphologies were observed in bulk, including spheres of one
block dispersed in the second, lamellae or layers of different blocks, hexagonally packed
cylinders, gyroids and other bicontinuous structures. The microphase separation can be
thermodynamically described by the product of the degree of polymerization n and the
Flory-Huggins interaction parameter x [Lei80)].

In this work, amphiphilic diblock copolymers have been investigated. Amphiphiles
(from Greek auqic (amphis) and gukio (philia), which means “both” and “love, friendship”,
respectively) are compounds that possess both hydrophilic (water-loving) and lipophilic
(fat-loving) properties. Asides from microphase separation in bulk, amphiphilic block
copolymers can form various morphologies in solution, since the hydrophilic and the
hydrophobic parts will behave differently when placed in a solvent. The way the molecules
arrange themselves is determined by the nature of the solvent, the degree of stretching of
the core-forming blocks, and the repulsive interactions among the corona-forming chains.
Amphiphilic block copolymers possess similar structures as lipids and can self-assemble

into equivalent structures.
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2.2.2 Self-Assembly Principles

Due to their possession of both polar and nonpolar characteristics, amphiphilic mole-
cules are able to self-assemble into various structures in solution. In this work, only
water was used as solvent, and other solvents should therefore be neglected. In very
dilute solutions, the entropy of mixing dominates, and molecules are simply dispersed
randomly in the solvent. However, dispersing hydrophobic species into water result in
a cleavage of hydrogen bonds between water molecules, since hydrophobic molecules are
unable of forming hydrogen bonds to their surrounding water molecules. This causes a
higher ordering of the water molecules surrounding the solute and results in a significant
reduction of entropy. As the concentration of the solute increases, the entropy is fur-
ther reduced. In order to avoid this energetically unfavorable process, the hydrophobic
molecules form aggregates, hence reducing the surface area exposed to water. The result-
ing entropic penalty of assembling the amphiphilic molecules is less than the alternative
entropic penalty of highly ordered water molecules. This is called the hydrophobic effect
and is the main driving force for the process of amphiphile self-assembly [Isr76, [(Cha05].

At very low concentrations of the amphiphile, the molecules are either dissolved in
the solution or will arrange themselves at the surface of the water such that the hy-
drophilic part interacts with the water and the hydrophobic part is held above the sur-
face. However, with increasing concentration, the surface becomes completely loaded
with amphiphiles and more and more molecules need to be dispersed in water. At a
certain concentration of the amphiphile, the formation of aggregates becomes more fa-
vorable than further dissolving of amphiphiles in water. This is called the critical micelle
concentration (CMC) and is dependent on temperature, pressure, and on the presence

and concentration of other amphiphiles [Tan74].

Besides micelles, other structures can also be formed by self-assembly of amphiphilic

molecules, e.g. cylindrical micelles, vesicles or planar bilayers (see [Figure 2.10). The

formed morphologies can be predicted by calculating the molar packing parameter p

according to:
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Figure 2.10: Relationship between packing parameter p and the morphology of self-
assembled amphiphiles as predicted by Israelachivili [Isr76].

p= (2.1)

ael,

where V' is the surfactant’s tail volume, a. is the equilibrium cross section area of
the hydrophobic core per molecule at the aggregate interface, and [. is the length of
the surfactant’s hydrophobic chain. p is not constant for a specific surfactant, since the
solvent properties, the temperature and the ionic strength of the solvent can affect V', a.

and [, [Isr76].

Thermodynamically, the formation of micelles can be described either by the mass
action model of micellization [Kam84] or by the phase separation model [Elw66]. For the
mass action model, one assumes a stepwise and reversible aggregation of each amphiphilic

molecule. The equilibrium constants K 4 for each aggregation step are calculated by:

(2.2)

where M denotes the aggregates (micelles), S denotes the single surfactant molecules
and n is the aggregation number of aggregates. However, monodispersity of all formed
micelles is assumed, and summation of all K4 becomes rather complex for high aggrega-

tion numbers. According to thermodynamic laws, the free enthalpy of micelle formation
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AGyy, its enthalpy AH,, and its entropy AS)y, can be calculated. AS), is positive for
low molecular weight surfactants, and hence the formation of micelles causes an increase

in entropy due to the hydrophobic effect.

In the phase separation model, a micelle is regarded as a separate phase. Under
equilibrium conditions, the chemical potential of the surfactant molecules in the aque-
ous phase uy is equal to the chemical potential of the surfactant molecules in the
micelle phase gy, pw is the sum of the chemical standard potential uf), and of the
concentration-dependent term RT Inxr, whereas xp is the molar fraction of the single

surfactant molecules in water:

Ap = ppr + 1y = RT In (2.3)

Under thermodynamic equilibrium conditions, Ay = 0, and the concentration of the
single surfactant molecules equates to the critical micelle concentration. According to
Tanford [Tan80] and Israelachvilli [Isr76], the chemical potential is composed of three
different terms: a tail transfer term, which is responsible for aggregation since the hy-
drophobic tails avoid contact with water, an interfacial term which promotes the growth
of aggregates due to residual contact between water and the hydrophobic tails, and a
head term, which limits the aggregate size due to head group repulsion. This model

explains the basic features of micellization.

As seen in different morphologies can be formed by self-assembly of am-
phiphilic molecules. The focus of this work is on polymersomes, and hence only the
formation of vesicles shall be discussed. The packing parameter (see for
vesicles is &~ (0.5-1. Therefore, the relative size of hydrophilic to hydrophobic segments
must be almost equal. This purely geometrical model is not very accurate in describing
the self-assembly of amphiphilic block polymers, because it considers neither the entropy
loss during vesicle formation nor the entropy of the polymer chain itself. The resulting
structure does not only depend on the geometry of the molecule, but also on the min-
imization of both the interfacial energy and the loss of entropy of the polymer chains

ILM11], making it very difficult to fully predict the required molecular structure to form
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vesicles. Nevertheless, it was empirically found that vesicle formation occurs for coil-coil

block copolymers if the hydrophilic weight fraction is close to 35% (+10%) [Dis02].

2.2.3 Polymersome Formation

While the mechanism of vesicle formation from block copolymers is still not clear,
two different mechanisms are under discussion. In both mechanisms, the initial stage is
the formation of spherical micelles in solution, which then either increase in size, leading
to the formation of vesicles (mechanism 1) or which evolve towards other structures like
cylindrical or open-disk micelles (mechanism 2). In mechanism 1, the increasing size of
the micelles causes water to diffuse into the micelle’s interior and the radius of curvature
is increased |[LM11]. Consequently, vesicles evolve slowly from micelles, and their ability
to encapsulate hydrophilic molecules should therefore be low, which was experimentally
shown for PEO-0-PDEAMA (PEO-b-poly(N,N-diethylaminoethyl methacrylate) [Ada0§].
In mechanism 2, the initially formed micelles evolve into cylindrical and open-disk micelles
upon collision. These disks then slowly deform to vesicles [Une07]. This mechanism has
been pre-estimated by computer simulations [Nog01, Yam02, [Mar03|] and was supported
by experimental observations of different transition states from micelles towards vesicles
[Che99l Du04]. Monte Carlo simulations as well as experiments on lipid systems indicate
that mechanism 2 is preferred over mechanism 1, and it is likely that the mechanism of

vesicle formation is the same for both lipids and polymersomes [Ber96, [Len02l Len03|.

Considering mechanism 2, disk micelles with a line energy E; = 2w R,y are formed.
v is the line tension and R, the radius of the disk. Due to the line energy on the edges,
disks benefit from closing into vesicles, and a bending energy FEyenq = 87k, with s being
the bending modulus, needs to be raised. Assuming that the disk radius is double that of
the vesicle and the line energy is balanced with the bending energy, the minimal vesicle

size Ry is:

> (2:4)
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For common values of the line tension (=~ 1 kT /nm) and of the bending modulus for
block copolymer bilayers (= 40 kT), Ry, must be larger than 80 nm. The vesicle size also
depends on the balance between mixing entropy, which favors a large number of small
vesicles, and bending energy, which prefers large vesicles [LM11]. A high polydispersity
of the hydrophilic block lowers the curvature energy of the vesicles because the shorter
molecules gather along the inner leaflet, whereas the longer ones gather along the outer
leaflet [LuoO1). In addition, highly polydisperse block copolymers lead to a decrease in

the vesicle size polydispersity.

The previous discussion is only effective at the thermodynamic equilibrium, but vesi-
cles are experimentally often trapped in non-equilibrium (frozen) state, meaning that
there is a very low exchange between single molecules and self-assembled structures.
Therefore, the actual vesicle size is more dependent on the preparation method and on

the successive extrusion processes, making almost all vesicle radii possible.

