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I. Abstract 

Gene therapy offers the possibility to treat the root cause of cancer, namely a genetic 

predisposition. Efficient transfer of nucleic acids can be achieved by both viral and non-viral 

delivery agents. In contrast to virus based formulations, non-viral vectors are characterized by 

their simple synthesis, low cost and the possibility of delivering a high amount of nucleic acid. In 

this PhD thesis, the focus lays on the modification and application of nucleic acid delivery agents 

based on linear polyethylenimine (LPEI). The thesis is divided into three main parts as described 

below. 

Part One is mainly dedicated to the establishment of an up-scaled synthesis method for 

preparing polyplexes based on LPEI and pDNA. Manual mixing by flash pipetting shows certain 

drawbacks like its limitation to relatively small synthesis volumes and distinct batch-to-batch 

variability. By using a syringe pump based system, we could overcome these shortcomings: well-

defined nanoparticles with consistent physical properties and good in vitro and in vivo 

transfection abilities were obtained. 

In Part Two LPEI polyplexes were used for topical non-targeted and targeted treatment of CD49f 

overexpressing lung metastasis by aerosolization. In vivo experiments with Balb/c mice bearing 

iRFP720 labelled tumors demonstrated the possibility of co-localizing the fluorescence signal of 

iRFP720 and bioluminescence signals created by sufficient tissue transfection with polyplexes. 

The influence of introducing PEG and a CD49f targeting domain on physical and biological 

properties of polyplexes was extensively tested by nanoparticle tracking analysis (NTA), in vitro 

and in vivo assays. Physical evaluation of polyplexes showed high stability of nanoparticles after 

aerosolization. Shielding of LPEI with PEG resulted in an enhancement of the transfection 

efficiency in vivo. Additionally, a significant improvement of cell association, uptake and 

transfection was observed with the CD49f targeted conjugate. 

In Part Three we developed a new gene carrier system based on gold nanoparticles (AuNP), 

small interfering RNA (siRNA) and LPEI, termed as auropolyplexes. Cationic gold nanoparticles 

could be generated by chemisorption of LPEI with a terminal mercapto moiety. Auropolyplexes 

were synthesized by mixing cationic gold nanoparticles with siRNA followed by additional LPEI. 

The product showed high physical stability and good knock-down efficiency in vitro. In vivo 

biodistribution studies revealed an efficient release of siRNA after i.t. administration. The 

flexibility of the formulation was shown by using LPEI with different molecular weights and 

PEGylated LPEI for the last complexation step.  
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II. Zusammenfassung 

Gentherapie ermöglicht die Behandlung der Grundursache von Krebs, nämlich eine genetische 

Veranlagung. Der effiziente Transfer von Nukleinsäuren kann sowohl mit viralen als auch non-

viralen Gentransferkomponenten erzielt werden. Im Gegensatz zu viral basierten 

Formulierungen sind non-virale Vektoren durch ihre einfache Synthese, geringe Kosten und die 

Möglichkeit der Übertragung hoher Mengen von Nukleinsäuren charakterisiert. Der Hauptfokus 

dieser Doktorarbeit liegt auf der Modifikation und Anwendung von 

Nukleinsäuretransferkomponenten basierend auf lineares Polyethylenimin (LPEI). Die Arbeit ist, 

wie folgt beschrieben, in drei Hauptteile aufgeteilt: 

Teil Eins widmet sich hauptsächlich der Entwicklung einer hochskalierten Synthesemethode für 

die Herstellung von Polyplexen basierend auf LPEI und pDNA. Manuelles Mischen durch "rasches 

Pipettieren" zeigt bestimmte Nachteile wie dessen Limitierung auf relativ kleine 

Synthesevolumina und deutliche Chargenvariationen. Durch die Verwendung eines 

spritzenpumpenbasierten Systems konnten wir diese Mängel beheben: Gut definierte 

Nanopartikel mit konsistenten physikalischen Eigenschaften und guten in vitro und in vivo 

Transfektionsfähigkeiten wurden erhalten. 

In Teil Zwei wurden LPEI-Polyplexe für die topische ungezielte und gezielte Behandlung von 

CD49f-überexprimierenden Lungenmetastasen durch Aerosolisierung verwendet. In vivo 

Experimente mit iRFP720 markierten tumortragenden Balb/c-Mäusen demonstrierten die 

Möglichkeit der Co-Lokalisierung des Fluoreszenzsignals von iRFP720 und 

Biolumineszenzsignalen erzeugt durch die erfolgreiche Gewebstransfektion mit Polyplexen. Der 

Einfluss der Einführung von PEG und einer CD49f-Zielrichtungsdomäne auf die physikalischen 

und biologischen Eigenschaften von Polyplexen wurde eingehend mittels "nanoparticle tracking 

analysis" (NTA), in vitro und in vivo Untersuchungen getestet. Die physikalische Überprüfung von 

Polyplexen zeigte eine hohe Stabilität der Nanopartikel nach Aerosolisierung. Die Abschirmung 

von LPEI mit PEG resultierte in einer Steigerung der Transfektionseffizienz in vivo. Zusätzlich 

wurde eine signifikante Verbesserung der Zellassoziation, der Aufnahme und Transfektion mit 

dem CD49f-zielgerichteten Konjugat beobachtet. 

In Teil Drei entwickelten wir ein neues Genüberträgersystem basierend auf Goldnanopartikel 

(AuNP), kleiner interferierender RNA (siRNA) und LPEI, auch als Auropolyplexe bezeichnet. 

Kationische Goldnanopartikel konnten durch Chemisorption von LPEI mit terminaler 

Mercaptogruppe hergestellt werden. Auropolyplexe wurden durch das Mischen von 
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kationischen Goldnanopartikeln mit siRNA gefolgt von zusätzlichem LPEI generiert. Das Produkt 

zeigte eine hohe physikalische Stabilität und eine gute Knock-down Effizienz in vitro. Die in vivo 

Bioverteilung zeigte die effiziente Freisetzung von siRNA nach i.t. Verabreichung. Die Flexibilität 

der Formulierung wurde durch die Verwendung von LPEI mit unterschiedlichem 

Molekulargewicht und PEGyliertem LPEI für den letzten Komplexierschritt gezeigt. 
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III. Introduction 

1. Gene therapy for cancer treatment 

The standard of care in cancer therapy is a combination of surgery, radiation treatment and 

chemotherapy.1 However, the fact that this schedule is often confronted with resurgence of the 

disease leads to other therapeutical approaches coming into focus for cancer treatment.2 One of 

them is gene therapy, which mainly concentrates on the fact that generation and progression of 

cancer diseases are based on a genetic predisposition.3 Cancer is a multistage process leading to 

an accumulation of mutations within proto-oncogenes and tumor suppressor genes followed by 

uncontrolled tissue proliferation due an imbalance in the cell cycle.4, 5 Lack or dysfunction of 

tumor suppressors and an amplification of growth promoting signals are the basis of the chronic 

proliferation and progression of tumor tissue, hence important targets for gene therapy.6, 7 

In general, gene therapy is a prodrug based approach characterized by high specificity. Due to 

the rather high molecular weight of nucleic acids applied, it is not affected by certain 

shortcomings like efflux mediated drug resistances, which can limit the treatment efficiency of 

small molecular weight cytostatic drugs. However, direct administration of naked nucleic acids is 

not efficient due to fast enzymatic degradation by nucleases and low uptake into target tissue 

mainly because of their polyanionic character.8-10 The development of gene therapy started with 

the application of viral vectors as vehicles for nucleic acids.11 Efficient transfer of genes into 

target tissue showed clear advantages over other therapeutic approaches.12, 13 Compared to 

both physical and chemical based transfection methods, the application of viral vectors often 

results in relatively high transgene expression. Modifications of viral vectors can be conducted in 

order to improve both efficiency and tissue specificity and reduce toxicity. For example, 

introduction of polyethylene glycol (PEG) combined with the addition of targeting moieties like 

transferrin on the capsid surface could be applied for sufficient retargeting of the virus.14 For 

monogenetic diseases and/or ex vivo approaches, adeno associated virus (AAV) and lentivirus, 

respectively, show in general high and stable gene transfer combined with good biocompatibility 

and are therefore used as main compounds in clinically approved gene therapeutics (e.g. 

Glybera® (AAV), Luxturna® (AAV) and Kymriah® (lentivirus)).15 On the other hand, oncolytic 

vectors (e.g. Imlygic® (herpes simplex)) can be used for combining high tumor cell specificity 

with an activation of antitumor immune reactions.16 
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Nevertheless, the immunogenicity of viral vectors limits the efficacy of repeated systemic 

administration, and risks related to fatal systemic immune reactions, or, in case of integrating 

vectors, insertional mutagenesis remain.17, 18  

2. Non-viral gene delivery agents 

Delivery of genes into target tissue through the application of naked nucleic acids shows low 

efficiency because of their high molecular weight and their negative charge.19 Besides their low 

cellular uptake especially unmodified nucleic acids are also prone to fast degradation after in 

vivo administration.9, 20, 21 Chemical modification of short, synthetic nucleic acids, like 

oligonuclecotides and small interfering RNA (siRNA) molecules can improve both enzymatic 

stability and cell uptake.9 Drisapersen, for example, is a 2ʹ-O-methyl-phosphorothioate modified 

RNA molecule which shows promising results in the treatment of Duchenne muscular 

dystrophy.22 Such phosphorothioate modifications enhance the binding of oligonucleotides to 

plasma proteins and cells. A further approach to enhance cellular binding and uptake is the 

direct conjugation of oligonucleotides to peptide/protein based ligands.23 

Non-viral gene delivery vectors can be used for efficient complexation and protection of nucleic 

acids in order to overcome above described biological barriers.24 Non-viral vectors are in general 

positively charged macromolecules which condense nucleic acids into virus like particles.25, 26 

Compared to viral vectors, non-viral gene transfer agents are rather simple chemicals. Both 

synthesis and modifications of such compounds can be easily accomplished. Additionally, non-

viral gene delivery vehicles like cationic lipids and polycationic compounds are able to complex 

large quantities of nucleic acids.19 Complexation of nucleic acids mainly works via electrostatic 

interaction followed by hydrophobic collapse resulting in nano-sized particles characterized by 

surplus of positive charge.19 Based on their positive charge those so-called nanoplexes are able 

to electrostatically interact with negatively charged molecules such as glycosaminoglycanes 

located on the cellular surface which leads to endocytosis.1, 27, 28 

2.1. Lipoplexes 

Lipid based gene delivery systems, so called lipoplexes, are the most commonly used 

transfection agents for both DNA and RNA delivery.13, 29, 30 The chemical structure of such lipids is 

characterized by a hydrophobic tail and a positively charged hydrophilic head group which is 

usually based on functional groups with a basic character such as amine, quarternary ammonium 

and guanidinium moieties as well as peptide and heterocyclic structures.31 The backbone of such 

lipids connects the hydrophilic cationic moiety with the hydrophobic part and can be composed 
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of functionalities like peptides, phosphate, phosphonate linkers and aromatic compounds. 

Cationic lipids like N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium (DOTAP) are 

connected via ester groups which show a relatively low chemical stability (Figure 1).32 In contrast 

1,2-di-O-octadecenyl-3-trimethylammonium propane (DOTMA) which is bound via ether 

functionalities is characterized by high chemical stability without biodegradability. Because of 

the versatile chemical structure of linker compounds modifications based on the introduction of 

amide or carbamate functionalities can be used for changing chemical stability and 

biocompatibility of the final product. In order to improve both physical and biological properties 

of the final complex with nucleic acids, lipoplexes are often generated combining cationic lipids 

with neutral helper lipids, like cholesterol and 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE).33 The application of cholesterol for the synthesis results in the formation of lipoplexes 

characterized by high stability under physiological conditions. 

 

Figure 1: Examples for positively charged (DOTAP, DOTMA) and neutral/uncharged lipids (DOPE, 

cholesterol) often used for lipoplex formation 

Based on their composition lipoplexes can show different structural characteristics which could 

be revealed by X-ray diffraction analysis. Both multilamellar structures with alternating lipid 

bilayers and nucleic acid based monolayers as well as inverted hexagonal structures with 

cylinder-like lipid structures with a nucleic acid core could be detected.31 Major drawbacks of 
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lipoplex formulations when applied in vivo are inflammatory reactions due to high toxicity and 

formation of aggregates due to non-specific interactions with blood components.34 

2.2. Inorganic nanoparticle formulations 

Nanoparticles derived from heavy metals such as gold and iron can be applied as template 

material for non-viral gene delivery as their physical and biological properties can simply be 

changed by introducing surface modifications.35, 36 Products characterized by relatively small 

hydrodynamic diameters with low polydispersity can be reproducibly generated following simple 

synthesis routes ensuring the generation of well-defined formulations. Especially particles 

characterized by small size and high stability can easily be internalized by cells.34 

In general there are two different approaches to generate inorganic nanomaterial, namely the 

top-down and the bottom-up approach.37 The top-down approach describes the procedure of 

creating nanoparticles starting with bulk material through the application of methods like 

etching and lithiography. The main disadvantage of such techniques is the creation of particles 

often characterized by high heterogeneity. The bottom-up approach is about the assembly of 

single atoms or molecules into nanostructures which often results in a product with low 

polydispersity. This can, for example, be done by simple chemical reduction of the initiating 

compounds.38 

One of the most commonly used methods for generating spherical and rod-shaped gold 

nanoparticles is the application of sodium citrate as initiator in a certain ratio to HAuCl4 where 

sodium citrate acts as reducing agent, stabilizer and pH mediator.39, 40 Size of the resulting 

particles can be controlled based on the ratio between gold and sodium citrate. The size 

dependent uptake of citrate capped gold nanoparticles has been evaluated by Chithrani et al. 

who found out that especially particles with a mean diameter of 50 nm show efficient 

internalization into cells despite their negative surface charge.41 They hypothesized that non-

specific interactions with proteins in the cell culture medium might play an important role during 

cell uptake. 

In case of gold nanoparticles, compounds containing thiol, phosphine and amine functionalities 

attach by chemisorption which enables modifications of the gold nanoparticle surface. Based on 

that, fast and efficient coupling of targeting peptides, antibodies and nucleic acids can be 

conducted for generating gold nanoconjugates.36, 42 Such formulations can be applied for tissue 

specific gene delivery but also as contrast agents for X-ray and computed tomography (CT) 

imaging due to the high mass attenuation coefficient of gold. Surface modifications with 
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peptides and antibodies resulted in efficient targeting of tumor tissue, liver, lymph nodes etc.43-45 

Besides their high electron density, which enables detection by transmission electron 

microscopy, gold nanoparticles are also characterized by surface plasmon resonance.46 Based on 

that, a suspension of spherical unmodified gold nanoparticles shows light absorption at a 

wavelength between 510 nm and 540 nm depending on the particle size.47 Therefore 

modifications which result in an increase of particle size can be detected by a shift of the 

absorption of light towards a longer wavelength.  

2.2.1. Gold nanoparticles for nucleic acid delivery 

Gold nanoparticles can be used as template for the development of formulations for nucleic acid 

delivery. Wurster et al. used a combination of gold nanoparticles as template compound with 

BPEI and siRNA for efficient gene transfer.47 In their protocol they functionalized citrate capped 

gold nanoparticles by thiol exchange with 11-mercaptoundecanoic acid. The resulting negatively 

charged surface was used as starting point for generating alternating layers of BPEI and siRNA by 

electrostatic interaction. This principle is also termed as layer-by-layer assembly.48, 49 One of the 

major disadvantages of this approach is that every coating procedure is followed by purification 

steps in order to remove excessive unbound polymer which is automatically related to 

significant product loss.50 This and the batch dependent loading with siRNA and therefore lack of 

reproducibility of the synthesis are major points why other synthetic approaches are needed for 

nucleic acid delivery based on gold nanoparticles as template material.51, 52 

Another possibility for surface modifications of gold nanoparticles is the direct coupling of 

alkanethiol modified oligonucleotides.53 With that method coupling of approx. 250 

oligonucleotides per nanoparticle with a size of 15 nm could be achieved.54 Oligonucleotides 

bound to the gold surface showed high stability against nucleases which could be due to steric 

hindrance because of the dense packing of the nucleotides.55 Interestingly, despite their highly 

negatively charged surface oligonucleotide modified gold nanoparticles showed good cellular 

uptake. Same as described above for citrate capped gold nanoparticles also here efficient cell 

uptake might be due to changes in both particle size and ζ-potential through non-specific 

adhesion of positively charged serum proteins. Important, due to the direct coupling of 

oligonucleotides to the gold surface by chemisorption approx. 60 % of the nucleic acid remained 

bound on the nanoparticles and might therefore not show any effect on target cells/tissue.56 
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2.3. PAMAM dendrimers 

In case of polycationic compounds the interaction of the delivery agent with the nucleic acid is 

based on electrostatic interaction. Amongst those compounds, especially polyamidoamine 

(PAMAM) dendrimers and polyethylenimine (PEI) showed high efficiency both for complexation 

and the delivery of nucleic acids.19 One major advantage of PAMAM is the synthetic strategy 

which leads to a relatively monodisperse product.57 The chemical structure of PAMAM 

dendrimers is in general based on a multifunctional core, a repetitive branching amidoamine 

based internal structure and a modifiable surface which in a simple form can be based on 

primary amine groups (Figure 2).58, 59 Generation of the branched internal structure is done by 

Michael addition of a "core" compound like ethylenediamine to methyl acrylate followed by 

amidation of the ester functionality with ethylenediamine.57 With ethylenediamine as core four 

branches per reaction can be created. Repetition of those reactions leads to different 

generations of PAMAM dendrimers and therefore an increase of both molecular weight and the 

total amount of functional surface groups of the final product. Especially higher generation 

PAMAM dendrimers are characterized by their high efficiency regarding complexation of big 

amounts of nucleic acids forming compact and highly stable particles.60  

 

 

 

 

 

Figure 2: Generation 1 PAMAM with an ethylendiamine “core” unit (blue) and in total 8 amino 

surface groups (red) 

Cationic PAMAM dendrimers show relatively high toxicity when compared to their uncharged or 

negatively charged equivalents. The strong electrostatic interaction of those compounds with 

the cellular surface increases the risk for lysis and therefore high cell toxicity.61, 62 In vivo 

experiments on embryonic zebrafish with unmodified primary amine terminated PAMAM 

dendrimers revealed increased mortality with decreasing generation which could be due to 

reduced stability of polyplexes.63 Side effects like the formation of pericardial edema could be 

observed.  
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2.4. Polyethylenimine 

2.4.1. Branched polyethylenimine 

Branched PEI (BPEI) was first used in 1995 as transfection agent for delivering pDNA in vitro and 

in vivo.64 Due to its high density of positive charges based on protonable primary, secondary and 

tertiary amino groups it can be used for condensation of high amounts of nucleic acid.65 The 

synthesis of BPEI is based on a cationic ring opening polymerization of aziridine as starting 

material (Figure 3).66, 67 Under acidic conditions an aziridinium ion is formed and attacked by 

another aziridine monomer. In this synthesis approach “propagation” and “branching” reactions 

occure. With this strategy generation of BPEI with a molecular weight even higher than 800 kDa 

is possible.65 However, the principle of its generation also leads to a variable and incontrollable 

total amount of primary, secondary and tertiary amino groups which has major impact on 

polymer properties when it comes to complexation of nucleic acids and toxicity.67, 68 

 

Figure 3: Synthesis of BPEI with aziridine under acidic conditions (here HCl). Propagation and 

branching reaction result in the formation of a branched structure with primary, secondary and 

tertiary amino groups. 

 

At physiological pH, approx. 50 % of the amino groups are protonated.1, 69 Like other positively 

charged non-viral gene delivery agents, PEI based polyplexes interact with negatively charged 

compounds on the cellular surface leading to endocytosis. In literature, both adsorptive and 

fluid-phase endocytosis have been described for PEI polyplexes.70, 71 The endosomal release is 

based on the high buffering capacity of PEI which leads to an active transport of protons into the 

endosome, also known as “proton sponge” effect. The following passive transport of chloride 

and water into the endosome results in rupture of the endosomal membrane and the release of 

the particles into the cytosol.72  
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Both physical and biological properties of PEI based polyplexes are dependent on the molecular 

weight and the ratio between nitrogen groups of PEI and phosphate groups of the nucleic acid, 

also known as N/P ratio.19 Formation of stable polyplexes starts with N/P 2-3.73 Erbacher et al. 

showed that with PEI with a molecular weight of 25 kDa an increase of the N/P ratio leads to a 

reduction of the particle size from >1000 nm for N/P 2 to 100-200 nm for N/P 20.74 In other 

words, N/P ratios close to electroneutrality lead to a high tendency for aggregate formation. 

