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1 Introduction

Since we know that various maladies are attributable to defects in several genes and
the whole human genome has been completely sequenced, the focus on gene therapy

significantly increased (Lio, 2000).

Already in the early 1960’s Szybalska et al. achieved a successful transfer of genetic
material into mammalian cells and until now, more than 900 clinical trials related to

gene delivery have been conducted (Szybalska, 1962; Cotrim, 2008).

Gene therapy offers new possibilities for the treatment of various diseases such as

cystic fibrosis, x-SCID, B—thalassemia and cancer (Matissek, 2011).

8.2 million cases of death in 2012 were caused by cancer and the incidence rate seems
to be increasing rapidly. Therefore it is among the most abundant causes of morbidity
and mortality (http://www.who.int/mediacentre/factsheets/fs297/en/, 2016). Cancer is

considered a genetic disease. Only about 1% of the cases have a hereditary genesis.

Two essential properties determine cancer, namely the ability of proliferation and
metastasis (Klug, 2012). These characteristics are mainly based on an accumulation
of genetic alterations, in contrast to monogenic diseases where just one mutation in
one specific gene leads to pathogenesis. Such mutagenic events mostly occur in
tumour-suppressor genes, oncogenes and stability genes leading to increased

proliferation and decreased repair of defect genetic material (Vogelstein, 2004).

Tumour suppressors such as p53 control the cell cycle and induce apoptosis. A loss
of function in the genes encoding for tumour suppressors results in uncontrolled growth

and consequently the emergence of neoplasia (Klug, 2012).

The formation of oncogenes is mainly based on the mutation of protooncogenes whose
translational products are responsible for normal growth, cleavage and differentiation
of cells. Gain-of-function mutations cause excessive proliferation and in further

consequence the development of tumours (Vogelstein, 2004; Klug, 2012).

Considering that cancer is a complex genetic disease makes the thought of an

individualized therapy on the genomic level reasonable (Cotrim, 2008).



Currently standard therapy of solid carcinoma is surgery followed by radiotherapy and
chemotherapy. But high toxicity of radio- and chemotherapeutics as well as resistance
mechanisms of cancer cells often limit the successful treatment of the disease (Rodl,
2013).

In respect of nucleic acid based therapy of cancer two major strategies can be
performed: On the one hand, RNA interference (RNAI) can be used to inhibit the
translation from specific messenger RNA (mMRNA) into corresponding proteins. On the
other hand it is possible to use plasmid DNA (pDNA) which is translated into cytotoxic
proteins such as TNFa or prodrug converting enzymes. However, both approaches
offer high selectivity (Collet, 2013; Schaffert, 2013; Su, 2013).

Another strategy is the expression of the sodium/iodide symporter (NIS) in tumour cells
allowing influx and accumulation of radioiodine and thus the imaging of the tumour

using radio-medicinal methods (Klutz, 2009).



1.1 Delivery of nucleic acids

Due to general properties of nucleic acids generation of delivery systems is necessary.
The anionic characteristic of the biopolymers’ backbones hampers the uptake through
the cellular membrane and results in interactions with blood components. This together
with their high molecular weight and their sensibility towards decomposition through

nucleases are the principal barriers (Gehrig, 2014).

So there are several delivery strategies that can be followed to overcome those
obstacles. One possibility is the use of viral nucleic acid carrier systems. Viruses are
highly evolved protein machineries with the ability to efficiently transfect cells with
either RNA or DNA (Gehrig, 2014). In addition reoviruses show oncolytic activity.
Reoviruses interfere with highly active pathways of tumour cells (Collet, 2013).

A big downside of viral vectors are the immunological responses such as the

neutralisation via antibodies often occurring after repeated administration.

Non-viral gene delivery vehicles show advantages like a well-defined and modifiable
structure. However, compared to viral vectors non-viral gene delivery agents are also

characterized by relatively low transfection efficiency (Gehrig, 2014).

Figure 1 Scheme of complex formation between a positively charged polymer and negatively charged DNA (figure
from Akhtar et al., 2006)
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For non-viral gene delivery a broad variety of approaches is available. Besides the
integration of nucleic acids into liposomes or exosomes using cationic lipids peptidic
coumpounds like poly-L-lysine and positively charged polymers like polyethylenimine
can be used to deliver nucleic acids to their site of action. Those positively charged
polymers complex nucleic acids into compact nanoparticles due to electrostatic
interactions and therefore protect them from enzymatic degradation (Figure 1) (Collet,
2013). These polymeric derived particles are also called as polyplexes.

Due to a surplus of positive charge these polyplexes are internalized into cells by
absorptive endocytosis after electrostatic interaction with negatively charged
molecules on the cellular membrane (Nguyen, 2012; Schaffert, 2013).

The endosomal release of polyplexes is described in the hypothesis of a proton sponge
effect. ATP driven proton pumps are carrying protons into the endosome, leading to
acidification. Normally this would result in the fusion of the endosomes with lysosomes
when an approximate pH of 5 is reached which would finally end in the enzymatic
degradation of the content. But due to the considerable buffer capacity of these
polyamines the endosomal acidification is prevented. This results in an intra-
endosomal accumulation of protons, triggering an increased influx of chloride ions and
water leading to vesicular rupture and the release of the vector into the cytosol (Figure
2) (Nguyen, 2012; Schaffert, 2013).

Figure 2 Schematic representation of the proton sponge effect (figure from Akhtar et al., 2006)
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1.2 Polyethylenimine based nucleic acid carriers

Polyethylenimine (PEI) is a gold standard for non-viral gene delivery. There are two
different forms of PEI available, namely branched (BPEI) and linear polyethylenimine
(LPEI). Their protonable amine groups cause a high density of positive charges
enabling electrostatic interaction with the negatively charged backbone of nucleic acids
followed by a hydrophobic collapse (R6dl, 2013). Properties like size, C-potential and
transfection efficiency of the resulting polyplexes are dependent on the ratio between
amino groups of the polymer and phosphate groups of the nucleic acid, also termed
as N/P-ratio. The higher this ratio is the more positive is the surface charge of the
complexes (Kichler, 2004).

Although the synthesis of polyethylenimine is known since the 1950’s, its ability to work
as nucleic acid delivery system was discovered approximately 20 years ago (Jones,
1944; Boussif, 1995).

BPEI contains primary as well as secondary and tertiary amines. It is synthesized by
an acid catalysed cationic ring opening polymerization (CROP) of ethylenimine

(aziridine) initiated by an electrophilic attack on the ethylenimine monomer (Figure 3).

Figure 3 Mechanism of BPEI synthesis (Schaffert, 2013)
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The generated aziridinium ion is highly reactive and can both be attacked by aziridine
monomers or PEI chains leading to a branched polymeric structure. The consequence
resulting from this reaction mechanism is a loss of control regarding the structure
leading to batch to batch variability (Schaffert, 2013).



In contrast to that linear polyethylenimine (LPEI) only consists of secondary amino
groups. Its synthesis is based on using poly-2-acyl-2-oxazoline as initial compound
which is formed by cationic ring-opening polymerization of 2-acyl-2-oxazoline, initiated
by electrophilic attack. Deacylation by acidic hydrolysis of poly-2-acyl-2-oxazoline

results in obtaining LPEI (Figure 4).

Figure 4 Mechanism of LPEI synthesis (Schaffert, 2013)
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Also regarding transfection in vitro and in vivo linear polyethylenimine is more efficient
compared to BPEI. It is the lower complexation strength of LPEI based polyplexes in
comparison to their BPEI based polyplexes which leads to a more efficient release of
the nucleic acid thus to a greater transfection efficiency (Rodl, 2013).

Intravenous administration of LPEI based polyplexes into the tail vein of mice leads to
gene expression mainly in lung tissue. The nanoparticular vectors are able to transfect
pneumocytes and alveolar cells (Wightman, 2001). For efficient transfection of
pulmonary tissue two major requirements are necessary - the aggregation of
polyplexes with blood platelets and the occurrence of free, unbound LPEI (Boeckle,
2004; Chollet, 2002; Rodl, 2013). Additionally, a significant amount of the LPEI derived

nanoparticles reallocate to the liver, in contrast to BPEI polyplexes (Schaffert, 2013).



1.3 Modification of LPEI

1.3.1 Reduction of cytotoxicity

One major disadvantage of LPEI is its high cytotoxicity (Schaffert, 2013). This
characteristic is mainly ascribable to non-specific ionic interaction of LPEI with the
cellular membrane which leads to breakdown of membrane potential, reduction of
cytoplasmic proteins and consequently to cell death (Fischer, 2003). Additionally
interference with intracellular pathways leads to oxidative stress, inflammation and
cytotoxicity (Regnstrom, 2006; Breunig, 2007).

It is also shown that cytotoxicity of LPEI based polyplexes correlates with the N/P-ratio
and the molecular weight of the polymer. While polyplexes based on LPEI with low
molecular weight (<2 kDa) exhibit low cytotoxicity its ability to transfect cells is relatively
low compared to LPEI with higher molecular weight (Breunig, 2007). The reason lies
in a lower buffering capacity as well as in the decreased colloidal stability and strength
of electrostatic interactions (Boeckle, 2004; Breunig, 2007; Schaffert, 2013).

Crosslinking of low molecular weight LPEI with disulfide bonds using biodegradable
linkers such as Lomant’s reagent (3,3’-Dithiodipropionicaciddi(N-succinimidylester))
and boc protected cystine results in products characterized by high transfection
efficiency combined with lower cytotoxicity. The main problem which occurs by using
such crosslinkers is the uncontrollable introduction of inter- and intramolecular

connections (Breunig, 2007).

1.3.2 Improving biocompatibility

Polyethylenimine based polyplexes have the tendency to interact with plasmatic
components and erythrocytes leading to aggregation and accumulation in the lung. By
conjugation of PEI with the hydrophilic polymer polyethylene glycol (PEG) the
circulation time can be increased due to “stealth” characteristics of PEG. It was also
shown that cytotoxicity of PEG bound polyethylenimines is reduced (Schafer, 2011).
However, the reduced surface charge results in lower transfection efficiency due to



decreased cellular uptake. This effect is generally known as the “PEG-dilemma”
(Kichler, 2004; Rinkenauer, 2015).

