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1. Introduction 

This chapter should give a brief introduction into the concept of non-viral carriers 

for nucleic acid delivery to put the experimental data of the thesis into a broader 

context. It is not a complete review of the whole gene therapy area. 

1.1  Nucleic Acid Delivery: Opportunities and Challenges of 

Non-viral Gene Therapy 

After elucidating the molecular structure of nucleic acids [1-3], discovering their 

role in the coding, transfer and translation of genetic information [4-6] has 

revolutionized the nucleic acid biology. With the discovery of the genes that cause 

or relate to diseases, scientists have created a new field for correction of these 

diseases [7, 8]. Nucleic acid and gene therapy has enormous promise for broad 

spectrum of clinical applications such as correcting genetic defects and treating 

infinite diseases [9-12]. However, scientists have made incomparably small 

progress with these diseases because of very simple but important three 

problems: “Delivery, delivery and delivery” [13]. There are 3579 studies that 

reported at the first quarter of 2022 [14], although, the first nucleic acid therapy 

treatment approved by Food and Drug Administration (FDA) in 1998 (Vitravene®) 

[15], and first gene therapy treatment approved by European Commission 

(alipogene tiparvovec, Glybera®) in 2012 [16]. 

Nucleic acids such as plasmid DNA (pDNA), messenger RNA (mRNA) and small 

interfering RNA (siRNA) have widely used in nucleic acid and gene therapy 

studies. Due to the large size, negative charge and biodegradability of naked 

nucleic acids, they need an appropriate carrier system for the efficient and 



Introduction 

7 

 

specific intracellular delivery. The literature survey of gene therapy will show two 

main strategies: viral and non-viral delivery systems. In principle, both systems 

have same aim for efficient uptake and genetic information expression. 

Unfortunately, there is no ideal gene delivery system each has its own 

advantages and challenges. 

Viruses are sophisticated biological machines with a natural purpose to transport 

nucleic acids into cells. Viral vectors dominate current clinical gene therapy 

studies [17]. Despite carrying limited amount of genetic information, viruses can 

effectively enter the host cell and facilitate their replication. Most of the virus 

based gene therapy applications take advantage of the viral infection pathway. In 

general, genes related to viral replication and toxicity are eliminated and this 

deletion of viral genes can provide available room for desired genetic materials. 

Viral particles have ability productively infect a specific cell (cellular tropism), 

tissue (tissue tropism) or host species (host tropism). This feature can prevent 

nonspecific and/or inefficient uptake of viral particles. Although recent studies 

have made it possible to generate targeted virus particles, it is very difficult to 

prevent nonspecific uptake by other cells [18-21]. On the other hand, despite their 

domination on clinical treatment because of their high efficiency, viral vectors 

have serious handicaps, such as limited size and cargo type [22], as well as 

possibility of causing cancer [23] and immunogenicity [24]. 

Non-viral vectors have made progress in recent times and showed several 

advantages such as simplicity of use, production of large-scale, biocompatibility, 

and low immune response. However, they have still need to overcome many 

limitations. Direct gene transfer with naked pDNA is the simplest non-viral gene 
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delivery method which is discovered by Wolff and colleagues [25]. The pDNA was 

directly injected into skeletal muscle and triggered immune response in mouse. 

This work introduced a new class of therapeutic modalities called 'DNA vaccines' 

[26]. Subsequently, to increase naked DNA gene transfer efficiency, several 

approaches have been developed such as gene gun [27] and electroporation [28] 

which allow DNA directly into the cell even into the nucleus while avoiding 

enzymatic degradation. However, these physical transfection methods are far 

from applicable for classical treatment. Therefore, the lipidic, peptide or polymer-

based carriers capable of forming particles with therapeutic nucleic acids by 

electrostatic interaction provide more benefit for non-viral delivery. Nonetheless, 

the efficiency of synthetic vehicles is still lower than natural carrier viral particles. 