With increasing N/P ratio also the total amount of free PEI necessary for particle stabilization 

and transfection efficiency increases.75 

2.4.2. Linear polyethylenimine 

In contrast to branched PEI, linear PEI (LPEI) shows a backbone with only secondary amino 

groups. LPEI is usually synthesized by acidic hydrolysis of poly(2-alkyl-2-oxazoline) (e.g. poly(2-

ethyl-2-oxazoline)).76, 77 Poly(2-ethyl-2-oxazoline) is generated by cationic ring opening 

polymerization of its monomer (Figure 4). The polymerization degree can be controlled by the 

ratio between the initiator compound and the monomer. Variations of reagents which are used 

for initiation and termination of the polymerization give the possibility of changing the structure 

of both α- and ω-terminus of the product. As initiator strong alkylating agents like tosylate 

compounds can be used under water free conditions.78 Termination is conducted with 

nucleophilic compounds like methanolic KOH, ammonia or piperidine.78, 79 Figure 4 shows the 

polymerization mechanism using methyl tosylate as initiating compound and methanolic KOH as 

terminating agent. Deacylation of poly(2-ethyl-2-oxazoline) can be done under strong acidic 

conditions with HCl. During this procedure both concentration of HCl and duration of the 

reaction process can be changed in order to synthesize either LPEI or partially deacylated poly(2-

ethyl-2-oxazoline) giving the possibility to change nucleic acid complexation properties, toxicity 

and transfection behaviour of resulting polyplexes.76 
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Figure 4: LPEI synthesis scheme showing the generation of poly(2-ethyl-2-oxazoline) with n Mol 

2-ethyl-2-oxazoline as monomer and methyl tosylate as initiator. Termination is done with 

methanolic KOH. Through variations in HCl concentration and the total duration of dealkylation 

either partially hydrolyzed poly(2-ethyl-2-oxazoline) or LPEI can be generated 

2.4.3. Manual versus automated polyplex generation 

In general, one major disadvantage of polyplex formulations are variations amongst different 

synthesis batches regarding physical particle properties which might negatively affect their 

biological activity.80 This is mainly due to the standard procedure applied for particle preparation 

which is based on manual mixing of the components by pipetting. Being limited to relatively 

small volumes this method also tends to result in operator specific variations of the final product 

with a high risk for irreproducible gene delivery.81 Kasper et al. described the possibility of 

polyplex generation with a syringe pump based system which enabled automated and controlled 

mixing of polycation and nucleic acid containing solutions.82 The whole procedure ensured both 

reproducible generation of gene delivery particles and the possibility of creating bigger product 

volumes. Based on the same principle the Gill and Hyde group established a device for the 

production of sample volumes up to 100 mL.83 

2.4.4. Toxicity of PEI 

PEI in general shows toxicity characterized by the generation of intracellular stress when 

released into the cytoplasm through its influence on mitochondrial pathways.84 Moghimi et al. 

described PEI derived cytotoxicity as a two-stage process where mitochondrial mediated 

apoptosis follows damage of the cellular membrane.85 Both in vivo and in vitro toxicity of PEI 

seems to directly correlate not only with the total amount of the compound applied but also 

with its molecular weight.86 It is thereby necessary to use PEI with a molecular weight which 

ensures optimal condensation and transfer of the nucleic acid but still shows controllable 
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toxicity. Additionally, PEI with a branched chemical structure is characterized by significantly 

higher cytotoxicity compared to linear PEI.87, 88 

2.4.5. Comparison of LPEI and BPEI based delivery of pDNA 

LPEI shows overall better performance in pDNA delivery both in vitro and in vivo compared to 

BPEI.89-92 In vitro experiments of different cancer cell lines done by Wightman et al. resulted in a 

clear improvement of transgene expression after LPEI treatment at N/P ratios ranging from 3.5 

to 8 compared to BPEI polyplexes at same N/P ratios.93 Experiments were conducted in salt 

containing buffer (HBS; HEPES buffered saline). In general, BPEI and LPEI based polyplexes 

prepared under low salt conditions (e.g. 5% glucose at pH 7.4) are characterized by small size 

and high stability. However, due to their small size those particles showed limited ability to 

accumulate on the cellular surface requiring either an increased treatment concentration or 

prolonged treatment duration to achieve good transfection efficiency. As BPEI creates highly 

stable particles even in salt containing buffers formation of particle accumulation on the cellular 

surface and therefore cell uptake was significantly reduced when compared to its linear polymer 

version. This relation between transfection efficiency, particle size and particle sedimentation 

was also investigated by Pezzoli et al.94 In their protocol they increased the sedimentation of 

small particles by centrifugation and with that significantly improved their transfection 

efficiency. Same could be observed in vivo. After intravenous (i.v.) injection unmodified LPEI 

polyplexes showed significant particle aggregation because of interaction with blood 

components, such as serum proteins and platelets.89, 90, 95 Intravenous administration of LPEI 

based particles resulted in high transfection of lung tissue, especially of endothelial cells in the 

lungs and type I and type II pneumocytes.96 Experiments based on the i.v. administration of BPEI 

polyplexes with comparable molecular weight prepared at the same concentration and N/P ratio 

showed rather low transgene expression and significantly higher toxicity when compared to 

LPEI.93 

2.4.6. Comparison of PEI complexation efficiency for pDNA 

and siRNA 

Due to its good complexation abilities PEI can also be used as delivery agent for relatively small 

nucleic acid types, such as siRNA.3, 97 In general RNA interference is known to play an important 

role in the control of cell growth and development through post transcriptional gene silencing. 

Furthermore, it is part of protection mechanisms against double stranded RNA derived by 

viruses.98, 99 Therefore, delivering siRNA for the down regulation of genes which, for example, 

are responsible for tumor progression is an important approach in cancer therapy. In short, 
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double stranded siRNA works through the incorporation into the RNA-induced silencing complex 

(RISC).100 After removal of the sense strand the antisense strand directs RISC to the target mRNA 

which gets cleaved by so called Argonaute proteins.101 

With a size of 21-23 nucleotides siRNA molecules are relatively small when compared to other 

nucleic acid types like pDNA.102 Therefore, good complexation properties and efficient 

protection of the payload are major criteria for non-viral gene delivery agents. PEI polyplexes 

based on pDNA show in general higher stability compared to those based on siRNA.103, 104 

Especially LPEI shows low complexation and transfection abilities for siRNA.86 Reason for that are 

structural differences and the high molecular weight, hence the total amount of negative 

charges of pDNA compared to siRNA. Investigations based on molecular dynamics simulations 

were conducted in order to show the difference of the interaction of LPEI with DNA and 

siRNA.105 Those experiments revealed that DNA shows interaction with more protonated 

nitrogens of the LPEI molecule compared to siRNA. Besides that, a reduction of the 

configurational entropy of siRNA when condensed in polyplexes seems to make the whole 

complexation process during particle formation less energetically favorable. This is confirmed by 

in vitro experiments which showed insufficient siRNA delivery with unmodified LPEI of different 

molecular weights.106, 107 Compared to LPEI/siRNA polyplexes those based on BPEI were 

characterized by higher transfection efficiency. This is most probably due to both the branched 

chemical structure of BPEI and its composition of primary, secondary and tertiary amines which 

enhances electrostatic interactions between the polycation and the nucleic acid.86 

Further investigations showed, also in case of BPEI/siRNA polyplexes, the influence of the 

molecular weight of the polycation on physical particle properties. BPEI with a high molecular 

weight required lower N/P ratios for good transfection efficiency compared to low molecular 

weight BPEI.87, 108 However, due to the positive correlation of reduced cytotoxicity with 

decreasing molecular weight of the polycation Werth et al. investigated the efficiency of low 

molecular weight fractions of BPEI obtained by size exclusion chromatography.8 Cell treatment 

with polyplexes based on such low molecular weight fractions showed sufficient transfection 

together with higher cell viability. Same as with pDNA based complexes a significant impact of 

the synthesis medium on physical and biological properties of BPEI/siRNA polyplexes could be 

found. In general, BPEI/siRNA polyplexes prepared in 5 % (w/V) glucose showed higher stability 

and biological activity even after lyophilization compared to particles generated in 150 mM NaCl. 
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2.5. Evaluation of transfection efficiency in vitro and in vivo 

with reporter genes 

Biological properties of both viral and non-viral gene delivery agents can be analyzed by the 

application of nucleic acid based reporter constructs. Such reporters consist of two parts, 

namely a promoter and the reporter gene.109, 110 Promoters show either inducible or constitutive 

activity. Analysis of transfection efficiency with constitutively active promoters is done in order 

to evaluate reporter gene expression without regulation by cell processes. Typical examples are 

the promoters of the simian virus 40 (SV40), the human elongation factor 1α (EF1α) and the 

immediate-early cytomegalovirus promoter (CMV).111 Important, amongst different cell lines 

variations in the activity of such constitutively active promoters could be found.112 Therefore, 

detailed investigations have to be done for finding the optimal promoter for transfection assays. 

Monitoring of gene delivery efficiency both in vitro and in vivo could be conducted with reporter 

genes encoding for fluorescent and luminescent proteins. Two examples for such fluorescent 

reporter proteins are the enhanced green fluorescent protein (EGFP) with an excitation 

maximum at 488 nm and emission maximum at 509 nm and the near-infrared (NIR) fluorescent 

proteins (iRFP) like iRFP720 with an excitation maximum at 702 nm and emission maximum at 

720 nm.113-115 EGFP shows limited usability for in vivo imaging as its emitted light gets almost 

completely absorbed by hemoglobin and melanin. The excitation and emission profile of NIR 

fluorescent proteins lies in an “optical window” between 650 nm and 900 nm where body tissue 

shows the highest transparency to light.116 Therefore, iRFPs can be applied for deep optical 

imaging. 

Compared to fluorescent proteins the application of bioluminescence reporters does not require 

excitation light which reduces background signals and therefore results in higher sensitivity.117 

This is especially needed for the evaluation of the influence of targeting moieties on the 

transfection efficiency of gene delivery agents. The light signal generated by luciferases is based 

on the enzymatic oxidation of a substrate, like luciferin for firefly luciferase and coelenterazine 

for Gaussia luciferase.118 In contrast to firefly luciferase which stays intracellularly after 

expression and creates its light signal dependent on ATP Gaussia luciferase gets secreted and 

catalyses the conversion of its substrate ATP indepently.118-120 Therefore, using Gaussia luciferase 

for in vitro experiments does not require cell lysis enabling further evaluations of treatment 

effects on cells based on techniques like flow cytometry. 
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2.6. Generation of LPEI based conjugates with enhanced 

biological properties 

2.6.1. Introduction of a shielding domain 

As mentioned in section 2.4.1. PEI based polyplexes are characterized by more or less intense 

positive surface charge depending on the N/P ratio applied for particle formation and therefore 

interact with blood components after systemic administration subsequently followed by particle 

aggregation.73, 121-124 Reduction of such interactions and therefore prolonging the blood 

circulation time of polyplexes can be achieved by introducing a shielding domain which 

efficiently reduces the ζ-potential and improves physical stability of the particles.125 Schaffert et 

al. coupled PEG to LPEI by N-hydroxysuccinimide (NHS) based chemistry to secondary amino 

groups of LPEI via a carboxamide functionality.125 They found a significant decrease of ζ-potential 

using PEG with a molecular weight ranging from 2 kDa to 10 kDa. Introduction of 10 kDa PEG 

resulted in complete loss of transfection activity of polyplexes whereas in case of 2 kDa PEG 

significantly reduced but still remaining activity could be detected compared to unmodified LPEI 

polyplexes. In general, PEGylation of LPEI led to reduced cytotoxicity. This correlation between 

efficient shielding and a reduction of the biological efficiency of the formulation is termed as 

“PEG dilemma”.126 Nevertheless, PEGylation could be employed for reducing non-specific 

interaction of LPEI based polyplexes with the cellular surface and therefore used for synthesizing 

a LPEI-PEG platform for the introduction of targeting moieties against tumor antigens. 

2.6.2. Tumor targeting with LPEI-PEG-PEPTIDE constructs 

A heterobifunctional PEG with 3-(2-pyridyldithio)propionamide (OPSS) on the α-terminus and N-

hydroxysuccinimide (NHS) on the ω-terminus could be applied for coupling a targeting peptide 

via a disulfide bridge.125, 127 This enabled the functionalization of LPEI-PEG with thiol modified 

peptides like epidermal growth factor (EGF) which brought a significant enhancement of 

transfection efficiency. However, as expected cell treatment with EGF functionalized polyplexes 

resulted in an activation of epidermal growth factor receptor (EGFR) linked to mitogenic effects 

through receptor autophosphorylation and increased downstream signaling leading to enhanced 

tumor progression.128 Therefore, it is important that LPEI-PEG-PEPTIDE constructs are used that 

avoid receptor activation but still mediate sufficient gene transfer. 
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2.7. Development of tumor targeting peptides 

2.7.1. Phage display 

Since its first use in 1985 phage display showed high potential for finding peptide and protein 

sequences for efficient tumor targeting.129, 130 This technique is based on a ligand which is 

displayed on the phage surface after introducing its gene to the phage genome. Testing the 

interaction between phage and the selected target allows fast screening of libraries. This makes 

phage display a powerful route for screening a high number of ligands against one antigen in a 

relatively short amount of time. However, it is of great importance to conduct further 

evaluations of the pure ligands found during phage display based on other techniques such as 

surface plasmon resonance (SPR) which give more insights on biophysical properties. 

A typical example where the results of further binding studies with the pure peptide stood in 

direct contrast to the results generated by phage display was the EGFR targeting peptide 

GE11.128 Despite its high efficiency in phage display studies radioactive binding assays showed 

low binding affinity of the peptide when compared to EGF.131 Investigations based on SPR 

revealed a low equilibrium dissociation constant (KD) value of 1.8x10-7 M for GE11. As 

comparison, in the same experimental setup EGF showed a KD value of 4.6x10−4 M.132 However, 

transfection experiments with LPEI-PEG-PEPTIDE constructs showed a clear improvement of 

transgene expression using GE11 as targeting moiety compared to EGF which implies that GE11 

reveals its high potential in nanoparticular formulations where a high number of peptide 

molecules per particle can be found.127, 131 This suggests that GE11 leads to EGFR mediated cell 

uptake through both receptor binding and receptor crosslinking.133 Mickler et al. revealed a 

further mechanism where GE11 based nanoparticle uptake works via an actin dependent 

pathway after binding to EGFR.134 

2.7.2. Rational design of targeting peptides 

Besides phage display computational based peptide design also represents an efficient strategy 

for finding peptides which can be used for receptor targeting. Protein databases enable de novo 

design of peptide ligands based on the known structure of antigens.135 Besides that, docking 

simulations can be employed for finding possible binding sites. In general, such techniques can 

be used for extensive evaluations of the mechanism of interaction between a targeting peptide 

and its antigen. However, as this only gives theoretical information about the targeting and 

binding efficiency of molecules further investigations for proving the biological usability of the 

compound have to be done. 
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Rational peptide design was for example used for finding a further EGFR targeting peptide with 

the amino acid sequence LARLLT.136 Compared to GE11 which interacts with the binding pocket 

of the receptor computational docking simulations showed that LARLLT binds on a receptor 

region outside the binding pocket. SPR based investigations on the EGFR binding activity of 

LARLLT showed a KD value of 8.7x10-6 M. Based on that LARLLT is characterized by an almost 

50fold stronger binding intensity to EGFR compared to GE11.137 Gene delivery experiments on 

EGFR overexpressing tumor cells which compared lipoplexes with either GE11 or LARLLT as 

targeting moiety revealed a clear enhancement of transfection efficiency with LARLLT.138  

2.8. CD49f as target for efficient gene delivery 

Targeting of certain integrin types seems to be a promising tool for specific gene transfer into 

cancer cells. LPEI conjugates functionalized with a RGD moiety have already shown high 

efficiency for targeting integrin αvβ3.
139, 140 Furthermore, integrin α6 (CD49f) which is, for 

example, expressed in skin tissue shows considerable expression levels as α6β1 heterodimer in 

many tumor cell types where it seems to be directly involved in tumor cell migration.141, 142 As it 

is also known as a tumor stem cell marker targeting CD49f for specific gene delivery could be a 

promising approach.143, 144 Based on initial findings that laminin binds by interaction of the IKVAV 

motif found in the E8 region on the laminin α1 chain with α6 integrin Stevenson et al. utilized 

the peptide YESIKVAVS for modifying the surface of luciferase expressing adenovirus (Adluc).141 

Comparison with unmodified Adluc showed a clear improvement of transduction properties of 

the virus. Targeting specificity could be shown with the scrambled version IVVSYAKSE. However, 

at high concentrations (>0.1 mM) the interaction of the IKVAV motif with CD49f results in 

activation of extracellular signal-regulated kinase (ERK) 1/2 signaling which promotes tumor 

growth.145 Therefore, it is important to use YESIKVAVS in low non-activating concentrations. 

3. Topical lung delivery of nanoparticles 

Besides systemic application in vivo topical administration into lungs can be employed as 

efficient alternative for nanoparticle formulations and comprises three different routes, namely 

intranasal, intratracheal and inhalation. The intranasal route is mainly characterized by simple 

administration of nasal suspensions but also results in a rather low amount of the applied 

formulation reaching the lung tissue.146 Especially lung tumors which showed better accessibility 

from the apical site could be treated through local delivery by inhalation or instillation.147 In vivo 

experiments based on intratracheal aerosolization already brought good results with BPEI 

polyplexes.148 Important, in case of the intranasal and the intratracheal route care has to be 

taken, as both techniques are often found to be less tolerated during in vivo experiments.149 
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Topical lung administration is also confronted with several biological barriers such as fast 

clearance. Lung tissue is characterized by mucus production which serves as a protective agent 

for airways. The gel-like structure of mucus is created by highly glycosylated proteins with a 

molecular weight of 10-40 MDa, also termed as mucins.150, 151 Physicochemical properties of 

mucus highly depend on the ratio between mucins, electrolytes, globular proteins, lipids, cellular 

debris and water. This leads to the generation of both steric and adhesive hindrance for particle 

formulations. Mucus gets continuously secreted forming a layer with a thickness ranging from 5 

to 15 µm in the nasal cavity, 10-30 µm in trachea and 2-5 µm in bronchi and participates in the 

fast elimination of particles and pathogens.152, 153 Therefore, overcoming the mucosal barrier and 

the efficient protection of the payload from mucosal components are major criteria used for the 

design of nanoparticular formulation for local lung administration. One possiblity to overcome 

this barrier is the application of physical methods, such as magnetic based targeting.154 In this 

approach an aerosol of a mixture of PEI/pDNA polyplexes with superparamagnetic iron oxide 

nanoparticles was administered followed by the application of an external magnetic field. 

Compared to pure PEI/pDNA particles this resulted in a clear improvement of transgene 

expression in lung tissue. 

3.1. PEGylation for improving particle performance after i.t. 

administration 

Surface functionalization of nanoparticles with PEG often resulted in significant enhancement of 

the transfer of the formulation through mucus. This is mainly because the particle shielding 

through surface PEGylation reduces adhesion properties of particles and therefore decreases 

unwanted non-specific interactions of the formulation with the mucus environment. Important, 

Schuster et al. found out that mucus of different body compartments sometimes show 

tremendous differences in terms of viscosity.155 As an example they brought PEGylated 

polystyrene particles with a size of 500 nm which were able to pass through cervicovaginal 

mucus but showed almost complete immobilization in airway mucus. However, PEGylated 

particles with a size ranging from 100 nm to 200 nm showed a significantly improved diffusion 

rate compared to bigger particles and particles of the same size but without surface 

modification. Therefore, shielding of gene delivery particles with PEG might also be an efficient 

approach for improving properties of gene delivery particles when applied intratracheally. 
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IV. Aims of the thesis 

The primary aim of this PhD thesis was the design, synthesis and evaluation of novel LPEI based 

gene transfer particles suitable for pDNA and siRNA delivery. Main focus was set on the 

synthesis of uniform and stable non-targeted and targeted particles for direct lung 

administration. Overall, three main targets where followed, namely the establishment of a 

reproducible method for polyplex generation, the synthesis of PEGylated LPEI conjugates for 

active tumor targeting and the combination of LPEI with gold nanoparticles for sufficient siRNA 

delivery. 

1. Optimization of an automated and scalable synthesis of LPEI polyplexes via syringe pump 

based mixing (Figure 5). 

1.1. High resolution evaluation of particle properties (hydrodynamic diameter and ζ-

potential) by nanoparticle tracking analysis (NTA). 

1.2. Testing transfection efficiency of particles prepared at different N/P ratios with both 

firefly luciferase and Gaussia luciferase based in vitro assays. 

1.3. Evaluating cellular toxicity by flow cytometry. 

1.4. Testing transfection efficiency of polyplexes in vivo after i.v. administration 

 

Figure 5: Scheme of up-scaled polyplex generation evaluated by NTA and used for in vitro and in 

vivo gene delivery experiments (graphics taken from “Up-Scaled synthesis and characterization 

of nonviral gene delivery particles for transient in vitro and in vivo transgene expression”; see 

section 2.1 (chapter “Results”)) 
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2. Administration of non-targeted and targeted LPEI polyplexes by i.t. aerosolization for 

treating lung metastasis.  

2.1. Synthesis of CD49f targeting peptide (CYESIKVAVS).141 

2.2. Generation of LPEI-PEG-CYESIKVAVS (Figure 6) for active tumor targeting. 

2.3. Characterization of physical properties of particles based on LPEI-PEG and LPEI-PEG-

CYESIKVAVS in comparison to LPEI. 

2.4. Evaluation of cell binding and transfection properties of pDNA based gene delivery 

particles. 

2.5. Investigation of the impact of aerosolization on hydrodynamic diameter, stability and 

biological activity of particles. 

2.6. Analysis of in vivo transfection efficiency and tumor specificity of particles. 

 

Figure 6: Scheme of a polyplex particle based on LPEI-PEG-CYESIKVAVS 
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3. Generation of a siRNA delivery platform based on LPEI and gold nanoparticles (Figure 7). 

3.1. Synthesis of stable cationic gold nanoparticles by chemisorption of thiol terminated 

LPEI. 

3.2. Generation of siRNA based complexes (auropolyplexes) using cationic gold 

nanoparticles as starting material and additional free LPEI to improve particle stability 

and transfection efficiency. 

3.3. Physical evaluation of particles by NTA and transmission electron microscopy (TEM) 

3.4. Analysis of cell association and uptake by CLSM and flow cytometry. 

3.5. Investigation of in vitro knock-down efficiency of firefly luciferase expression. 

3.6. Showing versatility of auropolyplex platform by exchanging LPEI used for the last 

complexation step with unmodified LPEI with different molecular weight or PEGylated 

LPEI. 

3.7. Monitoring in vivo biodistribution after i.t. administration of the formulation based on 

fluorescence signal derived by AlexaFluor® 750 labelled siRNA and localization of gold 

by inductively coupled plasma mass spectrometry (ICP-MS). 