1.3.3 Targeting to specific tissue/tumours

As stated previously, polyplexes are interacting unspecifically with cell membranes due
to a surplus of positive charge on their surface. To achieve more specificity towards
other tissues the nanocarriers can be modified with targeting ligands triggering
receptor mediated endocytosis. There is a broad range of ligands available such as
sugar moieties, antibodies or peptidic ligands (Kichler, 2004).

PEI/DNA complexes conjugated with Galactose-residues, for example, are able to
specifically bind asialoglycoprotein receptor on hepatocytes. Kircheis et al. have
shown, that polyplexes coupled with transferrin showed high reporter gene expression
in tumour tissue, since its receptor is upregulated in various tumours. Another
advantage of transferrin coupled to polyplexes is the shielding of positive charges due
to its relatively big size analogous to the “stealth” strategy with polyethylene glycol
(Kircheis, 2001; Kichler, 2004; Schaffert, 2013).

A reasonable approach is the combination of specific targeting with the already
described “stealth” strategy based on PEGylation (Kichler, 2004).

A very promising target is the epidermal growth factor receptor (EGFR, ERBB1 or
HERZ1) which is overexpressed in a broad range of solid tumours such as breast, lung,
liver and bladder cancer and glioblastoma. Binding of epidermal growth factor (EGF)
to EGFR promotes cell proliferation and cell migration. Therefore using EGF as a

targeting molecule for anti-tumour therapy is not recommendable (Schafer, 2011).

The synthetic peptide YHWYGYTPQNVI also termed as GE11 is able to bind EGFR
without activating the receptor (Li, 2005). It is shown that LPEI based conjugates
containing GE11 as targeting residue exhibit high transfection efficiency in EGFR
upregulated tumour types both in vitro and in vivo (Schafer, 2011). Synthesis of LPEI
based conjugates with a targeting residue can be accomplished by using polyethylene
glycol as heterobifunctional linker. For this purpose PEG functionalized with N-
hydroxysuccinimide (NHS) on one terminus and an ortho-pyridyldithio moiety (OPSS)

on the other terminus is used for connecting an amino group in LPEI with a mercapto
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group in the targeting peptide. The NHS group forms stable amid bonds with the
nitrogen atoms of LPEI. Then, via formation of reducible disulphide bonds between the

N-terminal cysteine in the peptide and the OPSS group the conjugation of GE11 is
obtained (Schafer, 2011; Schaffert, 2013).



1.4 Nanoparticle tracking analysis

The size of LPEI/pDNA complexes correlates with transfection efficiency (Behr, 1989;
Wightman, 2001). However, polyplexes formed with LPEI (22 kDa) in salt free media
remain rather small and exhibit good transfection efficiency in vivo, while increasing
the salt concentration of the buffer leads to aggregation of the particles (Wightman,
2001). Also the surface charge is an important characteristic of nanopatrticles because
of its influence on the transfection abilities of polyplexes and on the interaction between

nanoparticles and blood components (Kichler, 2004).

Thus, investigation of both size and (-potential is necessary for quality control of
nanoparticles. Diffuse light scattering (DLS) systems are routinely used to measure
size and C-potential of nanoparticles. Size is calculated based on Brownian motion of
particles in the media determined by fluctuations of the scattered light (Filipe, 2010). C-
potential is determined by using laser Doppler microelectrophoresis
(http://Iwww.malvern.com/de/products/product-range/zetasizer-range/zetasizer-nano-

range/zetasizer-nano-zsp/default.aspx, 2015). However, DLS suffers from major
drawbacks mainly attributable to the principle of taking measurements. Because the
intensity of the scattered light is proportional to the sixth potency of the hydrodynamic
diameter larger particles like dust or aggregates can hamper the determination of the
size (Filipe, 2010). Furthermore the resolution of measurements is relatively low
compared to techniques like nanoparticle tracking analysis (NTA). Only 3 fold
differences in size or higher are displayed as different peaks in DLS measurements
(Filipe, 2010).

Nanoparticle tracking analysis which was first commercialized in 2006 can be an
improvement. The main difference to DLS is the optical system and the visualisation
of particles. A laser beam is led through a measuring chamber where it gets refracted
by glass and liquid. Particles passing the chamber are scattering this beam. The
scattered light is then gathered by a scientific complementary metal-oxide
semiconductor (sCMOS) camera aligned in a 90 degree angle to the chamber
capturing individual particles by their refractive index (Figure 5). Videos are captured
and then analysed (http://www.malvern.com/de/products/product-range/nanosight-
range/nanosight-ns500/default.aspx, 2015; Carr, 2008; Filipe, 2010).

10



The measuring principle of NTA lies in the detection of the Brownian motion of every
single particle. Size is calculated employing the Stokes-Einstein equation using the
Boltzmann constant ks, mean speed ( (%, y2) ) and the hydrodynamic radius (rn) of each
particle at a certain temperature (T) as well as the viscosity () of the medium (Filipe,
2010):

2kgT
3r,mn

(x,y%) =

C-potential is determined by measuring the electrophoretic mobility after voltage is
applied (http://www.malvern.com/de/products/product-range/nanosight-
range/nanosight-ns500/default.aspx, 2015; Carr, 2008). NTA shows several
advantages compared to DLS such as high resolution measurements which makes it
useful for analysing samples characterized by high polydispersity. Only a 0.5 fold
difference in the hydrodynamic diameter is needed for NTA measurement for
differentiating between two different particle populations (Filipe, 2010).

Figure 5 Scheme of the optical system used for nanoparticle tracking analysis (figure from

http://www.malvern.com/de/products/product-range/nanosight-range/nanosight-ns500/default.aspx, 2015).
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2 Aim of the Thesis

12

. In this diploma thesis one of our aims was the synthesis of poly(2-ethyl-2-

oxazoline) with different polymerization degrees as initial substance for linear

polyethylenimine.

. Linear polyethylenimine was synthesized via acid hydrolysis of poly(2-ethyl-2-

oxazoline).

. A heterobifunctional linker (NHS-PEG-OPSS) was used to couple LPEI to L-

Cysteine. L-Cysteine was chosen instead of a targeting peptide for optimizing

the method since the reaction mechanism is the same.

. Additionally to flash pipetting we wanted to optimize an up-scaled strategy for

polyplex synthesis. We used a strategy based on literature of Kasper et al and
used a KD scientific LEGATO 210 syringe pump (Kasper, 2011). The LPEI and
plasmid DNA (pDNA) containing solutions were mixed in a tubing system
(Kasper, 2011).

. One of our main goals was to investigate size and (-potential of polyplexes

generated at different N/P ratios, pDNA concentrations, and incubation time
points by NTA. The influence of the buffer system on polyplex properties was

also investigated.

. We attempted to make polyplexes visible in particle containing media via NTA

by staining LPEI with fluorescein 5(6)-isothiocyanate and use the fluorescence
filter of the NanoSight NS500.



3 Materials and Methods

3.1 Chemicals

Table 1 List of chemicals

Chemicals Supplier Cat.No. Abbreviation
(2-Hydroxypropyl)-3- Sigma H107-5G
cyclodextrin Aldrich
(ortho-pyridyl)disulfide- Rapp NHS-PEG-
polyethylene glycol- Polymere OPSS
succinimidyl ester
2-Ethyl-2-oxazoline Sigma 137456-

Aldrich 100ML
3-(Trimethylsilyl)propionic- Sigma 269913-1G T™MS
2,2,3,3-d4 acid sodium salt | Aldrich

4' 6-Diamidino-2- Sigma D9542-5MG DAPI
phenylindole Aldrich
dihydrochloride
Acetic acid Sigma 320099-
Aldrich 500ML-D
Acetonitrile Sigma 34967-1L CHsCN
Aldrich
Calcium hydride Sigma 208027-100G CaH:2
Aldrich
Chloroform-d Sigma 151823-100G CDCls
Aldrich
Copper sulfate Sigma 12849-1KG
pentahydrate Aldrich
D(+)-Glucose Merck 108.371.000
Deuterium oxide Sigma 151882-100G D20

Aldrich
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Dichloromethane Sigma 34856-2.5L CH2Cl2
Aldrich
Diethyl ether Roth AEO04.1
Dimethyl sulfoxide VWR 83.673.230 DMSO
Ethanol absolute Merck 1.117.272.500 EtOH (abs.)
Fluorescein 5(6)- Sigma 46950-50MG- FITC
isothiocyanate Aldrich F
Hydrochloric acid, fuming Sigma 30721-2.5L- HCI (conc.)
Aldrich GL-D
L-Cysteine Sigma 168149-100G
Aldrich
Linear polyethylenimine, Kindly provided by LPEI 3/8/10
Mw= 3/8/10 kDa Alexander Taschauer kDa
Methyl p-toluenesulfonate Sigma 158992-100G MeTOS
Aldrich
N-(2-Hydroxyethyl)- Applichem | A3724,0500 HEPES
piperazinyl-N'-2-
ethanesulfonic Acid
pCMV-Gluc New
England
Biolabs
pCpG-hCMV-EF1a-LucSH first described by
Magnusson et al.
(Magnusson, 2011)
RPMI-1640 Medium Sigma R8758-500ML
Aldrich
Sodium acetate Applichem | A4555,0250
Sodium carbonate Applichem | A3900,0500 Na2CO3




Sodium chloride Applichem | A2942,5000 NacCl
Sodium Applichem | A0384,0500 NaHCOs3
hydrogencarbonate
Sodium hydroxide Applichem | A6829,1000 NaOH

15



3.2 Supplies

Table 2 List of supplies

Supply Supplier Cat.No.
MacroPrep® HighS resin Bio-Rad 1560030
Molecular sieve (34) Sigma Aldrich 02573-1KG
Ultrapure water (dd obtained using Arium
H20) Pro VF ® (Sartorius)
Spectra/Por® Dialysis Spectrum Labs 132660
Membrane Standard RC
(regenerated cellulose)
Tubing
Cellulose acetate filter VWR 28145-477
0.2 pum pore size

3.3 Equipment

Following equipment was used in this thesis:

e NanoVue® UV/Visible spectrophotometer

e GeneQuant® 1300 UV/Visible cuvette spectrophotometer

e PL-GPC 50 Plus system equipped with PL aquagel-OH 30 (8 uym)
e Bruker NMR spectrophotometer Avance 200 MHz

e Christ Alpha 2-4 freeze drying system

e Akta pure® system (GE Healthcare)

e KD scientific, LEGATO 210 syringe pump

¢ NanoVue plus (GE Healthcare)

e NanoSight NS500 (Malvern)

e Olympus® IX 7 inverted system microscope

16



3.4 Reagents

20mM HEPES buffer, pH 7.4:

2,3831 g HEPES (20 mM) were dissolved in 400 ml dd H20. pH was then adjusted to
7.4 with hydrochloric acid and sodium hydroxide. The solution was filled up to 500 mi
with ddH20. The solution was passed through a 0.22 ym filter and stored at room

temperature.