2.2.4 Stability of Colloids in Dispersion

The stability of colloids in dispersion is determined by the sum of their attractive
and repulsive interactions. Attractive forces between small molecules are van-der- Waals
forces, which are proportional to the inverse seventh power of the distance d between the
two molecules. Since the change in the free energy is force x distance, the free energy
of attraction E, is proportional to d=¢. Repulsive forces originate from the electrostatic
interaction between the electron clouds of two approaching atoms or molecules (Born
repulsion) and the energy of repulsion Eg is proportional to d~'2. Hence, attractive
forces have a wider range than repulsive forces. The total energy F; of interaction is the

sum of the contributions from attractive and repulsive energies and is usually known as
the Lennard-Jones potential (Figure 2.11)).

In order to calculate the total free energy of interaction in colloidal dispersions, one
would need to sum up the interactions between all molecules of particle A and of particle
B. The van-der-Waals interactions between two spheres are different from that between
two molecules, and the energy of attraction is then proportional to d=!. Consequently,

the attractive forces between colloidal particles have a much longer range than those
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Figure 2.11: Lennard-Jones Potential (red, potential energy ® vs. distance d) describing

both attractions ( d~°) and repulsions ( d~'?) between uncharged particles.

between molecules. Depending on the origin of repulsive forces - either electrostatic or
steric repulsion - one has to consider different terms. Electrostatic repulsion is based
on Coulomb’s law but is not applicable here due to the shielding effect of ions around
the particle. This electric double layer consists of a rigid layer of absorbed counter-ions

close to the charged surface and a diffuse layer of non-bound ions at larger distance

from the surface (see [Figure 3.3|in [subsection 3.2.5 (Zeta-Potential Measurements)|). It

balances the charge on the particle and the electrical potential in the solution then falls
off exponentially with distance from the particle surface. The thickness of the double
layer depends mainly on the concentration of ions, decreasing with increasing electrolyte
concentration. For steric stabilization, when two particles meet, the stabilizing chains on
their surfaces will interpenetrate. Osmotic and entropic effects will drive their surfaces
apart. Consequently, the magnitude of the repulsion depends on the grafting density of

the particle surfaces.

For simplification, it is assumed that the long-range repulsive forces originate from
either electrostatic or steric contributions. The total free energy difference AG between

particles is therefore:
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AG = AG™(vdW) + AG"(Born) + AG" (electrostatic or steric) (2.5)

The combination of all interactions to yield the total free energy is known as the DLVO
theory introduced by Derjaguin and Landau [Der93| and Verwey and Overbeek [Verd7].
Graphically, this can be shown by potential curves for both cases (see [Figure 2.12),
describing the DLVO potential in relation to the distance d of two particles. At very small
distances, the Born repulsion prevents the particles from overlapping. Van-der-Waals
attractions cause a primary minimum at small d, which is referred to as coagulation.
Once the particles reach this minimum, they are irreversibly agglomerated. At larger
distances, the repulsion term causes a primary maximum, which determines the stability
of the dispersion. Since the electrostatic repulsion depends on the ionic strength of
the medium, the resulting primary maximum is either a high repulsive barrier at low
ionic strengths, or no barrier at all at high ionic strengths. For low to intermediate
ionic strengths, a secondary minimum may evolve (Figure 2.12%), which is referred to as

reversible flocculation. Consequently, one can differentiate three main scenarios:

e For low charged particles in medium or high ionic strength, the attractive forces
are dominant for all distances and Er is always smaller than the particle’s thermal
energy. This means that there is no energy barrier and hence very fast coagulation

of the particles occurs.

e The particle’s thermal energy is smaller than both the secondary minimum and the
maximum. Depending on F4 and the particle’s size, the time needed for coagulation

varies. Agglomerates will be formed, which can be redispersed through mixing.

e The particle’s thermal energy is larger than the secondary minimum, but smaller
than the ernergy barrier. No aggregates will be formed and hence the dispersion is

stable.

For steric repulsion, both the repulsive barrier and the depth of the minimum depend

on the solvent and on the temperature (Figure 2.12b).
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Figure 2.12: Potential curves for a) electrostatically stabilized dispersions with increasing
electrolyte concentration from (i) to (iii), and b) sterically stabilized dispersions with

decreasing thickness of the adsorbed layer.

2.3 Light Scattering of Colloids

In the second half of the 19th century, John Tyndall and Lord Rayleigh performed the
first experiments on light scattering, trying to explain the blue color of the sky. While
Tyndall thought that sunlight is scattered from dust particles in the atmosphere, Rayleigh
concretized that scattering can also occur by gas due to fluctuation of the molecules
around a position of equilibrium. He also explained that the amount of scattering is
related to the light’s wavelength and that therefore, blue light is preferentially scattered

in comparison to red light.

Interaction of light with matter can take many forms which can be described by con-
sidering that light has both particle and wave character. In order to understand the
phenomenon of light scattering, one has to treat light with the classical wave picture.
When a laser beam impinges on a sample, it can be considered as an electromagnetic
wave oscillating at a given frequency which will interact with the charges of the scat-
tering material. The molecule’s charge distribution will be shifted and will therefore

emit an electromagnetic wave of the same frequency as the incident light beam, but with
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modulated amplitude and phase. This emitted radiation - the scattered light - contains

information about the scatterer’s size, shape and interactions.

In this section, the very basic principles of light scattering are discussed. A special
focus is placed on gold nanoparticles and their characteristic surface plasmons. In addi-
tion, dynamic diffusion properties of spherical and non-spherical particles are presented,

which are fundamental for performing dynamic light scattering.

2.3.1 Fundamentals of Light Scattering

The fundamentals of classical light scattering theory were developed and extended by
Lord Rayleigh, Gans, and Debye. Light is an electromagnetic wave, which is a periodic
modulation of electric field strength, and, at right angles, has an associated fluctuating
electrical field propagatingd through space at the velocity of light. When light impinges
on a material, a dipole moment will be induced by the electric field. The induced dipole
P is proportional to the incident field E and the proportionality constant is called the

polarizability a:

T=aE (2.6)

When a particle is subject to an electric field, the particle will be polarized and a
dipole moment will be induced. This is the source of the scattering. If the particle is
small (R ~ A\/20), all parts of the particle are subject to the same electric field, and
the induced dipole will fluctuate in magnitude. Consequently, an electromagnetic field
is produced which radiates light of the same frequency as the incident radiation. In the
plane normal to the direction of polarization, the ratio of the scattered intensity (I) to

the incident intensity (/y) of the scattered light at a distance r from its source is:

1 B 167 a \? (2.7)
L), r2\ \4dre ’

where ¢, is the permittivity of a vacuum and A is the wavelength of the light. The

subscript v indicates that the incident light is vertically polarized with respect to the
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observational plane. The polarizability « is dependent on the particle’s volume V', ¢, and

on both the refractive indices ng and n; of the medium and of the particle, respectively:

3¢ (”Q — 1) v (2.8)

n?+2

with n = n;/ng and for a spherical particle of radius R with V = 4/37R3. Conse-
quently, for ng = ny, « is zero and the scattering intensity also falls to zero. On the other

hand, the greater the ratio of the indices, the stronger the scattering. Substituting o and

V in [Equation 2.7 gives:

I 167 RS /n2—1\>
) = i 0 2.9
(7).~ 5 () 29)
To quantify the scattered intensity, one defines the so-called Rayleigh ratio at the

scattering angle 6, Ry, which refers to the light scattered by a single particle. For a dilute

dispersion, the total scattering is simply the sum of contributions from each individual

particle. Thus, [Equation 2.9 for a particle dispersion at concentration c is:

I
— = Ryc/r* (2.10)
Iy

Ry is a function of the particle’s volume and hence the particle’s radius can be obtained
(assuming a spherical shape of the particles). Due to the strong dependence of Ry on the
wavelength (oc A™), the scattering is strongest for short wavelengths. This accounts for
the blueness of the sky and the redness of the setting sun, since the sun light is scattered

by molecules in the atmosphere.

So far, all equations are only valid for very dilute particle dispersions, where the
particles are spherical and much smaller than the wavelength of the light. For larger
particles, not all parts of the particle are subject to the same electric field at the same
instant of time. Therefore, light scattered from different parts of the particle is not in
phase and interferes at the detector, reducing the intensity of scattering. Consequently,
the scattering intensities will be different for different angles. The Rayleigh scattering is

modified by a correction factor P(6):
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PO)=1- %(ng)2 + ... (2.11)

with ¢ being the wave vector (¢ = (47/X\)sin(0/2)) and R, the radius of gyration.
Since for zero angle, sin(6/2) = 0 and hence P(#) = 1, the scattering in the backwards
direction is decreased compared to Rayleigh scattering (for § = 180°, sin(f/2) = 1 and
hence P(f) =1 — 2(4mRy/A)* + ...).

