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Abstract

In this master’s thesis an amphiphilic nucleotide-based block copolymer was
synthesized using solid phase synthesis. We used a biologically active DNA
sequence which is involved in infection by the vesicular stomatitis virus. As the
hydrophobic, non-polar segment, poly(butadiene) was selected because of its low
polydispersity and terminal modification. The copolymer and its self-assembly
in dilute aqueous solution was studied by FTIR, CD spectroscopy, UV/Vis
spectroscopy, DLS, SEM and AFM. Furthermore, we performed preliminary
biological assays in order to test the bio-compatibility and the cellular uptake
of the nucleotide-based synthesized copolymer, using THP-1 human acute
monocytic leukemia cells. These cell experiments were executed in comparison
to the biologically inert PB-PEG which was characterized by GPC, DLS/SLS
and TEM. Incubation of THP-1 cancer cells with biologically active self-
assembling copolymers shows that the growth of THP-1 cells is reduced without
a toxic effect.
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CHAPTER 1
Introduction

In the last years the preparation of self-assembled structures in the nanometer scale has
aroused the interest of the scientific world. Molecular self-assembly is the spontaneous
association of molecules under equilibrium conditions into stable, structurally well-defined
aggregates hold by non-covalent interactions. Well known for several years are lipid
molecules and there ability to form liposomes or vesicles through self-assembly in aqueous
solution [28]. These structures have found there way into many scientific and applied fields
[15, 32]. A problem of these self-assembled structures is that they are very instable and
biologically inert [2]. The instability as well as the biological function can be enhanced by
using different approaches.
One method to form nanometer scale structures is to use amphiphilic block copolymers.
Our group developed a new approach, using a nucleotide sequence as the water-soluble
polymer segment to build a biologically active amphiphilic block copolymer [13]. Driven
by the chemical incompatibility between the two covalently linked hydrophobic and hy-
drophilic segments, block copolymers undergo self-assembly in aqueous solution. This
process is currently the most versatile approach to control and drive the organization of
polymers at the nanometer length scale [8]. They form structures such as bilayers, micelles
and vesicles also called polymersomes depending on the composition of the molecules [7].
The presence of the DNA1 sequence in these molecules is expected to yield functional
biologically active self-assemblies. When composing the outer shell of a vesicle it is possible
to hybridize the single stranded DNA with its complementary sequence. The approach
using vesicles is driven by the foreseen possibility of encapsulation and the delivery of
drugs by functionalized vesicles [22]. Thus, they act as bio-reactors and the chance of
vesicle fusion could be interesting for cell studies in order to deliver a drug via specific
receptors on cell membranes [11, 29].
During this master’s project an amphiphilic nucleotide-based block copolymers was synthe-
sized using solid phase synthesis [13]. In contrast to Teixeira et al. we used a biologically
active DNA sequence (3’-AACTGAGATGGCGGATGAAGG-5’) reported by Luyet et al.
[19]. This DNA segment which mediates receptor sorting into multivesicular endosomes is
necessary for infection by the vesicular stomatitis virus which infects cells through the
endosome.

1 Desoxyribonucleic Acid
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1 Introduction 2

Poly(butadiene) was selected as the hydrophobic, non-polar segment because of its low
polydispersity and terminal modification, which is an essential prerequisite to link the
hydrophilic and the hydrophobic parts.
The copolymer was characterized by fourier transform infrared spectroscopy, circular
dichroism, UV/Vis spectroscopy, dynamic light scattering, scanning electron microscopy
and atomic force microscopy. Additionally poly(butadiene)-b-poly(ethylene-glycol) an
amphiphilic biologically inert block copolymer provided by the group of Axel Müller in
Bayreuth was characterized by gel permeation chromatography, dynamic- and static light
scattering as well as transmission electron microscopy in order to use it as a control for
cell experiments.
Furthermore, we performed preliminary biological assays to test the bio-compatibility
and the cellular uptake of the nucleotide-based synthesized copolymer in comparison to
PB1-PEG2, using THP-1 human acute monocytic leukemia cells. These well studied cancer
cells with distinct monocytic markers can be differentiated into macrophage-like cells and
are very suitable for complete cell studies [31].

1 Poly(Butadiene)
2 Poly(Ethylene-Glycol)



CHAPTER 2
Materials and Methods

2.1 Solid Phase Synthesis of PB2000-siDNA
We performed a solid phase synthesis within a reaction reactor with a volume of approx-
imately 2 m` as reported earlier by Teixeira et al. [13]. A hydrophilic 21-meric single-
stranded DNA oligonucleotide sequence purchased from Microsynth AG, Switzerland was
used. It is attached via a C10-linker to a carboxylic acid: 3’-AACTGAGATGGCGGATGAAGG-
5’-C10-COOH (we will refer to the 21-meric DNA as siDNA1). As a hydrophobic part we
used poly(butadiene) produced by the group of Axel Müller in Bayreuth. This copolymer
is functionalized with an amino group: PB2000-NH2. DIC2 was used as initiator and DCM3

as solvent.
According to the mechanism shown in figure 2.1, the coupling reagent DIC is used to
activate the carboxylic acid. The resulting ester is now activated for a nucleophilic attack
due to the fact that substitution with the nucleophile, in our case PB2000-NH2, leads to a
stable urea as a leaving group.

Figure 2.1: Mechanism of the solid phase synthesis. DIC activates the carboxylic acid
and the resulting ester is submitted to a nucleophilic attack by the amino group of the
poly(butadiene).

1 Small Interfering DNA
2 Diisopropylcarbodiimide
3 Dichloromethane
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2.2 Lyophilization 4

As mentioned above, the nucleotide-based block copolymer was synthesized at room
temperature inside a 2 m` reaction reactor. siDNA-C10-COOH (Mw = 6900 g ·mol−1,
20.7 mg, 3 µmol, 1 eq) was added together with DIC (Mw = 126.2 g ·mol−1, 454.5 µg,
0.6 µ`, 1.2 eq) to a solution of PB2000-NH2 (Mw = 3500 g ·mol−1, 52.5 mg, 5 eq) in 1.5
m` DCM.
The solution was shaken overnight and afterwards washed several times with DCM to get
rid of the initiator (DIC) and the non-reacted material. As a cleavage step 1.5 m` of a 33%
NH4OH was added and transferred to an eppendorf tube where it was shaken overnight
at a temperature of 40 ◦C. The ammonium hydroxide cleaves the oligonucleotides from
the solid support and the content is then filtered away. To separate the PB2000-siDNA
from the free unreacted oligonucleotides a SEC1 was carried out using Sephadex©G-50 and
buffer (150 mM NaCl and 0.01% Azide). The SEC detects the presence of DNA at an
UV2 absorbtion wavelength of 280 nm. This UV sensitivity of the copolymer further leads
to accurate concentration determination (see section 2.3 and 2.5).
The different fractions collected from SEC were then lyophilized overnight in order to
remove the remaining buffer (procedure is explained in section 2.2). As a last step we
dialyzed the product within dialysis cassettes with a MWCO3 of 3500 Da to filter out the
salt of the buffer as well as the remaining ammonium hydroxide from the cleavage step
(concept shown in section 2.4).
The synthesis resulted in 10 mg copolymer. This corresponds to 1 µmol of PB-siDNA
(Mw = 10400 g ·mol) and to a yield of 32%. Note that the actual yield should be higher
due to the fact that we lost some material in the lyophilization process.