HEPES 20mM + 3M NacCl buffer, pH 7.4:

2,3831 g HEPES (20 mM) and 87.66 g sodium chloride (3 M) were dissolved in 400 mi
dd H20. pH was then adjusted to 7.4 with hydrochloric acid and sodium hydroxide. The
solution was filled up to 500 ml with ddH20. The solution was passed through a 0.22

pum filter and stored at room temperature.

20mM HEPES + acetonitrile (10% v/v) buffer, pH 7.4:

2,3831 g HEPES (20 mM) and 50 ml acetonitrile (10% (V/V)) were dissolved in 400 ml
dd H20. pH was then adjusted to 7.4 with hydrochloric acid and sodium hydroxide. The
solution was filled up to 500 ml with ddH20. The solution was passed through a 0.22

pum filter and stored at room temperature.

20mM HEPES + 3M NaCl + acetonitrile (10% v/v) buffer, pH 7.,4:

2,3831 g HEPES (20 mM), 87.66 g sodium chloride (3 M) and 50 ml acetonitrile (10%
(V/IV)) were dissolved in 400 ml dd H20. pH was then adjusted to 7.4 with hydrochloric
acid and sodium hydroxide. The solution was filled up to 500 ml with ddH20. The

solution was passed through a 0.22 um filter and stored at room temperature.

17



HEPES buffered glucose (HBG) pH 7.4:

2,3831g HEPES (20 mM) and 25 g glucose (5% (w/V)) were dissolved in 400 ml dd
H20. pH was then adjusted to 7.4 with hydrochloric acid and sodium hydroxide. The
solution was filled up to 500 ml with ddH20. The solution was passed through a 0.22

pm filter and stored at room temperature.

HEPES buffered saline (HBS) pH 7.4:

2,3831g HEPES (20 mM) and 4,383 g sodium chloride (150 mM) were dissolved in
400 ml dd H20. pH was then adjusted to 7.4 with hydrochloric acid and sodium
hydroxide. The solution was filled up to 500 ml with ddH20. The solution was passed
through a 0.22 pm filter and stored at room temperature.

Copper assay reagent:

0.8203 g sodium acetate were dissolved in 80 ml ddH20 and the pH was adjusted to
5.5 with acetic acid. The solution was filled up to 100 ml with ddH20. Afterwards 23 mg

copper sulfate pentahydrate was added.

0.1 M sodium carbonate/bicarbonate buffer:

5.2994 g (0.1 M) sodium carbonate and 4.2004 g (0.1 M) sodium bicarbonate were
dissolved in 500 ml dd H20, respectively.

0.1 M sodium carbonate/bicarbonate buffer (pH 9) was prepared by adjusting pH of
0.1 M sodium bicarbonate with 0.1 M sodium carbonate.

18



3.5 Quantification of LPEI stock solutions:

Chemicals needed for protocol:

e Linear polyethylenimine (LPEI)
e Copper assay reagent

This protocol was used for LPEI containing solutions with a concentration between O
and 100 pg/ml.

250 pl of copper assay reagent was mixed with 250 ul of LPEI containing solution. 250
pl of the CuSOa4 solution mixed with 250 pl solvent used for dissolving LPEI was taken
as blank. After incubation for 5 minutes at room temperature absorption was measured
at 285 nm. Samples were always prepared in duplicates. The concentration was

calculated using a standard curve.

19



3.6 Synthesis of Poly (2-ethyl-2-oxazoline) (PEtOXx)

Chemicals needed for synthesis:

e 2-Ethyl-2-oxazoline

e Calcium hydride (CaHz)

e Methyl p-toluenesulfonate

e Acetonitrile stored over molecular sieve (3 A)
e Dichloromethane (CH:Cl2)

e Diethyl ether

Poly(2-ethyl-2-oxazoline) with different molecular weights enlisted in Table 3 was
synthesized as per the protocol of Lungwitz et al. (Lungwitz, 2006) The precursor of
linear polyethylenimine namely poly(2-ethyl-2-oxazoline) (pEtOx) was synthesized by
cationic ring opening polymerization of the initial substance 2-ethyl-2-oxazoline (2-Et-
2-0Ox). The reaction was carried out under water-free conditions. Therefore the
glassware used during the synthesis was dried in a compartment drier at 150 °C for 3

h prior to use.

2-Ethyl-2-oxazoline was dried over calcium hydride under reflux overnight in argon
atmosphere and distilled under vacuum. A stock solution of 2.100g methyl tosylate in
75ml acetonitrile (MeCN) was prepared and stored over a molecular sieve with a pore
diameter of 3 A.

MeTOS stock solution was added to a solution of dry 2-ethyl-2-oxazoline in acetonitrile
in a round bottom flask under argon atmosphere (specific amounts see Table 3). The
mixture was stirred under reflux (95 °C). The end point of the polymerization was
determined by 'H-NMR.

Reaction kinetics were analysed during the synthesis of poly(2-ethyl-2-oxazoline) with
a molecular weight of 11.985 kDa. Therefore *H-NMR samples were taken after 30,
90, 150, 210, 270 and 330 minutes and after 21.75 hours.

After reaching complete conversion of 2-ethyl-2-oxazoline the mixture was cooled
down to room temperature and the solvent was evaporated under reduced pressure
using a rotavapor system. The residue was redissolved in dichloromethane. The
polymer was precipitated with ice cold diethyl ether. After filtration the product was
washed 3 times with approximately 5 ml ice cold diethyl ether and dried overnight in a
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desiccator. The white to slightly yellow polymer was then analysed by *H-NMR and gel

permeation chromatography (GPC).

H-NMR samples were prepared using approximately 25 mg of the polymer dissolved

in 1 ml deuterated chloroform (CDCI3).

GPC analysis was carried out using a PL aquagel-OH 30 (8 ym) column. 0.1M NaNO3

/ 0.07% (w/V) NaNs was used as mobile phase. Samples were prepared at a

concentration of 1 mg/ml. The flowrate was set to 0.7 ml/min. The standard curve was

created using polyethylene glycol standards.

Table 3 Specific amounts of substances used for poly (2-ethyl-2-oxazoline) synthesis

Maof | 2 Et2- | 2-Et2-0x | METOS- | o —os | MeTos | MeCN
PEtOx MeCN stock

Ox [ml] [mmol] [mg] [mmol] [ml]
[kDa] [ml]
15.706 9.0 248 1.335 0
13.995 2.6 71 0.385 7

3.1 30.71

11.985 1.8 49.5 0.265 7.5
5.937 0.9 25 0.135 8.5
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3.7 Synthesis of LPEI

Chemicals needed for synthesis:

e Poly(2-ethyl-2-oxazoline) 15.706 kDa (PetOx)
e Hydrochloric acid (HCI conc.)

e Sodium hydroxide (NaOH)

e ddH20

Synthesis of LPEI was conducted as per instructions of Rodl et al. (Rodl, 2013).

0.601 g (40.067 pumol) PEtOx were dissolved in 38 ml 7 M HCI (22 ml HCI conc. + 16
ml dd H20). The mixture was stirred overnight under reflux at 130 °C. LPEI started to

precipitate as hydrochloride salt after 3 h.

The product was filtrated and washed four times with 30 ml 7 M HCI. After redissolving
in 30 ml of H20 the product was lyophilized. (yield [LPEI 6.8 kDa-HCI]: 230 mg)

230 mg LPEI 6.8 kDa-HCI was dissolved in 55 ml 1 M NaOH at 100°C. The solution
was cooled down to room temperature. LPEI precipitated as free base. The precipitate
was filtered and washed three times with 30 ml 1 M NaOH and three times with 30 ml
with dd H20. The precipitate was resuspended in 30 ml ddH20 and lyophilized. The
product was stored protected from light at room temperature in a desiccator (yield
[LPEI 6.8 kDa]: 192 mg).

The product was analysed by *H NMR.
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3.8 Synthesis and purification of LPEl1okpa-PEG-OPSS

Chemicals needed for synthesis:

e Linear polyethylenimine 10 kDa (LPEI 10 kDa)

e Ethanol absolute (EtOH)

e NHS-PEG(2 kDa)-OPSS

e Dimethyl sulfoxide (DMSOQO)

e N-(2-Hydroxyethyl)-piperazinyl-N'-2-ethanesulfonic Acid (HEPES)
e Sodium chloride (NaCl)

e Hydrochloric acid (HCI)

e ddH20

e Deuterium Oxide (D20)

The synthesis of LPEI-PEG-OPSS conjugate was carried out as described in the
protocol of RAdlI et al. (Rodl, 2013).