For much larger particles (R/\ ~ 1), the scattering shows a complex dependence
on # and shall not be discussed here. In addition, more concentrated dispersions show
multiple scattering effects, which make analysis of the scattering intensity impossible.
Consequently, light scattering is possible for rather small particles in dilute suspensions.

More details about light scattering as a method in colloidal science is given in

tion 3.2.1 (Photon Correlation Spectroscopy)|

2.3.2 Gold Surface Plasmon

In general, a plasmon is a partially or fully ionized gas, but which is neutral in its
sum. Correspondingly, in metals, the free flowing cloud of electrons surrounding the
metal atoms can also be called plasmon. This plasmon may be described as a collective
oscillation of the free electrons around the atomic cores. One differentiates volume plas-
mons and surface plasmons, depending on where the electron density fluctuations occur.
Here, only surface plasmons shall be described. When a plasmonic particle is exposed
to light, and consequently to an electromagnetic wave, a dipole is induced in the mate-
rial due to reorientation of the free charges inside the particle. In order to compensate
for the dipole, the free electrons migrate in the material. However, the oscillating light
waves lead to a permanent shift in the dipole, forcing the electrons to oscillate at the
same frequency as the light. This resonant frequency depends on the size and shape of
the plasmonic nanoparticles. For instance, spherical gold nanoparticles (AuNPs) with a
diameter of d =~ 30 nm have a resonance frequency of A =~ 450 nm. Consequently, the
blue to green range of the spectrum is absorbed while red light is reflected, resulting in

the deep red color of AuNPs dispersions with d = 30 nm. With increasing particle size,



30 2. Theoretical Background
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Figure 2.13: Collective oscillation of electrons with the incident electromagnetic field in

a gold nanoparticle (Used with permission of Nature Photonics from [Juall]).

the surface plasmon resonance wavelength shifts to higher wavelengths (redshift), causing
red light to be absorbed and blue light to be reflected. Thus, such AuNPs dispersions
show a purple to blue color. Non-spherical particles, for instance gold nanorods, exhibit
anisotropic surface plasmon responses due to the two different axes of the nanorod. Con-
sequently, two plasmon modes are present: The longitudinal resonance mode arising from
electrons oscillating along the long axis and a transverse mode associated with transverse
electron oscillations. Due to the longer electron path at the long side of the rod, the
longitudinal mode is located at higher wavelengths than the transverse. In addition, the
extinction of the longitudinal plasmon resonance predominates, and hence gold nanorod
dispersions show a green or blue color, depending on the size of the long axis. The size

dependence of the surface plasmon can be demonstrated by adding salt to the gold dis-

persion. Upon reduction of the thickness of the electric double layer (see [subsection 2.2.4|

[(Stability of Colloids in Dispersion)|), the nanoparticles aggregate, and the color of the

dispersion changes from red to blue or even colorless (resonance maximum in the infrared

portion).

Assuming small spherical nanoparticles (d < 25 nm), the extinction cross-section

Oext sphere Can be described by the so-called dipole approximation of Mie theory [Lin99]:

o 9V e es(N)
Oext,sphere -
toph ¢ [e1(A) + 26m)? + €2(N)2

(2.12)



2.3. Light Scattering of Colloids 31

with V' being the volume of the particle, ¢ the speed of light, \ the wavelength of the
incident light, and ¢,, the (lambda-independent) dielectric constant of the surrounding
medium. €(\) and e;(\) are the real and imaginary part of the dielectric function of the

particle material, respectively (e(A) = e1(\) + iea(N)).

As can be seen from [Equation 2.12, o.,; depends on both the dielectric function of

the particle’s material and the dielectric constant of the medium in which the particle is

dispersed. Resonance (maximum of o,;) occurs when the denominator of [Equation 2.12|

approaches zero. This is the case at the wavelength A, for which € (\) =~ -2¢,, if e3(\)
is small. For larger particles (2R > 25 nm), o.,; depends also on higher-order multipole

modes.

For nanorods, the extinction cross-section 0y r0q can be also described by quasistatic

theory, the nanorod has to be approximated as a prolate spheroid [Boh98|:
K,
Uezt,rod()\) = - ’C(| -+ ]{IIHI(OQ) (213)
o6
with

€1 — €m

3€m + 3L;i(€1 — €)

a; = 4mabe (2.14)

where k is the wavevector, «; is the polarizability of the metal nanocrystal, and L; is
the depolarization factor that relates to one axis, and a, b, and ¢ are the half lengths of
the ellipsoid along the three major axes. Consequently, oeyt roq varies with size and shape
of the nanorod. If one increases the aspect ratio while keeping the diameter constant, the
resonance wavelengths for both transversal and longitudinal plasmon modes will increase.
However, for the transversal plasmon, the shift of \,,, will only be marginal, whereas
Amaz Of the longitudinal mode will be red-shifted up to several hundred nanometers. This
is due to the much higher polarizability of the nanorod at the long axis. In addition, the

longitudinal plasmon peak is almost linearly dependent on the aspect ratio [Joh72].

I[Equation 2.12| and [Equation 2.13|show that, in addition to size, the surface plasmon

also depends on the refractive index of the surrounding material. This effect was ex-

perimentally shown by Underwood and Mulvaney, who dispersed spherical AuNPs with
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a mean diameter of 16 nm in different solvents with refractive indices reaching from
n = 1.336 (water) to n = 1.583 (mixture of butyl acetate and CSy). The observed color
changed from red to purple, and the plasmon resonance wavelengths were shifted from
520 nm to 545 nm. They also showed that the color change is reversible upon changing of

the refractive index (evaporation of CSs) and not due to coalescence of the gold [Und94].

2.3.3 Dynamics of Gold Spheres and Nanorods

As discussed in subsection 2.3.2 (Gold Surface Plasmon)| above, Au nanospheres and

Au nanorods exhibit characteristic UV /Vis absorption spectra. The position of the peak
wavelengths yield information about the size and aspect ratio of the particles. A more
accurate measure of particle sizes is provided by transmission electron microscopy (TEM).
However, no information about nanoparticle grafting can be obtained from TEM, and
no information on interaction and/or aggregation in suspensions can be obtained. In
contrast, light scattering measurements (photon correlation spectroscopy (PCS)) allow
a very accurate determination of the size of spherical particles and also rather reliably
predict nanorod lengths and aspect ratios [Gli12, [Hagl3]. For elongated nanoparticles,
a depolarized component of the light scattering signal can be recorded, and hence both
translational and rotational diffusion coefficients can be obtained. Consequently, knowing
the dynamic properties of nanospheres and nanorods, PCS can be used to determine the

size of the particles [KhI08| [Cal07].

Colloidal particles diffuse freely in dispersion. This movement is called Brownian
motion. The diffusion velocity depends on the particle’s shape, size, and on the viscosity
and therefore on the temperature of the dispersion. The larger the particle, the slower it
will diffuse. The velocity of the Brownian motion is defined by the translational diffusion
coefficient, D'. Knowledge of D' allows the calculation of the particles hydrodynamic

radius, Ry, from the Stokes-Einstein equation [Ein05]:

b kT

= 2.15
6mn Ry ( )
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2 - Ry, is the diameter of a sphere that has the same translational diffusion coefficient
as the measured colloid. Note that the Stokes-Einstein equation is only valid for spheres
and that particle diffusion is more complex for other geometries and hence other equations

need to be used.

In principle, Brownian motion consists of two separate movements of the particles: a)
particles change their position in space (translational diffusion) and b) change their over-
all orientation (rotational diffusion). For perfectly spherical particles, rotational diffusion
is (almost) not detectable, since the orientation of a sphere is identical for all positions
upon rotation. Therefore, diffusion of spherical particles is of only translational na-
ture, and consequently D' can be directly obtained from the translational relaxation rate
Iy = D'%¢*. For non-spherical (anisotropic) particles, both translational and rotational
diffusion exists, since upon rotation of anisotropic particles, the original configuration is
not restored immediately. The rotational diffusion coefficient D", which can be derived
from I', = 6D" + D'¢* and D' = (D) 4+ 2D, )/3, is an average of the two diffusion co-
efficients along and normal to the rod axis. Analogous to the Stokes-Einstein equation,
one can calculate the radius of rotation (R, from D", using the Einstein-Smoluchowski

relation [Smo06]:

kT
"8R3

(2.16)

In light scattering, both the translational and the rotational motion contribute to the
recorded auto-correlation function, which is therefore bimodal. Rotational motion alone
can be recorded if the incident laser light is polarized, and a polarizer in front of the
detector allows only recording of depolarized scattered light. The correlation function is

then only monomodal [GIi12].