1.2  Carrier Requirements 

As mentioned section 1.1, both viral and non-viral particles have been studied to 

carry nucleic acid to create excellent carriers; still they have to handle a lot of 

challenging tasks. Figure 1 shows in schematic form of critical requirements for 

nucleic acid journey with carriers. The first and fundament step of a successful 

nucleic acid therapy is to transfer of the cargos such as pDNA, siRNA or 

microRNA to the place where it will be active. Therefore, these macromolecules 

have to protected against degradation in the blood stream until taken up by the 

target cells [29]. Uptake into the cell usually mediated through endocytic vesicles. 

Release of nucleic acids into the cytosol or transfer to nucleus (in case of pDNA) 

is an important step for successful delivery otherwise, they will be degraded in 

lysosomes [30, 31]. In this journey, the carriers should act like multitasking 

shuttles. Carriers need to be consistently associated with their cargo in the 
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extracellular environment. When the time is right, they must properly dissociate 

from their cargo for functionality inside the cell. 

 

Figure 1 Targeted non-viral transfection of the cell. Adapted from “Cancer 

Cell-Targeted Gene Therapy”, by BioRender.com (2022). Retrieved 

from https://app.biorender.com/biorender-templates. 

 

Different extracellular or intracellular sites have unique microenvironment 

properties. Carriers can be designed according to these environmental 

differences to get through the successful delivery process [32]. React to changes 

in enzyme activities, pH or the redox can be beneficial for carrier design. 

Bioreducible elements are important tools because of their redox potential that 

differs greatly in the extracellular and intracellular regions [33]. 

https://app.biorender.com/biorender-templates
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1.2.1 Nucleic Acid Complexation 

It is useful to create complexed and condensed form with particles to prevent the 

rapid clearance of free DNA from the blood stream. This compacted form of DNA 

provides protection against nucleases and increases the circulation time. The 

ionic interaction between negatively charged nucleic acids and multivalent 

cations is a frequently and conveniently used mechanism for nucleic acid 

complexation. This interactions form nanosize complexes called ‘polyplexes’ [34, 

35]. However, the interaction can be considered successful as long as it can 

escape the endosome when the time comes. 

The size of nanoparticles has crucial role on the pharmacokinetics and 

biodistribution. While particles below a certain size (5.5 nm) are cleared from the 

kidney quickly, up to 400 nm sized particles accumulate in solid tumors as a result 

of enhanced permeability and retention (EPR) effect [36, 37]. Even so, type of 

cancer determines the extent of passive accumulation and the limit of size that 

can pass through tumor vessels [38, 39]. Other important issues are 

destabilization of the polyplex caused by interaction with proteins and electrolytes 

in the biological fluids and dissociation with nucleic acid due to counter ion 

exchange in the cell. Stability of particles depends on size and charge, however 

this can be enhanced with additional tools such as crosslinking or hydrophobic 

elements [40-43]. 

Non-viral carriers generated by solid-phase synthesis (SPS) can be composed of 

only natural amino acids, only artificial building blocks or a combination of both. 

Previously some homopolymers were used, such as lysine, ornithine and 

arginine, which have the ability to bind and condense with nucleic acids [44-47]. 
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Afterwards, defined oligopeptides began to be used which are produced by SPS 

[48-51]. SPS provide an opportunity to design and produce variety of structures 

to select suitable artificial vectors for further optimization. Thus, most suitable, 

nontoxic particles can be selected among many options for nucleic acid 

compaction, extracellular stability, transfection efficiency, endosomal escape and 

nucleic acid release in cytosol [52, 53]. 

Lipid nanoparticles (LNPs) are advanced non-viral vectors that are used for 

delivery of various nucleic acids and drugs. They have sphere shape, nanosize 

and one or more ionizable lipids in their structure. Due to the positive charge of 

these lipids, negative charged nucleic acids can compose internal aqueous 

phase of the LNPs [54-56]. LNPs can manage cargo release in late endosome 

(pH 5.5-6.5) with use cationizable lipids [57]. These cationizable lipids are not 

cytotoxic with their natural charge at physiological pH [58]. 