45.40 mg (4.54 pmol) of LPEI (10 kDa) with a molecular weight of 10 kDa were
dissolved in 1.5 ml absolute ethanol. The solution was incubated on a lab mixer at 35

°C for 15 minutes at 800 rpm.

18.60 mg (9.3 pmol; 2 eq.) NHS-PEG-OPSS were dissolved in 100 pyl DMSO. The
solution was added to the ethanolic solution of LPEI. The mixture was then incubated

on a lab mixer at 35°C for 3 hours at 800 rpm.

The reaction mixture was transferred into a 15 ml tube.1 ml 20 mM HEPES buffer (pH
7.4) and 0.84 ml of 20mM HEPES/3M NacCl buffer (pH 7.4) were added. pH was
adjusted to 7 using 1 M HCI. Adding 1 M HCI was conducted under constant vortexing
to avoid local acidification which would result in precipitation of LPEI. The reaction
mixture was then filled up with 20 mM HEPES buffer (pH 7.4) to a total volume of 5 ml
to reach a final sodium chloride concentration of 0.5 M.

For purification an Akta pure® system (GE Healthcare) equipped with a column (10/10)
filled with cation exchange resin (MacroPrep® High S) was used. The UV absorption
was measured at 240 nm, 280 nm and 343 nm. The system was equilibrated with
83.3% of a 20 mM HEPES solution (pH of 7.4) (solution A) and 16.7% of a solution of
and 20 mM HEPES/3 M sodium chloride (pH 7.4) (solution B). The flowrate was set to

0.5 ml/minute. A gradient was programmed as follows:

23



e 83.3 % of solution A and 16.7 % of solution B from 0 to 25 minutes,
e linear change to 100 % solution B over 40 minutes and

e 100 % solution B for 20 minutes

Fractions eluting within the first 25 minutes contained unreacted NHS-PEG-OPSS
linker and by-products from the reaction. Fractions eluting between 2.0 M and 2.8 M
sodium chloride contained the conjugate. These fractions were pooled, dialyzed
overnight against 5 | ddH20 at 4°C under constant stirring using a Spectra/Por® dialysis
membrane standard RC (regenerated cellulose) tubing with a molecular weight cut off
of 6-8 kDa. The solution was snap frozen at -80°C and lyophilized. The product was
stored at -80 °C. (yield [LPEI-PEG-OPSS]: 49 mg)

To evaluate the ratio between LPEI and PEG in the conjugate approximately 0.25 g
LPEI-PEG-OPSS was dissolved in 2 ml D20 and analysed by *H-NMR (200 MHz).

Via 'H-NMR, a ratio of 1.07 PEG molecules per LPEI was calculated.
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3.9 Synthesis of LPEliokpa-PEG-Cysteine

Chemicals needed for synthesis:

o LPEliokpa-PEG-OPSS

e N-(2-Hydroxyethyl)-piperazinyl-N'-2-ethanesulfonic acid (HEPES)
e Acetonitrile

e L-Cysteine

e Sodium chloride

e ddH20

Coupling of L-cysteine to LPEliokpa-PEG-OPSS was carried out as described by Raodl
et al. (Rodl, 2013).

For the reaction an optimal concentration of 4 to 5 mg LPEI-PEG-OPSS per ml is
needed. 22.65 mg of LPEI-PEG-OPSS (correlates to 2.4235 pmol PEG-OPSS) were
dissolved in 4 ml 20 mM HEPES/10% acetonitrile (pH 7.4). The solution was purged

with argon.
0.59 mg (4.85 pumol) L-cysteine dissolved in ddH20 was added.

The reaction mixture was stirred at room temperature. The absorption of released
thiopyridone was measured every 30 minutes at 343 nm. The reaction was left until no
change in absorption was observed.

After reaching the endpoint of the reaction 830 ul of 20 mM HEPES/3 M NaCl/10%
acetonitrile was added. pH was adjusted to 7. The mixture was then filled up with 20
mM HEPES/10% acetonitrile to a total volume of 5ml, resulting in a final concentration
of 0.5 M sodium chloride

For purification an Akta pure® system (GE Healthcare) equipped with a column (10/10)
filled with cation exchange resin (MacroPrep High S®) was equilibrated with 83.3 % 20
mM HEPES/10% acetonitrile (elution buffer A) and 16.7 % 20 mM HEPES/10%
acetonitrile/3 M NaCl (elution buffer B). A flowrate of 0.5 ml/minute was set. A gradient

was programmed as follows:

e elution with elution 16.7% buffer B for 60 minutes,
e linear increase of elution buffer B up to 100% within the next 30 minutes

e elution with 100% elution buffer B for 30 minutes.
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The conjugate was eluted between a NaCl concentration of 2.0 M and 2.8 M. The
product containing fractions were pooled and dialyzed against 5 | dd H20 overnight
under constant stirring at 4°C. For Dialysis a Spectra/Por Dialysis Membrane Standard
RC Tubing with a molecular weight cut off of 6-8 kDa was used. The product was snap
frozen at -80°C, lyophilized and stored at -80 °C. (yield [LPEI-PEG-Cys]: 18 mg)
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3.10 Coupling of LPEI with fluorescein isothiocyanate

Chemicals needed for synthesis:

e Linear polyethylenimine (LPEI) 10 kDa
e Linear polyethylenimine (LPEI) 8 kDa
e Linear polyethylenimine (LPEI) 3 kDa
e Carbonate/bicarbonate buffer, pH 9

e Hydrochloric acid (HCI)

e Sodium hydroxide (NaOH)

e Fluorescein isothiocyanate (FITC)

e Dimethyl sulfoxide (DMSOQO)

e ddH20

LPEI with a molecular weight of 3 kDa, 8 kDa and 10 kDa were all labelled using the
following protocol:

LPEI was dissolved in 100 ml 0.1 M carbonate/bicarbonate buffer (pH 9) at a

concentration of 2 mg/ml.

FITC (25 eq.; 8 mg; 20.55 mmol) dissolved in 100 yl DMSO was added. The mixture
was stirred overnight at room temperature protected from light for 48 h. The mixture
was then dialyzed for 4 days against distilled water using a Spectra/Por® dialysis
Membrane (cut off used for LPEI 10 kDa=6-8 kDa; cut off used for LPEI 3 kDa/8
kDa=0.5-1 kDa). The FITC-labelled LPEI was lyophilized and stored at -80 °C.
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3.11 Formation and evaluation of polyplexes

The amount of LPEI needed for generating polyplexes at a certain N/P ratio was

calculated using the following formula (Rodl, 2013):

Mg DNA - 43 - N/P-ratio
330

Mg LPEI =

43 is the molecular weight of a monomer unit of LPEI and 330 is the mean molecular
weight of nucleotides (Rodl, 2013).

Separate solutions of pCMV-Gluc and LPEI (10 kDa) diluted with HBG or HBS to a

volume of 5 pl were prepared.
Both solutions were thoroughly mixed for polyplex formation.

Size and (-potential of polyplexes were investigated by nanoparticle tracking analysis
(NTA) employing NanoSight® NS500 equipped with a 488 nm laser, temperature
control, computer controlled motorized stage and focus, SCOMS camera and a manual
push/pull filter holder with two fluorescence filters. The device is capable to measure
particles of a size between 10 and 2000 nm, in a concentration range between 10°to

10° particles per ml. For analysis, NTA-software versions 3.0 and 3.1 were used.

The following settings were used for measuring particle size:

Table 4 NS 500 settings for size measurement

Number of captures 5
Duration of captures 60 seconds
Temperature 25.0°C

Table 5 NS500 settings for {-potential measurements

Number of captures 10
Duration of captures 90 seconds
Temperature 25.0°C

28



As per manufacturer’s instructions each sample was diluted to reach a particle
concentration between 10 and 100 particles per frame. The tubing system was washed
and preloaded with the media used for diluting polyplexes (HBG, RPMI-1640 or HBS)

for measurement to avoid differences in the ionic strength within the tubing system.

3.11.1 Polyplexes generated by flash pipetting

Chemicals needed for protocol:

Linear polyethylenimine (LPEI) 10 kDa
HEPES buffered glucose (HBG)
pCMV-Gluc

Sodium chloride solution 5 mM

For polyplex synthesis by flash pipetting 2 pg pCMV-Gluc stock solution was diluted
with HBG to 5 ul. The amount of LPEI needed for polyplex formation was calculated
using the equation mentioned in chapter 3.11. LPEI was diluted with HBG to a volume
of 5 pl. Both solutions were mixed by flash pipetting.

For evaluation of size and {-potential of polyplexes generated at different N/P-ratios
NanoSight® NS500 was used. After an incubation time of 20 minutes at room
temperature the samples were diluted in HBG at a ratio of 1 to 250 for size
measurements and 1 to 500 in 5 mM sodium chloride solution for (-potential

measurements.

Investigations on biophysical properties of polyplexes:

For analyzing the influence of the amount of LPEI used for nanoparticle formation
polyplexes were formed at N/P-ratios of 3, 4, 5, 5.5, 6, 7.5, 10, 15 and 30 with a

consistent plasmid concentration of 200 pg/ml as described above.

For analyzing the influence pDNA concentration on particle properties polyplexes were
generated at pDNA concentrations of 200 pg/ml, 100 pg/ml, 50 pg/ml and 20 pug/ml at
N/P 6.

Changes in the properties of polyplexes over time were analyzed using incubation

times of 5, 10, 15, 20, 40 and 60 minutes at room temperature.
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pDNA concentration after polyplex formation was analyzed by UV spectrophotometry

(GE Healthcare NanoVue plus) by using following formula:
c (pDNA) = (A260- Asz20) - 50

Azeo gives the pDNA absorption. The background is measured at 320 nm. The result
is then multiplied by 50 since (A2s0-As20) of 1.0 correlates to a DNA concentration of
50ug/ml  (https://at.promega.com/resources/pubhub/enotes/how-do-i-determine-the-

concentration-yield-and-purity-of-a-dna-sample/, 2015).