For elongated particles, the information obtained from D' and D" can be used to
calculate the length L and width d of the anisotropic particle, and consequently its aspect
ratio AR = L/d. Therefore, one can use two different geometrical models of anisotropic
particles: straight cylinders [Ort03] [Tir84) [Tor81] and ellipsoids [Per36]. The theoretical

expressions for D* and D" are:
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kgT
_ : 2.1
V= e F(AR) (2.17)
3kpT
=228 . 2.1
D=2 G(AR) (2.18)

with different expressions for F(AR) and G(AR) for straight cylinders and ellipsoids.
For straight cylinders,

0.565 0.1
and
91 .
G(AR) = In(AR) — 0.662 + 2o _ 05 (2.20)

AR AR
Details for F(AR) and G(AR) are for prolate and oblate ellipsoids can be found in

the Appendix.

In principle, both translational and rotational contributions are present in the dy-
namics of all nanoparticles. However, for noble-metal NPs, the depolarized scattering is
strongly enhanced due to their surface plasmons. Therefore, light scattering is a very

suitable method for characterizing Au nanospheres and Au nanorods.
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3.1 Materials

This section describes the synthesis of the materials used in this work. The funda-
mental groundwork for this thesis was the synthesis of a suitable block copolymer for
vesicle formation. The synthesis is described in the following experimental section as
well as the preparation of vesicle dispersions. Nanoparticle synthesis is also described,
although spherical particles were prepared by Sebastian Harms from the group of Prof.
Sonnichsen at the University of Mainz. Surface modification was performed both by
Sebastian Harms and by myself. Gold nanorods were purchased from Nanopartz'™and
NanoSeedz™and modified by myself. An overview of all nanoparticles used in this work

is given in the Appendix.

3.1.1 Blockcopolymer Synthesis

Poly(dimethylsiloxane)-b-poly (2-methyloxazoline) diblock copolymers (PDMS-b-
PMOXA) with different degrees of polymerization were synthezised according to a slightly
modified version of the procedure published by Egli et al. [Eglll]. The synthesis is
based upon an activation of a commercially available PDMS-monocarbinol (PDMS-OH)
with defined molecular weight, followed by a cationic ring-opening polymerization of 2-

methyloxa'-zoline (MOXA) and a capping reaction in order to determine two different
polymer endgroups. The synthetic pathway is given in

All reaction steps were carried out under a nitrogen atmosphere. PDMS-OH was dried

under vacuum at 60 °C for at least 14 h. 50 mL of dry hexane was added and the solution

35
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Figure 3.1: Synthetic pathway of PDMS-b-PMOXA copolymer with two different end-

groups, starting from PDMS monocarbinol.

was refluxed for 24 h in a Soxlhet apparatus filled with a 4 A molecular sieve. After cooling
to room temperature, 0.29 mL (2.08 mmol) of freshly distilled triethylamine was added
and the solution was cooled to -10 °C. 0.35 mL (2.08 mmol) of trifluoromethyanesulfonic
anhydride in 15 mL of hexane was slowly added over 30 min via a dropping funnel.
The solution was slowly allowed to warm to room temperature. Subsequently, hexane
was evaporated in vacuum and the residual oil was redissolved in cold hexane. It was
separated from triflate salt by careful filtration at 0 °C through a glass frit. The solvent

was again evaporated in vacuum, yielding the intermediate product PDMS-OTH.

PDMS-OTf was dried overnight in vacuum. 50 mL of dry ethyl acetate and 5.56 mL
(66.0 mmol) of freshly distilled MOXA were added. The reaction mixture was stirred
for several hours at 40 °C. The polymerization reaction was stopped after 20 h, 30 h,
40 h or 48 h by cooling to room temperature and adding either 5 mL of 1.0 M potassium
hydroxide solution in dry methanol (for -OH endgroup) or 20 mL of 1.0 M piperazine
solution in dry methanol (for -NH endgroup). After stirring for an additional 2 h, the

solvent was evaporated in vacuum and the remaining glue-like raw product was suspended
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in Milli-Q water. The pH was set to neutral and the water was removed by lyophilization.

A white and fluffy solid was obtained.

For purification of the polymer, the product was dissolved in ethanol and centrifuged
at 4000 rpm for 40 min to separate unreacted PDMS, which is not soluble in ethanol.
Subsequently, the ethanol-polymer solution was transferred into an ultrafiltration device
(3000 MWCO regenerated cellulose membrane), extensively washed with an ethanol-
water mixture for 3 days and finally washed with pure ethanol for one more day. The
ethanol was then removed under vacuum and the resulting purified, glue-like block copoly-
mers were characterized by NMR spectroscopy. Characterization data of the obtained

products are shown in [Table 4.1|in [subsection 4.1.1 (Synthesis of PDMS-5-PMOXA )|

3.1.2 Polymersome Preparation

Polymersomes were formed using the film hydration method. In summary, 5 mg of
PDMS-b-PMOXA were dissolved in 5 mL of ethanol (p.a. > 99.5%, Sigma Aldrich) in
a 10 mL round bottom flask. Subsequently, ethanol was evaporated under rotation (80
rpm) at 100 mbar and slightly elevated temperature. The resulting polymer film was dried
at 5 - 1072 mbar at room temperature for 2 h in order to remove residual solvent. 5 mL of
Milli-Q water (Millipore, conductivity < 18.2 MQ-cm) was added into the flask in order to
rehydrate the polymer film. It was stirred overnight at an intermediate stirring speed (300
rpm). In order to homogenize vesicle size, the solution was extruded using an automatic
extruder, consisting of a LiposoFast® Basic Extruder (Avestin, Ottawa, Canada) and a
motor (homebuild apperature by group of Prof. Schmidt at the University of Mainz). It
was extruded through polycarbonate membranes from Avestin of 800 nm and 400 nm pore
size (11 times each), and finally through a polycarbonate membrane of 200 nm pore size
(31 times) using defined flow rates. Size, shape, polydispersity and membrane thickness
of the resulting polymersomes were carefully characterized using static and dynamic light

scattering and cryo-TEM.
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3.1.3 Nanoparticle Synthesis and Surface Modification

A stock of gold spheres was synthesized according to a literature procedure [Zielll,
known as the seed-growth method. In general, seed particles were prepared by the standard
citrate reduction method [Fre73| and were subsequently grown until the desired size was
achieved. In summary, 2.5 mL of a H{AuCly]-3 HyO solution (0.2 wt%) in 50 mL of water
was heated until boiling and then 2 mL of a preheated sodium citrate solution (1 wt%,
containing 0.05 wt% citric acid) was added quickly under vigorous stirring. The solution
was kept boiling for 5 min and was then allowed to cool down to room temperature.
To 3 mL of the seed solution, 10 mL of a diluted H[AuCly]-3 H5O solution (2 mL 0.2
wt% in 8 mL MilliQ water) and 10 mL of a diluted sodium citrate solution (0.5 mL
1 wt% ascorbic acid, 0.25 mL 1 wt% citric acid in 9.25 mL MilliQQ water) were added
dropwise while vigorously stirring. Directly after the addition, the solution was heated
to approx. 75-80°C and maintained at this temperature for about 45 min. After cooling
to room temperature, the excess citrate molecules were removed by centrifugation and

redispersion of the AuNPs in MilliQQ water.

For surface modification, different thiol-capped molecules were used, such as SH-PEG-
OCHj (My = 736 Da, My, = 2015 Da, My, = 5079 Da), SH-PEG-COOH (My, = 4975 Da),
Cetyltrimethylammonium bromide (CTAB), Mercapto undecanoic acid (MUA) and DNA
(T10: Thymine 10-mer with 5-Thiolink-C6. T40: Thymine 40-mer with 5’-Biotin-C6.
Both purchased from Biomers.net), were bound to the particles by overnight incubation

at room temperature as described by Hanauer et al. [Han07).

3.2 Characterization Methods

The main method used in this work is Photon Correlation Spectroscopy. The basic

principles of light scattering are discussed in [section 2.3 (Light Scattering of Colloids)|

This section focuses on the methodology of static and dynamic light scattering. Further-
more, other methods for supporting the findings from light scattering are briefly described

in this section.
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Figure 3.2: Schematic illustration of a typical light scattering setup.