 

Figure 7: Scheme of an auropolyplex (from “Auropolyplex: a versatile nanotherapeutic platform 

for efficient nucleic acid delivery in vitro and in vivo”; see section 2.4. (chapter “Results”)) 

  



23 

V. Results 

1. List of publications/submissions and Contribution 

Up-Scaled synthesis and characterization of nonviral gene delivery particles for transient in 

vitro and in vivo transgene expression 

Journal Human Gene Therapy Methods 
Issue 2016; Volume 27; Number 3 
DOI 10.1089/hgtb.2016.027 
First author Alexander Taschauer 
Co-author Antonia Geyer, Sebastian Gehrig, Julia Maier, Haider Sami,* Manfred 

Ogris 
Contribution Project planning; Synthesis of compounds; Establishment of up-scaled 

generation of polyplexes; Physical evaluation of nanoparticles; In vitro 
evaluation; Data analysis 

 

Multimodal fluorescence and bioluminescence imaging reveals transfection potential of 

intratracheally administered polyplexes for breast cancer lung metastases 

Journal Human Gene Therapy 
Issue 2017; Volume 28; Number 12 
DOI DOI: 10.1089/hum.2017.137 
First authors 
(equal contribution) 

Antonia Geyer, Alexander Taschauer 

Co-author Fatih Alioglu, Martina Anton, Julia Maier, Elisabeth Drothler, Manuela 
Simlinger, Sümeyye Yavuz, Haider Sami, Manfred Ogris 

Contribution Project planning; Synthesis of compounds; Physical evaluation of 
nanoparticles; Cell characterization; In vitro evaluation of particles; Data 
analysis 

 

Peptide-targeted polyplexes for aerosol mediated gene delivery to CD49f overexpressing 

tumor lesions in lung 

Journal Molecular Therapy – Nucleic Acids 
Date of submission 26.05.2019 
Manuscript number MTNA-19-1776 
Status In submission 
First author Alexander Taschauer 
Co-authors Wolfram Polzer, Fatih Alioglu, Magdalena Billerhart, Simon Decker, 

Theresa Kittelmann, Emanuela Geppl, Salma Elmenofi, Martin Zehl, 
Ernst Urban, Haider Sami, Manfred Ogris 

Contribution Project planning; Synthesis of compounds; Physical evaluation of 
nanoparticles; In vitro evaluation; Data analysis 

 

  



24 

Auropolyplex: a versatile nanotherapeutic platform for efficient nucleic acid delivery in vitro 

and in vivo 

Journal Journal of Controlled Release 
Date of submission 22.10.2018 
Manuscript number JCR-D-18-01608 
Status Revision 
First authors Alexander Taschauer 
Co-author Wolfram Polzer, Stefan Pöschl, Slavica Metz, Nathalie Tepe, Simon 

Decker, Norbert Cyran, Julia Maier, Hermann Bloß, Martina Anton, Thilo 
Hofmann, Manfred Ogris, Haider Sami 

Contribution Project planning; Synthesis of compounds; Physical evaluation of 
nanoparticles; In vitro evaluation; Data analysis 

  



25 

2. Publications/Submissions 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1. Up-scaled synthesis and characterization of nonviral 

gene delivery particles for transient in vitro and in vivo 

transgene expression 

  



26 

 

  



27 

 

  



28 

 

  



29 

 

  



30 

 

  



31 

 

  



32 

 

  



33 

 

  



34 

 

  



35 

 

  



36 

 

  



37 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. Multimodal fluorescence and bioluminescence imaging 

reveals transfection potential of intratracheally 

administered polyplexes for breast cancer lung metastases 
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Abstract 

Peptide ligands can enhance delivery of nucleic acid loaded nanoparticles to tumors by 

promoting their cell binding and internalization. Lung tumor lesions accessible from the alveolar 

side can be transfected, in principle, using gene vectors delivered as an aerosol. The cell surface 

marker CD49f (Integrin α6) is frequently upregulated in metastasizing, highly aggressive tumors. 

In this study, we utilize a CD49f binding peptide coupled to linear polyethylenimine (LPEI) 

promoting gene delivery into CD49f overexpressing tumor cells in vitro and into lung lesions in 

vivo.  

We have synthesized a molecular conjugate based on LPEI covalently attached to the CD49f 

binding peptide CYESIKVAVS via a polyethylene glycol (PEG) spacer. Particles formed with 

plasmid DNA were small (<200 nm) and could be aerosolized without causing major aggregation 

or particle loss. In vitro, CD49f-targeting significantly improved plasmid uptake and reporter 

gene expression on both human and murine tumor cell lines. For evaluation in vivo, localization 

and morphology of 4T1 murine triple negative breast cancer tumor lesions in the lung of 

syngeneic Balb/c mice were identified by magnetic resonance imaging (MRI). Polyplexes applied 

via intratracheal aerosolization were well tolerated and resulted in measurable transgene 

activity of the reporter gene firefly luciferase in tumor areas by bioluminescence imaging. 

Transfectability of tumors correlated with their accessibility for the aerosol. With CD49f targeted 

polyplexes, luciferase activity was considerably increased and was restricted to the tumor area. 

 

Keywords: Linear polyethylenimine, polyplexes, CD49f targeting, pulmonary delivery, lung tumor 

transfection 
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Introduction 

Receptor mediated delivery of nucleic acids to tumor cells is an important issue in the 

development of viral and synthetic gene delivery systems. Besides increased accumulation in 

tumors when delivered systemically, their improved internalization into target cells via 

transfection-permissive uptake routes allows to significantly increase transfection rates and 

transgene expression. We and others have developed targeted delivery systems based on 

polycations for nucleic acid condensation, polyethylene glycol (PEG) for shielding purposes and 

peptidic ligands for receptor targeting.1-4 Although the affinity of a rather small peptide can be 

considerably lower when compared to the whole protein, the high number of targeting peptides 

per transfection particle induce a cooperative binding mode.5 When compared to their protein 

counterparts, such peptide ligands are advantageous by several means, i.e. being fully synthetic, 

less immunogenic and preferred for the nucleic acid condensation process due to their lower 

molecular weight.1 Most of the potentially targetable antigens on tumor cells are not unique de 

novo antigens, but rather overexpressed compared to the surrounding, non-malignant tissue.6 

Integrin α6 (ITGA6, CD49f) is a glycosylated transmembrane protein which dimerizes 

preferentially with integrin β1 and β4 forming laminin binding heterodimers. It is expressed at 

low to medium levels on a broad range of human tissues, including stomach, intestine and 

kidney.7 CD49f is expressed on almost all tissue stem cell populations including cancer stem 

cells8 and has recently been described as a key signaling molecule in the maintenance and 

development of bone mesenchymal stem cells.9 It is also associated with (PI3K)/Akt signaling 

and responsible to maintain stemness properties in other stem cells by interaction with OCT4 

and SOX2.10 Both, benign and malignant cells derived from the prostate capable of spheroid 

formation show a high CD49f expression, whereas other stem cell markers like CD133 seem to 

be less important.11 In numerous studies it was demonstrated that CD49f overexpressing tumor 

cells show tumor initiating and metastasis forming potential in numerous solid cancers, including 

hemangioma12, gastric cancer13 and breast cancer14. In breast cancer patients, CD49f positive 

tumors have a dismal clinical prognosis.15 Also in murine tumors, CD49f-high cells show tumor 

initiating properties16 and formation of metastasis.17 The murine triple negative breast cancer 

cell line 4T1 is a highly metastatic and aggressive cancer growing syngeneic in Balb/c mice 

forming lung metastasis accessible from the alveolar side.18, 19 Stable knockdown of CD49f in 4T1 

reduced proliferation and migration in vitro.17 Hence, CD49f represents a valuable target for 

cancer therapeutics including nucleic acid based drugs (NABD). The small laminin peptide 

sequence IKVAV derived from the A-chain of laminin has been initially identified by Tashiro et al. 

for being responsible for cell interaction.20 The sequence (expanded to SIKVAV) was later on 
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identified to bind to α3, α6, and β1 integrins.21 The group of Len Seymour was the first to utilize 

this peptide as YESIKVAVS for targeting of an adenoviral vector to α6β1 overexpressing tumor 

cell both in vitro and in vivo.22 

In this study, we show the transfection promoting properties of CD49f peptide targeted 

polymeric gene vectors both in vitro and in a syngeneic lung metastasis model in mice through 

intratracheal aerosolization of polyplex formulations. 
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Results: 

Synthesis of LPEI-PEG-Peptide conjugate 

LPEI was synthesized by acidic hydrolysis of poly(2-ethyl-2-oxazoline) with HCl (6 M). Complete 

cleavage of the side chains of poly(2-ethyl-2-oxazoline) was checked by 1H-NMR where no 

remaining signals derived from the side chain of the polymer were found. GPC analysis of LPEI 

revealed a weight average molecular weight of 10 kDa and a polydispersity (Mw/Mn) of 1.55.  

The peptide CYESIKVAVS was generated with a N-terminal L-cysteine by microwave assisted solid 

phase synthesis based on Fmoc strategy. A ChemMatrix® resin functionalized with a Rink amide 

linker was used to generate a C-terminal carboxamide functionality. The crude product was 

purified by reversed-phase HPLC with a linear gradient from 5-50 % acetonitrile resulting in a 

product purity of >95 %. High resolution mass spectrometry (HRMS) of the intact peptide as well 

as extensive series of CID-generated single and double charged y- and b-fragment ions 

confirmed both purity and the desired sequence CYESIKVAVS.  

Conjugate synthesis and analysis was done in principle as described previously.1, 23 In brief, 

CYESIKVAVS was coupled to LPEI via a heterobifunctional polyethylene glycol (Mw 2 kDa) linker 

with α-OPSS (3-(2-pyridyldithio)propionamide) and ω-NHS (N-hydroxysuccinimide) functionality. 

1H-NMR of the intermediate compound, LPEI-PEG-OPSS, revealed a LPEI to PEG ratio of 1:1.2. A 

solution of LPEI-PEG-OPSS in water with a concentration of 2 mg/mL showed an OPSS 

concentration of 84.65 nmol/mL. A three-fold molar amount of peptide was used for generating 

LPEI-PEG-CYESIKVAVS. Due to the weak absorption of CYESIKVAVS at 280 nm, no direct peptide 

quantification could be conducted in the conjugate. Nevertheless, near quantitative reaction of 

the free thiol group in CYESIKVAVS with α-OPSS was observed when measuring the increase in 

absorption at 343 nm generated by 2-thiopyridone released during the coupling reaction (ε = 

8080 M-1). Therefore, it was assumed that 1.2 mol PEG per LPEI molecule calculated by 1H-NMR 

(described above) carry 1.2 mol peptide. The synthesized conjugate is later termed as LPEI-PEG-

CD49f. For non-targeted formulation LPEI-PEG-cysteine (LPEI-PEG) conjugate was employed. 

Nanoparticle tracking analysis (NTA) 

Polyplex nanoparticles were prepared by complexing plasmid DNA with LPEI-PEG-CD49f or LPEI-

PEG-cysteine at N/P 9 to form peptide-targeted or non-targeted formulations, respectively. Only 

LPEI based polyplexes served as control for PEGylated formulation. Nanoparticles were analyzed 

by NTA to determine the influence of PEGylation on size and ζ-potential of polyplexes and 

potential aggregation effects induced by microspraying (Figure 1).  
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Figure 1: Size and ζ-potential of polyplexes evaluated by NTA. (A) Hydrodynamic diameter and (B) 

changes in the percentage of particles below 200 nm of polyplexes prepared at pDNA concentrations of 20 

µg/mL or 267 µg/mL at N/P 9 in HBG. (C) ζ-Potential of polyplexes generated with 267 µg/mL pDNA at N/P 

9. (n=3 + stddev) (D-F) Representative particle size distribution of polyplexes based on LPEI (D), LPEI-PEG (E) 

and LPEI-PEG-CD49f (F) at pDNA concentration 267 µg/mL, N/P 9 before and after aerosolization by 

microspraying (MS). 

At 20 µg/mL, mean particle size of polyplexes based on both PEGylated formulations (LPEI-PEG; 

LPEI-PEG-CD49f) was approx. 30 % below the average size of LPEI polyplexes (Figure 1 A) (LPEI: 

113 +/- 8 nm, LPEI-PEG: 75 +/- 1 nm, LPEI-PEG-CD49f: 81 +/- 2 nm. At 267 µg/mL, an increase of 

particle size of 6-14 % with PEGylated conjugates could be observed in comparison to LPEI 

polyplexes (LPEI: 144 +/- 4 nm, LPEI-PEG: 160 +/- 10nm, LPEI-PEG-CD49f: 154 +/- 3 nm). When 

generating polyplexes at 267 µg/mL, the fraction of particles below 200 nm in size was reduced 

by approx. 20 % when compared to their respective counterparts generated at 20 µg/mL pDNA 

(Figure 1 B). 

LPEI based polyplexes had a ζ-potential of 35.6 nm +/- 1.01 mV, whereas with LPEI-PEG and LPEI-

PEG-CD49f polyplexes this value was reduced (22.6 +/- 0.50 mV for LPEI-PEG, 28.4 +/- 0.98 mV 

for LPEI-PEG-CD49f) (Figure 1 C). 

The influence of microspraying on particle size and aggregation effects was analyzed for 

polyplexes generated at 267 µg/mL (Figure 1 D-F and Supp. Figure 1). For all three formulations 
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(LPEI, LPEI-PEG, LPEI-PEG-CD49f), a slight reduction of nanoparticle concentration after 

microspraying for sizes up to 400 nm occurred (Figure 1 D-F). LPEI based polyplexes showed only 

a minor increase of mean particle size from 131 +/- 1 nm to 143 +/- 3 nm after microspraying 

procedure (Supp. Figure 1 A). In case of LPEI-PEG a change of particle size from 154 +/- 1 nm to 

169 +/- 4 nm and LPEI-PEG-CD49f from 148 +/- 5 nm to 163 +/- 5 nm could be observed. Overall, 

a reduction of the percentage of particles below a size of 200 nm of 4 % for LPEI, 10 % for LPEI-

PEG and 8 % for LPEI-PEG-CD49f could be detected (Supp. Figure 1 B). 

Cellular binding and uptake of targeted polyplexes on CD49f 

expressing cells 

Cell binding and internalization of fluorescently labelled polyplexes was evaluated on CD49f-

overexpressing cells in vitro by flow cytometry and confocal laser scanning microscopy. First, 

CD49f expression was verified on human (MDA-MB-231) and murine (CT26 and 4T1-iRFP720) 

cancer cell lines by flow cytometry (Figure 2). For all three cell lines a shift of 1-2 log units could 

be observed indicating high CD49f expression for MDA-MB-231 (2 A) and medium for CT26 (2 B) 

and 4T1-iRFP720 (2 C). Geometric mean values of anti-CD49f stained cells were 43.3 for MDA-

MB-231, 10.8 and 11.7 for CT26 and 4T1-iRFP720, respectively (2 D). 
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Figure 2: Evaluation of CD49f expression by flow cytometry. MDA-MB-231, CT26 and 4T1-iRFP720 cells 

were harvested, stained with BV421-labelled rat anti-human CD49f antibody or rat IgG2a κ isotype control 

and gated cells were analyzed. A-C: representative histograms of MDA-MB-231 (A), CT26 (B) and 4T1-

iRFP720 (C); (D) Geometric mean values for BV421 signal (n=3 + stddev). 

Analysis of cell binding and uptake was conducted on MDA-MB-231 cells utilizing polyplexes with 

Cy5-labelled plasmid pCMV-Gluc. Analysis by flow cytometry (Figure 3) revealed that total 

cellular association of LPEI-PEG polyplexes was clearly lower when compared to LPEI polyplexes 

at 1 µg/mL (for 30 min and 4 h incubation, Figure 3 A and 3 B) and 2 µg/mL (for 30 min 

incubation, Figure 3 C). In contrast, LPEI-PEG-CD49f polyplexes exhibited increased cell binding 

when compared with LPEI-PEG at all conditions evaluated. Although, at 4 h incubation with 2 

µg/mL, there was no gross difference observed between all three polyplex types (Figure 3 D).  
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Figure 3: Cell association of polyplexes. MDA-MB-231 cells were incubated with polyplexes prepared at 20 

µg/mL and N/P 9 with Cy5-labelled pDNA diluted in basal medium at a final concentration of 1 µg/mL (A,B) 

or 2 µg/mL (C,D) for 30 min (A,C) or 4 h (B,D). After incubation, cells were harvested and analyzed by flow 

cytometry. Data is depicted as representative histograms showing the Cy5 derived fluorescence signal of 

live cells in the R1 channel (Cy5 fluorescence). 

When analyzing the geometric mean values, LPEI-PEG-CD49f polyplexes exhibited always higher 

values compared to LPEI-PEG, irrespective of polyplex concentration or incubation time. (Supp. 

Figure 2). 

In order to unambiguously demonstrate intracellular localization of polyplexes, CLSM studies 

were conducted after 4 h of incubation at 2 µg/mL (Figure 4). Co-staining of actin filaments with 

AlexaFluor® 488-phalloidin enabled localization of particles both on the cellular surface and 

intracellularly, when visualizing the middle sections of cells.  

Whereas LPEI particles were internalized to a considerable extent (Figure 4 A), there were far 

less internalized LPEI-PEG based particles observed (Figure 4 B). Employing LPEI-PEG-CD49f 
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conjugate for polyplex generation resulted in an enhanced cellular uptake of particles (Figure 4 

C).  

 

Figure 4: Cellular internalization of polyplexes studied by CLSM. MDA-MB-231 cells were incubated in 

basal cell culture medium with Cy5-labelled polyplexes (red) prepared at N/P 9 at a pDNA concentration of 

2 µg/mL for 4 h. Thereafter cells were fixed, stained with AlexaFluor® 488-phalloidin (green) and DAPI 

(blue). (A) LPEI, (B) LPEI-PEG and (C) LPEI-PEG-CD49f polyplexes. CLSM imaging was conducted with a 63X 

oil objective; representative middle sections of the cells are shown. Scale bars: 20 µm. 

Targeted gene delivery and biocompatibility profile 

For evaluating in vitro transfection efficiency, polyplexes were generated with plasmid pCMV-

Gluc. As Gaussia luciferase is secreted by the cells, we quantified its activity in the cellular 

supernatant by a bioluminescence assay using coelenterazine as substrate. In case of MDA-MB-

231 and CT26 cells, remaining cells were harvested and cell numbers determined by flow 

cytometry. Total count of live cells was used for normalization of bioluminescence signal. In case 

of 4T1-iRFP720 cells, Gaussia activity was also measured in the supernatant, but its activity was 

normalized on protein content per well quantified by bicinchoninic acid assay. MDA-MB-231 and 

4T1-iRFP720 cells were transfected with polyplexes generated at N/P 9 at pDNA concentrations 

of 0.5 µg/mL, 1 µg/mL, 2 µg/mL and 4 µg/mL (Figure 5 A and B). 
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Figure 5: Transfection efficiency of polyplexes on MDA-MB-231 and 4T1-iRFP720 breast cancer cells. 

MDA-MB-231 (A) and 4T1-iRFP720 cells (B) were seeded in 96-well plates and transfected with pCMV-Gluc 

polyplexes at indicated pDNA concentrations. Transfections were conducted in basal cell culture medium 

for 4 h followed by exchanging the supernatant with FCS supplemented medium. Gaussia luciferase was 

quantified in the supernatant 24 h after transfection and RLU values normalized on total count of live cells 

(MDA-MB-231) or on protein content (4T1-iRFP720); mean values from two independent experiments with 

n=3/experiment + stddev; *p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001 (Mann-Whitney)). 

In case of LPEI-PEG-CD49f, this corresponds to a peptide concentration of 70.4 nM, 140.7 nM, 

281.5 nM and 562.9 nM respectively. Transfection studies with CT26 were conducted with 2 

µg/mL (Supp. Figure 3). For all three cell lines, Gaussia reporter gene activity obtained with LPEI-

PEG polyplexes was at least 10-fold lower when compared with plain LPEI polyplexes. Also, at all 

concentrations evaluated and with all three cell types, except 1 µg/mL with MDA-MB-231 cells, a 

significant increase of transfection efficiency when using LPEI-PEG-CD49f conjugate could be 

observed compared to LPEI-PEG. Cell viability was evaluated on MDA-MB-231 with flow 

cytometry quantifying viable cells per well with buffer treated ones set to 100 % along with 

transfection efficiency (Supp. Figure 4). At all polyplex concentrations used, LPEI polyplex 

treatment resulted in the most prominent reduction of viable cells (53 % to 72 % compared to 

buffer control). Both, LPEI-PEG-CD49f and LPEI-PEG polyplex treatment exhibited a significantly 

higher cell viability. 
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Tumor model 

The tumor model was established by intravenous injection of 4T1-iRFP720 cells as recently 

described19 and tumor growth was monitored by T2 weighted MRI imaging (Figure 6). On all T2-

weighted MR-images, tumor tissue could be visualized as hyperintense structure. A clear 

differentiation between tumor tissue and blood vessels could be made based on the comparison 

with untreated control animals (Figure 6 A and 6 B).  

 

Figure 6: Morphological and histological evaluations of 4T1-iRFP720 tumor model. A-B: Representative 

T2 weighted MRI images of tumor-free (A) and 4T1-iRFP720 tumor bearing Balb/c mice (B; day 10 post 

tumor cell injection); red arrows: blood vessels, yellow arrow: tumor tissue. C-E: Histopathology of an 

instillation fixed lung bearing 4T1-iRFP720 tumors: (C) HE staining, (D) IHC staining for CD49f (brown) and 

(E) isotype control antibody. Scale bar (common for C-E): 100 µm 
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Whereas larger blood vessels in the lung appeared as hyperintense structures, lung parenchyma 

of tumor free animal exhibited an overall homogenously hypointense area. At 11 days post 

tumor cell implantation, tumor nodules appeared as hyperintense areas at various regions in the 

lung (Figure 6 B). Lung histopathology confirmed the findings by Geyer et al.19 revealing both 

peribronchiolar and parenchymal tumor tissue with invasive growth pattern and accessibility 

from the alveolar side (Figure 6 C and D). Immunohistochemistry could proof CD49f 

overexpression of 4T1-iRFP720 tumors (Figure 6 D and E), but also a lower expression level in 

healthy lung tissue. 
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Figure 7: Intratracheal transfection of 4T1-iRFP720 tumor bearing lungs. 4T1-iRFP720 tumor bearing 

Balb/c mice were treated with polyplexes based on pCpG-hCMV-EF1α-LucSH and LPEI-PEG-CD49f or LPEI-

PEG at N/P 9 and a concentration of 267 µg/ml. In total 20 µg of formulated pDNA was administered by i.t. 

aerosolization. 24 h post treatment firefly luciferase expression was analyzed by in vivo BLI imaging. T2 

weighted MRI was conducted one or two days before treatment for evaluating the status of tumor growth. 

Both BLI and MRI were done in supine positioning of the animal. Three representative animals treated with 

LPEI-PEG-CD49f (animal 1: MRI (A)/BLI (B); animal 2 MRI (E)/BLI (F); animal 3 MRI (I)/BLI (J)) and LPEI-PEG 

(animal 1: MRI (C)/BLI (D); animal 2 MRI (G)/BLI (H); animal 3 MRI (K)/BLI (L)) polyplexes are depicted. 