3.11.2 Up-scaled Method for the Formation of Polyplexes

Chemicals needed for protocol:

e Linear polyethylenimine (LPEI) 10 kDa
e HEPES buffered glucose (HBG)

e HEPES buffered saline (HBS)

e RPMI-1640 Medium

e pCMV-Gluc

e 4'6-diamidino-2-phenylindole (DAPI)
e Polyplex solution

A syringe pump (KD scientific, LEGATO 210) was used for an up-scaled, standardized
and more reproducible production of polyplexes. The procedure was tested with two

different syringe types enlisted in Table 5.

Table 6 Syringes used for polyplex preparation via syringe pump

Volume | Description Inner diameter
[mi] [mm]
1 BBraun Inject F Tuberkulin (Cat.No. 9166017V) 4.74
3 BBraun Omnifix Luerlok Solo (Cat.No. 4617022V) | 9.46

The whole procedure was conducted under sterile conditions under a biological safety

cabinet.
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The syringe pump’s construction and functional principle was based on Kasper et al.

(Kasper, 2011). We used 3 HPLC tubes connected with a T-connector.

For polyplex formation LPEI containing solution and pDNA containing solution (both
dissolved in either HBG or HBS) were soaked into syringes. A dead space of 1 ml was
used in each syringe to ensure no loss of product in the tubing system. Then the tubing
system was attached. After attaching the syringes into the syringe pump, a flow rate of
1 ml/min was applied while the device was stored vertically. The polyplex solution was
collected in a tube. Figure 6 depicts the construction and functional principle of the

syringe pump.

Figure 6 Schematic representation of the syringe pump based system for polyplex generation and functional
principle: (1) syringe driver, (2) plunger speed control, (3a) pDNA containing syringe, (3b) LPEI containing syringe,
(4) HPLC tubings, (5) T-connector, (6) polyplex, (7) collecting vessel (syringe) (figure from Kasper et al., 2011)

31



Investigations on biophysical properties of polyplexes:

Size and (-potential of polyplexes prepared at N/P-ratio 3, 6 and 9 and a pDNA
concentration of 20 pg/ml were generated and prepared for NTA analysis as described
in Table 7.

Table 7 Syringe pump based polyplex formation using HBG/HBS; size and {-potential were analyzed using

different diluents

N/P | generated in diluted in dilution factor
3 HBG RPMI-1640 1:10
HBG 1:50
HBS HBS 1:3
6 HBG RPMI-1640 1:50
HBG 1:100
HBS HBS 1.2
9 HBG RPMI-1640 1:100
HBG 1:100
HBS HBS 1.2

Investigations on properties of polyplexes with fluorescence microscopy:

Polyplexes generated at a pDNA concentration of 200 pg/ml at N/P 6 diluted in HBG
were compared with polyplexes generated at a pDNA concentration of 200 pg/ml at
the same N/P-ratio diluted in HBS. Particles were stained with 4',6-diamidino-2-
phenylindole (DAPI) using a final DAPI concentration 1 pg/ml. Particles were visualized

with an inverted fluorescence microscope (Olympus® IX 71) at 64 x magnification.
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4 Results

4.1 Polymer synthesis and characterization

4.1.1 Poly(2-ethyl-2-oxazoline)

Methyl-p-toluenesulfonate was used as initiator for 2-ethyl-2-oxazoline polymerization
resulting in with narrow size distribution (Miyamoto, 1988; Chujo, 1990; Miyamoto,
1991; Hochwimmer, 1998; Nuyken, 2002; Lungwitz, 2006).

A representative 'H NMR spectrum of poly (2-ethyl-2-oxazoline) (14 kDa) is depicted
in Figure 7.

Figure 7 *H-NMR of poly(2-ethyl-2-oxazoline): the singlet A (1.09 ppm) corresponds to the methyl protons and the
multiplet B (2.24 — 2.37 ppm) to the methylene protons of the propionyl sidechain, the singlet C (3.43 ppm)
corresponds to the protons of the polymer backbone’s methylene protons. The duplets D (7.12 — 7.17 ppm) and E
(7.63 — 7.67 ppm) correspond to the protons of the tosylate counter ion. CDCls was used as solvent and internal
standard. The shift of the CDCI3 signal was set to 7.26 ppm. The peak in between A and B corresponds to protons
of an acetonitrile residue.
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'H-NMR was used to estimate the number average polymerization degree as
described by Lungwitz et al. and Brissault et al (Brissault, 2003; Lungwitz, 2006).
Therefore the peak area of the aromatic protons of the tosylate counter ion (7.63 and
7.67 ppm) was set to 2 (Figure 12; Signal D and E). The so obtained integrals of the
proton signals of the propionyl side chain of the polymer and the methylene backbone
of the polymer were used for estimating the Mn of the poly(2-ethyl-2-oxazoline)
(Brissault, 2003; Lungwitz, 2006).

However, 'H-NMR analysis only gives approximate values of the molecular weight.
Hence, poly(2-ethyl-2-oxazoline) with different degrees of polymerization were
analysed by gel permeation chromatography (GPC) which gives number-average (Mn)
and mass-average molecular weight (Mw) as well as the polydispersity index (PDI) of
the compound (Hoogenboom, 2003). Figure 8 shows the elution profile of poly(2-ethyl-
2-oxazoline) of four different molecular weights. The average mass and polydispersity
index is enlisted in Table 8. Peaks created at an elution time of >900 seconds
correspond to buffer.

Figure 8 Gel permeation chromatogram of poly (2-ethyl-2-oxazolines) with Mw 6.6, 14.0, 17.0 and 20.0 kDa
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Table 8 Results of the GPC analysis

aimed MW Mo Mn Mw PDI
[kDa] [kDa] [kDa] [kDa] [Mw / Mn]
24 22.692 15.706 19.954 1.2705
15 18.832 13.995 17.027 1.2166
10 14.374 11.985 14.004 1.1685

3 6.352 5.937 6.635 1.1176

Side reactions such as proton transfer and chain transfer reactions are possible due to
the reactive cationic species finally resulting in polymers characterized by high
molecular weight. This was clearly visible in the gel permeation chromatogram of poly
(2-ethyl-2-oxazoline) with Mw of 6.6 kDa (Figure 9).

Figure 9 GP chromatogram of poly(2-ethyl-2-oxazoline) with Mw of 6.6 kDa; a high molecular weight fraction eluted

between 650 and 700 seconds, marked by the frame.

140
120
100
80
60
40
20
0
-20
-40

signal [mV]

500 600 700 800 900 1000 1100 1200
elution-time [s]

Hence, in process controls by *H-NMR were done for investigating reaction kinetics
during 2-ethyl-2-oxazoline polymerization. *H-NMR based in process control during the
synthesis of poly (2-ethyl-2-oxazoline) with a Mw of 14 kDa is shown as a
representative example in Figure 10. 100 % conversion was detected after 21.75

hours.
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Figure 10 Stacked 'H NMR spectra; Measurements were conducted at different time points of the polymerization.
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4.1.2 Linear polyethylenimine

Linear polyethylenimine was synthesized according to the protocol of Rédl et al. (Rodl,
2013) by acid hydrolysis of poly (2-ethyl-2-oxazoline) with a Mw of approximately 17
kDa. After alkalizing with 1 M NaOH, LPEI is obtained as free base with an Mw of 6.8
kDa.

The H-NMR spectrum of the free base was showing a signal of the proton of the
secondary amino group at 1.82 ppm and a signal of the backbone’s methylene protons
at 2.70 ppm (Figure 11).

Figure 11 'H-NMR spectrum of LPEI 6.8 kDa; a proton signal of the NH group appeared at 1.82, the signal of the
polymer’s methylene backbone at 2.70 ppm
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4.2 LPElokpa-PEG2kpa-cysteine synthesis and characterization

The synthesis of LPEI-PEG-Cys was carried out according to Rédl et al. (Rodl, 2013).
L-Cysteine was used instead of the targeting peptide GE11. (Li, 2005; Schafer, 2011)

Svynthesis of LPEI (10kDa)-PEG (2 kDa)-OPSS:

LPEI (10 kDa) was conjugated with NHS-PEG (2 kDa)-OPSS linker. For purification,
cation exchange chromatography was used. Product containing fractions were eluting
at elution volumes between 30 and 50 ml with an increasing NaCl concentration of the

eluent and therefore conductivity (Figure 12).

Figure 12 Cation exchange chromatography profile of LPEI(10kDa)-PEG-OPSS; fractions eluting between 30 and
50 ml were containing the product. The blue line depicts the absorption at 240 nm, the red line at 280 nm, the pink
line the absorption at 343 nm. The brown line depicts the NaCl concentration, hence conductivity, of the eluent.

[} ml
5! 7

The product was analysed by 'H-NMR using D20 as solvent. The spectrum is
characterized by a signal at 2.95 ppm corresponding to the protons of LPEI and a

signal at 3.63 ppm, corresponding to the protons of PEG (Figure 13).
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The ratio of between PEG and LPEI in the conjugate was determined by 'H NMR.

Figure 13 *H-NMR spectrum of LPEI-PEG-OPSS
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The LPEI signal was used for normalizing the PEG signal.

10 000
43

-5 =1163 H of LPEI (10kpa)

10,000 is the weight average molecular weight of LPEI. 43 the molecular weight of one
LPEI subunit. The ratio between those two values gives the number of monomer
subunits in the polymer. This multiplied by 5 which is the amount of protons per
monomer gives the total amount of protons in the polymer. The LPEI signal was
therefore normalized to 1,163. The integral of the PEG signal was used for calculating

the average number of PEG molecules per LPEI molecule.
The total amount of protons in the PEG molecule was calculated as follows:
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2000

2,000 is the molecular weight of PEG, 44 the molecular weight of one subunit and 4

the number of protons per subunit.

The molar ratio between PEG and LPEI was calculated by dividing the integral value
of the PEG signal by the total amount of protons per PEG molecule.