1.2.2 Vector Shielding 

Nucleic acid complexation usually results in formation of nanoparticles with 

positive surface potential. These cationic carriers can improve the transfection 

efficiency in vitro by binding with negatively charged cell surface and/or provide 

endosomal escape [59, 60], however their nonspecific uptake and interaction with 

cells and blood components is not desirable. The polyethylene glycol (PEG) leads 

the way as most common and well established shielding agent which can 

increase the circulation time of nanoparticles [61] and has been successfully used 

including SPS-designed nanocarriers [62-64]. Apart from PEG, there are many 

other alternative hydrophilic agents (Figure 2) that are used in nucleic acid 

delivery such as hydroxyethyl starch (HES) [65], poly(N-(2-hydroxypropyl) 
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methacrylamide) (pHPMA) [66], repeats of Pro-Ala-Ser (PAS) [67] and 

polysarcosine [68]. 

 

 

Figure 2 Chemical structure of agents used for shielding. A) Polyethylene 

glycol (PEG), B) poly(N-(2-hydroxypropyl) methacrylamide) 

(pHPMA), C) hydroxyethyl starch (HES), D) polysarcosine, E) 

repeats of Pro-Ala-Ser (PAS). 

 

The PEG molecules may have some safety concerns like formation of anti-PEG 

antibodies [69] and negative effect of nucleic acid complexation [70]. The polyplex 

size and stability are affected by the length of PEG chain and ratio of hydrophilic 

polymer to cationic polymer in the polyplex [71, 72]. Pre- or post-addition of the 

PEG to the nanocarriers are also effective in nucleic acid compaction. For 

example, post-PEGylation can improve nucleic acid compaction [73, 74]. 
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Contrarily, Üzgün and colleagues showed pre-PEGylation was improved mRNA 

binding and transfection [59]. 

PEGylation brings with it the “PEG dilemma” which is increase of nanoparticle 

stabilization and circulation time versus decrease cellular uptake and endosomal 

escape [75]. Therefore, PEG alternatives or pH triggered cleavage of PEGs in 

endosome [76] can overcome this dilemma. 

1.2.3 Targeting for Delivery of Genetic Information 

Plasma membrane by its lipophilic and negatively charged structure is the main 

barrier that prevents transport of large and charged molecules. Use of 

electrostatic interactions between cell membrane and produced particles can 

enhance cellular internalization. However, this adsorptive endocytosis cannot be 

as specific and effective as receptor mediated uptake [77]. Therefore, attachment 

of targeting ligands to the carriers is convenient approach to increase effective 

and specific cellular internalization. An appropriate ligand which can be proteins, 

peptides, glycoproteins and antibodies is generally selected from overproduced 

receptors in cancer cells or target cells [78]. 

The group of Ruoslahti identified arginine–glycine–aspartic acid (RGD) [79], 

which is specific integrin binding motif that frequently used peptide in nucleic acid 

delivery [80-83]. In a recent published study, polycondensed peptide carriers 

modified with a cyclic RGD showed up to a 2-3 fold decrease in proliferative 

activity for pDNA suicide gene therapy [84]. 

Asialoglycoprotein receptor (ASGPR) is a membrane protein which is highly 

expressed by parenchymal hepatocytes [85]. One of the recent research showed 
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that their ASGPR targeted nanocarriers are able to successfully bind, protect 

against proteases and deliver the pDNA in vitro [86]. 

The epidermal growth factor receptor (EGFR) has been targeted by multiple 

ligands because of its overexpression in different tumor cells. The first approach 

of pDNA delivery to EGFR expressing cells was with monoclonal anti-EGFR 

modified polyplexes [87]. Later on, natural epidermal growth factor (EGF) 

containing carriers showed that number of ligand on the carrier effects not only 

particle size but also uptake [88]. As a short alternative of EGF peptide, GE11 

identified [89]. Xu et al. demonstrated that docetaxel (DTX) and siRNA loaded, 

GE11 peptides conjugated liposomes enhanced anti-tumor and apoptotic effects 

against cancer cells [90]. 