Tumor growth is marked with yellow arrows in the MRI images. BLI signals (color coded) are overlaid on a 

reflected light picture. 
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Aerosol mediated gene delivery to lung tumor lesions 

Before transfection, tumor localization was analyzed by T2 weighted MRI (Figure 7 A, C, E, G, I, 

K). Both, the formation of a rather large homogenously structured, well margined tumor tissue 

(Figure 7 A, C and G) as well as diffuse small heterogeneous lesions (Figure 7 E, I and K) could be 

found. Such diffuse lesions were sometimes located along the tracheal bifurcation with 

infiltration into the bronchial airways (Figure 7 E and K). Animals were treated by microspray-

based aerosolization of polyplexes on day 11 after tumor cell implantation. Twenty-four hours 

post transfection, luciferase activity was evaluated by 2D bioluminescence imaging (Figure 7 B, 

D, F, H, J, L). With both treatments, either LPEI-PEG-CD49f polyplexes (Figure 7 B, F and J) or 

LPEI-PEG polyplexes (Figure 7 D, H and L), distinct BLI signals could be detected in the lung area. 

When placing BLI images and MRI images of the same animal side by side, there was high degree 

of correlation between the tumor localization depicted by MRI and the site of the BLI signal. In 

animals with higher tumor load and reduced accessibility of lung tissue, application of sufficient 

volumes of aerosol was not possible and hence no reporter gene expression was detected after 

treatment. In the representative example shown (Supp. Figure 5 A and B), the left lung showed a 

homogeneous growth of tumor lesions, hence reducing accessibility of tumor tissue through the 

airways. The BLI signal in successfully treated animals was quantified by analyzing the BLI images 

(Figure 8). Here, BLI signals of animals treated with LPEI-PEG-CD49f polyplexes were significantly 

higher than background signal, which was not the case with the LPEI-PEG based formulation 

(Figure 8). 

 

Figure 8: Quantification of BLI signal after intratracheal polyplex treatment. 4T1-iRFP720 tumor bearing 

Balb/c mice were treated with indicated polyplexes as described in Fig 7, the BLI signal was quantified in 



75 

the thoracic area 24h thereafter and compared to untreated animals; n=4 + stddev; *p≤0.05 (Mann-

Whitney). 

 

Discussion 

The peptide sequence SIKVAV (IKVAV) has initially been identified as the functional domain 

within the α-chain of laminin, which is responsible for cellular interaction.20 Later on, α3, α6, and 

β1 integrins were identified as binding partners on the cell surface.21 Upon binding, the peptide 

can activate PI3K/Akt downstream signaling, ERK1/2 and MMP expression24, albeit at high 

concentrations of 0.1 mM and above.21, 25 To achieve high local concentrations, it is included in 

polymeric carriers or nanogels and applied locally, for example in wound healing approaches.26 

Our approach here was to use the peptide as a targeting moiety covalently coupled to the 

nucleic acid carrier LPEI, but at low, non-activating concentrations (<0.6 µM). For this, we have 

generated a molecular conjugate with equimolar ratios of peptide, a heterobifunctional, 2 kDa 

PEG linker, which also serves as shielding agent1, 27, and a 10 kDa LPEI for DNA binding and 

condensation. Already in our previous work we could demonstrate that coupling of the amine 

reactive NHS group in NHS-PEG-OPSS to secondary amines within the LPEI chain is efficient and 

controllable when carried out in water-free conditions either in DMSO or absolute EtOH 

resulting in a coupling efficiency of approx. 60 %.27 The extended peptide sequence CYESIKVAVS 

was then coupled in a HEPES buffered aqueous solution at pH 7.4 to the proximal OPSS group. 

Whereas the N-terminal cysteine was added to enable thiol coupling, the other residues improve 

water solubility of the peptide.28  

A thorough biophysical characterization was conducted to study effects of PEG linker, targeting 

peptide, higher particle concentrations for in vivo application and the shear stress during the 

nebulization procedure. For stability reasons, all polyplex formulations were prepared with 

positive charge excess at N/P 9. This ratio prevents aggregation during polyplex formation also at 

higher concentrations and is still well tolerated in vivo.19, 29 The 2 kDa PEG linker is significantly 

reducing the ζ-potential, and in our previous studies we could demonstrate that such pDNA 

polyplexes are stable enough in the blood stream to transfect tumor tissue after systemic 

administration.4, 30 No differences were observed in terms of average particle size or aggregation 

between polyplexes +/- PEG after microspraying indicating that the elevated N/P ratio is already 

ensuring enough stability.31  

We could confirm the already observed high level of CD49f in human MDA-MB-231 and murine 

4T1 triple negative breast cancer cells17, 32, but also demonstrated this in the murine colon 
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carcinoma cell type CT26. The high level of CD49f expression in MDA-MB-231 cells is in line with 

previous observations, where in this and other highly malignant breast cancer cell lines ITGA6 

expression was elevated and mediated radio-resistance via the activation of PI3K/Akt and 

MEK/Erk signaling pathways.33 

Binding of polyplexes to the cell surface occurs either via electrostatic interaction, e.g. heparan 

sulfate proteoglycan binding, or receptor-ligand interaction. PEGylated polyplexes without ligand 

exhibit an overall lower cell association, at least when incubated for one hour or less.34 Although 

total cell association of positively charged (unshielded) polyplexes and targeted ones (but with 

decreased positive surface charge) can be similar, they can differ in their internalization kinetics. 

Polyplexes with EGF as ligand are rapidly internalized within minutes, which is triggered after 

activation of downstream signaling (MAPK, Akt/Erk) followed by membrane ruffling.1, 2, 34 In 

contrast, a receptor binding mode, which does not activate downstream signaling, is similarly 

efficient, but internalization is delayed and occurs via a rather slow, actin driven receptor 

recycling.2 When comparing cell association (by flow cytometry) and internalization (by CLSM), 

CYESIKVAVS-polyplexes showed higher (at earlier timepoints and lower concentration) or similar 

(at later timepoints and higher concentration) association rates than LPEI polyplexes. Still, 

internalization was rather slow, as no significant intracellular signal of LPEI-PEG-CD49f 

polyplexes was seen with CLSM after 30 min of incubation (data not shown), but rather occurred 

at the 4 h time point. Hence, we do not expect rapid internalization due to pathway activation, 

like with EGF-EGFR, but rather slow actin driven receptor-ligand recycling. This would be also in 

line with the peptide concentrations applied: our highest concentration applied (4 µg/mL pDNA) 

corresponds to a peptide concentration of 0.563 µM (considering an N/P of 9 and a LPEI-PEG-

peptide ration of 1:1.2:1.2 in the conjugate). This is still far below the concentration of 100 µM 

needed for Erk and Akt activation.25 For evaluation of transfection efficiency in vitro, we utilized 

secreted Gaussia luciferase.35 At all concentrations and cell lines tested, PEG-polyplexes without 

ligand reduced reporter activity by 90 % or more, whereas the peptide ligand could fully restore 

activity or induce an even higher activity when compared to ‘naked’ LPEI polyplexes. This also 

points out that the 2 kDa PEG linker does shield particles (as demonstrated by the lower ζ-

potential), but does not negatively affect the intracellular transfection process, like endosomal 

release. Especially in case of excessive PEGylation, this can otherwise lead to an inhibitory effect 

called ‘PEG dilemma’.36 

For basal like and triple negative breast cancer (TNBC), the lung is the most common site of 

metastasis, and there are several studies indicating that the presence of cancer stem cells in 
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TNBC promote this metastasis formation.37 Within the syngeneic 4T1 model, lung lesions can be 

induced either by orthotopic cell implantation and subsequent removal of the primary tumor, or 

by intravenous injection of the cell suspension.38 As with both methods the genomic profile of 

lung lesions is similar, intravenous injection appears a useful and less invasive method. Whereas 

for the intravenous models using a luciferase labelled 4T1 subline, tumors were located 

parenchymally without the appearance of individual lesions, we observed also parenchymal 

infiltration, but with a clear nodular structure and also peribronchiolar localization using our 

own, iRFP720 labelled subline.31 Immunohistochemical analysis of instillation fixed lungs 

revealed that both, parenchymal like and peribronchiolar lesions were overexpressing CD49f, 

and CD49f+ cells appeared accessible from the air side. In line with the histomorphological 

analysis, the T2 weighted MRI analysis also reflected the situation of both margin-defined tumor 

lesions and also diffuse parenchymal infiltrations. Similar correlations could be shown in a model 

of orthotopically implanted 4T1 tumors followed by lung metastasis: here, mainly well-defined 

tumor lesions were seen both with histomorphology and T2 weighted MRI.39 

Besides low molecular weight drugs, also macromolecules, including proteins and nucleic acids 

and nanostructured carriers, can be applied as an aerosol or by instillation to primary and 

secondary lung tumors.40 Direct accessibility of the tumor, reduced distribution in non-target 

tissue and elevated local drug concentrations are major advantages of this method. Branched 

polyethylenimine was successfully used for aerosol mediated plasmid delivery, also in a 

therapeutic setting.41, 42 We have recently used linear polyethylenimine and could observe a low, 

but tumor restricted expression of luciferase reportergene.31 Due to the improved transfection 

in vitro and the accessibility of CD49f+ cells, we evaluated both peptide-targeted and PEGylated 

only polyplexes. Although with PEGylated polyplexes a defined BLI signal could be measured, the 

signal was low and failed significance when compared to background. A comparably low, but 

locally restricted BLI signal was observed with similar settings using non-PEGylated LPEI 

polyplexes.31 Still, the BLI signal could be correlated with the T2 weighted MRI signal. Such a 

correlation could also be observed by Adiseshaiah et al., where 4T1-luc cells were implanted 

orthotopically and the lung lesions imaged by BLI and T2 weighted MRI.39 When compared to 

PEG polyplexes, transgene activity induced after application of peptide targeted polyplexes was 

clearly more pronounced, giving an in average three-fold higher value. Of note, transfection was 

only possible for tumors accessible via the intratracheal route. In case the tumor obstructed the 

airways, no transfection of tumor tissue could be achieved. With CD49f targeting, we could 

observe a strong luciferase signal in the area of the tumor lesion, whereas surrounding, healthy 

lung tissue appeared not transfected. We conclude that this difference is also due to the fact 
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that also untargeted, unshielded LPEI polyplexes, when applied intratracheally, only very 

inefficiently transfect healthy lung tissue.43 

Taken together, CD49f targeting of polyplexes with the laminin derived peptide CYESIKVAVS 

significantly enhanced transgene expression. Due to its applicability in vivo by the intratracheal 

route, it opens the possibility of efficient transfection of lung tumor lesions also for therapeutic 

purposes. 

 

Materials 

The plasmid pCMV-Gluc was obtained from New England Biolabs (Frankfurt, Germany). The 

plasmid pCpG-hCMV-EF1α-LucSH encoding for a luciferase-bleomycin fusion protein was already 

described elsewhere.44 For binding and uptake studies by flow cytometry and CLSM pCMV-Gluc 

was labelled with Cyanin 5 (Cy5) using a Mirus LabelIT kit (Mirus Bio; Madison, WI, USA) as 

described.1 

MDA-MB-231 (human breast adenocarcinoma; HTB-26), CT26 (murine colon carcinoma; CRL-

2638) and 4T1 (murine breast cancer; CRL-2539) cells were obtained from ATCC (LGC Standards 

GmbH, Wesel, Germany). Stably iRFP720 expressing 4T1 cells (4T1-iRFP720) were generated as 

previously published.19 MDA-MB-231 were cultured in DMEM high glucose medium, CT26 in 

DMEM/F-12 Ham medium and 4T1-PGK-iRFP720 cells in RPMI1640 medium. All cell culture 

media were supplemented with 10 % fetal bovine serum (FBS; Sigma-Aldrich Austria), 2 % L-

glutamine (L-gln; Sigma-Aldrich; Vienna, Austria) and 1 % antibiotics (Penicillin/Streptomycin; 

Sigma-Aldrich). Cell culture medium without any supplement is later termed as basal medium. 

α-Methyl ω-hydroxy poly(2-ethyl-2-oxazoline) was obtained from Sigma-Aldrich (Austria) and α-

OPSS (3-(2-pyridyldithio)propionamide) ω-NHS (N-hydroxysuccinimide) polyethylene glycol (Mw 

2 kDa) from Rapp Polymere (Tübingen, Germany).  

Fmoc protected L-amino acids used for solid phase peptide synthesis were obtained from Iris 

Biotech (Germany). 

AlexaFluor®-488 phalloidin for actin staining used for CLSM, TrypLE® Express for cell detachment 

and bicinchoninic acid (BCA) assay kit for protein quantification were purchased from 

ThermoFisher Scientific (Vienna, Austria). Passive lysis buffer was obtained from Promega 

(Mannheim, Germany). 
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Native coelenterazine was purchased from Synchem (Felsberg, Germany) and used for 

evaluating in vitro Gaussia luciferase expression at a concentration of 20 μM in DPBS 

(supplemented with 5 mM NaCl) as per instructions in Tannous et al.45 D-luciferin (potassium 

salt; VivoTrace®) was used for in vivo bioluminescence imaging (BLI) at a concentration of 30 

mg/mL in DPBS and obtained from Intrace medical (Lausanne, Switzerland). 

For all experiments water purified with a Sartorius Arium® Pro (Vienna, Austria) system was 

used. 

All other reagents used for synthesis, physical and biological evaluation if not stated differently 

were obtained from Sigma Aldrich. 

All diluents used for nanoparticle analysis by NTA as well as cell culture media were filtered 

through 0.1 µm cellulose acetate membranes.  

 

Methods 

Synthesis of LPEI-PEG-cysteine (LPEI-PEG) and LPEI-PEG-CYESIKVAVS (LPEI-PEG-CD49f) 

Generation of LPEI-PEG-OPSS was done based on a previously described protocol.27 Briefly, 60 

mg of LPEI dissolved in 1.5 mL dry ethanol were mixed with a solution of NHS-PEG-OPSS (2 eq) in 

100 µL DMSO and incubated at 35 °C for 3 h under vigorous mixing. The reaction was stopped 

with 100 µL TRIS.HCl buffer (1 M) set to pH 8. After adding 830 µL HEPES/3 M NaCl (pH 7.4) the 

solution was filled up to a final volume of 5 mL to reach a final NaCl concentration of 0.5 M. 

Purification of the product was conducted with an Äkta Pure system (GE Healthcare; Vienna, 

Austria) equipped with a cation exchange resin (MacroPrep High S (Bio-Rad; Vienna, Austria) in 

HR10/10 column). For removing impurities in the mixture a mobile phase containing 0.5 M NaCl 

in HEPES (pH 7.4) was used at a flow rate of 0.5 mL/min for 25 minutes. Elution of LPEI-PEG-

OPSS was done with a NaCl gradient from 0.5 M to 3 M in HEPES (pH 7.4) over a total duration of 

40 minutes. LPEI-PEG-OPSS containing fractions were pooled, dialyzed against water employing 

a regenerated cellulose membrane with a molecular weight cut-off (MWCO) of 6-8 kDa 

(SpectraPor; Repligen; Germany) and lyophilized. The ratio between LPEI and PEG in the product 

was evaluated by 1H-NMR with a 200 MHz Bruker Avance system (Billerica, MA, USA). Therefore, 

5 mg of LPEI-PEG-OPSS were dissolved in 1 mL D2O and pH was set to 7 with DCl (1 M) and NaOD 

(1 M). The solvent derived signal was used as reference (δ=4.79 ppm) for analysis of signals 

derived from the conjugate. For determination of PEGylation degree the peak integral of the 
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signal derived from CH2CH2NH was set to 930 (based on a Mw of 10 kDa of LPEI). Based on the 

Mw of PEG of 2 kDa the ratio of LPEI:PEG within the conjugate was calculated. The total amount 

of intact OPSS groups in the conjugate was evaluated by adding 15 µL of DTT (1 M in water) to 

150 µL of an aqueous LPEI-PEG-OPSS stock with a concentration of 2 mg/mL. The mixture was 

incubated at room temperature for 10 minutes and analyzed by UV/Vis spectrophotometry for 

its absorption at 343 nm generated by 2-thiopyridone released through reductive cleavage of 

OPSS groups.  

For synthesis of LPEI-PEG or LPEI-PEG-CD49f a three-fold excess (based on amount of OPSS) of 

either L-cysteine or CYESIKVAVS dissolved in 30 % ACN (in 0.1 % TFA) was added to a solution of 

LPEI-PEG-OPSS in 30 % ACN (in 20 mM HEPES; pH 7.4). Unwanted oxidation of the N-terminal 

thiol group of the peptide was avoided by purging all diluents with argon. The mixture was 

incubated at room temperature under vigorous stirring. The reaction process was monitored by 

UV/Vis spectrophotometry and proceeded until no change in the absorption at 343 nm 

generated by 2-thiopyridone could be detected. 830 µL of 3 M NaCl (in 10 % ACN in 20 mM 

HEPES; pH 7.4) were added to the solution which was then filled up to a total volume of 5 mL 

with 10 % ACN (in 20 mM HEPES; pH 7.4) to reach a final NaCl concentration of 0.5 M. 

Purification was again conducted based on cation exchange chromatography using a MacroPrep 

High S resin (HR10/10 column) with an Äkta Pure system. Uncharged impurities were removed 

with 0.5 M NaCl (in 10 % ACN in 20 mM HEPES; pH 7.4) at a flow rate of 0.5 mL/min for 35 

minutes. LPEI-PEG or LPEI-PEG-CD49f were eluted with a linear NaCl gradient from 0.5 M to 3 M 

(in 10 % ACN in 20 mM HEPES; pH 7.4) over 40 minutes. Conjugate containing fractions were 

pooled, dialyzed against water with a regenerated cellulose membrane (MWCO: 6 kDa-8 kDa) at 

4 °C and lyophilized. 

Polyplex synthesis 

Preparation of polyplexes was conducted based on a previously described method.46 Briefly, 

same volumes of a pDNA containing solution and a LPEI/LPEI-PEG/LPEI-PEG-CD49f containing 

solution were mixed by flash pipetting. The mixture was then incubated for 5 minutes at room 

temperature. For all experiments polyplexes were prepared at N/P ratio 9 in 20 mM 4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)/5% glucose (HBG; pH 7.4). For in vitro 

experiments nanoparticles were generated at a final pDNA concentration of 20 µg/mL. For in 

vivo administration a concentration of 267 µg/mL of formulated pDNA was used. 
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Evaluation of nanoparticle properties (size and ζ-potential) 

NTA was done based on the instructions by Taschauer et al.29 Polyplex samples were analyzed 

for their particle size and ζ-potential on a Malvern NS500 system (UK). For all measurements 

dilution factors were chosen to reach 10 to 100 particles per frame corresponding to a 

concentration of 108 to 109 particles/mL. For size measurement samples were diluted in HBG 

and for ζ-potential measurements in 2.5 mM NaCl. Particle size was calculated based on 5 videos 

with a duration of 60 seconds. For analyzing the ζ-potential a capture duration of 90 seconds and 

a secondary duration of 30 seconds were chosen. All ζ-potential measurements used for 

evaluation showed a coefficient of correlation of at least 0.95. For analyzing the effect of 

microspraying with a PennCentury Microsprayer®/Syringe Assembly (MSA-250-M; PennCentruy, 

Inc; US) on particle properties samples were sprayed into centrifuge tubes and analyzed for 

particle size as described above. 

Cell characterization (CD49f expression profile) 

Cells (MDA-MB-231/CT26/4T1-iRFP720) were detached with Versene® (Thermo Fisher Scientific; 

Austria) based on manufacturer´s instructions. 2x105 cells were transferred into 96-well v-

bottom plates and washed with 2 mM EDTA/0.5 % (m/V) bovine serum albumin (BSA) in DPBS 

(PEB) to avoid non-specific binding of antibodies. The cell pellet was then resuspended in 20 µL 

of either PEB (untreated control), a dilution of rat IgG2a κ isotype control (BD Biosciences; 

Germany) in PEB or a dilution of rat anti-human CD49f antibody (BD Biosciences; Germany) in 

PEB. Both antibodies were labelled with BV (brilliant violet) 421. Antibody concentrations were 

chosen as per manufacturer´s instructions. After an incubation period of 30 minutes at 4 °C cells 

were washed twice with PEB and resuspended in 100 µL PEB. Flow cytometry was done with a 

MacsQuant® Analyzer 10 system (Miltenyi Biotec; Germany). Live cells were gated and analyzed 

for their fluorescence signal derived by BV421 in the V1 channel (excitation laser: 405 nm; 

emission band pass filter: 450/50 nm). 

Cell association assay by flow cytometry 

5x104 MDA-MB-231 cells were seeded into a transparent 96-well plate 24 h prior to treatment. 

Polyplex samples used for this experimental setup were based on pCMV-Gluc labelled with Cy5. 

Nanoparticles were prepared as described above. Before sample addition to cells, cell culture 

medium was exchanged with basal DMEM high glucose medium. Cells were treated with 1 

µg/mL or 2 µg/mL of formulated pDNA. Both concentrations were tested for a total duration of 

30 minutes and 4 h. Thereafter, cells were washed twice with DPBS, detached with TrypLE® 
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Express based on manufacturer´s protocol, resuspended in DPBS and transferred into a PCR 

plate (Nerbe; #04-083-0150; Germany). Flow cytometric analysis was conducted with a 

MacsQuant® Analyzer 10 system. For live/dead staining DAPI was automatically added with an 

autoinjector reaching a final concentration of 1 µg/mL. Until DAPI addition and automated 

injection into the flow cytometry system cell suspensions were permanently kept at 4 °C using a 

CPAC cooling unit (Inheco; Germany). 1x104 live cells were analyzed per well for their Cy5 signal 

detected in the R1 channel (excitation laser: 635 nm; emission band pass filter: 655-730 nm). 

Data evaluation was conducted with FlowJo X software (version: 10.1r5). 