2.2 Lyophilization
The basic principle behind lyophilization is to remove the water without loosing the
material. For that purpose we use the fact that the liquid phase of water can be eliminated
upon sublimation from solid to gas phase. First the sample is shock frozen in liquid
nitrogen (77.35 K) and put into a low-pressure chamber at 5 mbar. This can be done
either in a flask or in an eppendorf tube which is centrifuged to support the process.

2.3 Size Exclusion Chromatography
SEC is a liquid chromatography technique which separates solutes from each other depend-
ing on their hydrodynamic volume, this does not involve physical or chemical interactions.
The stationary phase consists of Sephadex©G-50 beads (GE Healthcare, UK) with pore
sizes between 50 µm and 150 µm. The pores in these beads are trapping molecules with
molecular weights between 1500 g ·mol−1 and 30000 g ·mol−1. Larger molecules can not
access some of the pores and exit the column more rapidly. Smaller molecules penetrate
into more of the porous structure and elute at longer retention times. It is this filtration
effect which causes separation by size.

1 Size Exclusion Chromatography
2 Ultraviolet
3 Molecular Weight Cut-Off
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2.3.1 Gel Permeation Chromatography
GPC1 is a separation technique to determine the molecular weight and the PDI2 of polymers
[33]. To determine the molecular weight, a series of standards of known molecular weight
is analyzed. The retention time for these standards is used to create a calibration curve.
With its help, the retention time for an unknown material can then be determined based on
the retention volume at which it elutes. The results of this analysis are typically displayed
as the molecular weight distribution and due to that we can estimate the PDI.
We used GPC to determine the molecular weight and the PDI of the PB-PEG block
copolymer. As a standard we used poly(butadiene) in chloroform to create the calibration
curve (see appendix A). The setup is using a refractive index detector and according to
that the resulting data is given as intensity versus volume.

2.3.1.1 Sample Preparation

Since the column is chloroform driven, the polymer has to be dissolved in the same solvent.
We work with a concentration of 4 mg · m`−1 and prepare usually about 2 m`. This
solution is shaken overnight to ensure that all the material is dissolved properly. The
content is then transferred into a syringe and filtered. The first about 0.5 m` are trashed
to get rid of dust particles or impurities which are coming from the filter and/or the
syringe. The remaining solution of ∼ 1.5 m` is then filtered into a GPC vial and is ready
to be measured.

2.4 Dialysis
Dialysis is an easy and straight forward way to purify copolymers with a sample recovery
of more than 95% [20]. The dissolved material is added to dialysis cassettes purchased
from Slide-A-Lyzer Dialysis Products, Thermo Fisher Scientific, USA.
By adding the copolymer solution into the cassettes, the solution is only separated from
the surrounding doubly distilled water via a semi-permeable membrane with a suitable
molecular weight cut-off. This technique allows the water to diffuse into the dialysis cell
to decrease the concentration of small particles with a Mw lower than the MWCO of
the permeable membrane. This is achieved by diffusing out to sustain equilibrium of the
overall dissolved particles without lowering the concentration of the copolymers inside the
dialysis cell. To increase the efficiency the water is exchanged several times during the
dialysis process which takes around 24 hours.

2.5 UV/Vis Spectroscopy
The basic concept behind UV/Vis spectroscopy is the law of Beer-Lambert which relates
the absorption of light to the properties of the material through which the light is traveling.

1 Gel Permeation Chromatography
2 Polydispersity Index
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Figure 2.2: Beer-Lambert absorption of a beam of light as it travels through a cuvette.

The transmission T is a function of the intensity before I0 and after I passing the sample.
This can also be rewritten as a function of the absorbtion coefficient α and the path length
d.

T = I

I0
= e−αd (2.1)

In the experimental setup the absorbance A as a function of the wavelength λ is measured.
Due to this the law of Beer-Lambert turns into its linear form:

A = − ln
(
I

I0

)
= αd = εcd (2.2)

The absorbtion coefficient α can be rewritten as the product of molar absorptivity ε and
the concentration c of the absorbing species in the material.

2.5.1 Sample Preparation
Usually a series of dilutions in doubly distilled water until 1/256 of the stock is prepared.
These dilutions are then irradiated by UV light inside a quartz cuvette with a path length
d of 1 cm. Since the absorbtion maximum of DNA lies at about 260 nm, we measured the
absorbtion between 220 nm and 340 nm.

2.6 Fourier Transform Infrared Spectroscopy

FTIR1 is an absorbance method which uses a spectrophotometer to examine the energy
retained at each wavelength, typically between 4000 cm−1 and 670 cm−1. Using FTIR
measurements we are able to predict the configuration of the synthesized polymer [33].
Sample analysis was performed using a FTIR 8400 equipment from Shimadzu Scientific
Equipments in the institute of inorganic chemistry. The measurements were performed
using either air or poly(butadiene) to set the background prior to analysis. All spectra
were recorded after 32 scans with a resolution of 2 cm−1.

1 Fourier Transform Infrared Spectroscopy
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2.7 Circular Dichroism Spectroscopy

CD1 is a spectroscopic method in which the differential absorption of left- and right-handed
circularly polarized light is monitored. With this information the determination of the
structure of a macromolecule is possible, including the secondary structures of proteins and
the conformation of nucleic acids [16]. CD is reported in units of absorbance or ellipticity.
The ellipticity θ is measured in mdeg and should be converted into molar ellipticity with
the unit deg · cm2 · dmol−1.

2.8 Light Scattering
Light scattering is a powerful technique to characterize polymers [33]. Scattering results
from the interaction of the electrons in the molecules with the oscillating electric field
of radiation. The particle-wave duality of Einstein and de Broglie shows that light can
interact with matter differently. In light scattering we measure a dilute solution of small
particles at different concentrations and different angles.
If we measure light scattering we usually differentiate two major methods.

• SLS2 is a technique used to get information about small particles such as radius of
gyration, molecular weight and the second virial coefficient.

• DLS3 measures the variation of scattered light with time. This gives information about
the brownian motion of the molecules, characterized by their diffusion coefficient.

The light scattering setup used is consisting of a laser with a wavelength of λ = 632.8
nm, two mirrors, a sample holder and a photodetector which can be positioned in a range
between 30◦ and 150◦. The detector is connected to a computer which controls, records
and analyzes the whole process.
In the next section the basic data analysis and some of the theory behind DLS and SLS is
shown. We did not go into details since this was reported in my project thesis [24].