The folate receptor (FR) is a 38 kDa [91] membrane glycoprotein that 

overexpressed on tumor cells to transport folate/folic acid (FA) [92]. FR is widely 

used in different vectors such as oligomers [93] or lipo-oligomers [94] and with 

different cargos such as pDNA [95] or siRNA [96]. Formerly, uptake of FR 

targeted poly-L-lysine (PLL) based DNA polyplexes were used for receptor 

mediated delivery and showed 6 fold higher transfection than nontargeted 

polyplexes [97]. However, excess of free ligand can block or compete with the 

targeted polyplexes for the receptor mediated endocytosis. Leamon et al. showed 

that receptor mediated uptake depends to ligand concentration and spatial 

distance with polyplexes [98]. FR targeted delivery has mainly studied with 

siRNA. FA decorated siRNA nanocarriers have demonstrated higher gene 

silencing both in vitro and in vivo [96, 99, 100]. Moreover, FA polyplexes highly 

accumulated in tumor tissue rather than other tissues [101] and its cellular toxicity 
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is lower than non-FA polyplexes [96]. Interestingly, FA conjugation provided 

decreased zeta potential and increased blood circulation. 

Another commonly used ligand for targeted gene delivery studies is transferrin 

(Tf). As the Tf receptor is the main focus of the thesis, this ligand will be explained 

in detail at section 1.3. 

Combination of more than one targeting ligands can enhance transfection 

efficiency which is termed as dual targeting. Kos et al. showed that combination 

of B6 and GE11 ligands had most efficient pDNA delivery with DU145 prostate 

cancer cell culture which has both receptors [102]. In recently published study, 

HA and anti-HER2 antibody were used together and clear synergetic effect 

observed in siRNA delivery. Dual targeted nanoparticles could not be accessed 

by degradative enzymes because of densely condensed structure of the complex 

that results in increased biostability [103]. 

1.2.4 Endosomal Escape 

In previous section, the journey of nanoparticles is presented until their uptake by 

cells. Nanoparticles have significant potential to protect cargo, cell or tissue 

specific targeted delivery and cargo release within a desired cellular region. The 

most important step of delivery is cellular internalization through endocytotic 

pathway [104, 105]. This mechanism comprises several steps: (1) uptake into 

endocytic vesicle, (2) form into the early endosomal compartment, (3) maturation 

into late endosome, and finally (4) accumulation in the lysosome [106]. The pH 

of endosomes decreases step by step from physiological pH 7.4 to ~pH 6.5 in the 

early, ~pH 6.0 in the late endosome and ~pH 5.0 in the lysosome [107]. Major 
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roles of these vesicles are sorting, trafficking and recycling of endocytosed 

material. Most challenging part of the delivery is to escape from endocytic 

pathway without degradation. 

 

 

 

Figure 3 Schematic representations of the proposed mechanisms of 

endosomal escape. Adapted from Smith et al. [105]. Created with 

BioRender.com.  

 

Some viruses and liposomes use lipidic cell membrane fusion to succeed 

escaping from the endosome (Figure 3A). Additionally, this mechanism can be 

used by hybrid lipid polymers which combine polymer core and lipid shells. For 
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instance, hierarchically nanoassembled arginine functionalized gold 

nanoparticles were developed to transport protein into the cytosol. Encapsulated 

proteins were released into the cytosol immediately after nanoparticle contact 

with the endosome membrane [108]. 

Another endosomal escape mechanisms is the proton sponge effect that 

described by Jean-Paul Behr to explain endosomal escape of nanocarriers with 

buffering capacity [109]. In this mechanism, decrease of pH in the endosome is 

inhibited by polymer with buffering capacity and cause continuation of proton 

pumping to reach the desired pH. Due to buffering of the endosomal pH, active 

transport of protons is triggered by V-ATPases which causes the passive diffusion 

of chloride counterions. This results in increase of osmotic pressure with water 

flow into the vesicle and finally osmotic rupture (Figure 3B). The transfection 

agent polyethylenimine (PEI) exhibits endosomal escape performance [110], but 

also cytotoxicity [111, 112]. Later on, oligoaminoethylene building blocks with 

even numbered amine groups showed highest buffer capacity and enhanced 

transgene expression in vitro and in vivo [95]. 