Evaluation of cell binding and uptake by confocal laser scanning microscopy (CLSM)  

5x104 MDA-MB-231 cells were seeded into chamber slides (Nunc® Lab-Tek® II 8-well slides; 

Thermo Fisher scientific; Germany) 24 h before treatment. Polyplexes were prepared based on 

Cy5 labelled pCMV-Gluc. Cells were treated with a concentration of 2 µg/mL of formulated 

pDNA for 4 h in basal DMEM high glucose medium. After treatment cells were washed 3 times 

with 1 % (m/V) BSA (in DPBS) and fixed with 4 % (m/V) formaldehyde (in HBS; pH 7.4) for 30 

minutes at room temperature. After 3 washing steps with 1 % (m/V) BSA (in DPBS) cells were 

permeabilized with 0.1 % Triton X-100 (in DPBS) for 5 minutes and washed again with 1 % (m/V) 

BSA (in DPBS). Actin staining was done with AlexaFluor® 488-phalloidin as per manufacturer´s 

instructions. After 3 further washing steps with 1 % (w/V) BSA (in DPBS) nuclei were stained with 

DAPI at a concentration of 2 µg/mL for 5 minutes and objects were mounted with Vectashield® 

antifade mounting medium (Vector Laboratories; UK). Image acquisition was performed on a 

Leica TCS SPE microscope (Leica; Germany) with a 63X oil immersion objective. DAPI derived 

signal was imaged at 405 nm laser excitation, AlexaFluor488-phalloidin at 488 nm and Cy5 at 635 

nm. Detection of emission signal was set for optimal collection of emitted light as per the 

respective fluorophore. For both magnifications z-scans with a vertical resolution of 0.1 µm were 

conducted. Data acquisition and analysis was done with LasX software (Version 3.1.2.16221).  

In vitro transfection assay 

For evaluation of transfection efficiency gene delivery agents (LPEI/LPEI-PEG/LPEI-PEG-CD49f) 

were tested on MDA-MB-231, CT26 and 4T1-iRFP720. For MDA-MB-231 a seeding density of 

2x104 cells/well was used. Due to their high growth rate both CT26 and 4T1-iRFP720 were 

seeded at a density of 1x104 cells/well. Cell seeding was conducted 24 h before treatment. 

Polyplexes were based on pCMV-Gluc and tested at pDNA concentrations of 0.5 µg/mL, 1 µg/mL, 

2 µg/mL and 4 µg/mL. Cell treatment was conducted in basal cell culture medium. 4 h after 
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compound addition supernatant was exchanged with cell culture medium supplemented with 10 

% FBS, 2 % L-gln and antibiotics. After a total treatment time of 24 h expression of Gaussia 

luciferase (Gluc) was analyzed in 20 µL of supernatant. Quantification of light signal was 

conducted after automated injection of 50 µL of Coelenterazine (native; 20 µM in DPBS) with an 

Infinite® M200 Pro system (Tecan Life Sciences; Switzerland) set to an integration time of 10,000 

ms. Relative light units (RLU) were normalized based on total cell count in case of MDA-MB-231 

and CT26. Therefore, cells were washed with DPBS and detached with TrypLE® Express based on 

manufacturer´s protocol. After resuspension of cells in DPBS cell count was conducted on a 

MacsQuant Analyzer 10 system. DAPI was used for live/dead staining at a concentration of 1 

µg/mL without incubation time. Until automated addition of DAPI followed by injection into the 

flow cytometer cell suspensions were permanently kept at 4 °C. 

Gaussia luciferase expression signals of 4T1-iRFP720 were normalized to protein amount. 

Therefore, cells were washed with DPBS and lysed with 30 µL passive lysis buffer (Promega; 

Germany). Protein quantification was evaluated in 20 µL of cell lysate by BCA kit (Pierce; Thermo 

Fisher scientific; Germany) following manufacturer´s instructions. 

In vivo transfection assay 

In vivo transfection was evaluated on a 4T1-iRFP720 lung tumor model established by Geyer et 

al.19 Therefore, female Balb/cJRj (Janvier Labs; France) were kept in individually ventilated Type 

2L cages and kept on a low fluorescent diet (AIN-76A, gamma-irradiated; ssniff, Soest, Germany ) 

for at least 10 days before treatment. All procedures were approved by local ethics committee 

and are in accordance with the Austrian law for the protection of animals and the EU directive 

2010/63/EU. 

4T1-iRFP720 cells were detached with TrypLE® Express based on manufacturer´s instructions, 

washed and resuspended in DPBS at a final concentration of 106 cells/mL. For generating 4T1-

iRFP720 tumor model 105 cells were injected into the lateral tail vein. Tumor growth was 

monitored by MRI using a small 1.0 Tesla preclinical MRI – scanner, equipped with a 

homogenous permanent magnet unit (Aspect Imaging M3™ compact MRI – system; Israel) along 

with a 50 mm x 38 mm body coil (Mouse Body L50D38 Serial: 1, Aspect Imaging® Ltd, Shoham, 

Israel). For all animals native two dimensional fast spin echo T2 – weighted images were 

acquired in coronal slice orientation (Time to repetition (TR): 3250ms, Time to Echo (TE): 

63.47ms, number of slices: 15, slice thickness: 1 mm, number of excitations: 7, slice orientation: 

coronal, center of slice position: 0 °, hor. FOV: 30 mm, vert. FOV: 60 mm, flip angle: 90°, scan 
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time: 5 min 46 seconds). Mice were anesthetized with 2 % isoflurane (Isoflurane CP 1 mL/mL, CP 

– Pharma; Germany) with an oxygen flow rate of 2 L/min and eyes were protected by an 

ointment (Vit A-POS®, Ursapharm Arzneimittel GmbH; Austria). For optimal acquisition 

respiratory movement was detected to suppress motion derived artifacts. A high intrapulmonal 

tumor load detected by MRI was taken as major criterion for starting the treatment. Image 

analysis was conducted with VivoQuant® software (Version 3.0.patch1, Invicro Imaging Service 

and Software; US).  

Intratracheal administration of polyplex samples was conducted using a Microsprayer®/Syringe 

Assembly (MSA-250-M; PennCentruy, Inc; US) as described by Geyer et al.19, 47 Both LPEI-PEG-

CD49f or LPEI-PEG were tested as polyplex formulations with pCpG-hCMV-EF1α-LucSH. 

Polyplexes were prepared at a final pDNA concentration of 267 µg/mL. In total 20 µg of 

formulated pDNA were administered into tumor bearing animals. For microspraying animals 

were anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (5 mg/kg). 24 h after 

treatment animals were imaged for bioluminescence signal. Therefore, animals were 

anesthetized with 2 % isoflurane followed by subcutaneous injection of D-luciferin (potassium 

salt; 30 mg/mL in DPBS; dosage: 120 mg/kg). Bioluminescence signal was collected at an 

exposure of 3 minutes in Stage B with an IVIS spectrum CT system (PerkinElmer; US) over a 

duration of 30 min to 45 min. Data was analyzed with Living Image software (version 

4.5.2.18424). For evaluation of light signal a rectangular region of interest (ROI) was placed over 

the thoracic region. 

Histology 

Histological evaluation of lungs was conducted based on previously described protocol.19, 48 

Briefly, animals were sacrificed directly after bioluminescence imaging (BLI) and intubated. 

Instillation fixation was done with 4 % formaldehyde (in HBS; pH 7.4). Lungs were subsequently 

fixed in 4 % formaldehyde for 22 h, dehydrated with increasing ethanol concentrations (70 %; 96 

%; 100 %) followed by clearing with xylene and embedding in Paraplast®. Tissue was rehydrated 

and sectioned on a microtome (Slee; Germany) with 2 µm thickness. For morphological analysis 

tissue was stained for 3 minutes with Harris modified hematoxylin (Carl Roth GmbH + Co. KG; 

Germany) followed by treatment with acidified ethanol (1 seconds), ammonium hydroxide (20 

seconds) and Eosin Y (10 minutes; Sigma– Aldrich; Austria). For IHC staining, FFPE sections were 

prewarmed for 2h at 55°C, deparaffinized, dehydrated and heat induced epitope retrieval (HIER) 

was performed for 30 min in TRIS-EDTA Buffer (pH 9). After normal serum blockage for 30 min, 

endogenous avidin and biotin were blocked with Avidin/Biotin Blocking Reagent (BIO-RAD, 
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BUF016) for 15 min each. The samples were incubated with Anti-Integrin α6 antibody 

[EPR18124] (Abcam, ab181551; UK) (1:100) or Rabbit IgG, monoclonal [EPR25A] - Isotype 

Control (Abcam, ab172730; UK) in PBS + 2% BSA over night at 4 °C. Endogenous peroxidase was 

blocked with 0,3% H2O2/PBS for 15min. Samples were further treated via VECTASTAIN® ABC HRP 

Kit (Peroxidase, Rabbit IgG, PK-4001) and counterstained with Hematoxylin. The sections were 

mounted in Entellan® (Merck Millipore; Austria) and coverslipped. Images were acquired on an 

Olympus BX53 light microscope (Olympus; Austria) equipped with an Olympus DP-73 colour 

camera. 
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Supplemental Figures 

 

Supp. Figure 1: NTA analysis of polyplexes after aerosolization. Both mean hydrodynamic diameter (A) 

and percentage of particles <200 nm (B) were evaluated with polyplexes based on LPEI, LPEI-PEG and LPEI-

PEG-CD49f at N/P 9 before and after aerosolization. Values are depicted as mean values (n=3 + stddev). 
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Supp. Figure 2: Geometric mean values of cell association study of polyplexes. MDA-MB-231 cells were 

incubated with polyplexes based on Cy5-labelled pDNA prepared at N/P 9. Cells were treated in basal cell 

culture medium with two different concentrations and durations (1 µg/mL for 30 min and 4 h; 2 µg/mL for 

30 min and 4 h) and analyzed by flow cytometry. Data is depicted as mean values (n=3 + stddev). The 

background signal is depicted as dotted line. 
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Supp. Figure 3: Transfection study with CT26 cells. CT26 were seeded in 96-well plates and treated with 

polyplexes based on pCMV-Gluc at 2 µg/mL. 4 h after polyplex addition cellular supernatant was 

exchanged with cell culture medium supplemented with FCS, L-gln and antibiotics. 24 h after starting cell 

treatment Gaussia luciferase was quantified in the supernatant and RLU values were normalized based on 

total count of live cells. Data is depicted as mean values (n=3 + stddev; data from 2 independent 

experiments; ** p≤0.01 (Mann-Whitney)) 
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Supp. Figure 4: Cell viability studies by flow cytometry. MDA-MB-231 cells were treated with polyplexes 

at 4 different concentrations (0.5 µg/mL; 1 µg/mL; 2 µg/mL; 4 µg/mL). 24 h post treatment live cells were 

counted by flow cytometry after DAPI addition. DAPI derived fluorescence signal was detected in the V1 

channel. Total count of live cells was normalized based on buffer treated cells. Data is depicted as mean 

values (n=3 + stddev; data from 2 independent experiments; *p≤0.05, ** p≤0.01 (Mann-Whitney)) 

  



95 

 

Supp. Figure 5: Representative example of intratracheal polyplex treatment of 4T1-iRFP720 tumor 

bearing animal with inaccessible tumor tissue. MRI shows intense tumor growth in the whole left lung 

(marked with yellow arrow) (A). Treatment with LPEI-PEG-CD49f based polyplexes of this animal didn´t 

result in sufficient transfection (B). Background BLI signal (color coded) in the abdominal region is depicted 

as overlay on a reflected light picture. 
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Supplemental methods 

Synthesis of linear polyethylenimine (LPEI; Mw 10 kDa) 

α-Methyl ω-hydroxy LPEI (Mw 10 kDa) was generated based on a previously described protocol.1 

2 g α-Methyl ω-hydroxy poly(2-ethyl-2-oxazoline) was dissolved in 50 mL HCl (7 M) and heated 

overnight under reflux. LPEI precipitated as HCl salt and was purified by centrifugation with HCl 

(7 M). After dissolving the precipitate in 30 mL water the solution was again heated under reflux 

and pH was adjusted to 12 with NaOH (1 M). The mixture was cooled to room temperature 

where LPEI formed a white precipitate as free base. The precipitate was then washed by 

centrifugation with NaOH (1 M) and water. After resuspending in water the product was 

lyophilized. Analysis of both structure and purity of LPEI was conducted by 1H-NMR on a Bruker 

Avance (200 MHz; US) system. Therefore, 5 mg of the product were dissolved in CDCl3. The peak 

derived from the solvent was used as reference (δ [chemical shift]=7.24 ppm) for evaluation of 

signals derived from CH2-CH2-NH and CH2-CH2-NH. α-Methyl ω-hydroxy poly(2-ethyl-2-oxazoline) 

was used as control compound for showing complete hydrolysis. GPC analysis was conducted 

with a GPC/HPLC system equipped with a Catsec-300 column, a UV-Vis and a multiangle light 

scattering DAWN EOS (Wyatt; Germany) detector. GPC was done with 0.1 % TFA at a flow rate of 

0.2 mL/min. For preparing stock solutions used for conjugate synthesis or polyplex generation 

LPEI was resuspended in water and pH was set to 7.4 with HCl and NaOH. The resulting product 

was then filtered through a 0.2 µm cellulose acetate membrane. Concentration of LPEI content 

in aqueous solutions was determined by CuSO4 assay based on UV/Vis spectrophotometry like 

described elsewhere.2 For long term storage LPEI was either stored as lyophilized powder under 

dry conditions at room temperature or dissolved in water at pH 7.4 at -80 °C. 

Peptide synthesis 

The peptide with the amino acid sequence CYESIKVAVS was synthesized on a semi-automated 

Biotage Initiator+ system (Sweden). The synthesis setup was based on using Fmoc protected L-

amino acids and a ChemMatrix® resin functionalized with Rink-amide linker as solid phase. For 

every coupling step amino acids were C-terminally activated with 1-hydroxybenzotriazole 

hydrate (HOBt; 1 eq based on amino acid) and 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium tetrafluoroborate (TBTU; 1 eq based on amino acid) under addition of N,N-

Diisopropylethylamine (DIPEA; 2 eq based on amino acid). The C-terminal amino acid (Fmoc-L-

Serin-tBu) was used in a five-fold excess based on the binding capacity of the resin. All following 

activated amino acids were used in a 2.5-fold excess. Coupling steps of all activated amino acids 
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except activated Fmoc-L-cysteine-Trt were conducted at a temperature of 75 °C for 10 minutes. 

Coupling of activated Fmoc-L-cysteine-Trt was done twice at 45 °C for 10 minutes. For detection 

of free terminal primary amino groups Kaiser (ninhydrin) test was conducted after each coupling 

step.3 Deprotection of the N-terminus of the growing peptide chain was conducted with 

piperidine (20 % (V/V) in DMF) twice for 3 minutes at a temperature of 75 °C. Cleavage of the 

peptide from the resin was done with trifluoracetic acid (TFA):phenol:water:triisopropylsilane 

(88:5:5:2) for 4 hours at room temperature under vigorous mixing. The solution was then 

concentrated under vacuum and the product was precipitated with cold diethyl ether. After 

washing the precipitate with diethyl ether by centrifugation the product was redissolved in 

water and lyophilized. Purification was conducted by reversed phase chromatography on a 

Shimadzu HPLC system (Austria) equipped with a Zorbax® 5B-C18 column (21.2 mm x 25 cm). For 

purification a linear gradient with an increasing concentration of acetonitrile (acidified with 0.1 

% TFA) in water (acidified with 0.1 % TFA) starting from 5 to 50 % over 30 minutes at a flow rate 

of 21 mL/min was chosen. Detection was done at a wavelength of 215 nm. Fractions containing 

CYESIKVAVS were pooled and lyophilized. Peptide purity was analyzed both by HPLC and high 

resolution mass spectrometry (HRMS). The analytical HPLC system was equipped with a 

Thermoquest hypersil division C18 column (Thermo Fisher scientific; Germany) and the same 

gradient as described before at a flow rate of 1 mL/min was used. HRMS was employed for 

analysis of purity and amino acid sequence at a sample concentration of 10 µg/mL in 50 % (V/V) 

ACN (in 0.1 % (V/V) formic acid) with a Bruker maXis Hd system (US). Peptide sequencing was 

conducted based on single and double charged b- and y-fragments. For further procedure only 

CYESIKVAVS with a purity of >95 % (based on HPLC) was used. 
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Abstract 

Nanomedicine has significant potential to achieve the goals of nucleic acid therapy. Current 

nucleic acid nanotherapeutic approaches face challenges because of shortcomings in terms of 

either loading control/efficiency and yield, or limited intracellular uptake, endosomal-trapping, 

and hampered release. Here we report a versatile nanotherapeutic platform, termed 

auropolyplexes, for improved and efficient delivery of small interfering RNA (siRNA). A simple 

two-step complexation method offers tunable loading of siRNA at concentrations relevant for in 

vivo studies and the flexibility for inclusion of multiple functionalities, like shielding polymers. 

Semitelechelic, thiolated linear polyethylenimine was chemisorbed onto gold nanoparticles to 

endow them with positive charge. siRNA was electrostatically complexed with these cationic 

gold nanoparticles and further condensed with polycation or conjugates with polyethylene 

glycol. The resulting auropolyplexes ensured complete complexation of siRNA into nanoparticles 

with high load of approx. 15,500 siRNA molecules/nanoparticle. After efficient internalization 

into tumor cell, 80 % knockdown of luciferase reporter gene was achieved. Auropolyplexes 

labelled with near infrared fluorescent dye were applied intratracheally into the lung of Balb/c 

mice and their biodistribution studied spatiotemporally by optical tomography. Auropolyplexes 

were well tolerated with 20 % of the siRNA dose remaining in lungs after 24 h. Importantly, 

released siRNA also crossed the air-blood barrier and was excreted via kidneys, whereas >97 % 

of the gold nanoparticles were retained in the lung. Taken together, auropolyplexes represent a 

versatile and upscalable nanogold based platform for siRNA delivery in vitro and in vivo. Using 

molecular conjugates, shielding and targeting moieties can be conveniently added. 

 

Keywords: Gold nanoparticle, linear polyethylenimine, siRNA knockdown, pulmonary delivery, 

intratracheal, tomographic optical imaging, biodistribution  
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Introduction 

Nanotechnology has the potential to overcome current challenges associated with nucleic acid 

based therapeutics and is an active area of nanomedicine application. Pre-clinical and clinical 

translation of nucleic acid based nanomedicines is decisively dependent on factors including, but 

not limited to, loading efficiency, yield and scale-up, effective delivery to target organ/cells and 

successful endosomal escape. [1-3] These crucial factors should be considered already during 

the design and development phase of formulations to ensure translation at later stages. Most of 

the existing nano-formulations for short nucleic acids, like short interfering RNA (siRNA) fall in 

one of the following categories- 1) layer-by-layer (LBL) self-assembly to include siRNA as one of 

the layers, 2) encapsulation/conjugation of siRNA within/to the carrier system, and 3) 

electrostatic complexation of siRNA with cationic moieties to form complexes (polyplexes, 

lipoplexes, etc.). In case of LBL, despite the versatility and other advantages for designing 

nanosized vehicles for siRNA delivery [4, 5], it is associated with challenges like low yield and 

repeated purification steps at each layer synthesis thereby drastically limiting scale-up [6] and 

control on siRNA loading efficiency. Additionally, in case of LBL-coated nanoparticles (NPs) it is 

preferable to have reduced number of layers [7, 8] which further limits the total amount of 

loaded siRNA. Within the second category, siRNA can be encapsulated within lipid based 

nanoparticles which are considered clinically relevant and potent delivery systems [9] or 

chemically conjugated to the nano-carrier or polymer or ligand. [10] The chemisorption of 

thiolated-siRNA directly onto the surface of gold nanoparticles to form spherical nucleic acids is 

a very promising approach. [11] However, in this case intracellular release of siRNA can be 

limiting as it has been observed that thiolated nucleic acid is still bound to the gold NP surface 

after delivery into cells, [12] hence limiting access to the cytoplasmic transcriptional machinery. 

Polyplexes can overcome such limitations by offering desirable yields, scalability [13] and control 

on loading efficiency, as all of the nucleic acid is complexed. Also, polyplexes can be generated at 

high concentrations for in vivo applications [13] and enable multiple functionalization with 

shielding domains (like polyethylene glycol), targeting ligands and endosomolytic agents [14] for 

pre-clinical and clinical relevance. Endosomal escape is achieved with polymers like 

polyethyleneimine (PEI), both in linear (LPEI) or branched (BPEI) formats. For siRNA knockdown 

studies, BPEI based polyplexes often show better results in comparison to LPEI. [15] However, 

LPEI is preferable due to a more biocompatible profile, [16] although this also highly depends on 

the molecular weight used. [17] Considering these current approaches and their associated 

challenges, it is desirable to have formulations which can address these limitations so as to 

deliver required amounts of siRNA to the target organ. In vivo imaging can significantly assist in 
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development of nucleic acid based therapies by deciphering important delivery and therapy 

concepts like quantification of retention in target organ, bio-distribution events, transfection 

efficiency, etc. This helps in optimizing delivery agents and their routes of administration, and 

also identifying bottlenecks. We have established an imaging based method for spatiotemporal 

tracking of non-encapsulated siRNA in vivo by near infrared fluorescence imaging, along with 

fluorescence imaging tomography (FLIT) and X-ray absorption computed tomography (CT). [18] 

The present study combines the advantages of electrostatic complexation approach with 

chemisorption on gold nanoparticles to develop a LPEI based novel formulation, termed as 

auropolyplexes, for efficient siRNA delivery in vitro and in vivo (Scheme 1). Towards this, gold 

nanoparticles were functionalized with thiolated LPEI to make a cationic nanocarrier and used 

for complexing with siRNA to generate auropolyplexes by a facile and convenient two-step 

complexation procedure. This ensures complexation of total siRNA as confirmed by gel 

retardation studies, thereby giving precise control on loading efficiency. The second 

complexation step is also for inclusion of excess LPEI to provide enough cationic charge for 

sufficient cell uptake and appropriate endosomal escape rate, as these are crucial rate-limiting 

steps in siRNA delivery. [1, 19] Nanoparticle tracking analysis and transmission electron 

microscopy ensured detailed biophysical characterization (size and ζ-potential) of the process of 

auropolyplex formation. Tunability of siRNA loading is demonstrated by preparing 

auropolyplexes at siRNA concentration of 10 µg/mL and 133 µg/mL for in vitro and in vivo 

experiments respectively, which also corresponded to a high loading of siRNA per nanoparticle. 