2.8.1 Charge Effects
Since we work with charged systems (i.e. DNA), also called polyelectrolytes, which are
more difficult to handle both in water and in organic solvents due to long-range coulomb
interactions between the scattering solute particles, these interactions may influence the
experimental results in dynamic light scattering measurements [21, 23, 26, 27]. One
common solution to this problem is to screen the disturbing coulomb interactions by
adding salt. The addition of counter-ions then leads to electrolyte friction and the diffusion
coefficient can strongly depend on the salt concentration [10]. Salt-free polyelectrolytes
usually show a larger diffusion coefficient and therefore, the hydrodynamic radius becomes
smaller.

1 Circular Dichroism
2 Static Light Scattering
3 Dynamic Light Scattering
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2.8.2 Data Analysis

2.8.2.1 Static Light Scattering

In SLS we assume scattering from dilute solutions with comparatively small particles. This
can be expressed by the following equation, where K is an optical constant, R the rayleigh
ratio, c the concentration of the solute, M the molar mass, q the scattering vector, Rg the
radius of gyration and A2 the second viriral coefficient.

Kc

R
= 1
M
·
(

1 +
q2R2

g

3

)
+ 2A2c (2.3)

It gives the concentration and angle dependance of the quantity Kc
R . Thus the molar mass

of the solute can be determined by extrapolation of experimental KcR data to c = 0 and
q = 0.
Since we are not only measuring at different concentrations but also at different angles, we
also extrapolate to zero angle and can determine the weight average molecular mass Mw.(

Kc

Rθ

)
θ,c→0

= 1
Mw

(2.4)

where Rθ is the measured value of R at the scattering angle θ (i.e. including the effects of
size). From the weight average molecular mass we can also derive the radius of gyration
Rg.

Rg =
√

3 ·Mw · SKc
Rθ

(2.5)

where SKc
Rθ

is the average slope of KcRθ versus the angle.

2.8.2.2 Dynamic Light Scattering

For exact data analysis the decay time τ in ms was monitored at every angle and
concentration. By calculating q = 4πn

λ · sin( θ2) using λ = 6.328 · 10−7 nm and n = 1.332,
the average slope D = 1

q2τ of every concentration could be calculated. D was then plotted
and extrapolated to zero concentration by linear regression to get D0. The hydrodynamic
radius can be calculated according to equation 2.6.

Rh = kBT

6πη0D0
(2.6)

where kB = 1.381 · 10−23 J ·K−1, T = 293 K and η0 = 1.0027 · 10−3 Pa · s.
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2.8.2.3 The ρ-Factor

The so-called ρ-factor is an experimental quantity derived from combining the particle size
characteristics determined from static and dynamic light scattering measurements. The
ρ-ratio provides an important indication of the scattering particle morphology, especially
for comparatively small particles with sizes between 10 nm and 100 nm.
The ρ-factor is simply defined by the ratio between the radius of gyration Rg derived from
SLS and the hydrodynamic radius Rh derived from DLS.

ρ = Rg
Rh

(2.7)

Theoretically calculated values of ρ-ratios for the most important particle morphologies
[17] are shown in table 2.1.

Morphologies ρ-ratio
Homogeneous Sphere 0.775
Hollow Sphere 1
Ellipsoid 0.775-4
Random Polymer Coil 1.505
Cylinder of Length l, Diameter D 1√

3 · ln
(
l
D
− 0.5

)
Table 2.1: ρ-ratio for the most-typical particle morphologies

2.8.3 Sample Preparation
All the samples used for light scattering were dissolved or diluted in doubly distilled water.
To get an accurate measurement, about six different concentrations were prepared. The
stock solution between 1 mg ·m`−1 and 2 mg ·m`−1 was diluted to fractions of 1/2, 1/4,
1/5 1/8 and 1/10. Before measuring, the sample solution was centrifuged for 15 minutes at
4000 RPM1 in order to sediment dust particles.

2.8.3.1 Solvent Displacement

Solvent Displacement is a technique to induce the self-assembly of amphiphilic block
copolymers which are not soluble in water. The polymer is dissolved in an organic solvent
like THF2, in order to achieve a concentration of 40 mg ·m`−1. 250 µ` of this solution
were then added drop wise and very slowly to 5 m` of doubly distilled water under stirring
to obtain a 2 mg ·m`−1 copolymer concentration. Adding the stock solution is displacing
the THF by H2O. The copolymers organize themselves driven by hydrophobic interactions
and form self-assembled structures such as vesicles or micelles. This technique was applied
only for PB-PEG since PB-siDNA self-assembles spontaneously in water.

1 Rounds per Minute
2 Tetrahydrofuran
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2.8.4 Measurement

2.8.4.1 Dynamic Light Scattering

For DLS it is not necessary to measure a standard or a blank, also the concentration has
not to be known absolutely but relatively. The samples with different concentrations were
measured at different angles between 30◦ and 150◦ in steps of 20◦ for 5 minutes each.

2.8.4.2 Static Light Scattering

Since the sample is placed in a toluene bath, the scattering of a toluene sample has to
be measured to aligne the setup and as a standard for the software. Subsequently, the
data for the solvent as a blank sample was recorded. Finally, the samples with different
concentrations were measured at different angles between 30◦ and 150◦ in steps of 10◦ for
30 seconds each. Note that the software requires the concentration as well as the refractive
index increment of the solute in order to start a measurement.

2.8.4.3 Specific Refractive Index Increment

The refractive index increment was measured within concentrations between 0.1 mg ·m`−1

and 1 mg ·m`−1. The sample was placed in a two-cell chamber divided by a 45◦-glass wall
with the solvent in the other chamber. First, the solvent was measured as reference and
then the samples were exchanged into one of the two chambers of the cell with increasing
concentration. The computer program provides the n − nref -values and the refractive
index increment can be determined by the slope of a linear regression of the function
(n− nref ) (c).

2.9 Transmission Electron Microscopy

TEM1 is a microscopy technique whereby a beam of electrons is transmitted through an
ultra thin specimen, interacting with the specimen as they pass through [25]. An image
is formed from the interaction of the electrons transmitted through the specimen. The
maximum resolution d is theoretically dependent on the wavelength λ and the numerical
aperture NA of the system (see equation 3.2).

d = λ

2 · n · sinα ≈
λ

2 ·NA (2.8)

Compared to light microscopes with wavelengths between 400 nm and 700 nm a TEM is
able to achieve a much higher resolution due to the much smaller de Broglie wavelength of
electrons. With high resolution TEM it is possible to see atoms which are separated from
each other only 0.78 Å, this at a magnification of 50 million times [1].

1 Transmission Electron Microscopy
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Figure 2.3: Scheme of a typical transmission electron microscope. Note that the sample
is placed in between the electron beam.

The setup of a TEM is very similar to a light microscope (see figure 2.3). It consists
of an emission source, which is a tungsten filament in our case, this part is also called
electron gun. By connecting this filament to an HV1 source the gun will, given sufficient
current, begin to emit electrons into the vacuum. Once extracted, the upper lenses of
the TEM allow for the formation of the electron probe to the desired size and location
for subsequent interaction with the sample. Typically a TEM consists of three stages of
lensing. The stages are the condenser lenses, the objective lenses, and the projector lenses.
The condenser lenses are responsible for primary beam formation, whilst the objective
lenses focus the beam down onto the sample itself. The projector lenses are used to expand
the beam onto the phosphor screen or the other imaging device.
Imaging systems in a TEM consist of a phosphor screen for direct observation by the
operator. Optionally, an image recording system can be inserted into the beam path as
required.