194

Te2 = 1,07 molecules PEG per molecule LPEl1okpa

Svynthesis of LPEI (10kDa)-PEG (2 kDa)-cysteine

Cysteine was used in a 2-fold molar excess corresponding to PEG-OPSS. The
progress of the reaction was observed via UV-spectroscopy whereby the absorption of
released thiopyridone was measured at 343 nm. The reaction was complete after 60

minutes as the absorption wasn’t increasing anymore (Table 9).

Table 9 Absorption of thiopyridone at 343nm at different time points

Time [minutes] Az43nm
0 1.095
30 1.117
60 1.158
90 1.156
120 1.155
150 1.154
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After full conversion, the product was purified by cation exchange chromatography as
described in chapter 3.9. With an increasing NaCl concentration in the eluent and

therefore conductivity, the product containing fractions eluted between 40 and 45 ml
elution volume (Figure 14).

Figure 14 Cation exchange chromatography profile of LPEI (10kDa)-PEG (2kDa)-Cys; fractions eluting between
40 and 45 ml contained the product. The blue line depicts the absorption at 240 nm, the red line at 280 nm, the pink
line the absorption at 343 nm. The brown line depicts the NaCl concentration, hence conductivity, of the eluent.
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4.3 Evaluation of Plasmid/LPEI Polyplexes

The influence of various parameters like different N/P-ratios, pDNA concentrations,
incubation times and diluents on biophysical properties of polyplexes were
investigated. Additionally an up-scaled polyplexing method utilizing a syringe pump

was optimized.
All samples were analysed by NTA giving high resolution measurements (Filipe, 2010).

Additionally to NTA measurements pDNA recovery after polyplex formation was

determined by UV spectrophotometry to prove the stability of nanoparticles.

4.3.1 Influence of N/P-ratio on nanoparticle properties

Polyplexes were prepared in HBG at N/P-ratios of 3, 4, 5, 5.5, 6, 7.5, 10, 15 and 30 at
a constant pDNA concentration of 200 pg/ml which is commonly used for in vivo

experiments and analysed by NTA (Schafer, 2011).
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Figure 15 Outcome of NTA measurements of polyplexes generated at different N/P-ratios at a constant plasmid
concentration of 200 pg/ml. Grey bars depict the mean values of size of nanopatrticles (y-axis). Black squares depict
the mean values of the standard deviations of the NTA measurements. (n = 3, values are depicted as mean +/-
s.d.)
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NTA size determinations revealed, that particles are getting smaller from N/P 10
upwards. Polyplexes with an N/P ratio of 3 had a significantly higher standard deviation
compared to polyplexes generated at higher N/P ratios. This is due to instability of the
particles at this low ratios, leading to aggregation. Most of this aggregates then
precipitateand cannot be detected by NTA, leading to low registered particle

concentration and broad size distribution of the measured sample.

The samples with N/P-ratios of 6 and 7.5 seem to be outliners, at least it cannot be
explained yet why they were significantly bigger than polyplexes generated at N/P
ratios 5 and 5.5. This also resulted in a markedly lower percentage in the size range

between 100 and 200 nm of the two representatives.

However, the overall outcome of the NTA measurements showed, by increasing the
N/P-ratio the tendency of polyplexes is to become smaller (Figure 15). With an
increasing N/P ratio the percentage of particles with a size between 100 and 200 nm
gets bigger (Figure 16). Based on previous publications the percentage of particles
with a size between 100 and 200 nm directly correlates with the transfection efficiency

in vivo (Wightman, 2001). -potential increases with the N/P ratio (Figure 17).
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Figure 16 Percentage of particles in the size range between 100 and 200 nm (y-axis), correlating to the N/P-ratios
of the polyplexes (x-axis). (n = 3, values are depicted as mean +/- s.d.)
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Figure 17 NTA based {-potential measurements of polyplexes generated at different N/P-ratios at a constant
plasmid concentration of 200 pg/ml. The plot depicts the zeta potential of the particles (y-axis), correlating to the
N/P-ratios of the polyplexes (x-axis). (n = 3, values are depicted as mean +/- s.d.)
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Polyplexes generated at N/P ratios from 3 to 5 showed a high polydispersity which is
shown by averaging the individual standard deviations of the size measurements,
calculated by the NTA software. Especially polyplexes prepared at N/P 3 have low
kinetic stability and tend to aggregate more compared to polyplexes prepared at higher
N/P-ratios. This was investigated by NTA and by measuring pDNA recovery.
Therefore, the pDNA concentration of the polyplex solution was determined by
Nanodrop UV spectrophotometer and compared with the pDNA concentration of 200
pg/ml which was used for polyplexing. There it is clearly visible that especially at an
N/P-ratio of 3 approximately 50 % of the initially used amount of plasmid precipitated
(approximately 100 pg/ml vs. 200 pug/ml pDNA concentration of the tested solution,
Figure 18)

Two representative NTA derived size plots of polyplexes with an N/P 3 and 30 are
compared and illustrate the significant difference in size distribution. While polyplexes
with an N/P-ratio of 3 are showing a wide range of size distribution, polyplexes with an

N/P-ratio of 30 are distributed significantly narrower (Figure 19).

Figure 18 Nanodrop determinations of the plasmid recovery of the polyplexes formed at different N/P-ratios.
Especially polyplexes with an N/P-ratio of 3 tend to aggregation and often precipitated. (n = 3, values are depicted

as mean +/- s.d.)
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Figure 19 Comparison of the NTA plots of polyplexes with an N/P-ratio of 3 (left) and 30 (right). The difference in
size distribution can be clearly observed: while polyplexes with an N/P-ratio of 3 show a wide range of size

distribution, the polyplexes with an N/P-ratio of 30 are distributed significantly narrower.
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4.3.2 Influence of pDNA concentration on nanoparticle properties

For investigating the influence of pDNA concentration on polyplex properties particles
were generated in HBG at a constant N/P-ratio of 6 at pPDNA concentrations of 20, 50,
100 and 200 pg/ml.

The particle size increased with pDNA concentration (Figure 20) in accordance to
literature (Kasper, 2011). The percentage of particles in a range between 100 and 200
nm showed the highest value at polyplexes generated with a pDNA concentration of
50 pg/ml (Figure 21).

Investigation of pPDNA recovery revealed no significant precipitation after particles were

generated.

This enhanced aggregation behaviour of polyplexes at higher pDNA concentrations

correlates well to the literature (Fernandez, 2009; Kasper, 2011).
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Figure 20 Outcome of NTA measurements of polyplexes generated at different pDNA concentrations at a constant
N/P-ratio of 6. Grey bars depict the mean values of size of the polyplexes (y-axis) correlating to the individual pDNA
concentration (x-axis). Black squares depict the mean values of the individual standard deviations of each NTA

measurement. (n = 2, values are depicted as mean +/- s.d.)
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Figure 21 NTA measurements of polyplexes generated at plasmid concentrations at a constant N/P-ratio of 6. The
plot depicts the percentage of particles in the range between 100 and 200 nm (y-axis), correlating to the pDNA
concentration of the polyplexe solution (x-axis). (n = 2, values are depicted as mean +/- s.d.)
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4.3.3 Influence of incubation time on nanoparticle properties

For investigating the influence of incubation time on particle size a polyplex solution
was made with an N/P ratio of 6 and a pDNA concentration of 200 pg/ml. NTA
measurements were then carried out 0, 5, 10, 15, 20, 40 and 60 minutes after polyplex

generation.

After an increase in the particle size during the first 20 minutes the particle size became
smaller again (Figure 22). The reason could be explained by precipitation of particles
starting after 20 minutes. Due to their big size the so obtained aggregates could not be
detected by NTA making the average size and standard deviations of the detected

particles smaller.

Figure 22 Outcome of NTA measurements of polyplexes in an incubation timeline from 0 to 60 minutes. The plot
depicts the average size of particles (y-axis) at different time points (x-axis). (n = 2, values are depicted as mean
+/- s.d.)
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4.3.4 Optimization of an up-scaled method for synthesizing polyplexes

Due to batch-to-batch variability and the limitation to low volumes of polyplex
generation by flash pipetting we optimized an up-scaled, more reproducible synthesis
method for generating polyplexes by using a syringe pump which was described by

Kasper et al. (Kasper, 2011).

Regarding biophysical properties there was no significant difference between 1 ml and
3 ml syringes of BBraun. For further experiments we always used 3 ml BBraun Omnifix
syringes for polyplex generation because a volume of 1 mlis insufficient when it comes

to upscaling.

We chose a flow rate of 1.0 ml/min resulting in particles with the lowest polydispersity
and highest percentage in a size range between 100 and 200 nm, compared to flow
rates of 0.1 and 0.5 ml/min (Figure 23). This result was well according to the findings
of Kasper et al. who found a decrease of average size and polydispersity when

increasing the flowrate (Kasper, 2011).

Figure 23 NTA based results of polyplexes made at flow rates of 0.1, 0.5 and 1.0 ml/min with a 3 ml syringe —
average diameter is compared in the left plot, percentage of particles in a size range between 100 and200 nm in
the left plot. (n = 2, values are depicted as mean +/- s.d.)

250- L 100+ .
| 80+
200 " = —
£ 9
E 150+ % 60+
= © |
N 100- £ 40~
9 (] P = R
50- 20+
o L T Ll 0 T T L]
& P S & P O
flowrate (ml/min) flowrate (ml/min)

49



The size of polyplexes made by this syringe pump based method was compared with
the size of polyplexes made by flash pipetting of 3 different users via NTA. Thereby we
wanted to show the user dependence of the flash pipetting technique.

The analysis showed that polyplexes made by flash pipetting and polyplexes made by
syringe pump based synthesis are in approximately the same size range (Figure 24).
However, the advantage of the syringe pump method is the possibility to generate
reproducible polyplex batches of greater amounts which is limited with the classic flash
pipetting method.