To demonstrate the flexibility of the formulation approach, PEGylated LPEI (instead of LPEI) was 

used at the second complexation step to provide ‘stealth’ attributes for potential in vivo 

applications. Flow cytometry and confocal microscopy based studies established successful 

cellular uptake of auropolyplexes indicating successful intracellular delivery of siRNA. Luciferase 

gene reporter assay revealed superior gene knockdown efficiency for auropolyplexes (in 

comparison to polyplexes) demonstrating their functionality for gene regulation. AlexaFluor® 

750 (AF750)-siRNA based auropolyplexes were microsprayed intratracheally and biodistribution 

of AF750-siRNA was spatiotemporally tracked by employing three-dimensional imaging 

techniques based on near-infrared fluorescence imaging and contrast agent enhanced X-ray 

absorption computed tomography (Scheme 1). Biodistribution of gold was studied by inductively 

coupled plasma mass spectrometry to compare with siRNA’s biodistribution, so as to decipher in 

vivo release of siRNA from the auropolyplexes. This work presents auropolyplexes as a facile and 

versatile nano-formulation with tunable siRNA loading for both in vitro and in vivo experiments 
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and superior gene knockdown attributes, which has the potential to be an efficacious 

multifunctional nanomedicine platform for siRNA delivery. 

 

Scheme 1: Schematic illustration of auropolyplexes and their pulmonary delivery by microspray-based 

aerosolization. In vivo biodistribution of the fluorescently labeled auropolyplexes was studied by 

fluorescence imaging tomography (FLIT), X-ray absorption computed tomography, and inductively coupled 

plasma mass spectrometry. 
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Materials and Methods 

Materials 

All siRNA samples used in this study were kindly supplied by GlaxoSmithKline (GSK; UK). The 

siRNA for knockdown of firefly luciferase (anti-luc siRNA) with the sequence 5´-

CUUACGCUGAGUACUUCGAdTdT-3´ (sense strand) has two phosphorothioate bonds on the 3´ 

terminus of the sense strand and one 3´ terminal phosphorothioate bond on the antisense 

strand (MW (duplex): 14,384 Da). The siRNA used as a negative control (control siRNA) with the 

sequence 5´-AUCGUACGUACCGUCGUAUdTdT-3´ (sense strand) shows two phosphorothioate 

bonds on the 3´ terminus of both sense and antisense strand (MW (duplex): 14,468 Da). Labelled 

negative control siRNA was generated by coupling AF647 or AF750 to the 3´ terminus of the 

sense strand using N-hydroxysuccinimide (NHS) based chemistry. In the following sections 

labelled siRNA is described as AF647-siRNA and AF750-siRNA. OPSS-PEG-NHS (3-(2-

pyridyldithio)propionamide-PEG-N-hydroxysuccinimide ester) (Mw 2,000 Da) was purchased 

from Rapp Polymere (Germany). All further compounds used for synthesis, for physicochemical 

and biological evaluation were purchased from Sigma Aldrich (Austria). All polymer and buffer 

solutions were filtered through 0.22 µm cellulose acetate filters prior to use. Water was purified 

with a Sartorius Arium Pro system (Germany). TrypLE® Express for cell detachment was 

purchased from ThermoFisher Scientific (Germany) and passive lysis buffer from Promega 

(Germany). 

 

Methods 

Synthesis of LPEI.HCl (linear polyethylenimine as HCl salt) 

Both α-Benzyl-ω-thiol LPEI (Mn 5,000 Da).HCl and α-Methyl-ω-hydroxy LPEI (Mw 10,000 Da).HCl 

were synthesized based on a previously described method. [20] The molecular weights stated 

refer to free base of the respective polymer. Briefly, 2 g of either α-Benzyl-ω-thiol poly(2-ethyl-2-

oxazoline) or α-Methyl-ω-hydroxy poly(2-ethyl-2-oxazoline) were dissolved in 50 mL HCl (7 M) 

and heated under reflux for 16 hours. α-Benzyl-ω-thiol LPEI.HCl (described later as LPEI5-SH.HCl) 

or α-Methyl-ω-hydroxy LPEI.HCl (described later as LPEI10.HCl) formed a white precipitate which 

was further purified by centrifugation. After three washing steps with 7 M HCl, the precipitate 

was dissolved in 100 mL water and lyophilized. Quality control of compounds dissolved in D2O 

was conducted by 1H-NMR on a Bruker Avance 200 MHz system (Bruker, Billerica, USA). 

Chemical shifts (δ) expressed in parts per million (ppm) were analyzed using the peak derived 
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from the solvent as reference. In case of α-Benzyl-ω-thiol LPEI.HCl the ratio between LPEI and 

free thiol groups was evaluated by copper assay and Ellman´s assay as described. [20, 21] LPEI5-

SH.HCl was stored for long term under dry conditions at room temperature to reduce the 

probability of thiol oxidation. Stock solutions in water were stored at -20 °C for not longer than 2 

months, where no decrease of free thiol content could be detected.  

Synthesis of LPEI (Mw 10,000 Da)-PEG (Mw 2,000 Da)-cysteine conjugate (LPEI10-PEG) 

Conjugation of PEG to LPEI was conducted based on the protocol by Schaffert et al. [22] In brief, 

1 g LPEI10.HCl was suspended in 20 mL NaOH (1 M). LPEI10 precipitated as free base. The 

mixture was heated under reflux and NaOH (1 M) was added in small portions until LPEI10 was 

entirely dissolved. After cooling down to room temperature, the white precipitate was purified 

by centrifugation and washed with 1 M NaOH and water. LPEI10 was resuspended in 30 mL 

water and lyophilized. For PEGylation, LPEI10 was dissolved in 1.5 mL dry ethanol, mixed with 

100 µl NHS-PEG-OPSS (2 equivalents based on LPEI) in dry dimethyl sulfoxide and incubated for 3 

h at 35 °C under continuous mixing. The reaction was quenched with 100 µl Tris.HCl (1 M; pH 

8.0). The product was purified by ion exchange chromatography (MacroPrep High S; BioRad, US; 

column HR10/10) using an ÄktaPure system (GE Healthcare; Germany) applying a NaCl gradient 

of 0.5 M to 3 M in 20 mM aqueous HEPES solution (pH 7.4). Fractions containing LPEI-PEG-OPSS 

were pooled, dialyzed against water for 24 h and lyophilized. Thereafter, LPEI-PEG-OPSS was 

dissolved in 2 mL 20 mM HEPES/10 % acetonitrile (pH 7.4; degassed) and mixed with a solution 

of L-cysteine (5 equivalents based on OPSS) in 20 mM HEPES/10 % acetonitrile (pH 7.4; 

degassed). The reaction was monitored by analyzing the amount of released 2-thiopyridone 

(absorption maximum at 343 nm) by UV/Vis spectrophotometry every 30 minutes until no 

change in the absorption could be detected. The conjugate was purified by ion exchange 

chromatography, dialyzed and lyophilized as described above. LPEI10-PEG was analyzed by 1H-

NMR on a Bruker Avance 200 MHz system. PEGylation degree was evaluated correlating the 

integral of PEG signal [CH2-CH2-O; δ (ppm)=3.72] with the integral of LPEI signal [CH2-CH2-N; δ 

(ppm)=3.06].  

Synthesis of cationic gold nanoparticles 

Synthesis of gold nanoparticles was conducted based on the modified procedure by Frens [23, 

24] For this, 25 mL of a 0.01 % (w/V) HAuCl4 solution in water was heated to 100 °C and then 

mixed with 180 µL of an aqueous sodium citrate solution (1 % [w/V]). The color of the solution 

changed gradually from faint yellow to red. The reaction mixture was stirred at 100 °C until no 
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further color change could be observed. After cooling down to room temperature the product 

quality was evaluated by analyzing the particle size by nanoparticle tracking analysis (NTA) with 

a NanoSight NS500 system (Malvern, UK). The solution was kept at room temperature until 

further usage. For surface functionalization of gold nanoparticles (AuNP) with LPEI5-SH, the 

AuNP solution was adjusted to pH 8 by adding small portions (3-5 µl) of NaOH (1 M) under 

vigorous stirring. Thereafter, a stock solution of LPEI5-SH dissolved in water (pH 8) was added 

under constant stirring to obtain a final LPEI5-SH concentration of 0.229 mM. This mixture was 

incubated at room temperature for 72 h. Changes in the AuNP derived SPR before and after 

coating was analyzed by UV-Vis spectrophotometry of the undiluted samples. For purification, 

18 mL of this solution were centrifuged in 1 mL aliquots for 10 min at 5,000 x g and 4 °C and 

washed with 1 mL water per aliquot till there was no free LPEI detected in the supernatant 

applying the copper assay [21]. Finally, pellets were pooled and reconstituted in water with a 

final volume of 400 µl. The resulting cationic AUNP are referred to “AL”. Nanoparticles were 

stored until further usage at room temperature for up to one week. 

Auropolyplex generation 

For in vitro experiments, complexation was conducted using water as diluent for siRNA and LPEI, 

whereas for in vivo experiments HBG (HEPES buffered glucose; 20 mM HEPES/5 % glucose at pH 

7.4) was used. For auropolyplex synthesis, equal volumes of a solution containing siRNA (conc. 

[in vitro] 40 µg/mL siRNA; conc. [in vivo] 533 µg/mL) and AL stock (described above) were mixed 

by flash pipetting. The mixture of AL with siRNA is termed “ALS”. After an incubation for 45 

minutes at room temperature, equal volumes of ALS and a solution containing LPEI (conc. [in 

vitro]: 10 µg/mL; conc. [in vivo]: 267 µg/mL) were mixed by flash pipetting. The mixture was 

again incubated for 45 min at room temperature until further usage. The resulting solution is 

described as “ALSL5-SH” (for LPEI5-SH as last layer), “ALSL10” (for LPEI10 as last layer) or 

“ALSL10-PEG” (for LPEI10-PEG as last layer). To reach the same final siRNA and AL concentration 

a 1:2 dilution of “ALS” was used as control substance both for physicochemical as well as for in 

vitro evaluation of components. 

Polyplex generation 

Polyplex synthesis was conducted in principle as described. [20] Water was used as diluent for all 

components. In brief, equal volumes of a siRNA containing solution (20 µg/mL) and a LPEI (LPEI5-

SH or LPEI10) containing solution were mixed at a N/P ratio of 4 by flash pipetting. For LPEI 

based polyplexes water was used as a diluent. Polyplexes based on branched polyethylenimine 
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(BPEI; Mw: 25,000 Da) were used as control compound for cell binding/uptake and for knock 

down studies at N/P 10 in HBS (HEPES buffered saline; 20 mM HEPES/150 mM NaCl at pH 7.4). 

Gel retardation assay 

Auropolyplexes were generated using different concentrations of siRNA (anti-luciferase siRNA or 

AF750-siRNA) and different amounts of LPEI (LPEI5-SH or LPEI10). Auropolyplexes with anti-

luciferase siRNA and LPEI5-SH were prepared in water reaching a final siRNA concentration of 10 

µg/mL. For in vivo setup, AF750-siRNA and LPEI10 were prepared in HBG at a final siRNA 

concentration of 133 µg/mL. 200 ng of free or complexed siRNA were loaded onto a 1.5 % 

agarose gel sodium borate buffer (pH 8) together with 1/6th volume of 60 % (V/V) glycerol as 

loading buffer. For nucleic acid staining ethidium bromide (EtBr) was used at a concentration of 

0.5 µg/mL. Gel electrophoresis was carried out in sodium borate buffer (pH 8) at 80 V for 60 

minutes. Imaging was conducted on a ChemiDoc MP system (Biorad, Vienna, Austria). 

Nanoparticle tracking analysis (NTA) 

Size and ζ-potential measurement by NTA was carried out in principle as described. [13] For size 

and concentration measurements, nanoparticles were diluted in the medium used for synthesis 

(water or HBG), for ζ-potential measurements in 2.5 mM NaCl. A dilution factor was chosen to 

obtain a particle concentration of 108 to 109 nanoparticles/mL, which correlates to 10 to 100 

nanoparticles per frame. For size measurement, five videos with a duration of 60 seconds were 

acquired. In case of ζ-potential measurement capture duration was 90 seconds and secondary 

duration was 30 seconds. ζ-potential was measured applying 24 V. For evaluating ζ-potential of 

nanoparticles, only measurements with a coefficient of correlation of at least 0.95 were 

considered for further analysis. AL were analyzed by NTA after purification (by centrifugation) 

while all other samples were analyzed directly without purification. 

TEM (Transmission electron microscopy) 

For TEM every formulation was prepared in water as described above. 5 µL undiluted sample 

was deposited onto formvar coated copper grids and dried overnight at room temperature. 

Imaging was done on a Libra 120 system (Zeiss, Germany) with LaB6 filament and in column filter 

operating at 120 kV, using a bottom mount camera Sharp:eye TRS (2 × 2 k) and an in column 

camera Morada G2 (11 MP). Magnifications ranged from 8,000 – 200,000-fold. 
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Cell culture and transduction 

MDA-MB-231 human breast cancer cells (ATCC HTP-26) were cultured in DMEM (Dulbecco´s 

modified Eagle medium) supplemented with 10 % fetal bovine serum, L-glutamine and 

antibiotics (penicillin/streptomycin) and lentivirally transduced with PGK-EGFPLuc as described 

previously [25] to obtain MDA-MB-231Luc cells. EGFP-positive cells were sorted using a BD 

FACSAria II cell sorter (Becton-Dickinson, US). MDA-MB-231Luc cells were used for all cell culture 

experiments. 

Flow cytometry 

5x104 MDA-MB-231Luc cells per well were seeded into a transparent 96 well plate 24 h prior to 

treatment. All formulations were prepared using AF647-siRNA and added to cells at 2 or 4 µg/mL 

(based on siRNA) in basal DMEM high glucose medium. Medium supplemented with 10 % FCS, L-

glutamine and antibiotics (Penicillin/Streptomycin) was added after 4 h incubation. After total 24 

h, cells were washed twice with DPBS, trypsinized with TrypLE® Express as per manufacturer´s 

instructions, resuspended in DPBS and transferred into a PCR plate (Nerbe, #04-083-0150; 

Germany). Plates were kept at 4 °C for the whole measurement using an Inheco CPAC cooling 

unit (INHECO, Germany) when analyzed on a MacsQuant® Analyzer 10 (Miltenyi Biotec, 

Bergisch-Gladbach, Germany). For live/dead analysis, DAPI was used at a concentration of 1 

µg/mL (405 nm excitation; 450/50 nm band pass emission filter). In total 15,000 gated live cells 

were analyzed per well. AF647 signal was acquired in the R1 channel (635 nm excitation, 655-

730 nm band pass emission filter). Data were analyzed using FlowJo 10.1r5 (FlowJo LLC, Ashland 

OR 97520, USA).  

Binding-/Uptake analysis by CLSM (Confocal Laser Scanning Microscopy) 

5x104 MDA-MB-231Luc cell per well were seeded into chamber slides (Nunc® Lab-Tek® II 8-well 

slides; ThermoFisher Scientific, Germany) 24 h before treatment. Cells were incubated with 

formulations based on AF647 labelled siRNA (4 µg/mL) further treated as described above for 

flow cytometry. After 24h cells were washed thoroughly with DPBS and fixed with 4 % 

formaldehyde in HBS (pH 7.4) for 30 minutes at room temperature. Cell nuclei were stained with 

DAPI (2 µg/mL) and samples mounted with Vectashield® antifade mounting medium. Image 

acquisition was performed on a Leica TCS SPE microscope (Leica, Wetzlar, Germany) with a 63X 

oil immersion objective (NA 1.3) using a 405 nm laser excitation for DAPI, 488 nm for EGFP and 

635 nm for AF647. Emission ranges were tuned for optimal collection of emitted light as per the 

respective fluorophore. Z-scans were conducted with a vertical resolution of 0.1 µm. Differential 
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interference contrast (DIC) was used for transmitted light pictures. Further analysis of the 

acquired pictures was done with LasX software Version 3.1.2.16221 (Leica).  

In vitro gene knock-down by firefly luciferase assay 

2x104 MDA-MB-231Luc cells per well were seeded into a transparent 96-well plate 24 h before 

treatment. All formulations were prepared using anti-luc siRNA or control siRNA and added to 

cells at 2 or 4 µg/mL (based on siRNA) and further treated as described above for flow 

cytometry. After a total of 48 h, cells were washed with DPBS and lysed with 30 µl passive lysis 

buffer. 10 µl of the lysate were analyzed for luciferase activity using luciferase assay reagent 

(LAR). [26] Luminescence was measured using an Infinite® M200 system (Tecan, Grödig, Austria). 

In vivo biodistribution by fluorescence imaging tomography (FLIT) and X-ray absorption 

computed tomography (CT) 

All animal procedures were approved by local ethics committee and are in accordance with the 

Austrian law for the protection of animals and the EU directive 2010/63/EU. Female Balb/cJRj 

mice (Janvier Labs, Le-Genest, France) were housed under specified pathogen free (SPF) 

conditions in individually ventilated cages (Type 2L, Tecniplast, Hohenpeißenberg, Germany) 

with food and water ad libitum and a 12 h/12 h light/dark cycle. Mice were kept on low 

fluorescent diet (AIN-76A; Brogaarden  Korn & Foder ApS; Denmark) for at least 10 days before 

treatment. ALSL containing total 10 µg of AF750-siRNA was applied by intratracheal 

administration using a Microsprayer®/Syringe Assembly (MSA-250-M; PennCentruy, Inc; USA). 

Before administration to animals influence of the microspraying process on auropolyplexes was 

analyzed by NTA. Animals were imaged on an IVIS Spectrum CT system (PerkinElmer, USA) 

immediately after drug administration and 24 h thereafter in principle as described. [18] 2D 

imaging was conducted in epifluorescence mode using the following excitation (Ex) and emission 

(Em) filter settings: Ex 640 nm with Em 680 nm, 700 nm, 720 nm, 740 nm, 760 nm; and Ex 675 

nm with Em 720 nm, 740 nm, 760 nm, 780 nm, 800 nm. To ensure proper background 

subtraction, treated and untreated animals were imaged side-by-side. Analysis was done by 

spectral unmixing. For 3D CT imaging the following fluorescence filter settings were used in 

transillumination mode: Ex 675 nm (30 nm BW) and Em 720 nm (20 nm BW). 300 µl of a 1:1.5 

mixture of Scanlux® (active component: Iopamidol [300 mg iodine/mL]; Sanochemia, Vienna, 

Austria) with 5 % glucose were used as CT contrast agent. After the last imaging session, animals 

were sacrificed and ex vivo organ imaging was done in 2D epifluorescence mode using settings 
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described above but without spectral unmixing. Lungs, liver, spleen, kidneys and stomach were 

stored at -80 °C until further analysis by ICP-MS. 

Inductively coupled plasma-Mass spectrometry (ICP-MS) 

Lungs, heart, liver, spleen, kidneys and stomach were cut into 3-5 mm fragments and digested in 

8 mL inverse aqua regia at 100 °C for 1 h. Each sample was then treated with 15 mL HNO3 conc. 

at 180 °C for one further hour. For dissolving gold nanoparticles 10 mL of aqua regia were added 

and the mixture incubated at 100 °C for 1 h. All samples were finally diluted to a total mass of 40 

g with purified water. Samples prepared following the same procedure without any tissue were 

used as blank for ICP-MS measurements. Total dissolved gold concentration (197Au) 

measurements were conducted with a 7900 ICP-MS unit (Agilent; US) and 209Bi was used as 

internal standard. To evaluate total dissolved gold concentrations, the ICP-MS was calibrated 

with dissolved gold standards ranging from 5 ng/L to 50 µg/L prepared from a single element 

gold standard (1000 µg/mL; CGAUN1-125ML; Inorganic Ventures, Christiansburg, VA, USA). The 

acid blanks show a lower limit of detection (LOD; 3 x standard deviation + mean) of 5.09 ng/L 

and a lower limit of quantification (LOQ; 10 x standard deviation + mean) of 11.4 ng/L.  
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Results and discussion: 

Gold nanoparticles are often surface modified by ligand exchange reaction using thiol containing 

organic compounds. For example, use of 11-mercaptoundecanoic acid (MUA) results in a 

negatively charged surface. [27] For use in nucleic acid delivery, cationic nanoparticles are 

employed for binding polyanionic nucleic acids, e.g. siRNA. Here, we employed thiol terminated 

LPEI to synthesize cationic gold nanoparticles (Figure 1A) for auropolyplex generation. This 

allowed direct ionic complexation of siRNA, thereby avoiding extensive purification steps and 

also enabling a simpler formulation approach. 

Cationic gold nanocarrier for auropolyplex generation 

Citrate stabilized gold nanoparticles were synthesized according to a protocol from Wurster et 

al. [8], originally based on the report by Frens. [23] Synthesis reproducibly resulted in 

monodisperse AuNPs with an average size of 68.5 +/- 2.8 nm as measured by NTA and visualized 

by TEM (Figure 1B-C). UV-Vis spectroscopy of AuNPs demonstrated the presence of 

characteristic surface plasmon resonance (SPR) with absorption wavelength maximum at 530nm 

(Figure S1), which matches with the reported data. [8] Gold nanoparticles were directly surface 

functionalized with thiol terminated LPEI (LPEI5-SH) (Figure 1A). LPEI-SH with a number average 

molecular weight of 5,000 Da was synthesized as hydrochloride salt by acidic hydrolysis of ω-

thiol terminated poly(2-ethyl-2-oxazoline) with 6 M HCl. 1H-NMR analysis of LPEI5-SH.HCl 

revealed complete cleavage of the side chain from α-Benzyl-ω-thiol poly(2-ethyl-2-oxazoline), 

CH3-CH2-CO [δ (ppm)=1.12-1.05] and CH3-CH2-CO [δ (ppm)=2.45-2.33], therefore showing full 

conversion of the precursor to thiol terminated LPEI (Figure S2). Thiol content of LPEI was 

evaluated by Ellman´s assay showing a thiol:LPEI ratio of 1:6. Surface functionalization of AuNPs 

with LPEI5-SH was carried out by ligand exchange method and the successful formation of 

cationic AuNPs (here referred to as “AL”) characterized by UV-Vis spectroscopy, NTA and TEM. 