2.9.1 Sample Preparation
There are several methods to prepare the samples for TEM depending on the sample
thickness. It is necessary to have a very thin film on the grid, which is exposed to the
electrons, in order to let them through the sample. We used negative staining to intensify
the contrast. Therefore the samples were treated with uranyl acetate, which contains
heavy, radioactive atoms to scatter the electrons better. Negative staining is often used
for imaging biological materials.

1 High Voltage
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2.10 Atomic Force Microscopy

AFM1 is one of the most powerful tools for determining the surface topography of native
bio-molecules at subnanometer resolution and was invented by Binnig, Quate and Gerber
in 1986 [3].
Tapping mode AFM analysis of the samples was performed using a Nanoscope IIIa
D3000 from Digital Instruments with silicon cantilever from Veeco (phosphorous doped Si,
f = 272− 318 kHz, k = 20− 80 N ·m−1). Different areas of the samples were imaged.
All experiments were done in air at room temperature.

2.10.1 Sample Preparation
Polished silicon wafers were cut into pieces of approximately 1×1 cm2. To clean the surface
we used chloroform rinsing as a water-free non-destructive method. The silicon wafers
were cleaned 3 times ultrasonically in chloroform for 15 minutes, rinsed with chloroform 3
times. To reveal hydroxyl groups onto the surface of some samples, they were activated in
a UV/ozone chamber (UVO-cleaner, model 42-220, Jelight Company Inc. USA) during
15 minutes. For each sample we used 20 µ` of 1 mg ·m`−1 PB-siDNA in doubly distilled
water .

2.11 Scanning Electron Microscopy

SEM2 is a special form of electron microscopy. The sample is irradiated by an electron
beam and the dislodged secondary electrons are attracted by a positively charged grid,
where they are translated into a signal. By scanning the surface of the sample, an image
is generated.
All measurements were performed on a Hitachi S-4800 SEM with a cold field emission
electron source in the Zentrum Mikroskopie der Universität Basel. In order to have an
electrically conducting surface all samples were sputtered with a platinum layer of 5 nm.

2.12 Confocal Laser Scanning Microscopy

CLSM3 is a special line of microscopes [6]. We used a LSM 510 Meta produced by Carl Zeiss
AG, Germany which is an inverted confocal laser microscope. With this technique we are
able to record transmission as well as fluorescence micrograph images of the specimen at
the same time. The fluorescence signal from Alexa488-labeled copolymers, was registered
upon emission at 488 nm wavelength with 505 nm to 550 nm emission filters (green
channel) using a 40x C-Apochromat water-immersion objective.

1 Atomic Force Microscopy
2 Scanning Electron Microscopy
3 Confocal Laser Scanning Microscopy



2.13 THP-1 Cells 13

2.13 THP-1 Cells
The cell line used for the growth experiments and to test the cytotoxicity of PB-siDNA
was the THP-1 cell line, a human acute monocytic leukemia cell line [31] obtained from
the university hospital in Basel. The THP-1 cell line was cultured in RPMI 1640 medium
(GIBCO, Invitrogen) containing 1m` non-essential amino-acids, 1m` penicillin-streptacide,
1 m` sodium pyruvate, 100 µ` of β-mercaptoethanol and 10% FCS per 100 m` medium, in
a 5% CO2 humidified atmosphere at 37 ◦C. After reaching confluence which takes about a
week, cells were passaged in a split ratio of 1:5 and 1:10. After a 24 hours recovery period,
THP-1 cells were incubated with various concentrations of self-assembled PB-siDNA or
PB-PEG in doubly distilled water (see section 3.3). All experiments were performed in
12-well plates with cells between passages 15 and 19.



CHAPTER 3
Results and Discussion

3.1 PB2000-siDNA
Before using PB-siDNA for cell experiments we have to ensure the linking of the two
blocks as well as characterize the self-assembled structure. For that purpose we performed
several chemical and physical characterizations.

3.1.1 Characterization of the Chemical Structure

3.1.1.1 Fourier Transform Infrared Spectroscopy

As described in section 2.6, FTIR can predict the structural conformation of a polymer.
In our case this method was mainly used to confirm the linkage of the two blocks via
the amide bond. For that reason spectra of the nucleotide-based block copolymer were
recorded using air or PB as background to see if the bands for PB as well as the ones
for oligonucleotides are present. The comparison of these two measurements confirms
the presence of PB. To ensure that the coupling of the two blocks took place, a band at
around 1530 cm−1 for the NH-C=O vibration must be seen [4].
Although the guanosine has as well an amide function in its structure we can neglect
it. This follows from the fact that the guanosine is a lactam which does not appear in
FTIR spectra but rather corresponds to aromatic resonance structures. This leads to the
conclusion that the peak at 1530 cm−1 is a very important criteria for the linking process
even if guanosine is present. In figure 3.1 the peak at 1530 cm−1 can be observed as well
as the other peaks defining the oligonucleotides present in the copolymer. This indicates
and confirms the successful coupling reaction.

14
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Figure 3.1: FTIR spectrum of PB-siDNA with PB background. Indicated in red is the
absorbance band of NH-C=O which confirms the successful coupling of the two different
blocks.

In table 3.1 the major peaks defining our copolymer are summarized. The bands at 1530
cm−1 and 1634 cm−1 are defining the amide bond whereas the bands between 1137 cm−1

and 854 cm−1 confirm the presence of the sugar backbone from the siDNA.

wavenumber [cm−1] vibration
1634 νC=O (for secondary amides)
1530 δN−H

1137 νP=O in (R-O)2-PO2 upper band
973 νP=O in (R-O)2-PO2 lower band
933 νP−O in (R-O)2-PO2 upper band
854 νP−O in (R-O)2-PO2 lower band

Table 3.1: FTIR vibration bands an their corresponding wavenumber for PB-siDNA

3.1.1.2 Circular Dichroism Spectroscopy

A CD spectra of our copolymer (0.15 mg ·m`−1 in doubly distilled water) was recorded
in comparison to PIB-A5G7, another copolymer synthesized in our group. As figure 3.2
shows, the spectrum of PB-siDNA is not similar but comparable with the one of PIB-A5G7.
This is what we estimate due to the fact that they do not have the same DNA sequence
and length. One effect of different DNA sequences is a shift in wavelenth which can be
observed in figure 3.2. Still we see that the shape of the CD spectra looks as expected for
DNA structures in its A-form with its chiral centers and the right handed helix [16]. This
further confirms the presence of DNA with a secondary structure. Note that our sequence
is not self-hybridizing as assessed with OligoCalc [14].



3.1 PB2000-siDNA 16

Figure 3.2: CD spectrum of PB-siDNA in comparison to the one of PIB-A5G7.