One of the other proposed endosomal escape concept is the swelling of the pH 

responsive nanoparticles (Figure 3C). The pH-sensitive PDEAEMA-

core/PAEMA-shell nanoparticle showed swelling from ~200 to 550 nm with 

decreased pH from 7.4 to 4.9. These increased sized particles released calcein 

and protein ovalbumin into the DC2.4 dendritic cells [113]. 

Polymer nanoparticles can be designed for membrane destabilization to enhance 

endosomal escape (Figure 3D). However, there are several limitations during 

endosomal escape via membrane destabilization such as decreased cellular 



Introduction 

18 

 

viability, timing of the destabilization and the size of loaded therapeutic. To 

minimize the cytotoxicity, polyplexes from poly(aspartamide) derivatives were 

developed. They showed membrane destabilization at pH 5.5 but minimal 

damage at pH 7.4 and high pDNA transfection efficacy without cellular toxicity 

[114]. Whereas small molecules can be released from endosome, relatively 

bigger particles can be trapped during membrane destabilization. The poly(β-

amino ester) nanoparticles stabilized by a PEG lipid could chaperone 3 or 10 kDa 

dextran but not 40 and 70 kDa [115]. 

1.2.5 Intracellular and Nuclear Trafficking 

The fate of cargo highly dependent on the carrier, cell type, intracellular routes, 

cargo type and size [116-118]. As mention in section 1.2.4, bottleneck of delivery 

process is endosomal release even with effective nanoparticles. Cellular 

compartment of action differs depending on type of nucleic acid cargo. Whereas 

siRNA and mRNA only need to reach the cytoplasm to mediate function, pDNA 

needs to enter nucleus thorough cytoplasm for transcription (Figure 1). In the 

typical in vitro transfection, 36 % of polyplexes can traffic via endosome and 1 % 

of pDNA can reach nucleus. However, only 0.01 % of pDNA can enter inside the 

nucleus and there is 50 % chance for transgene expression [119]. 

Nuclear membrane is the next barrier of the nucleic acid delivery and nuclear 

import is size dependent process [120]. Only small molecules can pass through 

the nuclear pore complex (NPC). Therefore, bigger particles need to wait for cell 

division to be inside of the nucleus. Unfortunately, cell division is not an option for 

non-dividing cells. Branched PEI showed increased transfection efficiency in the 

G2/M phase, conversely, there was no cell cycle dependency with linear PEI 
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[121]. Conjugation of nuclear localization signal (NLS) peptides might be a 

solution to avoid cell cycle dependency for DNA transfection [122]. However, 

mechanism of NLS peptides has not been clearly elucidated. 

1.3  Transferrin Receptor Targeted Nucleic Acid Delivery 

As mention in previous sections, gene and nucleic acid therapy are exciting 

alternative for cancer treatments. Due to the many side effect of irradiation, 

surgery and chemotherapy, classical treatments are not comfortable for patients 

and reduce their quality of life. Therefore, both viral and non-viral nanocarriers 

have been exploded because of their specificity and ability to modify cargo and 

nanocarrier structure. However, for effective nucleic acid delivery, there are 

several challenges to overcome such as protection of cargo, cell/tumor specific 

uptake, efficient endosomal escape and finally release of cargo in active form in 

the proper cell compartment. Several nucleic acid nanocarriers have been 

developed such as “polyplexes” and “LNPs” which were specifically investigated 

in this thesis.  

The receptor mediated endocytosis increases the specific uptake of therapeutic 

nucleic acids into tumor cells. The transferrin receptor (TfR, CD71) is a favorable 

candidate for targeting due to its low level of expression in normal human cells 

and overexpression in most tumor cells [123, 124]. The human Tf receptor (hTfR) 

has two identical 95 kDa subunits and is responsible for the majority of cellular 

iron uptake into cells [125]. Iron has important role on DNA synthesis, cell 

division, and cellular metabolism which is taken into the cells through TfR 

mediated endocytosis. The Tf has molecular weight of 80 kDa with 679 amino 

acid residues [126, 127]. Plasma Tf can be found in different forms regarding to 



Introduction 

20 

 

its iron binding such as apo-Tf (noniron bound), monoferric or diferric (holo-Tf) 

forms [128]. 