Figure 24 NTA based size measurements of polyplexes (HBG used as buffer, N/P 6, plasmid concentration of 20
pg/ml) made by pipetting of 3 different users compared to polyplexes made via syringe pump. (n = 3, values are
depicted as mean +/- s.d.)
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4.3.5 Influence of media

The influence different diluents (HBG, RPMI 1640) on the particle size was investigated
by NTA. Polyplexes were generated in HBG at N/P-ratio 3, 6 and 9 and a pDNA
concentration of 20 pg/ml.

Diluting the sample in RPMI 1640 enables the simulation of changes in the particle

size which occur during in vitro testing.

Figure 25 NTA measurements of polyplexes diluted in HBG or RPMI 1640. The light grey bars depict the size of
particles diluted in HBG, the dark grey bars the size of particles diluted in RPMI 1640. The black squares depict the
mean values of the standard deviations of the individual measurements. (n = 3, values are depicted as mean +/-
s.d.)
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The results of the NTA measurements show that RPMI 1640 has an influence on
average diameter of polyplexes. For example, polyplexes prepared at N/P-ratio 9
showed a mean size which was significantly bigger when diluted in RPMI 1640 (Figure
25).

Also the percentage of particles with a size between 100 and 200 nm was significantly
lower when diluted with RPMI 1640 instead of HBG especially at N/P-ratios of 3 and 9
(Figure 26).
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Figure 26 NTA measurements of polyplexes with N/P-ratios of 3, 6 and 9 diluted in HBG (light grey bars) or RPMI
1640 (dark grey bars). The plot depicts the percentage of particles in the range between 100 and 200 nm (y-axis),

correlating to the plasmid concentrations of the polyplexes (x-axis). (n = 3, values are depicted as mean +/- s.d.)
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4.3.6 Influence of buffer system on polyplex properties

For evaluating the influence of the synthesis buffer on particle properties polyplexes
were generated in HBS at N/P-ratio 3, 6 and 9 with a plasmid concentration of 200
ug/ml. HBS was used as a diluent for NTA measurements. Strong aggregation of

particles was observed (Figure 27).

Particles prepared at pDNA concentrations of 200 pg/ml showed significant

precipitation which made NTA analysis impossible (Figure 28).

The aggregation tendency of particles prepared in HBS was analysed by fluorescence
microscopy. Therefore, particles at N/P 6 and a pDNA concentration of 200 pg/ml were
prepared in HBG and HBS, respectively. After an incubation time of 20 minutes

particles were stained with DAPI and visualized by fluorescence microscopy.

Figure 27 Fluorescence microscopy pictures of (A) DAPI stained polyplexes generated in HBG (plasmid
concentration 200 pg/ml; incubation time 20 minutes) and (B) DAPI stained polyplexes generated in HBS (plasmid

concentration 200 pg/ml; incubation time 20 minutes).

A

While polyplexes formed in salt free HBG with a pDNA concentration of 200 pg/ml
remained rather small polyplexes generated in HBS formed markedly big aggregates
(Figure 27).
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Figure 28 NTA measurements of polyplexes formed and diluted in HBS and HBG respectively. The light grey bars
depict the size of particles generated and diluted in HBG, the dark grey bars the size of particles generated and
diluted in HBS. The black squares depict the mean values of the individual standard deviations of the individual

measurements. (n = 3, values are depicted as mean +/- s.d.)
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NTA measurements of particles prepared in HBS at a pDNA concentration of 20 pg/ml
show that especially at N/P 3 the particles have a markedly bigger average diameter
(415.5 nm) than polyplexes generated and diluted in HBG (239.0 nm) (Figure 28).

So itis not surprising that the percentage of particles in a range of 100 to 200 nm were
significantly higher of polyplexes formed and diluted in HBG than of those formed and
diluted in HBS (Figure 29).

This aggregation behaviour of polyplexes generated in HBS was the reason why lower
dilution factors (1:2 or 1.3, respectively) were needed to obtain an appropriate
concentration of particles for NTA measurements, compared to polyplex solutions
generated in HBG, where dilution factors of 1:10, 1:50 or 1:100 (depending on N/P-

ratio) were needed (see Table 7, page 32).

54



Figure 29 NTA measurements of polyplexes with N/P-ratios of 3, 6 and 9 generated and diluted in HBG (light grey
bars) and HBS (dark grey bars) respectively. The plot depicts the percentage of particles in the range between 100
and 200 nm (y-axis), correlating to the plasmid concentrations of the polyplexes (x-axis). (n = 3, values are depicted

as mean +/- s.d.)
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Determination of pDNA recovery revealed that no significant amount of polyplexes
precipitated after their generation. The ratio between concentrations of pDNA before

and after polyplexing was approximately 1.0 in all measurements (Figure 30).
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Figure 30 pDNA recovery of polyplexes made in HBG (light grey bars) and HBS (dark grey bars) (n = 3, values are

depicted as mean +/- s.d.)
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4.4 Fluorescent labelling of LPEI

We attempted to stain LPEI with Fluorescein 5(6)-isothiocyanate (FITC) and observed
the fluorescent emission of polyplexes generated with LPEI-FITC with NS500.
Emission fainted rather quickly after exposure to the laser. Hence, no results could be
obtained.
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5 Discussion

5.1 Polymer synthesis and characterization

In this thesis we worked on optimizing a synthesis of poly(2-ethyl-2-oxazoline) which
can be used as precursor for LPEI synthesis. For this purpose cationic ring-opening
polymerization of 2-ethyl-2-oxazoline was carried out as described in literature
(Schaffert, 2013).

We chose methyl-p-toluenesulfonate as initiator for this polymerization, as it is shown
that resulting poly(2-ethyl-2-oxazolines) exhibits narrow size distribution (Miyamoto,
1988; Chujo, 1990; Miyamoto, 1991; Hochwimmer, 1998; Nuyken, 2002; Lungwitz,
2006).

Figure 31 shows the mechanism of initiation and propagation of the reaction.

Figure 31 Reaction Scheme of (a) initiation and (b) propagation of the polymerization of 2-ethyl-2-oxazoline with

the poly(2-ethyl-2-oxazoline) as final product.
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GPC showed the receipt of poly(2-ethyl-2-oxazoline) with Mw between approximately
6.635 and 19.954 kDa and polydispersity indexes between approximately 1.1 and 1.3.
Polyethylenglycol was used as a standard for GPC measurements. The polydispersity
increased with the degree of polymerization. It also revealed that the theoretical
molecular weights of the poly(2-ethyl-2-oxazolines) with 10 and 15 kDa are
approximately concurring with the results, while the 3 and the 24 kDa poly (2-ethyl-2-

oxazolines) showed bigger deviations.

When the reaction is carried out too long formation of hindered enamines proton
transfer and chain transfer reactions resulting in high molecular weight side products
is possible (Figure 32) (Litt, 1975). Hence, we carried out in-process controls by *H-
NMR for determining the endpoint of polymerization. In case of poly(2-ethyl-2-
oxazoline) with Mw of 14 kDa reaction kinetics showed complete conversion after 21.75

hours.

Figure 32 Chain end transfer reaction of poly(2-ethyl-oxazoline)
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Poly(2-ethyl-2-oxazoline) with Mw of 17 kDa was used for synthesizing LPEI with Mw
of 7.4 kDa by acidic hydrolysis after the protocol of R&dl et al. (reaction mechanism
depicted in Figure 33) (RodI, 2013).

Figure 33 Reaction mechanism of LPEI synthesis
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A big advantage of LPEI is the chemical modifiability such as adding compounds like
peptides for targeting specific sites of tumour cells (Schaffert, 2013). GE11 is an
oligopeptide with an affinity to epidermal growth factor receptor, without activating the
kinase activity which would lead to extended tissue growth. Polyplexes modified with
GEL11 are targeted to EGFR overexpressing tissues like many tumour types(Schafer,
2011).

For this purpose, the N-terminal L-cysteine of GE11 is linked via a heterobifunctional
linker (NHS-PEG-OPSS) to LPEI. We adapted the protocol for LPEI-PEG-OPSS

synthesis from Rd&dl et al (detailed reaction mechanism in Figure 34) (Rodl, 2013).
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Figure 34 Reaction between LPEI and the bifunctional NHS-PEG-OPSS linker; N-hydroxysuccinimide (NHS) is the
cleavage product of this reaction
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Although the protocol of RAdl et al. described the coupling of GE11 with the LPEI-PEG-
OPSS conjugate, we chose to use L-cysteine for optimizing the procedure since the
reaction mechanism remains the same. Instead of 3.4 umol LPEI we used 4.54 umol
(45.40 mg) of LPEI (10 kDa). Instead of 5 eq. (17 umol), we used a twofold surplus of
NHS-PEG-OPSS (18.60 mg; 2 eq.), since a molar ratios of PEG/LPEI between 0.8:1
and 1.5:1 are enough for efficient coupling (Schafer, 2011).

In Figure 35 the detailed reaction mechanism of the coupling of L-cysteine to LPEI-
PEG-OPSS is depicted.
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Figure 35 Reaction mechanism of LPEI-PEG-Cysteine synthesis; thiopyridone is the cleavage product of the
reaction; its absorption at 343 nm can be used as in process control
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5.2 Investigation of biophysical properties of polyplexes

A centerpiece of this thesis was the investigation of biophysical properties like size and
C-potential of polyplexes by nanoparticle tracking analysis (NTA) which gives
measurements characterized by higher resolution when compared to other

commercially available systems such as DLS based systems (Filipe, 2010).

We specifically investigated the impact of N/P ratio on size and (-potential, as these
characteristics are known for influencing transfection efficiency as well as cytotoxicity
(Behr, 1989; Boussif, 1995; Poulain, 2000; Boeckle, 2004).