3.1.2 Characterization of the Self-Assembled Structure

3.1.2.1 UV/Vis Spectroscopy

UV/Vis spectroscopy was performed with dilution of 1/8 to 1/256 from a stock solution of
1 mg ·m`−1 of PB-siDNA in doubly distilled, filtered water. The absorbtion maximum
for DNA lies at around 260 nm depending on the composition of the different nucleotides
in the measured sequence [5]. The measurement (see figure 3.3) results in an absorbtion
maximum at 256 nm. If we compare this with generated data of our sequence (see
figure 3.4) we see the same absorbtion maximum [30]. This confirms the presence of our
oligonucleotide sequence.

Figure 3.3: UV/Vis absorbtion spectrum of PB-siDNA shows an absorbtion maximum at
256 nm.
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Figure 3.4: UV/Vis absorbtion spectrum of PB-siDNA compared to data specifically
generated for our sequence by the IDT Biophysics website [30]. Both spectra show an ab-
sorbtion maximum at 256 nm. This confirms the presence of bound nucleotides in our
copolymer.

Using OligoCalc a Biotool which calculates properties of oligonucleotides based on their
nucleotide sequence and UV/Vis absorbtion maximum [14], we could estimate the concen-
tration as well as the mass of siDNA present in our solution. These results are listed in
table 3.2. Note that the concentration can also be applied to our copolymer but not the
mass which counts only for the siDNA itself.

Dilution Max. Absorbtion Conc [µmol] Mass [µg]
1/8 2.4313 9.580 63.1

1/16 1.3943 5.494 36.2
1/32 0.7064 2.783 18.3
1/64 0.3819 1.505 9.9

1/128 0.1824 0.719 4.7
1/254 0.0833 0.328 2.2

Table 3.2: UV/Vis absorbtion maxima, concentrations and masses for PB-siDNA
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3.1.2.2 Scanning Electron Microscopy

To confirm the self-assembly of the polymers in solution, samples of PB-siDNA have been
analyzed with SEM.

Figure 3.5: SEM pictures of PB-siDNA at different magnifications.

Samples for SEM were prepared using the method described in section 2.11 and 2.10.1.
The results, shown in figure 3.5, are not very easy to interpret, because the copolymer was
forming aggregates. Further, the sputtering of the sample with platinum was making some
problems due to the fact that the machine was not working properly. The little dots and
cracks are coming from this sputtered surface and we are not sure how much the samples
were affected by this process.
Despite all that, we can make some assumptions regarding the polymer size and shape.
From the lower right image we can estimate a radius of approximately 30 nm for one
self-assembled structure. Due to this we can assume vesicular structure but this cannot be
confirmed by the picture itself, it is more an estimation from experience.
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3.1.2.3 Atomic Force Microscopy

Since the SEM pictures were not very meaningful, we decided to image the self-assembled
PB-siDNA also with tapping mode AFM. The samples were prepared as described in
section 2.10.1.

(a) (b)

(c) (d)

Figure 3.6: AFM height images of PB-siDNA on silicon and mica. (a) shows PB-siDNA
on SiO2 substrate, (b) shows PB-siDNA on SiO2 substrate after rinsing with H2O, (c)
shows PB-siDNA on SiO2 substrate which was activated with UV and (d) shows PB-siDNA
on mica.

In Figure 3.6, the self-assembled PB-siDNA displays distinct morphologies of spherical
structures regardless of substrate used.
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Looking at the phase picture 3.7, we can make better assumptions on the structure.
Phase imaging goes beyond simple topographical mapping and can detect variations in
composition, adhesion, friction, viscoelasticity, and perhaps other properties. Applications
include identification of contaminants, mapping of different components in composite
materials, and differentiating regions of high and low surface adhesion or hardness.

Figure 3.7: AFM phase images of PB-siDNA on SiO2 substrate. Phase information leads
to the conclusion that the self-assembled structures are vesicles.

Image 3.7 leads to the conclusion that we have self-assembled vesicles due to the fact
that we can see a change in phase if we scan over an individual spherical structure which
corresponds to the cavity inside the vesicle.
Further, we can estimate the size of the vesicles by looking at a section of the height image.
In figure 3.7 two sections through self-assembled structures are shown.

(a)
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(b)

Figure 3.7: Sections of AFM height images with PB-siDNA (a) shows PB-siDNA on SiO2
substrate and (b) shows PB-siDNA on SiO2 substrate after rinsing with H2O.

The sections show an elliptic shape of the self-assembled structure. Since the vesicle is
adhered onto a surface we can assume deformation of the shape due to the deposition.
Both sections indicate a size of a = 200 nm in length and b = 25 nm in height. With these
two values we can calculate the circumference of the ellipse by the equation of Ramanujan.

C ∼=
(
a

2 + b

2

)
· π ·

(
1 + 3λ2

10 +
√

4− 3λ2

)
(3.1)

where λ = a−b
a+b . This leads to a circumference of 410 nm which further yields in a radius

of approximately 65 nm for a hollow sphere.

3.1.2.4 Dynamic Light Scattering

DLS was performed according to section 2.8 and we induced self-assembly of PB-siDNA
by dissolving in doubly distilled water. The extrapolation to zero concentration shown
in figure 3.8 yields in the diffusion coefficient D0. Due to the extrapolation to zero
concentration the concentration has not to be known absolutely but relatively.
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Figure 3.8: Extrapolation of D0 to zero concentration for PB-siDNA. The extrapolation
yields in a value of 2.42 · 10−12 m2

/s for D0.

The value of 2.42 · 10−12 m2/s for D0 and equation 2.6 allows the calculation of the
hydrodynamic radius Rh of 88± 11 nm for an individual vesicle.

Rh ±∆Rh [nm] ∆Rh [%]
88± 11 12

Table 3.3: DLS results for PB-siDNA

A comparison of the hydrodynamic radius to other types of radii can be shown using
lysozyme as an example (figure 3.9). Rh is the hydrodynamic radius, Rg the radius of
gyration, RM is the equivalent radius of a sphere with the same mass and particle specific
volume as lysozyme, and RR is the radius established by rotating the protein about the
geometric center.

Figure 3.9: Comparison of hydrodynamic radius Rh to other radii for lysozyme.

From this figure we can see very clearly, that Rh is expected to be bigger than RM , the
hypothetical radius for a hard sphere because it includes both solvent (hydro) and shape
(dynamic) effects. Further, we have to take the effect of electrostatic interactions for DLS
into account which tend to result in a smaller Rh (see section 2.8.1). Thus, the radius
gained from AFM (RM ) can be compared with the one from DLS (Rh).
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3.2 PB2000-PEG
This polymer is consisting out of a poly(butadiene) and a poly(ethylene-glycol) block
(PEG is the name used by biologists whereas the chemists call it PEO1. We will stick to
the biologists nomenclature due to the fact that we use it for cell experiments). It was
produced by the group of Axel Müller in Bayreuth. These PB-PEG polymers are highly
pure and already briefly analyzed. We decided to characterize it further in order to use it
as a biologically inert system for the cell experiments (see section 3.3).
The group of Axel Müller already delivered some information about the polymer: According
to their calculations the copolymer has a Mn of 6100 g ·mol−1 with 40% PEG and a PDI
of 1.06. Due to that we can say that the poly(butadiene) part has the same length as
our PB2000 part used for the synthesis of PB-siDNA (see section 2.1). To confirm the
molecular weight as well as the PDI, we performed GPC and to make estimations about
the self-assembled structure we performed DLS/SLS and TEM.