On addition of LPEI5-SH to AuNPs, the characteristic SPR band shifted to an absorption 

maximum of 535nm (Figure S1) indicating an increase of particle size and/or the chemisorption 

of LPEI5-SH to the surface. Centrifugation based purification allowed the removal of all unbound 

LPEI and increased the concentration to an average of 2.32 x 1011 +/- 6.28 x 1009 

nanoparticles/mL. Cationic AuNPs (AL) remained small (71 +/- 2.8 nm by NTA) indicating absence 

of any aggregation during the ligand exchange and purification step (Figure 1B). A change of the 

average ζ-potential from -27 mV for citrate stabilized AuNPs to +37 mV for cationic AuNPs 

indicated successful assembly of LPEI5-SH on surface of AuNPs (Figure 1B). More than 90 % of 

the gold nanoparticles were positively charged (Figure S3), indicating a homogeneous 

preparation of cationic AuNPs. TEM based visualization indicated an average coating thickness of 
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6 nm +/- 1.8 nm (29 fields of view analyzed) (Figure 1D). As there was only a minor size increase, 

we speculate that the LPEI layer rather appears in a ‘mushroom’ state, i.e. not stretched like it 

would be in a ‘brush’ like structure. This is in accordance with the published literature: the 

hydrodynamic radius of non-aggregated LPEI (Mw 2,500 Da) has been reported to be 2.5 nm, 

while the calculated contour length (stretched out) of a 5 kDa LPEI molecule is approx. 38 nm. 

[28] In case of PEG attached to AuNP it has been observed that with increasing PEG density the 

hydrodynamic diameter increases and the brush structure occurs. [29, 30] Nevertheless, in our 

case the coating density was appropriate to sufficiently stabilize the purified nanoparticles for at 

least 5 days at room temperature, indicating considerable stability. Positive ζ-potential (Figure 

1B) along with TEM visualization (Figure 1D) confirmed successful synthesis of cationic AuNP. 

Due to the post-grafting with LPEI5-SH, AuNP remained spherical and homogeneous in size. This 

is in contrast to a one-step synthesis process, where thiolated PEI is already mixed with HAuCl4 

during the nucleation process. [31] The latter procedure rather leads to nanoparticles 

heterogeneous in size and shape. 

 

Figure 1: Synthesis and characterization of cationic gold nanoparticles. (A) Schematic illustration of 

synthesis of cationic gold nanoparticles (AL) by chemisorption of thiol terminated linear polyethyleneimine 

(LPEI5-SH) to gold nanoparticles (AuNP). (B) Nanoparticle tracking analysis-based characterization of AuNP 

and AL for ζ-potential (bars, left y-axis) and particle size (boxes, right y-axis). (C-D) TEM micrographs of 

AuNPs (C) and AL NPs (D). Scale bar: 100nm. 
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Auropolyplexes: a facile and tunable siRNA-nanotherapeutic platform 

Cationic AuNPs (AL) were used in a concentrated state to generate siRNA based auropolyplexes 

by a simple two-step complexation process. The first step was to mix AL with siRNA giving siRNA 

coated cationic AuNPs (ALS). In the second mixing step, the desired cationic polymer (LPEI5-SH, 

LPEI10 or LPEI10-PEG; for details see Methods section) was added to ensure total complexation 

giving respective auropolyplexes (ALSL5-SH; ALSL10; ALSL10-PEG). The complexation process 

was characterized in detail by gel retardation studies, NTA and TEM analysis. Gel retardation 

studies were conducted for different concentrations (10 and 133 µg/mL) and buffer conditions 

(water vs HBG [20 mM HEPES pH 7.4, 5% glucose w/v], Figure 2). When preparing ALS at 10 

µg/mL in water, no retardation of siRNA was observed (Figure 2A), but a black precipitate in the 

loading well could be seen visually and indicated the presence of gold nanoparticles in the well. 

In the second complexation step, increasing amounts of LPEI5-SH (from 10ng to 400ng) were 

added to ALS forming ALSL5-SH. At low N/P ratios (N/P 0.4-1, corresponding to 10-25 ng of 

LPEI5-SH per 200 ng siRNA), the intensity of the siRNA band gradually decreased indicating 

partial retardation. At N/P 2 (50 ng LPEI5-SH) and above, complete siRNA retardation occurred. 

Similarly, with free (untethered) LPEI5-SH, siRNA was also completely retarded at N/P 2 and 

above (Figure S4). It is to be noted that for the N/P ratio calculation, the LPEI5-SH bound to 

AuNP was not considered. Similar studies were conducted with a formulation intended for later 

in vivo use, using AF750 labelled siRNA in HBG buffer at a siRNA concentration of 133 µg/mL and 

LPEI10 for complexation (Figure 2B). Almost complete retardation was observed at N/P 2 and 

above (625 ng LPEI per 2500 ng siRNA). Sufficient surplus of positive charge ensures nanoparticle 

stability and transfection efficiency. [32] Hence, for all further studies we used formulations with 

higher N/P ratios: N/P 4 (corresponding to a w/w ratio of 0.5/1 PEI/siRNA) for in vitro studies 

and N/P 8 (corresponds to a 1/1 w/w ratio of siRNA/LPEI) for in vivo studies. Thus, gel 

retardations studies of auropolyplexes confirmed total siRNA loading at N/P 2 and above.  
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Figure 2: Gel retardation assay for siRNA complexation studies. siRNA alone, AL alone, ALS or ALS 

condensed with indicated amounts of (A) LPEI5-SH (resulting in ALSL5-SH) or (B) LPEI10 (resulting in 

ALSL10) were loaded onto a 1.5 % agarose gel (200 ng siRNA/lane) and underwent electrophoresis, 

staining with EtBr and visualization as described in materials and methods. (A) Samples generated in water 

at a final concentration of 10 µg/mL anti-luciferase siRNA. ALS generated with undiluted (undil.) or 1:2 

diluted (1:2) AL; ALS (containing 200 ng siRNA in water) were condensed with indicated amounts of LPEI5-

SH giving ALSL5-SH. (B) Samples generated in HBG at a final concentration of 133 µg/mL AF750-siRNA. ALS 

(containing 2500 ng siRNA) were condensed with indicated amounts of LPEI10 giving ALSL10, and aliquots 

containing 200 ng AF750-siRNA each were loaded onto the gel. 

We also applied ζ-potential measurements to further characterize the individual complexation 

steps. In the first step, the addition of siRNA to AL at a concentration of 10 µg/mL decreased the 

ζ-potential from +37 mV to -18 mV indicating successful attachment of negatively charged siRNA 

to the AL surface (Figure 3A). Apparently, the electrostatic interaction of the cationic AuNP 

surface with siRNA is sufficient to bind siRNA in solution. However, this interaction appears not 

strong enough under conditions of gel retardation, as siRNA was observed to be non-retarded 

(Figure 2). This could be due to limited accessibility of LPEI5-SH tethered to the AuNP surface 

and/or low density of LPEI5-SH on the AuNP. In the second step, the addition of LPEI5-SH or 

LPEI10 to ALS increased the ζ-potential to +24 mV, indicating complexation of siRNA into 

positively charged auropolyplexes and appears in line with the results obtained from the gel 

retardation assay. In case of auropolyplexes for in vivo set-up (133 μg/mL AF750 siRNA, LPEI10), 

ζ-potentials of -26 mV (for ALS) and +31 mV (for ALSL) were recorded showing similar 
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complexation behavior. Considering the complexation was without additional purification steps, 

there is in principle the possibility of polyplex formation (in addition to, or instead of 

auropolyplexes). We visualized the auropolyplexes by TEM, where only nanoparticles with high 

contrast similar to AuNPs were observed (4 fields of view analyzed at magnification 200k; Figure 

S5A-B). On the other hand, siRNA/LPEI5-SH polyplexes appeared to be of low contrast with a size 

of 50-100 nm in diameter (Figure S5C). Such low contrast structures were not observed in case 

of both ALS and ALSL, which indicates absence of any detectable polyplexes during the process 

of auropolyplex generation. 

Size based characterization was conducted by NTA analysis: all formulations generated in water, 

AL, ALS and ALSL, exhibited average particle sizes between 60 and 75 nm (Figure 3B) in case of 

both, LPEI5-SH and LPEI10 auropolyplexes. Using HBG as synthesis medium (relevant for in vivo 

application), ALS and auropolyplexes were >100 nm in size. To determine, whether this size 

increase is due to aggregation or due to increased hydrodynamic diameter, NTA tracks of single 

nanoparticles in a defined volume were considered to give concentration of nanoparticles. This 

can provide valuable information on size distribution data along with concentration of 

nanoparticles. Total particle count for ALSL10 generated in water was 2.98 x 1011 +/- 5.00 x 1009 

nanoarticles/mL, while in HBG buffer it was 2.18 x 1011 +/- 1.32 x 1010 nanoparticles/mL (Figure 

S6). This indicates that the hydrodynamic diameter increased, but also approx. one third of 

nanoparticles were prone to aggregation when using 20 mM HEPES and 5% glucose as buffer. To 

demonstrate the versatility of auropolyplex formulation, LPEI10-PEG was used instead of LPEI10 

to prepare PEGylated auropolyplexes at 133 µg/mL with AF750-siRNA in HBG. Hydrodynamic 

diameter of PEGylated auropolyplexes was below 100 nm and smaller in comparison to their 

non-PEGylated version and ζ-potential was lower for PEGylated auropolyplexes (Figure S7). This 

masking of surface charge and prevention of aggregation on inclusion of PEG is in accordance 

with the effects of PEGylation on gold- and other nanoparticles. [29, 33] 
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Figure 3: Nanoparticle tracking analysis at different steps of auropolyplex generation. (A) ζ-potential  

and (B) mean size of nanoparticles at different steps of auropolyplex generation (AL-cationic gold 

nanoparticles, ALS-after complexation of siRNA with AL, ALSL-auropolyplex after complexation of ALS with 

LPEI (LPEI5-SH or LPEI10). ALS and ALSL were prepared in the indicated buffer (water or HBG); ALSL were 

generated at final siRNA concentration of 10 or 133 µg/mL, as indicated; n=3 + stddev 

The amount of siRNA loaded per nanoparticle can be crucial for effective knockdown. We 

estimated approx. 15,500 siRNA duplex molecules per auropolyplex particle (in case of ALSL10 

generated with AF750-siRNA at 133 µg/mL in water, considering complete association of siRNA). 

This is considerably higher when compared to LBL techniques (3,500 duplex molecules per 

particle [4]) or with covalently attached siRNA, which was approx. 38 duplexes for a 13 nm 

particle. [34, 35] 

Auropolyplexes for successful intracellular siRNA delivery and gene 

knockdown 

Cell binding, internalization and endosomal release are key steps in siRNA delivery. Here we 

employed net positively charged nanoparticles, which usually bind via heparansulfate 

proteoglycans and are internalized by adsorptive endocytosis. [36] AF647-labelled siRNA based 

auropolyplexes were employed to detect their binding and uptake by flow cytometry and CLSM. 

Cell association of AF647-siRNA based nanoparticles significantly increased when the dose was 

doubled from 200 ng/well (64 nM siRNA) to 400 ng/well (128 nM siRNA) (Figure 4 A-C). 

Auropolyplexes showed similar or even higher cell association than corresponding polyplexes 

(BPEI or LPEI5-SH), whereas negatively charged ALS exhibited least cell association (Figure 4C). 

Confocal laser scanning microscopy (CLSM) was used to validate uptake and visualize 

intracellular distribution at a concentration of 128 nM siRNA (Figure 4D-I). The fluorescent signal 

of EGFP from EGFP-Luc fusion protein) was utilized to visualize the cytoplasmic area. As 

observed in the middle sections of cells, AF647-labelled siRNA was found intracellularly in all 
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treatments, ALS (Figure 4D), Auropolyplexes (Figure 4E) and BLEI polyplexes (Figure 4F). In 

transmitted light DIC pictures (overlaid onto fluorescence micrographs), dense structures 

(appearing black) were visible within ALS and ALSL5-SH treated cells, but not with BPEI polyplex 

transfected ones (Figure 4G-I). Comparing DIC- and CLSM pictures, there is an intriguing 

correlation between the dark structures in DIC and the absence of EGFP signal in the 

corresponding areas in the CLSM picture (highlighted by arrows), which indicates the presence 

of gold nanoparticles intracellularly. These structures also resembled the same distribution 

pattern as the AF647 signal indicating presence of siRNA intracellularly near to gold NPs. In case 

of ALS, although the total cellular association of siRNA was significantly lower (4C), 

internalization was still observed (4D and 4G). Patel et al reported a similar observation, where 

negatively charged AuNP covalently decorated with siRNA were internalized after binding to 

scavenger receptors. [37] Taken together, we conclude from these data that cationic gold 

nanoparticles and siRNA are efficiently delivered intracellularly. 
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Figure 4: Cell association and uptake of auropolyplexes and polyplexes. MDA-MB-231Luc cells were 

incubated with AF647-siRNA based auropolyplexes (ALSL5-SH), polyplexes (LPEI5-SH ppx and BPEI ppx) or 

ALS complexes for 24 h and analyzed by flow cytometry (A-C) or CLSM (D-I).  (A-B) Representative 

histograms for AF647 signal in R1 channel at a siRNA dose of 200 (A) or 400 (B) ng/well. (C) Geometric 

mean values for AF647 signal in R1 channel for different treatments (n=3 + stddev, data from 2 

independent experiments; *p≤0.05; **p≤0.01; U-test (Mann-Whitney). (D-I) CLSM based imaging of the 

middle section of the cells showing fluorescence images (D-F) or DIC overlay with fluorescence images (G-I) 

after incubation with ALS (D, G), ALSL5-SH (E, H), or BPEI polyplexes (F,I). DAPI staining is depicted in blue, 

the EGFP signal in green and the AF647 signal derived from siRNA in red; arrowheads in D and E denote 

areas without EGFP signal and in G and H the corresponding area in the figure with DIC overlay;  scale bar: 

20 µm. 
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Several uptake routes for siRNA and formulations thereof have been described, but only a few 

lead to efficient target knockdown. [38] After establishing the successful intracellular siRNA 

delivery, we therefore assessed gene knock-down efficiency of auropolyplexes on MDA-MB-

231Luc cells stably expressing EGFP-Luc reporter gene. Cells were treated with different 

formulations based on anti-luc siRNA or control siRNA (400 ng / well, corresponding to 140 nM) 

for 48 h and the luciferase activity was quantified by firefly luciferase assay. The luciferase signal 

from cells treated with anti-luc siRNA based formulations was normalized to cells treated with 

formulations loaded with non-coding control siRNA (Figure 5). BPEI (Mw 25,000 Da) polyplexes 

were used as positive control. Both, ALSL5-SH and ALSL10 auropolyplexes caused a significantly 

reduced luciferase expression in comparison to BPEI polyplexes. Comparing auropolyplexes with 

the corresponding polyplexes using the same polymer (LPEI5-SH and LPEI10, respectively), the 

knockdown was either similar (LPEI5-SH) or further strongly improved (LPEI10). This indicates 

the role of gold nanoparticles in assisting siRNA delivery and knockdown. A similar assisting role 

of nanoparticles in gene delivery was described for BPEI based plasmid delivery. [31] ALSL10 

auropolyplex performed superiorly with 80 % knockdown, however, ALS did not induce any 

knockdown of luciferase expression. Very recently, SNAs (siRNA attached to 13 nm AuNP) were 

complexed with 25 kDa BPEI and used for in vitro transfection studies. [35] Based on siRNA, 60 

nM were necessary to achieve 70 % reporter gene (EGFP) knockdown at a concentration of 34 

µg/mL of BPEI (giving an N/P ratio of approx. 630 and a siRNA/BPEI w/w ratio of 41/1). Although 

the formulation was very well tolerated in vitro, BPEI dosages of 2 mg/kg and above induce 

acute toxicity with approx. 50% lethality,[32] hence limiting the treatment dosage of siRNA in 

vivo with BPEI based formulations. 
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Figure 5: Functional evaluation of siRNA based knockdown. MDA-MB-231Luc cells seeded in 96-well 

plates were treated with 400 ng siRNA/well (140 nM) anti-luc-siRNA or control siRNA for 24 h formulated 

as auropolyplexes (ALSL5-SH and ALSL10), polyplexes (LPEI5-SH ppx, LPEI10 ppx, and BPEI ppx). Relative 

knockdown in percent is calculated by the formula 100* (RLU anti-luc siRNA / RLU control siRNA); (n=3 + 

stddev, data from 2 independent experiments; *p≤0.05;U-test (Mann-Whitney)). 

As a proof of principle, we also evaluated PEGylated auropolyplexes generated with LPEI10-PEG 

for cell uptake and gene knockdown at 70 and 140 nM (Figure S8). Despite the presence of PEG, 

ALSL10-PEG auropolyplexes showed similar cell association/uptake as in case of ALSL10 

auropolyplexes (Figure S8A). As expected, knockdown by PEGylated auropolyplexes was less 

pronounced, but still significant (Figure S8B). Thus, PEGylated auropolyplexes are potentially 

suitable for targeted siRNA delivery, e.g. to EGFR overexpressing cells, similar to our work on 

targeted gene delivery by LPEI based conjugates with distally attached peptide ligands. [39, 40] 

Thus, this auropolyplexes system can be in principle used for developing targeted and shielded 

nucleic acid delivery formulations.  

Pulmonary siRNA delivery by aerosolization of auropolyplexes: 

FLIT/CT based spatio-temporal and non-invasive tracking of siRNA 

delivery process 

Pulmonary delivery of nucleic acids is very relevant for treatment of lung related disorders as it 

offers local distribution and higher lung retention, thereby circumventing accumulation in non-

target organs and avoiding side-effects. Delivery by microspray-based aerosolization via 

intratracheal administration route is generally employed for proof-of-concept animal studies. 

[41] We have recently applied ‘naked’ siRNA intratracheally demonstrating partial lung 

retention, but also crossing of the air-blood barrier and renal excretion of intact siRNA. [18] Also, 
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we could confirm, that the AF750 dye remains attached to siRNA and the siRNA remains intact 

when analyzed in urine, making this a suitable method for tracking siRNA in vivo. Here, we 

evaluated the biodistribution and biocompatibility of ALSL10 auropolyplexes with AF750-siRNA 

in HBG (133 µg/mL) in vivo via this administration route. Microspraying of formulations is 

associated with increased pressure as well as shear forces and can considerably influence the 

size and stability of nanoparticular agents. Therefore, we determined size and possible 

aggregation of auropolyplexes after microspraying by NTA analysis of size and particle 

concentration. The size distribution was clearly broader ranging from 50-400 nm in size, and also 

the absolute particle concentration decreased (Figure S9). However, 40 % of the nanoparticles 

were still below 200 nm hydrodynamic diameter based on NTA, which should still allow 

sufficient lung deposition when applied as an aerosol. Post intratracheal application of ALSL10 

auropolyplexes formulated with 10 µg AF750-siRNA, the signal was found in the thoracic area 

within minutes, indicating deposition in lung (0 h, Figure 6A and 6C). After 24 h of 

administration, a strong signal was also observed in the abdominal area, depicting signal in 

kidneys (when imaged in prone position, Figure 6B) and in the bladder area (when imaged in 

supine position, Figure 6D), indicating distribution from lungs to excretory organs. When 

applying tomographic analysis together with contrast agent enhanced CT, the distribution of the 

fluorescence signal from the respiratory tract to the renal system 24 h after administration was 

confirmed corroborating the 2D analysis (Figure S10). Similarly, ex vivo imaging of organs 

corroborated the observation with a significant signal in both kidneys and in the lung (Figure 

S11).  
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Figure 6: 2D epifluorescence imaging of auropolyplexes after intratracheal pulmonary delivery. Balb/c 

mice were treated with ALSL10 auropolyplexes (containing 10 µg AF750-siRNA) intratracheally by 

microspray based aerosolization and imaged immediately after application (0 h, A, C) and 24 h thereafter 

(B, D) either in dorsal up (prone, A, B) or ventral up (supine, C, D) position for AF750 signal. Color coded 

fluorescence radiance images are overlaid onto reflected light images; n=3 per group, representative 

animals are shown. 

FLIT imaging also allowed a quantitative analysis of lung signal at 0 h and 24 h after i.t. 

administration (Figure 7A). Quantification was done by employing a standard curve based on 

different concentrations of AF750 siRNA and placing appropriate cuboid ROIs. [18] Based on a 

Mw of 15,700 Da, 10 µg AF750 siRNA correspond to 637 pmol AF750. Immediately after spraying 

686 +/- 216 pmol AF750 were found in the lung area, indicating complete lung delivery of the 

dosage applied (recovery rate approx. 108 %). 24 h thereafter, 20 % of the dosage (129 +/- 26 

pmol) was found in the lung, whereas the remaining material was apparently excreted renally. 
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After sacrificing the animals, we also quantified the amount of gold remaining in the respective 

organs using ICP-MS (Figure 7B). ICP-MS measurements showed that 24 h after auropolyplex 

administration, >97 % of the detected gold remained in the lungs at a concentration of 4970 +/- 

469 ppb. In the stomach, 1.8 % of the dose was found, whereas in all other organs values were 

below 0.5 %, which was in the range of acid blank measurements. The amount of gold in 

stomach was very low and can be due to the activity of the mucociliar escalator. Comparable 

results were reported for non-cationized 22 nm AuNP, where values of >3 % stomach retention 

were observed already 2 h after intratracheal application. [42] The biodistribution pattern of 

gold is different from the siRNA biodistribution as measured by fluorescence, indicating no 

apparent air-blood transfer of AuNP and strong retention of the gold in lungs. This difference 

cannot be explained only due to sheer differences in size: 2 nm, citrate capped AuNPs remained 

in the lung with only minute amounts found in the liver as per Sadauskas et al. [43] In contrast, 

siRNA of similar size (2 nm, when considering the hydrodynamic diameter) [44] crosses the air-

blood barrier rapidly and efficiently and is excreted via kidneys. [18, 45] Thus, in case of 

auropolyplexes, release of siRNA from gold AuNP seems unhampered, which can be 

advantageous from the standpoint of functionality. In contrast, covalently attached nucleic acid 

to the gold NP surface is not completely released, where approx. 60 % remain surface bound 

[12] and might not be accessible to the cellular machinery. The rationale of using thiol 

terminated LPEI (as in case of auropolyplexes) rather than thiolated-siRNA (as in case of SNAs) 

was to avoid trapping of siRNA onto the gold nanoparticles after intracellular delivery, thereby 

ensuring release of siRNA also inside the cells. Functionality testing, i.e. target knockdown in 

vivo, was not conducted with the current version of auropolyplexes as targeting moieties are 

needed for enabling knockdown in healthy lungs. Also, mucus represents a strong biobarrier for 

cationic nanoparticles usually hindering their access to lung cells. [46] However, in principle, 

cationic auropolyplexes might be applicable in lung cancer models based on our recent results, 

where we could demonstrate accessibility of breast cancer lung metastases for gene transfection 

via intratracheal administration, due to the invasive growth of cancer cells. [47]  
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Figure 7: Biodistribution of AF750-siRNA and gold nanoparticle after intratracheal application. Animals 

were treated with ALSL (10 µg Alexa750-siRNA) as described. (A) Quantification of AF750 by FLIT in the 

lung region at 0 h and 24 h after intratracheal application of auropolyplexes. (B) ICP-MS based 

quantification of gold per organ 24 h after intratracheal application of auropolyplexes; (n=3 + stddev). 