Tf is one of the most studied targeting ligand due to its nonimmunogenicty and 

availability from human with relatively low cost. However, use of a large serum 

derived Tf protein have difficulties in pharmaceutical work because of suitable 

protein source and protein stability. Therefore, same receptor targeted but 

smaller synthetic ligands would be preferable. The 12 amino acid length TfR 

targeting peptide (H-THRPPMWSPVWP-NH2) binds the TfR at different region 

from natural Tf ligand avoiding competition and causes receptor mediated 

endocytosis [129]. Nevertheless, this peptide rapidly is degraded by serum 

proteases in 30 min half-life. Thus, protease resistant TfR ligands developed that 

containing all amino acids in D-configuration and reverse sequence (retro-enantio 

TfR (reTfR): H-pwvpswmpprht-NH2) [130]. This protease resistance synthetic 

peptide has capacity to transport of cargo across the blood brain barrier (BBB) 

which is one of the most restrictive barrier in the human body. Additionally, owing 

to slow clearance from blood circulation, reTfR highly accumulated in the mice 

brains without toxicity. Section 3.1 “Transferrin Receptor Targeted Polyplexes” 

part of the thesis focuses on reTfR as a targeting ligand. 

Transferrin targeted nucleic acid delivery has displayed promising clinical 

potential with pDNA [131-133] and siRNA [134]. The Tf modified PLL based 

polyplexes increased gene delivery compared nonmodified polyplexes via 

receptor mediated endocytosis without any cell toxicity [135]. Tf decorated 

cationic PEI polymer was also used as a next generation polyplexes to enhance 

gene delivery [63, 136-139]. Another delivery system with Tf is novel 
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oligoaminoamides (OAAs) based delivery which have lower molecular weight 

than amino ethylene based delivery and still contains nucleic complexation and 

endosomal buffer capacity [140, 141]. Zhang et al. showed 100 fold increase 

gene transfection with Tf-PEG-OAA polyplexes compared nonmodified 

polyplexes [142]. In following study, they also achieved 80 % gene silencing and 

tumor growth reduction with Tf modified PEG-OAAs [143]. 

The LNPs also have great potential for therapeutic nucleic acid delivery. Most 

famous example of LNPs are mRNA based vaccines that used in the COVID-19 

pandemic [144-146]. Rapid development and use of this system against COVID-

19 pandemic was also due to long-term study focusing on development of patient 

specific cancer vaccination based on the patient specific tumor RNA 

transcriptome [147-150]. Surface modifications of LNPs are also possible which 

can improve circulation time, promote targeting, enhance cargo transfection and 

avoid particle aggregation. For instance, Tf conjugated LNPs that produced by 

single-step microfluidic synthesis showed enhanced therapeutic effect both in 

vitro and in vivo [151]. In another study, Tf modified PEI-based lipid nanoparticles 

used to deliver antisense oligo LOR-2501. Tf modified nanoparticles showed high 

transfection in vitro with low toxicity in HepG2 cells as well [152]. Section 3.2 

“Transferrin Receptor Targeted LNPs” part of the thesis investigates hTf as a 

targeting ligand for modified LNPs. 
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1.4  Aim of the Thesis 

The therapeutic nucleic acids have promising potential with many clinical 

applications however, there are still few authorized examples in the market. 