3.2.1 Characterization of the Chemical Structure

3.2.1.1 Gel Permeation Chromatography

As explained in section 2.3.1, GPC is used to calculate the different molecular weights
and the PDI. Self-assembly was induced by the solvent displacement method (see section
2.8.3). For GPC it was dissolved in chloroform and measured using poly(butadiene) as a
standard (for the calibration data of PB in chloroform see appendix A).

Figure 3.10: GPC data for PB-PEG with the optimized data shown in red.

Due to the optimized data gained from fitting the GPC raw data we can determine the
molecular weight and the PDI.

1 Poly(Ethylene-Oxide)
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Mn [g/mol] Mw [g/mol] PDI
6490.94 6717.16 1.03

Table 3.4: GPC results for PB-PEG with PB standard

The characterization made by the group of Axel Müller resulted in a Mn of 6100 g ·mol−1

and a PDI of 1.06 which is confirmed with our result although it differs a bit. One of the
reasons is that it is not very easy to find an appropriate calibration standard for PB-PEG.
Working with PEG standards give us other results than with PB standards.

3.2.2 Characterization of the Self-Assembled Structure

3.2.2.1 Dynamic Light Scattering

Preparation of the samples for DLS was performed using the solvent displacement method
(see section 2.8.3). Figure 3.11 shows the extrapolation to zero concentration which
yields the diffusion coefficient D0. Due to the extrapolation to zero concentration the
concentration has not to be known absolutely but relatively.

Figure 3.11: Extrapolation of D0 to zero concentration for PB-PEG. The extrapolation
yields in a value of 3.63 · 10−12 m2 · s−1 for D0.

The value of 3.63 · 10−12 m2 · s−1 for D0 with equation 2.6 allows the calculation of the
hydrodynamic radius Rh.

Rh ±∆Rh [nm] ∆Rh [%]
59± 4 6

Table 3.5: DLS results for PB-PEG
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3.2.2.2 Static Light Scattering

Preparation of the samples for SLS was performed using the solvent displacement method
(see section 2.8.3). Before measuring SLS the specific refractive index increment of PB-PEG
was measured (see section 2.8.4.3).

dn
dc
±∆ dn

dc
[m` · g−1] ∆ dn

dc
[%]

0.91± 0.02 2

Table 3.6: Refractive index increment for PB-PEG

Figure 3.12 shows the extrapolation of KcRθ to zero concentration which yields the weight
average molecular mass Mw of the self-assembled structure.

Figure 3.12: Extrapolation of KcRθ to zero concentration for PB-PEG.

The value of 3013923 g ·mol−1 for Mw with equation 2.5 allows the calculation of the
radius of gyration Rg.

Rg ±∆Rg [nm] ∆Rg [%]
80± 2 3

Table 3.7: SLS results for PB-PEG

Having both, the radius of gyration and the hydrodynamic radius we are able to compare
them and make assumption about the morphology of PB-PEG via calculating the ρ-factor.
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3.2.2.3 ρ-factor

The ρ-value for PB-PEG is calculated with equation 2.7.

ρ = Rg
Rh

= 1.35 (3.2)

According to table 2.1 a hollow sphere has a ratio of 1. In the case of PB-PEG in doubly
distilled water the ρ-ratio indicates that the shape is a little elliptic. Also it could be an
effect of a polydisperse sample but a PDI of 1.03 (see table 3.4) neglects that. TEM images
of the self-assembled structure (see figure 3.13) confirm the presence of hollow spheres.

3.2.2.4 Transmission Electron Microscopy

For PB-PEG we performed TEM to confirm the presence of self-assembled vesicles. The
samples were prepared using the method described in section 2.9.1 and are shown in figure
3.13.

Figure 3.13: TEM pictures of PB-PEG.

The image verifies the formation of self-assembled vesicles but since they are crowded we
cannot make reliable assumption about the asymmetry of the shape.
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3.3 Preliminary Biological Assays
Once we characterized PB-siDNA, in order to develop applications for biological systems it
is necessary to study whether this polymer-modified oligonucleotide sequence induces any
toxic effects. Since we used a DNA sequence which plays a role in the back-fusion process
involved in viral capsid release [19], we hope to see some effects on the growth of the
cells as well as in the cytotoxicity assays. To compare the influence of PB-siDNA on cells
with a biologically inert system, we used PB-PEG which was used for cell studies before
[18]. For all the cell experiments we used the THP-1 human acute monocytic leukemia
cancer cell line with distinct monocytic markers [31]. These well studied cells are used
to test leukemia cell lines in immunocytochemical analysis of protein-protein interaction,
and immunohistochemistry. Further, they can be differentiated into macrophage-like cells
which is especially interesting for internalization studies [31].

3.3.1 Growth Study
First, a simple growth study of THP-1 cells with additives was performed (see section
2.13). To a 4 m` colony with starting concentration of 325000 cells ·m`−1 we added 500
nM PB-siDNA or 500 nM PB-PEG respectively in 100 µ` doubly distilled water. As
a control we used a 4 m` colony with starting concentration of 325000 cells ·m`−1 and
added 100 µ` doubly distilled water. The cells were counted every 24 hours for 5 days
using the Neubauer improved assay. The experiments were prepared in two wells each and
counted twice per well and day in order to evaluate the accuracy and reproducibility. In
figure 3.14 we see the cell growth of THP-1 over a time frame of 120 hours.

Figure 3.14: THP-1 cell growth study with 500 nM PB-siDNA and 500 nM PB-PEG
as additives. The concentration of cells with PB-siDNA as an additive is increasing slower
compared to the control and to PB-PEG.



3.3 Preliminary Biological Assays 28

The concentration of cells with PB-siDNA as an additive is increasing slower compared to
the ones with PB-PEG and to the control, this could indicate a certain effect from the
cytotoxicity of PB-siDNA. Each data point is the mean of the four different values gained
from the experiment, the error bars were calculated using standard deviation. In order to
have a better overview we repeated the calculation at four different concentrations with
both copolymers PB-siDNA and PB-PEG (see figure 3.15).

3.3.2 Bio-Compatibility Assays
The cytotoxicity of PB-siDNA and PB-PEG was evaluated in vitro. For that purpose
THP-1 cells were incubated with medium containing vesicles at four different concentration
(2 µM , 1 µM , 500 nM and 100 nM). We used a total of 18 wells to determine the
cytotoxicity of the two copolymers, two for each concentration of either copolymer and two
for the control. Each well contained 4 m` cells in medium with a starting concentration of
328250± 39400 cells ·m`−1. To each well we added 100 µ` of additive in doubly distilled
water with the corresponding concentration. To ensure that the control has the same
starting conditions, we added 100 µ` of doubly distilled water without additive.
The cytotoxicity of the polymer-modified oligonucleotides was determined by a viability
quantitative assay. In this assay, one calculates the relation between the total number of
cells and the number of non-viable ones. The comparison with a control sample without
additive will provide a good indication of the cytotoxicity of the tested material. In order
to differ between dead and alive cells, trypan blue, a common dye which permeates the
membrane of dead cells, turning them blue, was used.
Each well was counted twice every 24 hours for five days using the Neubauer improved test.
This leads to a total of 2× 2 independent values for each concentration and additive per
day. From these four different values the error was calculated using standard deviation.