3.2.1 Photon Correlation Spectroscopy

Photon Correlation Spectroscopy (PCS) is a well established, non-destructive tech-
nique in order to investigate the properties of macromolecules, colloids, and particles in
solution or suspensions. In this work, PCS was used to carefully characterize AuNPs,
polymeric vesicles, and the mixture of both, for gaining information such as size, molec-
ular weight, diffusion and interactions. The classical physical phenomenon that matter
scatters visible light is used for this technique: when a laser beam impinges on a ma-
terial, the incident electromagnetic radiation of the laser interacts with the polarizable
molecules in the sample, thus inducing an oscillating dipole. Consequently, the molecules
scatter light. The degree of polarizability is directly related to the difference in refractive
index between solute and solvent. The scattered intensity is measured at different angles
by a detector. In principle, one distinguishes between static light scattering (SLS) and
dynamic light scattering (DLS) . In SLS , one measures the absolute mean intensity of
the scattered light, while for DLS, the intensity fluctuations of the scattered light is ana-
lyzed. By investigating the frequency shifts of the scattered light, its angular distribution,
its polarization and its intensity, one can obtain information about size, weight, shape

and molecular interactions in the scattering material.[Sch07] Theoretical fundamentals of

light scattering are given in [section 2.3 (Light Scattering of Colloids)|
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A schematic representation of a typical PCS setup can be seen in[Figure 3.2] Basically,
the instrument consists of a laser light source, an attenuator, a sample cell embedded into
an index-matching bath (in our case toluene, which has a refractive index similar to that
of glass), a polarizer, a detector, a correlator, and a computer for setup operation and
data recording. Initially, the laser beam is passed through an attenuator in order to
manually adjust the laser intensity. This intensity is then detected by a photodiode. The
laser beam impinges the sample in a glass cuvette, which is located in the toluene bath.
After passing through the polarizer, the scattered light is captured by a detector which
is mounted on a movable arm which allows to scattered intensities to be measured at
different angles. The detected signal is then directed to a correlator, which processes the
incoming signal in order to obtain a correlation function. The setup used in this work is
able to measure at angles from 12° to 155°. Furthermore, the toluene bath is connected

to a thermostate which is able to regulate the temperature of the sample.

The intersection of the incident beam and the scattered beam defines the volume of
the sample which is seen by the detector (scattering volume). It is dependent on the
scattered angle 6, the wavelength of the beam and the refractive index of the medium.
The scattering vector ¢ is defined as the difference between the incoming vector of the

incident wave l;: and the outgoing vector of the scattered light l{:, which reaches the

detector (Equation 3.1)).[Chu07]

The magnitude of ¢ is
4 0
q= %nsmé (3.2)

where 6 is the angle between k; and k, and is called the scattering angle. ¢ increases

for increasing scattering angles.

Normally, the incident laser beam is polarized in the direction perpendicular to the

plane defined by the experimental setup (source, cell and detector). Therefore, it has
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vertical polarization. For spherical and isotropic particles, the scattered light is also ver-
tically polarized. In addition, the detector is adjusted in a vertical position in order to
make sure that only vertically polarized scattered light is detected. Consequently, both
the incident and the scattered light is in the vertical polarization, and the process is
referred to as polarized or V'V light scattering. If the polarizer is rotated by 90°, the hor-
izontal component of the scattered light is detected. This is referred to as depolarized or
VH light scattering and is only present for particles with anisotropic shape or anisotropic

polarizability.[Sch07]

Static (SLS) and dynamic (DLS) light scattering experiments were performed using an
ALV/LSE-5004 goniometer/correlator setup using lasers with two different wavelengths
A = 632.8 nm (HeNe laser) and A = 532 nm (Compass 215M, Coherent, Santa Clara,
CA). An avalanche photodiode was used as detector. The normalized light scattering
intensity autocorrelation functions were recorded over a broad time range of (10~7-103 s)
and an angular range from 25° to 150° corresponding to a scattering vector ¢ = 5.73 -
1073 —2.56-10"2 nm ™! (red laser) or ¢ = 6.80-107%—3.04-10"? nm™~' (green laser). All
measurements were conducted at a constant temperature T = 20 °C. Cylindrical silica
glass cuvettes (Hellma, inner diameter ¢) — 10 mm) had been cleaned before use with

acetone in a Thurmont-apparatus (details are given in the Appendix).

3.2.1.1 Static Light Scattering

In static light scattering (SLS), the intensity I, of the scattered light is measured. For
ideal gases, Rayleigh described I as proportional to the intensity of the incident light

beam I, and to \7*:

8 2\ *
1, = Sl (7”) a? (3.3)

« is the polarizability of a molecule or particle and can be expressed as:

2nM On
o= —
47w Ny Oc

(3.4)
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where n is the refractive index of the solution and ‘3—’;‘ is the refractive index increment

and needs to be determined by interferometric measurements.

The intensity of the scattered light is measured at different angles, and therefore it
is dependent on ¢. In addition, I, depends on specific parameters of the PCS apparatus
such as the intensity of the incident laser beam and the distance between detector and
sample. In order to avoid these dependencies, the so called Rayleigh ratio Ry is used. Ry

is proportional to I(g) but is independent of instrumental effects:

[sam e Iso ven
RG - i foent : RRtoluene (35)

Itoluene

RRiopuene is the absolute scattering intensity of toluene (toluene bath) at 6 = 90° and

at T — 20 °C at A — 633 nm. Tts value is 1.355 - 107° cm~ L.

For vertical polarized incident laser light, concentration ¢ and molar mass M of the

dissolved material are related to the Rayleigh ratio via

A2n2 (Oon\?
R =—— | — M = K,cM 3.6
vv(q) N (80) c c (3.6)
where K, is the optical constant with:
472n2 (On\?
K,=—|[=— 3.7
NA/\4 ( 86 > ( )

Including a power series to [Equation 3.6, one can write:

K,c

1
= (— + 2A5¢c+ 3A3% + ... 3.8
Bov(d) ( 2 3 ) (3.8)

M

where Ay and Aj are the second and third virial coefficients [Ter02], giving information

about the interactions between the colloidal particles.

quation 3.6is only valid for very diluted solutions. However, the scattering intensities
of very diluted solutions are very weak and therefore difficult to capture. Consequently,
measurements need to be performed in concentration areas where interference occurs.

During data evaluation, it is necessary to extrapolate to ¢ = 0. In addition, for particles
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A

55> the scattered light interferes at all scattering angles but

or molecules larger than

q = 0. Therefore, the scattering intensity needs to be extrapolated to the zero angle.

3.2.1.2 Dynamic Light Scattering

In general, colloids randomly diffuse in diluted solutions due to Brownian molecular
motion. Therefore, when incident light is scattered by a moving particle or macro-
molecule, the scattering intensity is not constant over time, and its frequency will be
shifted due to the Doppler effect. This means that the frequency of the scattered light
will be slightly higher or lower than that of the original incident light, depending on
whether the particle moves towards or away from the detector. This shift in frequency is
correlated to the speed of the colloids in motion. In comparison to SLS, where the aver-
age scattered intensity [(q,t) is measured, the fluctuating pattern is important for DLS
measurements. Therefore, the normalized intensity-intensity time correlation function
G(q,7) is recorded, which compares the scattering intensity I at a certain time t with the

scattering intensity at a later time ¢ + 7 at a defined scattering angle: [Bro93, Ber(0)]

(I(q,t)(q,t+ 7))

e = =0, 09

= A1+ B|C(q, 7)) (3.9)

A ((I(q,t)I(g,t))) is the measured baseline, 5 is a coherence factor which depends on
the laser beam and experimental setup, and C(g, 7) is the normalized electric field-field

time correlation function. In idealized condition, 8 = 1 (perfect coherence).

As soon as the measured intensities at time t+7 no longer correlate to the intensities
at time t, the autocorrelation reaches zero. Therefore, the correlation function indicates
how far a particle moved within the time 7. The smaller a colloid, the faster it moves, and

hence the correlation function decays faster, and vice versa. The decay of the autocor-

relation is described by an exponential decay function (Equation 3.10). C(g,t) includes

both translational and rotational diffusion as well as internal motions:

C(q,t)=A-e [1+C- e_t/ﬂ (3.10)

1 + Z Bj . e_t/Tj
J
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The first term expresses the translational diffusion, the second describes the rotation
about the jth molecular axis, and the third term covers internal motion. A, B and C
are constants defining the magnitude of each motion. However, for small, monodispers

spheres, only translational diffusive motion is considered, such that

C(qg,t)=A-e (3.11)

Virtually, I is the line-width. For low concentrations and low values of ¢, ' = D'¢?.
This is used to calculate the translational diffusion coefficient D?, which is in turn related
to the radius of hydration Ry (for spherical particles) by the Stokes-Einstein equation
[Ein05] (Equation 3.12]).

kT
~ 6mnD,

h (3.12)

So far, rotational diffusion and internal motion have been neglected. If the shape of a
molecule or a particle is anisotropic, its scattering is dependent on its orientation. Light
scattered from different parts of the particle may lead to a certain amount of destructive
interference. For ellipsoids or rigid rods and a vertically polarized incident laser beam

(V) and vertically polarized scattered light (V), rotational diffusion needs to be added to
Clq,1).

Cyv(gt)=A-e P14+ B-e ") (3.13)
For vertically polarized incident light (V) and horizontally polarized scattered light
(H), Cg,t) is

Crn(g,t) = A - e 716Dt (3.14)

The rotational diffusion coefficient D" can be determined from the second exponential
decay. D" can also be determined for isotropic particles when the polarizability of the
scattering species is anisotropic. In that case, a small component of the scattered light

is polarized in a direction perpendicular to that of the normal scattering.
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Since diffusion is dependent on temperature 7' and viscosity 7, it is important to
keep T and 7 constant during DLS measurements. In addition, the investigated particles
should neither float nor sediment during measurement in order to investigate the self-
diffusion of particles only. Additionally, the concentration of the analyzed samples should

be very low in order to avoid multiple scattering.