Although N/P-ratios of 6 and 7.5 showed an increased size which does not agree with
previously conducted studies the overall tendency of polyplexes is to get smaller when
increasing the N/P ratio and hence being within a size range between 100 and 200 nm,
where polyplexes are shown to have the best transfection efficiency in vivo (Wightman,
2001). C-potential increased with the N/P-ratio. This may result in an increased
interaction with negatively charged cellular membrane surface at higher N/P-ratios
explaining higher transfection efficiency compared to polyplexes generated at lower
N/P-ratios. However, a high N/P ratio also results in increased cytotoxicity due to non-
specific ionic interaction of LPEI with the cellular membrane leading to breakdown of
the membrane potential, reduction of cytoplasmic proteins and thus cell death (Fischer,
2003; Boeckle, 2004; Regnstrom, 2006; Breunig, 2007; Schaffert, 2013).

However, for efficient transfection and N/P-ratio of at least 5 is required, where a

significant amount of free polyethylenimine is in solution (Boeckle, 2004).

The size of polyplexes increased with the pDNA concentration which was also

observed elsewhere (Kasper, 2011).

Polyplexes based on pDNA and LPEI require fresh prior-to-use preparation due to their
instability and tendency to aggregate in suspension (Rodl, 2013). Hence, we wanted
to investigate the influence of incubation time on polyplex size to determine the stability
of polyplexes. We observed an increase in size till an incubation time of 20 minutes.
Surprisingly, polyplexes started to get smaller from 20 minutes onwards. This could be
due to precipitation of the bigger aggregates that evolved during the time. These
precipitates cannot be measured with NTA, which means they are no longer available

for measurement, unlike the remaining smaller particles.
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The standard method for polyplex preparation is mixing equal volumes of LPEI and
pDNA containing solutions by flash pipetting. Unfortunately, this circumstance results
in batch-to-batch variability. Furthermore, this method is limited to relatively low
volumes. Hence, we optimized an up-scaled, more reproducible synthesis method for
generating polyplexes using a syringe pump which was described by Kasper et al.
(Kasper, 2011).

Our NTA measurements showed no significant difference between hand- and syringe
pump made polyplexes regarding their size. A significant advantage regarding
polydispersity of polyplexes made by the up-scaled method might be observed at
higher plasmid concentrations, according to Kasper et al. They showed that
polydispersity and size of polyplexes made by syringe pump method compared to
pipette made polyplexes were similar at a pDNA concentration of 20 pug/ml, while
polydispersity index of pipette made polyplexes made with a plasmid concentration of
400 pg/ml differed significantly from polyplexes made by syringe pump with the same

plasmid concentration (Kasper, 2011).

To simulate circumstances in cell culture, we investigated the size of polyplexes diluted
in different media, since there is no relevant data regarding this specific topic published
yet. Polyplexes were diluted in HBG and RPMI 1640, respectively. Especially at N/P-
ratio of 9 polyplexes diluted in RPMI 1640 were significantly bigger. This might also

affect the transfection efficiency.

The fact that salt concentration of the in the synthesis buffer used for polyplex
generation has an influence on aggregation behaviour and transfection efficiency is
already described in literature (Ogris, 1998; Wightman, 2001). Polyplexes formed in
salt containing environment sometimes show better transfection efficiency in vitro
compared to polyplexes generated under salt free conditions. On the other hand
polyplexes formed in salt free media show better transfection efficiency in vivo
(Wightman, 2001).

The reason for this phenomenon may lie in aggregation behaviour: while polyplexes
generated in salt free environment stay rather small, polyplexes formed in salt
containing media such as HBS show aggregation which leads to polyplexes settling
down onto cells in culture resulting in higher in vitro transfection efficiency. On the other
hand, this aggregation hampers the distribution, cellular uptake and therefore

transfection efficiency in vivo (Behr, 1989).
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Furthermore, we generated fluorescently labelled polyplexes for analyzing changes in
the particle properties in complete medium which contains fetal calf serum (FCS). The
serum proteins would be detected by NTA and therefore disturb the whole
measurement. NS500 is equipped with a fluorescence filter and hence is able to
visually distinguish between fluorescently labelled particles from FCS derived particles.
(http://www.malvern.com/de/products/product-range/nanosight-range/nanosight-
ns500/default.aspx, 2015).

Thus, LPEI was fluorescently stained with fluorescein isothiocyanate (FITC) in order to
distinguish the FITC-LPEI based polyplexes from particles of the media. Unfortunately,
the fluorescent emission delivered by FITC bleached rather quickly when exposed to
the laser of the NS500. Thus, an alternative fluorescent staining has to be found. The

reaction mechanism of the staining process is depicted in Figure 36.

Figure 36 Reaction scheme of FITC labelling of LPEI

A J

HI-I\fS
Hst‘{ /\J‘EN\/}\
,I:: x ¥ OH

FITC labelled LPEI

65



6 Appendix

6.1 Abstract

Linear polyethylenimine (LPEI) is amongst the most important non-viral vector for gene
therapy. The chemical modifiability of this polymer like the possibility of introducing
targeting moieties is making it a versatile tool for gene therapy. Mixed with nucleic
acids nanoparticles, so-called polyplexes, are formed due to electrostatic interactions
followed by hydrophobic collapse. These nanoparticles are able to transfect cells by

adsorptive endocytosis.

We synthesized poly(2-ethyl-2-oxazolines) of four different molar weights using 2-
ethyl-2-oxazoline as initial compound. Via acidic hydrolysis linear polyethylenimine
was generated. In place of GE11, a targeting peptide which couples with the EGF
receptor without activating it LPEI was modified with L-cysteine using a
heterobifunctional PEG linker.

Polyplexes were generated by mixing solutions of LPEI and plasmid DNA (pDNA) by
flash pipetting.

An important task of this thesis was the investigation of size and {-potential by
nanoparticle tracking analysis (NTA) since these properties directly correlate with the

transfection efficiency and toxicity of polyplexes.

Our results showed that an increase of the LPEI to plasmid ratio leads to a decrease
of size and an increase of {-potential. Polyplexes generated with an N/P-ratio of 3 had
no kinetic stability. An increase of pDNA concentration and incubation time led to an
increase of the average diameter of the particles.

Also the dilution buffer has influence on size. Polyplexes (generated in HEPES
buffered Glucose (HBG)) were diluted in HBG and RPMI 1640, respectively. The
measurements revealed that especially at N/P-ratio of 9 polyplexes diluted in RPMI

1640 were significantly bigger than those diluted in HBG.

Furthermore, polyplex properties are also dependent on the buffer system used during
nanoparticle generation. Polyplexes generated in HEPES buffered saline showed
increased aggregation and therefor size, compared with polyplexes generated in HBG.

66



Moreover, an up-scaled, more reproducible method of polyplex formation was
optimized. For this purpose, a syringe pump was employed, since the flowrate and
syringe size is adjustable.

6.2 Zusammenfassung

Lineares Polyethylenimin (LPEI) gehért zu den wichtigsten nicht-viralen
Gentransfervektoren. Die chemische Modifizierbarkeit des Polymers, wie etwa die
Moglichkeit der Einfihrung von Targeting-Einheiten macht es zu einem vielseitigen
Werkzeug fur die Gentherapie. Mischt man LPEI mit Nukleinsauren, bilden sich durch
elektrostatische Wechselwirkungen gefolgt von einem hydrophoben Kollaps
Nanopartikel, sogenannte Polyplexe. Diese Nanopartikel kdénnen Zellen durch

adsorptive Endozytose und die Freisetzung von DNA innerhalb der Zelle transfizieren.

Wir synthetisierten Poly(2-ethyl-2-oxazoline) vier verschiedener Molekulargewichte
unter der Verwendung von 2-Ethyl-2-oxazolin als Ausgangssubstanz. Mittels saurer
Hydrolyse wurde lineares Polyethylenimin synthetisiert. Anstelle von GE11, ein
Targeting-Peptid, das an den EGF-Rezeptor bindet ohne ihn dabei zu aktivieren wurde

LPEI mithilfe eines heterobifunktionellen PEG-Linkers mit L-Cystein modifiziert.

Polyplexe wurden durch Mischen von LPEI und Plasmid DNA (pDNA) Lésungen und

anschlieRendem ,Flash-Pipetting“ hergestellt.

Ein wichtiger Punkt dieser Arbeit war die Untersuchung der Grol3e und des {-Potentials
der Nanopartikel mittels der Nanopartikel-Tracking-Analyse (NTA), da diese
Eigenschaften direkt mit der Transfektionseffizienz und Toxizitdt von Polyplexen

korrelieren.

Unsere Ergebnisse zeigten, dass eine Erhéhung des LPEI zu Plasmid Verhaltnis zu
einer Abnahme der GrofRe und einer Erhdhung des (-Potentials fuhrt. Polyplexe
erzeugt bei einem N/P-Verhéltnis von 3 hatten keine kinetische Stabilitdt. Eine
Erhéhung der pDNA Konzentration und der Inkubationszeit fuhrte zu einer Erh6hung

des durchschnittlichen Durchmessers der Partikel.

Auch der Verdunnungspuffer hat Einfluss auf die Gro3e. Polyplexe (erzeugt in HEPES-
gepufferter Glucose (HBG)) wurden jeweils in HBG und RPMI 1640, verdinnt. Die
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Messungen ergaben, dass insbesondere bei einem N/P-Verhaltnis von 9 Polyplexe

verdiunnt in RPMI 1640 deutlich gré3er waren als diejenigen in HBG verdunnt.

Weiterhin sind Polyplex Eigenschaften auch abhangig vom Puffersystem, das wahrend
Nanopartikelerzeugung verwendet wird. Polyplexe, die in HEPES-gepufferter
Salzlésung erzeugt wurden zeigten vermehrt Aggregatbildung, die Partikel waren im
Durchschnitt dadurch grof3er, verglichen mit Polyplexen, die in HBG hergestellt

wurden.

Dariiber hinaus optimierten wir ein hochskalierbares, besser reproduzierbares
Verfahren zur Polyplex Herstellung. Zu diesem Zweck wurde eine Spritzenpumpe
eingesetzt, da sowohl Stromungsgeschwindigkeit und die Spritzengrol3e einstellbar

sind.
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