Total Cells Viable Cells Non-Viable Cells Non-Viable Cells Error
[Mio cells/m`] [Mio cells/m`] [Mio cells/m`] [%] [%]

1.842 1.793 0.049 3 0.5

Table 3.8: Cytotoxicity results for the control

PB-siDNA Conc Total Cells Viable Cells Non-Viable Cells Non-Viable Cells Error
[µM ] [Mio cells/m`] [Mio cells/m`] [Mio cells/m`] [%] [%]

2 1.626 1.552 0.074 5 0.4
1 1.574 1.496 0.078 5 0.6

0.5 1.515 1.439 0.076 5 0.6
0.1 1.367 1.298 0.069 5 0.5

Table 3.9: Cytotoxicity results for PB-siDNA
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PB-PEG Conc Total Cells Viable Cells Non-Viable Cells Non-Viable Cells Error
[µM ] [Mio cells/m`] [Mio cells/m`] [Mio cells/m`] [%] [%]

2 1.813 1.741 0.072 4 0.9
1 1.833 1.762 0.071 4 0.8

0.5 1.773 1.703 0.070 4 0.6
0.1 1.825 1.763 0.062 3.5 0.7

Table 3.10: Cytotoxicity results for PB-PEG

The results shown in tables 3.8, 3.9 and 3.10 are all data gained after 120 hours of
incubation with the corresponding additives. One can conclude that these experiments
evidenced a very low cytotoxicity for both copolymers since no visible increase in the
percentage of non-viable cells can be perceived.
To have a closer look at the concentration dependance, we performed an additional growth
study of THP-1 cells which shows the amount of viable cells present in the wells after 120
hours of incubation. The data can be seen in figure 3.15 (for raw data see appendix B).

Figure 3.15: THP-1 cell growth study with PB-siDNA and PB-PEG as additives in differ-
ent concentrations. The concentration of cells with PB-PEG was not effected much whereas
the cell concentration with PB-siDNA is decreasing with increasing additive concentration.

The observation that the PB-siDNA is reducing the cell growth of THP-1 cancer cells
without being toxic is very interesting. If the self-assembled PB-siDNA is only targeting
cancer cells and has no toxic effect on other (i.e. healthy) cells lines, one could think of
using them for cancer therapy. Further experiments (i.e. with other cell lines) are still
necessary in order to clarify if only the growth of cancer cells is affected.
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3.3.3 Internalization Studies
Since the biologically active PB-siDNA does not induce cell death but reduces the growth,
it is important to understand how it influences the cells. For this purpose studies to assess
if the self-assembled structures were internalized by the THP-1 cells, were performed.
This can indicate reasons for the reduced cell growth induced by PB-siDNA but is also
an important feature if one wishes to develop a carrier system. In order to resolve this
point, further studies with THP-1 cells were performed to determine if PB-siDNA could
be uptaken. THP-1 cells were chosen due to their ability to differentiate into macrophages
which show a high internalization ability [31].
Figure 3.16 shows that after incubation some structures can be observed inside the cells.
These structures are probably the result of the internalization process, like phagocytosis
or a recognition-driven uptake, induced by the siDNA sequence. In Figure 3.16d even a
possible ongoing uptake process can be observed.



3.3 Preliminary Biological Assays 31

(a) (b)

(c) (d)

Figure 3.16: THP-1 internalization of alexa488 labeled PB-siDNA self-assemblies, imaged
by CLSM.

PB-siDNA was labeled using alexa488 dye. We induced self-assembly in doubly distilled
filtered water with alexa488 dye. Using this approach the vesicles incorporate the dye. The
remaining alexa488 dye in solution was removed using dialysis cassettes with 3500 MWCO
(see section 2.4). After labeling and purification the THP-1 cells (130000 cells ·m`−1) were
incubated with the PB-siDNA solution for an hour. The samples were then transferred
into a 6-well plate and observed using CLSM (see section 2.12).
The result gained from CLSM, especially image 3.16d, indicates that the self-assembled
polymer was not properly separated from the remaining dye in solution, as one can see by
looking at the fluorescent medium. This was also confirmed by imaging THP-1 cells with
an additive of alexa488 dye in doubly distilled water (data not shown).
In order to purify the labeled polymer solution from the dye, we performed a SEC using
Sephadex©G-50 and buffer with 150 mM NaCl and 0.01% Azide. To remove the salt of
the buffer another dialysis was carried out. The resuling PB-siDNA solution was then
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added to the THP-1 cells and incubated for an hour an observed by CLSM afterwards
(see figure 3.17).

(a) (b)

Figure 3.17: THP-1 internalization of alexa488 labeled and SEC purified PB-siDNA self-
assemblies, imaged by CLSM.

The data shown in figure 3.17 indicates also an internalization of PB-siDNA into THP-1
cells. Compared to figure 3.16 the dye can be observed as individual dots coming most
probably from the labeled PB-siDNA. Unfortunately control experiments of the cells
without additive showed that they are fluorescent active at a wavelength of 488 nm.
Further studies concluded that the THP-1 medium (see section 2.13) is fluorescent at 488
nm and due to that, the data of the internalization study not very meaningful.
In order to avoid this problem one should wash the cells to remove the fluorescent medium.
Due to the lack of time this could not be performed.



CHAPTER 4
Conclusion and Outlook

This master’s thesis presents a solid phase synthesis of a biologically active nucleotide-based
block copolymer according to Teixeira et al. [13]. As the hydrophilic biologically active
segment we used a DNA sequence (3’-AACTGAGATGGCGGATGAAGG-5’) reported by
Luyet et al. [19] which is necessary for infection by the vesicular stomatitis virus. The
hydrophobic part consists of poly(butadiene), chosen due to its low polydispersity and
terminal modification, which is an essential prerequisite to link the hydrophilic and the
hydrophobic parts via an amide bond.
The characterization of PB-siDNA by FTIR confirmed the amide linkage with absorbtion
bands at 1530 cm−1 (δN−H) and 1634 cm−1 (νC=O). Further, the sugar backbone of
the DNA can be seen very clearly. To determine the concentration of PB-siDNA in
solution UV/Vis spectroscopy was performed at dilution up to 1/254 of stock. An UV
absorbtion maximum at 256 nm is a second independent indication for bound nucleotides
in the copolymer. Additionally, CD spectroscopy proves the presence of bound DNA
with a secondary structure in its A-form with its chiral centers and the right handed
helix [16]. Concentration dependant measurements as well as comparisons with the free
oligonucleotide would be necessary to make further assumptions on the structure with CD
spectroscopy.
The self-assemblies of PB-siDNA were analyzed using DLS, SEM and AFM. SEM images
do not really provide significant results due to bad sputtering and aged samples on which
the copolymer is mainly forming aggregates. AFM on the other hand could prove the
presence of self-assembled vesicles via the phase image, where we could see the cavity
inside the vesicles as a change in phase. A radius RM of 65 nm for an individual structure
was calculated via the circumference of the elliptic shape of PB-siDNA gained from the
height image. DLS results in a Rh of 88 ± 11 nm for an individual vesicle. Since Rh
is expected to be bigger than RM , because it includes both solvent (hydro) and shape
(dynamic) effects, the radius gained from AFM (RM ) can be compared with the one
from DLS (Rh). This should be still applicable if we take the effect of charged systems
into account which usually show a smaller hydrodynamic radius (see section 2.8.1). In
order to ensure the size and the shape of the self-assembled vesicles one should perform
salt-dependant light scattering experiments to neglect charge effects. Further, one could
think of performing SLS to make assumptions on the morphology of the self-assemblies.