3.2.1.3 Data Evaluation

Data evaluation of the DLS experiments was performed by using the stretched single
or double exponential Kohlrausch-Williams-Watts (KWW) [Yos01l, Wil70] functions or
the CONTIN algorithm |[Pro82, [Esq02]. The KWW method assumes that for single
or double non-exponential decays, the computed relaxation functions Ciinge(g,t) and

Ciounte (g,t) can be represented by:

Csingle(Qa t) = asingleexp[_(t/7—>5] (315)

and by:

Cdouble(Qv t) = Qdouble; exp[_(t/Tl)Bl] + adoublezexp[_@/TQ)ﬂﬂa (316)
respectively. 7 is the “average” relaxation time of the corresponding decay and f
(0 < B < 1) is a measure of the width of the distribution of retardation times.

A method for analyzing C(q,t) of more polydisperse samples (and hence no single
exponential decay of C(q,t)) is using the CONTIN algorithm. It is based on the inverse
Laplace transform of C(q,t):

C(q,t) = /O h G(T)e "tdr (3.17)

For analytically separating two particle populations, their sizes should differ from each

other by at least a factor of 4.
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3.2.2 (Cryogenic-)Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used in order to characterize size and
shape of gold nanoparticles. TEM was also used for vesicle characterization (size, shape
and membrane thickness) and for visualizing the interactions of vesicles and nanoparticles.
However, since polymersomes are a very soft material and would collapse during normal
TEM sample preparation, cryo-TEM was required. In cryo-TEM, aqueous solutions of
the sample are vitrified at cryogenic temperatures. In addition, the TEM machine needs

to be cooled down to T" = -172 °C in order to keep the vitrified samples stable.

Sample prepartation and measurements were performed by Max Bernhardt [Berl4].
For cryofication of the samples, 3.5 uL. of the aqueous sample solution was placed onto
Quantifoil grids (R2/2, Cu-mesh 300). The grid was blotted with a Vitrobot™ Mark
IT system (FEI, USA). Excess liquid of the sample was blotted with a Whatman filter
paper, and the grid was subsequently plunged into liquid ethane. The grid was transferred
into a JEOL 1400 transmission electron microscope, operating at 120 kV, and imaged at
cryogenic temperatures (-172 °C). TEM micrographs were processed using ImageJ 1.45s

software.

Generally, electron microscopy can be seen as an analogous to light microscopy. In-
stead of light waves in the visible range, electron microscopes use electron beams. There-
fore, the maximal resolution is determined by the wavelength of the electron beam source
and is in the nanometer range. In TEM, the electron beam is transmitted through the
sample and the scattered electrons are detected by a lens. It is important that the elec-
tron beam as well as the sample are in high vacuum in order to avoid any collision with
gas atoms [Rei(8]. In contrast to normal TEM, cryo-TEM samples as well as the setup

must be cooled to very low temperatures.

3.2.3 UV/Vis Spectroscopy

UV /Vis spectroscopy was performed in order to determine size, shape and concen-
tration of pure Au nanoparticles and in order to investigate nanoparticle uptake into

polymersomes. In metal nanoparticles, the absorption bands are related to the diameter
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and aspect ratio of the material as well as to its chemical surrounding (refractive index)

due to plasmonic resonance (see [subsection 2.3.2 (Gold Surface Plasmon)l Since the

excitation of the Au nanoparticle’s plasmons appears in the visible range of the electro-
magnetic spectra, UV /Vis spectroscopy is a very suitable method for characterizing Au

nanoparticles and its complexes.

A UV /Vis spectrometer consists of a light source, a sample holder, a monochromator,
and a detector. The liquid samples are typically placed in a cuvette made of quartz glass,
transparent to UV, visible, and near infrared light. The intensity of light passing through
a sample and passing through a reference is compared. The reference beam intensity is
taken as 100% transmission, and the spectra of the absorbing sample is correlated to that

value.

In this work, the absorption spectra of various Au nanoparticles were measured, using
pure water as a reference. All UV /Vis measurements were recorded on a PerkinElmer

LAMBDA 25 UV/Vis spectrometer.

3.2.4 Single-Particle Polarization Anisotropy Measurements

The symmetry of noble-metal nanoparticles can be revealed by single-particle polar-
ization anisotropy (PA) measurements. For studying individual particles, one needs to
be able to distinguish single particles in the far field by using a conventional microscope,

and hence very diluted solutions of the sample are needed. Due to surface plasmons (see

subsection 2.3.2 (Gold Surface Plasmon)|), an enhanced electromagnetic field is present

around noble metal particles. These plasmons are excited by a white light source. Upon
decay, the plasmons in turn emit light which is collected using a conventional microscope.
A rotatable polarization filter is placed before the camera, and the wavelength-dependent
scattering intensity I(#, \) is recorded as a function of the polarization angle 6. The po-
larization anisotropy PA(X) = (I, — I,)/(I, + I,) can be calculated from the unequal
intensities of scattered light which is polarized parallel either to the major (I,) or to the

minor (I,) particle axis.[Sch08]

Polarization Anisotropy measurements were carried out by Andreas Henkel and Se-

bastian Harms in the group of Prof. Sénnichsen at the University of Mainz. An optical
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microscopy system was used. This is based on a motorized inverted microscope equipped
with a piezo scanning stage, a z-piezo, a spectroscopy system, and an autosampler. Self-
made flow cells composed of two microscope cover slips were used. All components were
controlled by a central MATLAB-based software. A spectral precision for the plasmon
peak of 0.3 nm was achieved by refining the exact nanoparticle position before each mea-
surement. The polarization dependency was investigated by inserting a polarization filter

in the detection light path. The spectra were acquired in 15° movements from 0° to 180°.

3.2.5 Zeta-Potential Measurements

The zeta-potential measurement determines the electric potential at an interface be-
tween two phases (liquid-liquid or, more often, solid-liquid). Usually, in simple electrolyte
solutions, (ionic) charges are randomly distributed. However, this is not the case at in-
terfaces. Usually, the two sides of the interface are oppositely charged. This can be
due to surface charges originated from dissociable groups (-COOH, -NHj, -piperazine) or
specific adsorption of ions on a surface. This charge accumulation at an interface leads

to the formation of an electrochemical double layer.

Charged colloids in solution are surrounded by oppositely charged ions, which form
a defined layer around the particle’s surface (see . This layer consists of a
tightly adsorbed layer (Stern or Helmholtz layer) very close to the interface, and a more
diffuse layer (Gouy Chapman layer) further away from the interface. The Helmholtz layer
can be divided into the inner and outer Helmholtz layer (IHL and OHL, respectively).
Within the Helmholtz layer, the electric potential decays linearly in the IHL and reaches
a minimum W,;, then increases in the OHL until the Stern potential Wy is reached. In the
diffuse layer, the electric potential decays exponentially, approaching zero with increasing

distance to the particle.[D6r02]

When an electric field is applied to a colloid suspension, the colloids will move towards
the opposite charged electrode, accompanied by their Helmholtz layer and partially by
the diffuse layer. During this flow, the diffuse layer is sheared off. The potential at the
slipping plane is called zeta-potential, (.
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Figure 3.3: Schematic representation of the electric double layer.

The zeta-potential can be measured by applying an electric field across the sample
solution. Consequently, charged colloids will migrate towards the oppositely charged elec-

trode. The zeta potential is proportional to the particle’s velocity and can be calculated

by using the equation by von Smoluchowski (Equation 3.18) [Hun81l [D6r02]:

_ 67”701/10
- ¢F

¢(mV) (3.18)

with v, being the electrophoretic mobility, ny the solution viscosity, € the dielectric

constant of the medium, and E the strength of the electric field. [Equation 3.18|is only

valid for spherical, non-conductive and non-deformable colloids at low particle concen-

tration.

The zeta-potentials of nanoparticles and polymersomes in aqueous solutions were

determined by using MALVERN Zetasizer Nano Z.