Conclusions 

Taken together, auropolyplexes represent a highly versatile platform for delivery of siRNA and in 

principle also other nucleic acids. They offer effective siRNA delivery with exceptional high 

loading capacity, efficient cellular uptake and intracellular release of siRNA. A good knock down 

efficiency can be obtained using low amounts of polycation indicating the synergistic role of gold 

nanoparticles and polycation. The modular structure allows the use of shielding and potentially 

also targeting agents for cell specific siRNA delivery. The robust synthesis protocol enables 

generation of formulations for in vivo delivery with sufficient siRNA concentration in 

physiological buffers. It also allowed the spatiotemporal tracking of siRNA and its unhampered 

release in vivo from the nanocarrier. 
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Figure S1: UV-Vis absorbance spectra of synthesized gold nanoparticles (AuNP) and gold 

nanoparticles after chemisorption of LPEI5-SH (AL). 
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Figure S2: 
1
H-NMR analysis (200 MHz) of α-benzyl-ω-thiol poly(2-ethyl-2-oxazoline) (Mn 10,000 Da) and α-

benzyl-ω-thiol LPEI (Mn 5,000 Da). The polymeric subunits of α-benzyl-ω-thiol poly(2-ethyl-2-oxazoline) 

show signals derived by CH3-CH2-CO [δ (ppm)=1.12-1.05], CH3-CH2-CO [δ (ppm)=2.45-2.33] and CH2-CH2-

N [δ (ppm)=3.64-3.55]. The subunits of α-benzyl-ω-thiol LPEI show a signal derived by CH2-CH2-NH [δ 

(ppm)=3.57]. 
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Figure S3: Nanoparticle tracking analysis based characterization of gold nanoparticles after chemisorption 

of LPEI5-SH (AL) for ζ-potential. 
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Figure S4: Gel retardation studies for complexation of siRNA by LPEI5-SH at different N/P ratios. 
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Figure S5: TEM based visualization of (A) ALS complexes, (B) ALSL5-SH auropolyplexes, and (C) LPEI 

polyplexes. Scale bar: 100nm. 
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Figure S6: NTA based particle size distribution of ALSL10 auropolyplexes generated in water or HBG. 
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Figure S7: NTA based characterization of (A) particle size and (B) ζ-potential for PEGylated auropolyplexes 

(ALSL10-PEG), corresponding auropolyplexes (ALSL10) and cationic gold nanoparticles (AL). 
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Figure S8: PEGylated auropolyplexes (ALSL10-PEG), auropolyplexes (ALSL10), polyplexes (LPEI10 ppx) and 

ALS complexes were employed at two treatment doses (siRNA amount per well- 200ng or 400 ng) for cell 

association/uptake by flow cytometry (A; geometric mean values for AF647 signal in R1) and gene 

knockdown studies by firefly luciferase assay (B) in EGFP-Luc expressing MDA-MB 231 cells. In case of 

knockdown studies, for normalization of RLUs from luciferase signal, the same formulations based on non-

coding siRNA were used. Data is depicted as mean values with standard deviation shown as error bars 

(n=3). 
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Figure S9: NTA based size evaluation of auropolyplexes (final siRNA conc. 133 μg/mL in HBG) for (A) 

particle size distribution before (ALSL10) and after microspraying (ALSL10 after MS) and (B) x-fold increase 

of mean and mode particle size for microsprayed auropolyplexes, in comparison to non-microsprayed. 

Data is shown as mean values with standard deviation depicted as error bars (n=3). 
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Figure S10: Evaluation of fluorescence intensity (AF750 signal) from FLIT for amount of AF750-siRNA in the 

lung region at 0h (A) and 24h (B) after intratracheal application of auropolyplexes. For quantification of 

fluorescence signal in lungs a cuboid ROI was set over the thoracic area. 
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Figure S11: Epifluorescence ex vivo organ imaging 24 h after intratracheal administration of 

auropolyplexes. Organs were analyzed for their AF750 signal derived from AF750-siRNA. Images are shown 

in grey scale picture (A) as well as an overlay of the grey scale picture with the pseudocolor fluorescence 

radiance image (B). Abbreviations: sp (spleen), li (liver), ki (kidneys), he (heart), lu (lungs) 

  



146 

 

Video S1: CLSM 3D reconstruction of EGFP-Luc expressing MDA-MB-231 treated with auropolyplexes based 

on AF647-labeled siRNA and LPEI5-SH. Z-scan was conducted at 63X magnification with a vertical 

resolution of 0.1 μm. DAPI signal is shown in blue, EGFP in green and AF647 in red. 
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VI. Summary and conclusions 

1. Optimization of LPEI polyplex generation 

Section 2.1. (chapter “Results”) is mainly dedicated to one of the major drawbacks of manual 

preparation of LPEI polyplexes which is possible operator dependent variations amongst 

different synthesis batches.80 Furthermore, the standard procedure which is based on flash 

pipetting is limited to relatively small volumes.81 Direct correlation of this operator dependent 

product quality with physical properties of nanoparticles like size and ζ-potential might therefore 

result in more or less significant changes of their biological behavior, such as transfection 

efficiency. The high dependency of transfection abilities of LPEI both in vitro and in vivo was 

described by other working groups which bring an average hydrodynamic diameter of <200 nm 

as important criterion for sufficient cellular uptake of LPEI polyplexes.156 Hence, our main target 

was the optimization of a method for a fast and reproducible production of polyplexes 

characterized by small size and low polydispersity. For this and all other studies generation of 

polyplexes was always done under NaCl free conditions to avoid any negative influence of the 

buffer on particle stability. HEPES buffered glucose (HBG) was therefore used as standard 

medium as it supports the formation of small particles with low risk for particle aggregation over 

at least 30 minutes (data not shown). As the whole technique was based on employing a syringe 

pump for controlled mixing of LPEI and pDNA containing solutions even high volumes of the final 

formulation could be prepared which was especially needed for i.v. injections. Physical 

evaluation of nanoparticles was done by NTA which in comparison to dynamic light scattering 

systems (DLS) brings high resolution measurements of both hydrodynamic diameter and ζ-

potential of nanoparticular fomulations giving the possibility of analyzing certain particle 

populations within one sample.157 

By testing three different N/P ratios (3, 6, 9) further investigation on the influence of a surplus of 

free LPEI in the solution on particle stability could be made. At N/P 3, which is slightly above the 

electroneutrality point, polyplexes showed high tendency for particle aggregation and low pDNA 

recovery resulting in weak transfection efficiency which is also in accordance with literature.75, 

158, 159 Both N/P 6 and N/P 9 showed high particle stability and good in vitro transfection 

efficiency comparable to the one achieved with commercially available transfection agents. 

Testing both types of luciferases in vitro further revealed an advantage of the secreted Gaussia 

luciferase over intracellularly expressed firefly luciferase which is the possibility of investigating 

the cell viability post treatment besides the quantification of bioluminescence signal in the cell 
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culture medium. Additionally the application of Gaussia luciferase also better simulates the 

therapeutic aspect, as cancer gene therapy is often based on the use of secreted proteins, such 

as TNFα and the monocyte chemoattractant protein 1 (MCP-1) which even with a small amount 

of transfected cells allows an efficient by-stander effect.160, 161 

As described above, the total amount of free LPEI in the formulation correlates with the 

transfection efficiency.75 A comparison of N/P 6 and N/P 9 was therefore also done after i.v. 

administration. Both treatments resulted in lung specific luciferase expression with higher signal 

intensity for N/P 9. This unspecific transfection of lung tissue also due to the aggregation 

behaviour of particles based on unmodified LPEI after i.v. administration is supported by 

literature.1, 96 

Taken together, the results presented in section 2.1. (chapter “Results”) show the clear 

advantages of a syringe pump based mixing method for the generation of LPEI based polyplexes 

especially when it comes to the generation of higher formulation volumes. As most non-viral 

gene delivery formulations are in general based on mixing of the gene transfer agent with the 

nucleic acid fraction the protocol could in principle be directly adapted. Both the particle analysis 

by NTA and the evaluation of the transfection efficiency based on Gaussia luciferase assay 

showed high sensitivity and were therefore applied as standard methods in the following 

publications. In vitro and in vivo treatment with particles prepared at N/P 9 resulted in the 

highest transfection efficiency compared to both N/P 3 and 6 and was therefore always used in 

section 2.2 and 2.3 (chapter “Results”). As LPEI with a weight average molecular weight of 10 

kDa resulted in the formation of stable particles with good transfection ability it was used in the 

following sections as either main transfection agent or as a control for positive transfection for 

pDNA delivery. 

2. Application of iRFP720 as reporter for 

transfection studies 

In vivo application of fluorescent reporter proteins shows some limitations mainly due to strong 

absorption of emitted light at lower wavelength.115 Reporter proteins with emission below 600 

nm like EGFP have clear restrictions in the use for in vivo imaging. In the range from 650 nm to 

900 nm a minimum of light absorption by body tissue exists.116 Therefore, near infrared 

fluorescent dyes like AlexaFluor® 750 could successfully be applied for detailed in vivo evaluation 

of pharmacokinetics of macromolecular formulations like modified siRNA.20, 60, 162, 163 This 

advantage of near infrared fluorescent material for in vivo fluorescence imaging could also be 
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found for reporter proteins with near infrared emission profile enabling investigations on cancer 

growth.115, 164 We therefore tested iRFP720 with an excitation maximum at 710 nm and an 

emission maximum at 760 nm for in vitro and in vivo gene delivery studies for LPEI mediated 

transfection. Due to its red shifted emission spectrum co-transfection studies with polyplexes 

based on LPEI and the plasmids piRFP720-N1 and pEGFP-N1 were done and evaluated by flow 

cytometry without signal compensation. However, fluorescence based transfection assays 

showed significantly reduced sensitivity compared to the application of bioluminescent reporter 

proteins. 

Applicability of NIR reporter proteins in vivo were tested with 4T1 lung tumor cells which stably 

expressed iRFP720 with around 90 % positive cells. Despite the low fluorescence signal which 

might be due to a very diffuse growth of rather small metastasis in the lung tissue in vivo 

monitoring of cancer growth could be conducted and was therefore used in section 2.2. (chapter 

“Results”) for finding the optimal tumor load for i.t. administration of LPEI polyplexes. Based on 

its controllable growth this tumor model was later on applied for testing the in vivo transfection 

efficiency of modified LPEI based gene delivery particles. 

3. Passive and active targeting for treating lung 

metastasis with LPEI/pDNA polyplexes 

The high potential of topical delivery of gene transfer particles into lungs for the treatment of 

primary tumors or metastasis has already been shown in previous publications.147 Therefore, we 

optimized a procedure for the administration of nanoparticle containing solutions as aerosol via 

the i.t. route. Aerosolization was done with a Penn-Century MicroSprayer®/Syringe assembly 

which allows the generation of an aerosol under pressure without the additional need of gas. 

With that technique an average drop diameter ranging from 16 µm to 22 µm can be achieved 

using water as diluent.165 Equal distribution of the formulation applied via i.t. microspraying 

could be shown by Geyer et al. with fluorescently labelled siRNA.20 However, both the high 

pressure and the creation of shear forces which are generated during microspraying procedure 

showed influence on the hydrodynamic diameter of particles. Formation of aggregates and with 

that reduction of particle concentration could be detected. The impact on biological 

nanoparticle properties was tested with LPEI polyplexes in vitro where we could show a 

decreased but still sufficient transfection efficiency on tumor cells especially at N/P 9 (see 

section 2.2. (chapter “Results”)).  
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Particle modifications are often needed in order to enhance stability and transfection efficiency 

when applied on lung tissue. Especially mucus which is permanently produced in respiratory 

pathways embodies a strong barrier for gene delivery formulations due to its high viscosity and 

the presence of nucleases.100, 152, 153 Besides the particle size also their surface charge has strong 

influence on the ability of particles to traverse their payload through mucus to the targeted 

tissue.153, 155 This problem could be shown in section 2.2. (chapter “Results”) where we tested 

the transfection efficiency of LPEI/pDNA polyplexes after i.t. administration on a 4T1-iRFP720 

lung tumor model. Sufficient tissue transfection was detected based on luciferase expression. 

iRFP720 expression enabled both monitoring of cancer growth and in vivo co-localization of 

fluorescence and the transfection induced luminescence signal. 24 h after polyplex 

administration a partial overlap of luciferase derived BLI signal and iRFP720 fluorescence signal 

could be detected. That indicates that the morphological structure of 4T1 tumor nodules which 

reach through the endothelium, the basal membrane and the alveolar wall into the air side 

contributes to good transfectability via topical administration. However, the application of 

unmodified LPEI polyplexes brought only very low luminescence signals which might be due to 

non-specific electrostatic interactions with mucus components leading to reduced stability of 

the particles. 

Both a small hydrodynamic diameter and high stability of nanoparticular formulations are 

needed to overcome steric hindrances created by the dense mucin fiber network. Additionally, 

as mentioned above both electrostatic and hydrophobic interactions with mucus components 

might contribute to weak particle diffusion. Therefore, it is not surprising that the introduction 

of a shielding domain, such as PEG, could lead to a significant reduction of particle interactions 

with the environment resulting in an improvement of the diffusion rate of particles through lung 

mucus. Previous publications revealed efficient penetration of PEGylated polymeric nanoparticle 

formulations with hydrodynamic diameters of up to 200 nm through respiratory mucus.155 Also 

in case of PEI polyplexes PEGylation brought a significant improvement of particle performance 

after i.t. instillation.166 We therefore hypothesized in section 2.3. (chapter “Results”) that the 

introduction of PEG on LPEI polyplexes might also lead to better transfection after 

aerosolization.167 For that we generated a LPEI(10 kDa)-PEG(2kDa) conjugate following the 

synthetic route described by Schaffert et al. where a simple modification of LPEI with PEG (Mw 2 

kDa) could be achieved with NHS based chemistry resulting in the formation of a stable 

carboxamide bond between LPEI and PEG.125 A PEGylation degree of 1:1.2 led to the generation 

of pDNA polyplexes with small size and a sufficient reduction of the ζ-potential. The reduced cell 

association and transfection abilities in vitro of LPEI(10 kDa)-PEG(2kDa) polyplexes compared to 
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unmodified LPEI polyplexes stands in accordance to literature.125, 127 I.t. administration in 4T1-

iRFP720 lung tumor bearing animals under the same conditions used for LPEI polyplexes 

described in section 2.2. (chapter “Results”) revealed increased transfection efficiency of 

PEGylated LPEI compared to unmodified LPEI of approx. 1 log potency. In case of this study, MRI 

and not the tumor derived fluorescence signal was used for evaluating tumor growth and its 

location in the lung tissue due to its higher sensitivity. Comparison of MRI and BLI images 

revealed that treatment with LPEI-PEG polyplexes results in a transfection of regions where 

tumor could be detected. Overall those results indicate that improved particle dissociation 

through the lung mucus layer can be achieved through PEGylation of LPEI.  

However, some examples showed absolutely no transfection due to reduced accessibility of 

tumor tissue. This influence coming from the morphological heterogeneity of cancer tissue is 

besides other barriers a strong limiting factor for gene delivery agents and should therefore 

always be taken into consideration when it comes to designing nanoparticular formulations.168 

As using LPEI-PEG might also result in transfection of healthy tissue through non-specific 

interactions we followed the strategy of introducing a targeting moiety for active targeting of 

CD49f. Stevenson et al. designed a peptide based on initial findings about the specific interaction 

between the E8 region of the α1 chain of laminin and CD49f with the sequence YESIKVAVS for 

targeted gene delivery with adenoviral formulations.141 In their experiments YESIKVAVS brought 

both an increased transduction efficiency and high specificity in vitro. 

For our experiments we modified YESIKVAVS with an N-terminal L-cystein to enable coupling of 

the targeting moiety to LPEI-PEG via a disulfide bridge. As the SIKVAV motif activates PI3k/Akt 

signaling at high treatment concentrations starting from 0.1 mM145, 169 it was important for us to 

keep the treatment concentrations both in vitro and in vivo significantly lower.  

Also here, the conjugate (described as LPEI-PEG-CD49f) was tested for both physical and 

biological properties. NTA of both particle size and ζ-potential showed only slight differences 

between LPEI-PEG-CD49f and LPEI-PEG polyplexes. In vitro experiments showed a clearly 

improved cell association and transfection efficiency of LPEI-PEG-CD49f compared to LPEI-PEG. 

As 4T1 cells have mediate to high expression of CD49f the 4T1-iRFP720 lung tumor model was 

used for evaluating in vivo particle performance of LPEI-PEG-CD49f polyplexes after i.t. 

aerosolization. Almost every treatment resulted in a distinct bioluminescence signal overlapping 

with tumor areas detected by MRI. Compared to LPEI-PEG treatment with LPEI-PEG-CD49f 

polyplexes resulted in BLI signals significantly higher than background. Same as with LPEI-PEG 
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polyplexes exceptions with almost no bioluminescence could be found in case of tumor areas 

with significantly reduced accessibility.  

4. Combination of LPEI with gold nanoparticles for 

efficient siRNA delivery 

Surface modifications of gold nanoparticles can be conducted via chemisorption of thiol 

containing compounds.36 Via this route so called spherical nucleic acids based on thiolated siRNA 

bound on gold nanoparticles were generated and used for gene knock-down experiments in 

previous publications.170 Main drawback of this formulation was that a big fraction of siRNA 

stayed bound on the gold surface after internalization hindering its accessibility for the 

transcriptional machinery.56 Therefore, we followed another approach which was based on 

chemisorption of thiol terminated LPEI on gold nanoparticles as starting point for the generation 

of a formulation for efficient siRNA delivery which we called “auropolyplex” (see section 2.4. 

(chapter “Results”)).  

Poly(2-alkyl-2-oxazoline) is normally used as initiating compound for LPEI generation. We 

synthesized α-benzyl ω-thiol LPEI (5 kDa; LPEI5-SH) of commercially available α-benzyl ω-thiol 

poly(2-ethyl-2-oxazoline) by acidic hydrolysis. Under slightly basic conditions coupling of LPEI5-

SH on gold nanoparticles was done.  

Quantitative size and ζ-potential analysis by NTA revealed the formation of stable and highly 

positively charged nanoparticles. Qualitative analysis by TEM enabled the visualization of the 

polymeric layer which had an average thickness of 6 nm. Additionally, coating of gold 

nanoparticles with LPEI resulted in a significant increase of particle stability in water after 

particle purification when compared to citrate stabilized particles. Therefore, those cationic gold 

nanoparticles could be stored after purification for at least 5 days at room temperature and used 

as “ready-to-use compound” for the following synthesis steps. This enabled the fast generation 

of complexes with siRNA and additional LPEI. This is one of the major advantages of this 

formulation compared to strategies like layer-by-layer assembly of gold nanoparticles which is 

characterized by a time consuming synthesis.  

Further LPEI was added to the mixture of cationic gold nanoparticles and siRNA for complete 

condensation of the nucleic acid fraction in the formulation and the generation of positive 

surface charge which is needed for sufficient cell uptake. Gel retardation assays revealed 

efficient siRNA complexation also with LPEI with different molecular weights and LPEI modified 
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with PEG. TEM micrographs of auropolyplexes didn´t show impurities based on LPEI/siRNA 

polyplexes. 

LPEI is known for its low efficiency in the transfection of cells with siRNA partly due to weaker 

interactions with nucleic acids compared to BPEI. Nevertheless, detailed analysis of biological 

properties of auropolyplexes showed good binding/uptake and high transfection efficiency. In 

vitro luciferase knock-down assays showed reductions of the light signal of up to 80 %. Knock-

down efficiency directly correlated with the molecular weight of LPEI used for the last 

complexation step. LPEI with a weight average molecular weight of 10 kDa brought a 2fold 

improvement when compared to 5 kDa. Due to the synthetic approach also LPEI conjugates like 

LPEI10-PEG could be applied for preparation of auropolyplexes with reduced ζ-potential leading 

to decreased in vitro transfection efficiency. 

In vivo biodistribution analysis of auropolyplexes was conducted via pulmonary delivery by 

aerosolization. Experiments were conducted with AlexaFluor® 750 labelled siRNA to enable in 

vivo monitoring of biodistribution processes. Initial experiments showed that using water as 

diluent for the formulation sometimes resulted in intense contraction of the chest area followed 

by expectoration of most of the administered solution. Therefore, for in vivo administration the 

whole preparation of auropolyplexes was conducted in HBG where complexes showed slight 

aggregation resulting in decrease of particle concentration of approx. one third. Microspraying 

of particles in HBG brought a 2-fold increase of the mean hydrodynamic diameter. However, in 

vivo administration was conducted as 40 % of nanoparticles had a size below 200 nm necessary 

for efficient lung deposition. 24 h after administration of the formulation a significant reduction 

of the fluorescence signal in lungs and a strong signal in kidneys and bladder could be detected. 

Ex vivo analysis of digested organs by ICP-MS revealed that the gold fraction was not able to 

traverse the air-blood barrier. Those findings indicate the efficient release of siRNA. 

Taken together the generation of auropolyplexes and their advantageous physical and biological 

properties are further proof for the versatile applicability of LPEI as non-viral gene delivery 

agent. With those initial experiments the high potential of auropolyplexes as siRNA transfection 

agent could be shown. Further investigation especially based on the use of LPEI-PEG for the last 

complexation step are planned for the evaluation of a possible improvement of particle behavior 

in lung tissue linked to an increased transfection efficiency as observed after administration of 

LPEI-PEG polyplexes for pDNA delivery. Furthermore, using LPEI-PEG-PEPTIDE constructs for 

auropolyplex synthesis might give the possibility of sufficient targeting of cancer tissue. 
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