33
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In order to compare PB-siDNA with a biologically inert system for cell experiments,
we used PB-PEG and characterized it with GPC, DLS/SLS and TEM. This copolymer
was synthesized in the group of Axel Müller in Bayreuth. GPC was performed with PB
standards in chloroform and yielded in a PDI of 1.03 with a Mn of 6500 g ·mol−1. DLS
yields a Rh of 59 ± 4 nm whereas SLS results in a Rg of 80 ± 2 nm. A ρ-factor of 1.35
indicates an elliptic vesicular structure which is also confirmed by TEM experiments. Thus,
PB-PEG is a very good biologically inert self-assembled structure for the comparison with
PB-siDNA in size as well as in morphology.
Cytotoxicity assays of PB-siDNA and PB-PEG as additives to THP-1 cancer cells indicate
a very low toxicity of 5 ± 0.8 % for PB-siDNA and 4 ± 1 % for PB-PEG respectively,
compared to the control with 3 ± 0.5 % dead/alive cells. Incubation of THP-1 cancer
cells with the biologically active PB-siDNA shows that the growth of THP-1 cells is
reduced compared to PB-PEG and to the control. The observation that the PB-siDNA
is reducing the cell growth of THP-1 cancer cells without being toxic is very interesting.
If the self-assembled PB-siDNA is only targeting cancer cells and has no toxic effect on
other (i.e. healthy) cells lines, one could think of using them for cancer therapy. Further
experiments (i.e. with other cell lines) are still necessary to clarify if only the growth of
cancer cells is affected. Also one could think of using siRNA1 instead of siDNA to induce
RNAi2 and by that, silencing of particular genes [9, 12].

1 Small Interfering RNA
2 RNA Interference
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APPENDIX A
GPC Calibration

lg Mp Mp [g/mol] Volume [m`] Volume2 Volume3 Volume4 Volume5

4.260071388 18200 6.080 36.966400 224.7557120 1366.514729 8308.40955
4.260071388 18200 6.082 36.990724 224.9775834 1368.313662 8322.08369
4.127104798 13400 6.239 38.925121 242.8538299 1515.165045 9453.11471
4.127104798 13400 6.245 39.000025 243.5551561 1521.001950 9498.65717
3.803457116 6360 6.808 46.348864 315.5430661 2148.217194 14625.06266
3.803457116 6360 6.809 46.362481 315.6821331 2149.479644 14635.80690
3.562292864 3650 7.183 51.595489 370.6103975 2662.094485 19121.82469
3.562292864 3650 7.185 51.624225 370.9200566 2665.060607 19148.46046
3.330413773 2140 7.518 56.520324 424.9197958 3194.547025 24016.60453
3.330413773 2140 7.517 56.505289 424.7502574 3192.847685 24000.63605
3.075546961 1190 8.018 64.288324 515.4637818 4132.988603 33138.30262
3.075546961 1190 8.017 64.272289 515.2709409 4130.927133 33117.64283

Table A.1: GPC calibration data for chloroform

A.1 Calibration Constants

A B C D E F
-0.0672688 2.5443690 -38.2002087 284.7298574 -1054.7453830 1559.3695560
0.0141801 0.4950076 6.8955112 47.9140400 166.0778364 229.7290753
0.9999941 0.0014265 #NV #NV #NV #NV

Table A.2: GPC calibration constants for chloroform
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APPENDIX B
Raw Data of the Cell Experiments

Raw data of the experiments with THP-1 cells. The concentration [cells·m`−1] is calculated
using the equation for Neubauer improved, where Nn corresponds to the number of cells
in a quadrant of the counting chamber.

c = N1 +N2 +N3 +N4 +N5
5 · 104 (B.1)

For the cytotoxicity assays the concentration has to be multiplied by two because we count
a solution with equal amounts of Trypan blue and cells.

Table B.1: Raw data of cell counting after 120 hours of incubation
Well N1 N2 N3 N4 N5

control 1a 93 98 100 79 97
control 1b 79 103 91 89 92
control 2a 98 73 79 92 84
control 2b 85 79 87 - 93
2 µM PB-siDNA 1a 63 65 57 104 71
2 µM PB-siDNA 1b 82 71 - 55 93
2 µM PB-siDNA 2b 78 88 93 102 68
2 µM PB-PEG 1a 76 95 83 78 95
2 µM PB-PEG 1b 106 86 98 78 75
2 µM PB-PEG 2a 83 109 78 61 92
2 µM PB-PEG 2b 92 103 93 85 75
1 µM PB-siDNA 1a - 109 75 98 -
1 µM PB-siDNA 1b 73 45 56 - 65
1 µM PB-siDNA 2a 73 58 75 81 71
1 µM PB-siDNA 2b 62 71 73 85 78
1 µM PB-PEG 1a 112 - 106 109 85
1 µM PB-PEG 1b 93 78 112 78 79

continued on next page
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B Raw Data of the Cell Experiments 45

1 µM PB-PEG 2a 46 63 52 78 58
1 µM PB-PEG 2b 93 95 123 120 79
500 nM PB-siDNA 1a Error
500 nM PB-siDNA 1b 63 59 83 72 78
500 nM PB-siDNA 2a 67 78 75 64 68
500 nM PB-siDNA 2b 78 65 78 85 71
500 nM PB-PEG 1a 68 53 68 57 72
500 nM PB-PEG 1b 87 104 97 87 76
500 nM PB-PEG 2a 102 95 90 - 98
500 nM PB-PEG 2b 101 81 93 100 78
100 nM PB-siDNA 1a 65 - 72 56 68
100 nM PB-siDNA 1b 78 56 55 75 48
100 nM PB-siDNA 2a 51 57 70 78 71
100 nM PB-siDNA 2b 75 78 55 54 71
100 nM PB-PEG 1a 98 68 92 92 48
100 nM PB-PEG 1b 81 71 93 78 93
100 nM PB-PEG 2a 78 95 109 98 102
100 nM PB-PEG 2b 78 98 104 78 109
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