4. Results and Discussion

4.1 Blockcopolymer Synthesis and Vesicle Formation

Synthesis of the amphiphilic block copolymer PDMS-b-PMOXA and successive vesicle
formation was recently described by Egli et al.[Egll1]. Jaskiewicz et al. demonstrated that
these polymeric vesicles can be used as a minimal cell model in order to study the uptake
process of nanoparticles into polymersomes [Jasi2b|. In this work, PDMS-b-PMOXA
molecules with varying hydrophilic block lengths were synthesized. The influence of the
PMOXA block lengths on the vesicle formation ability and on the properties of the formed
polymersome membrane was studied. It was assumed that the mechanical properties of
the membrane would be dependent on the membrane thickness and therefore on the
block lengths of the diblock copolymer. Although the synthesis of PDMS-6-PMOXA was
already described in the literature, obtaining a polymer which forms spherical vesicles
was rather difficult. Nevertheless, successful synthesis of PDMS-6-PMOXA was crucial
for this work since it is the basis for the subsequent investigation on particle uptake into
polymersomes. This section describes the successful synthesis of PDMS-6-PMOXA with
varying PMOXA block lengths and the careful characterization of the formed polymer-
somes by static and dynamic light scattering (SLS, DLS) as well as cryogenic transmission
electron microscopy (cryo-TEM). Furthermore, it is shown that the size and polydisper-

sity of the vesicles can be easily controlled by an automatic extrusion process.

o1
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4.1.1 Synthesis of PDMS-b-PMOXA

PDMS,,-b-PMOXA,,, was synthesized by sequential ring-opening polymerization. Ex-

perimental details can be found in [subsection 3.1.1 (Blockcopolymer Synthesis)l n and

m refer to the number-average degree of polymerization of the hydrophobic PDMS block
and hydrophilic PMOXA block, respectively. The polymerization reaction time was ad-
justed in order to obtain different PMOXA block lengths, and hence different values for
m. Since the PDMS block is used a a macro initiator, its length is fixed and cannot be
adjusted. Here, n is &~ 65, resulting in a molecular weight (M,) of ~ 5000 g/mol for
the PDMS block. According to GPC analysis, the polydispersity of the PDMS precursor
is ~ 1.1 and therefore very low. For each PMOXA block length m, the polymeriza-
tion reaction was terminated using either piperazine or KOH, resulting in two different
endgroups (-OH for hydroxyl and -NH for piperazyl). The resulting block copolymers
were analyzed by 'H-NMR spectroscopy and their molecular weights were estimated by
integration, using characteristic methyl signals of PDMS as a reference. GPC did non
yield reliable results because of strong interactions between the PMOXA block and the
column. Results are summarized in [Table 4.1

Table 4.1: Specification of different PDMS-b-PMOXA batches, with n and m referring to
the number-average degree of polymerization of the hydrophobic and hydrophilic block,

respectively. The molecular weights of the samples with piperazyl endgroup are shown.

Sample n [ m [-] MIE-NMR [0 /mol]
BC-20h 65 13 6243
BC-30h 65 15 6413
BC-40h 65 17 6583
BC-48h 65 19 6753

BC-65h 65 21 6923
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4.1.2 Vesicle Formation by Extrusion

Vesicle formation by extrusion using an automatic extruder is described in [subsec-

tion 3.1.2 (Polymersome Preparation)l Due to the very low glass transition temperature

of PDMS-b-PMOXA (T, ~ —124 °C), the polymersomes are flexible at room temper-

ature and can be adjusted and homogenized in their final size by forcing the polymer
dispersion through filters with defined pore sizes. In the first two extrusion steps, the
dispersion was prefiltered through a 800 nm and a 400 nm pore size membrane in order
to downsize large structures and to improve the homogeneity of the size distribution of
the final suspension. For polymersomes larger than the membrane pores, the vesicles
need to deform to pass through the pore, and a breaking and resealing of the polymer-
some membrane occurs. In the final extrusion step, the polymersomes were repeatedly
cycled through a 200 nm pore size filter, and polymersomes with a mean diameter of
220-260 nm were yielded. The polymersome diameter and their homogeneity depend on
the exact pore size of the filter, on the extrusion speed, and on the number of repeating
cycles. Here, polymersomes with average mean diameter of ~ 250 nm were desired, so
the pore size of the final filter membrane was 200 nm always. The size of the resulting

polymersomes was determined by PCS.

The influence of the extrusion speed and of the number of repeating cycles on the
vesicle size and polydispersity was investigated. Therefore, 10 mL of a polymersome
dispersion (NH40) were prepared and extruded 11 times through a 800 nm and a 400 nm
pore size membrane. Subsequently, 1 mL of the polymersome dispersion was extruded
through a 200 nm pore size filter at one out of three different speeds (volumetric flow
rates) and at either 15 or 31 repeating cycles. shows the Guinier plots for
31 repeating cycles at three different volumetric flow rates. It can be seen that the
polydispersity decreases with increasing speed (reduced kink in the Guinier plot at high
¢*) and that the size of R, decreases (lower slope), although the difference between speed
6 (correlates to a volumetric flow rate of 70 uL/s) and speed 10 (115 pL/s) is marginal.
Generally, a more homogeneous size distribution is obtained for 31 repeating cycles than
for only 15 repeating cycles (Table 4.2 Guinier plots not shown). The obtained radii of
gyration and radii of hydration, R, and Ry, respectively, are shown in [Figure 4.1Ip. The
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Table 4.2: Characteristics of vesicles (Radius of gyration R,, hydrodynamic radius Rp,
and structure parameter p) obtained from extrusion at different speeds and number of

extrusion cycles.

extrusion extrusion
speed cycles By [om] By ] p
3 15 126.3 £ 3.5 146.2 + 9.6 0.86 £+ 0.07
3 31 126.3 £ 2.7 1379 £ 4.3 0.92 £ 0.05
6 15 1245 £ 1.5 126.1 + 4.5 0.99 £+ 0.05
6 31 128.0 £ 14 126.9 4+ 2.8 1.00 £ 0.01
10 15 125.3 £ 2.6 1375 £ 6.9 0.91 £ 0.06
10 31 122.3 £ 1.2 126.5 &+ 3.5 0.97 £ 0.02

structure parameter p = R, /Ry, depends on the morphology of the dispersed structures in
solution and is & 1 for all samples, which is characteristic for vesicles [Wu96]. Although
R, and Ry are almost similar for speed 6 and speed 10, the errors for speed 6 are lower
for both 15 and 31 repeating cycles. The vesicles extruded with speed 3 (35 uL/s) are
generally larger than the vesicles extruded at higher speeds, they exhibit larger errors,
and p is significantly smaller than 1. Therefore, it is assumed that for very low extrusion
speed, no monodisperse vesicles are formed. This may be due to the fact that at low
volumetric flow rates, the vesicles are not completely broken and resealed upon extrusion
through the membrane pores. Since the polymersomes are very soft and flexible, they can
deform to pass through the membrane and unfold to their larger size upon release from
the pores. For higher extrusion speeds, the vesicles are broken and forced to adopt the
size of the membrane pores. The more often they are extruded through the membrane,
the more monodisperse they become. However, if they are pressed through the pores too
fast, polydispersity increases again since also smaller vesicles are formed. Therefore, the
most monodisperse and spherical polymersomes were obtained at medium speed (speed
6) and at high repeating units. Later vesicle formation by extrusion was always performed

at medium speed using 31 repeating cycles for extrusion.
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Figure 4.1: a) Guinier plots of polymersomes obtained from extrusion at speed 3 (black),
speed 6 (gray) and speed 10 (open symbols) for 31 repeating cycles. b) Calculated R,
(blue) and R;, (red) from PCS data as well as the structure parameter p (black) vs.
volumetric flow rate for 15 repeating cycles (open symbols) and for 31 repeating cycles

(filled symbols).

4.1.3 Vesicle Characterization by PCS and cryo-TEM

The previously formed polymersomes needed to be characterized in terms of their
shape, size, membrane thickness and mechanical properties. It is focused on the char-
acterization by photon correlation spectroscopy, using cryo-TEM as an additional tech-
niques to obtain a concrete picture of the polymersomes. Complete PCS characterization
was performed for all different block copolymer samples from [Table 4.1l Sample NH40
was chosen as standard vesicle system for all upcoming experiments, and hence all shown

graphs are based on this sample if not stated otherwise.

4.1.3.1 PCS Analysis

PDMS-6-PMOXA polymersomes were investigated by both static and dynamic light
scattering (SLS and DLS, respectively). SLS was used to determine the radius of gyration

R, of the vesicles, their apparent molecular weight My o, and the polydispersity PDI of

the system. The absolute Rayleigh intensity Ryv(q) plotted vs. ¢ is shown in [Figure 4.2

(open circles). Ryv(q) was fitted by a form factor represented by in the
appendix with R = 102 nm and PDI = 1.08 for the standard vesicles NH40 (represented
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Figure 4.2: a) Absolute Rayleigh intensity Ryy vs. scattering wave vector q for
¢ = 0.05 gL', The solid lines represents the fit using equation [Equation 3. n—0.00115,
b) Relaxation functions [Cyy (q,t)] for a dilute (¢ = 0.04 gL™') aqueous suspension of
polymersomes at the scattering wave vectors ¢ = 1.01 x 1072 nm™~' (black symbols) and
q =229 x 107 nm™' (red symbols). The solid lines indicate the theoretical represen-
tation of the experimental functions. The translational diffusion coefficient D' vs. ¢* is

shown in the inset.

by the solid line in [Figure 4.2h. For the fit, the thickness d of the membrane was assumed
to be d = 16 nm and the viscosity of the sample was assumed to be n = 1.15-1073 Pa-s.
R, was calculated from the slope of the Guinier plot, yielding R, = 128.0 £ 1.4 nm.
Ry was determined from DLS (see below) to be R, ~ 128. The structure parameter
p = Rg/Rn =~ 1 indicates the vesicular shape of the polymersomes. The agreement
between SLS and DLS data is very good. The obtained radius R from the form factor
fit is smaller than R} obtained from DLS, because Ry is the hydrodynamic radius and
is therefore always larger than the actual size of the particle due to its solvation shell of

water molecules, which surrounds the vesicle and diffuses at the same rate.

The weight average apparent molecular weight M,,, of the vesicle was determined
via both an Ornstein-Zernicke and a Debye representation (Figure 4.3) of the scatter-
ing data. It was assumed that the very low concentration ¢ — 0.0365 gL™! is already
low enough to exclude concentration dependence of the scattering data. The refractive

index increment dn/dc of the polymersomes was determined from sample BC-65h-NH
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Figure 4.3: Ornstein-Zernicke (a) and Debye representation (b) of the scattering data.
The apparent molecular weight M,,, can be obtained from the inverse of the intercept

at g = 0.

(dn/dc = 0.188 mLg™!). The apparent molecular weight obtained from the inverse of the
intercept in the Ornstein-Zernicke representation is My, = 1.05-10° gmol™!, and hence
the aggregation number N,,, is ~ 160000. However, the inverse intensity vs. ¢* is not per-
fectly linear at low ¢ values. Therefore, the square root of the inverse scattering intensity
vs. ¢* was plotted (Debye representation, ) Here, the curve is linear at low
¢’s and the obtained M,y, from the intercept is My, = 8.3-10% gmol (N, ~ 125000).

These values were assumed for all further experiments.

DLS was used to determine the radius of hydration, R, of the vesicles. All recorded
correlation functions show a single relaxation process only (Figure 4.2b), indicating that

only one major diffusion species is present in the sample. A stretched exponential fit

(KWW, see [subsubsection 3.2.1.3 (Data Evaluation))) was used to analyze the DLS data.

The distribution of relaxation times 7 is described by a shape parameter Sxww =~ 1 for
almost all ¢’s. For very high ¢’s, Sxww =~ 0.95. These values also confirm the existence
of only one diffusing process. The inset of shows the diffusion coefficient D"
vs. ¢%. One can observe slight g-dependence, which is due to the vesicle’s polydispersity
and size. The small decline of D' at high ¢’s can be attributed to the presence of small
vesicles in the sample as well as within the major polymersomes (pregnant vesicles, see

1gure 4.4]). q — was determined Ifrom both the fit with equation |[Equation
F'i 4.4). Dt 0 d ined f both the fit with ion [Equation 4

from the Appendix (D*(¢ — 0) = 1.66 - 107® cm?s™!) and from the intercept of the
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linear variation of D' vs. ¢* (D'(¢ — 0) = 1.69 - 107® ¢m?s™!). Using Einstein-Stokes

equation (Equation 3.12), Ry, was determined to be 129 nm and 127 nm, respectively.

For simplification and according to the marginal difference between the two estimated
values for D' (¢ — 0), all experimental D' (¢ — 0) were determined from the linear fit

of D' vs. ¢* only.

The hydrodynamic radii for all different samples are listed in It can be
seen that the formed vesicles are similar in size, which is due to extrusion through a
membrane with pore size ~ 200 nm. However, the values for p differ. p is only close
to 1 for BC-20h-NH, BC-40h-NH and BC-40h-OH. For the other samples, p <1, and
the errors of R, and Ry increase. For those samples, estimation of R, from the slope
of the Guinier plot was difficult due to a kink in the slope, getting larger radii for low
¢’s and smaller radii for high ¢ values. Therefore, it is assumed that these samples are

very polydisperse. However, it must be considered, that the values for R, and Ry, depend

very much on the applied extrusion technique (see [subsection 4.1.2 (Vesicle Formation by]|

Extrusion)). Nevertheless, BC-40h-NH and BC-40h-OH provided qualitatively the best

cryo-TEM pictures among all samples. Since in the previous work on PDMS-6-PMOXA
by Karmena Jaskiewicz piperazyl-functionalized polymers have been used, BC-40h-NH
was chosen as standard vesicles for any further experiments. In addition, their scattering

intensity resembled the vesicles used in Karmena Jaskiewicz work the most.

4.1.3.2 Cryo-TEM

The huge advantage of PCS over cryo-TEM is, that PCS measurements are integrating
over a large number of scattering centers. Therefore, PCS experiments allow certain
statistical analysis of the investigated structures and few exceptions from the average
structure are of (almost) no consequence to the signal. Furthermore, PCS experiments
are carried out in solution, and scattering of the investigated vesicles is very strong due
to their size and refractive index. Consequently, PCS experiments can be conducted at
very low concentrations, while obtaining its sensitivity. In contrast, TEM studies allow
the analysis of only a very small number of individual structures, being very prone to

artifacts. In addition, conventional TEM is not performed in aqueous solutions but on
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Sample R, [nm] Ry, [nm] p
BC-20h-NH 118.3 = 0.5 126.1 £ 2.4 0.94 £ 0.2
BC-20h-OH 129.7 £ 2.7 195.7 £ 8.7 0.66 £ 0.4
BC-30h-NH 1104 £ 1.3 136.3 &+ 2.6 0.81 = 0.2
BC-30h-OH 110.1 £ 2.1 151.3 £ 6.2 0.73 £ 0.2
BC-40h-NH 128.0 £ 1.4 126.9 &= 2.8 1.01 £ 0.3
BC-40h-OH 111.1 £ 0.5 109.2 £ 1.4 1.02 £ 0.2
BC-48h-NH 107.8 £ 2.5 152.1 £ 7.3 0.71 £0.4
BC-48h-OH 1124 + 2.6 149.0 £ 4.3 0.75 £ 0.3
BC-65h-NH 116.7 £ 1.7 133.9 £ 4.2 0.87 £ 0.4

Table 4.3: Characteristics (Radius of gyration R,, hydrodynamic radius Ry, and structure
parameter p) of different PDMS-b-PMOXA polymersomes obtained from SLS and DLS.

dried samples and the resulting pictures would therefore alienate the true picture pf
PDMS-b-PMOXA polymersomes due to drying effects. In all probability, vesicles would
even be destroyed upon drying. Nevertheless, TEM imaging is necessary for obtaining
graphical pictures of the vesicles and for determining the vesicle’s membrane thickness
d. To ensure realistic imaging of the polymersomes, cryogenic transmission electron

microscopy (cryo-TEM) was applied.

[igure 4.4 shows cryo-TEM pictures of vesicles formed from different PDMS-6-PMOXA
batches. Estimating the size of the vesicles from cryo-TEM pictures is pointless, since
the vesicles may be compressed from the blotting procedure. However, one can estimate
the vesicle’s membrane thickness using cryo-TEM pictures with good contrast between
the membrane and the surrounding ice. Here, the average membrane thickness of vesi-
cles from BC-40h-NH was measured from 150 different vesicles. The results are shown
in and result in an average thickness of 16 + 2 nm. Most of the vesicles in
Figure 4.4] are perfectly spherical and empty inside. However, also smaller vesicles and
so-called pregnant vesicles (vesicles with small vesicles or micelles inside) can be found.

As shown by PCS, the average Ry, of the vesicles is &~ 130 nm, and polydispersity is rather
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a) BC-20h-NH b)

Cryo-TEM pictures of different vesicles from |Table 4.
BC-40h-NH ¢) BC-48h-NH d) BC-65h-NH. The scale bar corresponds to 100 nm. Images
were recorded by Max Bernhardt [Berld)]

Figure 4.4

Aouanbayy

membrane thickness d [nm]

Measured membrane thickness d of vesicles formed from BC-40h-NH. The

5

4

Figure

values were obtained from cryo-TEM pictures of 150 different vesicles.

TEM investigates only a small number structures, a quantitative analysis

low. Since cryo

s size and polydispersity is not possible. However, it should be noted that

?

of the vesicle

also smaller vesicles and so-called pregnant vesicles are present in the vesicle solution.
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4.2 Synthesis and Characterization of Au Nanospheres

In this section, the synthesis and characterization of spherical Au particles is described
as well as their chemical surface modification by grafting. Synthesis and surface modifi-
cation was performed by Sebastian Harms at the University of Mainz. The particles were
carefully char