Despite reaching encouraging clinical effects, there are many challenges to 

overcome such as design and production of safe and efficient non-viral delivery 

systems. Even though production, formulation and storage of plasmid DNA 

vectors are easier than other nucleic acid therapeutics, entering the cell nucleus 

is fundamental necessity for encoded gene expression. Additionally, nucleic acid 

vectors need carriers to protect them during their journey from nucleic acid 

complexation, cellular uptake, endosomal escape to intracellular cargo release at 

the target site. Non-viral vectors mostly deliver their cargo to cells without any 

specificity that cause undesired side effects. Specificity of cellular uptake can be 

achieved by decoration of nanocarriers with ligands. Transferrin receptor is 

frequently used in targeted gene delivery. The thesis focuses on the transferrin 

targeted pDNA delivery using two different nanocarriers: lipo-oligoaminoamides 

(lipo-OAAs) with small synthetic peptide reTfR and lipid nanoparticles (LNPs) with 

natural human transferrin ligand. 

The first aim of thesis was to incorporate a small synthetic reTfR ligand as 

targeting module into pDNA polyplexes that are based on precise, sequence-

defined components. For this purpose, previously developed T-shaped lipo-

OOAs compacted with pDNA (pCMV-Luc) were to be used. Evaluation of the 

efficiency and comparison of the physicochemical and transfection 

characteristics were to be compared between two main groups: nonmodified and 

reTfR modified polyplexes. Properties such as size, zeta potential, morphology, 
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stability, transfection efficiency and especially cellular association of the 

polyplexes had to be investigated. 

The second aim of the thesis was to explore LNPs for transferrin targeted pDNA 

delivery. For this purpose, pDNA LNPs with different PEG ratios were to be 

evaluated with different amount of hTf ligands to precise optimum transfection 

efficiency. Size, zeta potential, morphology, stability, transfection efficiency and 

cellular association of the polyplexes were to be investigated in vitro. 
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2. Material and Methods 

2.1  Materials 

The materials used for the experiments are presented in Table 1. 

Table 1 Materials used for experimental procedures 

Materials CAS-No./Cat-
No. 

Supplier 

1 kDa dialysis membrane 1966.1 Carl Roth (Karlsruhe, 
Germany) 

4′,6-diamidino-2-phenylindole 
(DAPI) 

D9542 Sigma-Aldrich (Munich, 
Germany) 

Agarose NEEO Ultra 9012-36-6 Carl Roth (Karlsruhe, 
Germany) 

Antibiotics P4333 Sigma-Aldrich (Munich, 
Germany) 

CellTiter-Glo® G7571/2/3 Promega (Mannheim, 
Germany) 

Cholesterol C8667 Sigma-Aldrich (Munich, 
Germany) 

Cy5-labeling kit MIR3700 Mirus Bio LLC (Madision, 
WI, USA) 

D-(+)-Glucose monohydrate 14431-43-7 Merck Millipore 
(Darmstadt, Germany) 

D-Lin-MC3-DMA 1224606-06-7 Hycultec (Beutelsbach,  
Deutschland) 

Beetle luciferin sodium salt E1605 Promega (Mannheim, 
Germany) 

DMEM D6046 Sigma-Aldrich (Munich, 
Germany) 

DMG-PEG2000 160743-62-4 Avanti Polar Lipids 
(Alabama, USA) 

DOPE 4004-05-1 Avanti Polar Lipids 
(Alabama, USA) 

DSPE-PEG-N3 1938081-40-3 Avanti Polar Lipids 
(Alabama, USA) 

Ethidium bromide (EtBr) E1510 Sigma-Aldrich (Munich, 
Germany) 

Fetal bovine serum (FBS) F9665 Sigma-Aldrich (Munich, 
Germany) 

Flasks and multi-well plates - TPP (Trasadingen, 
Switzerland) 

GelRed 41003 VWR International GmbH 
(Darmstadt, Germany) 

HEPES 7365-45-9 Biomol (Hamburg, 
Germany) 
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Human transferrin 11096-37-0 Sigma-Aldrich (Munich, 
Germany) 

Ligands - Teoman Benli-Hoppe 
(LMU Pharmaceutical 
Biotechnology) 

LPEI 9002-98-6 In-house synthesis [153] 

Luciferase cell culture lysis 
buffer  

E1500 Promega (Mannheim, 
Germany) 

pCMVLuc  PF461 PlasmidFactory (Bielefeld, 
Germany) 

RPMI-1640 R2405 Sigma-Aldrich (Munich, 
Germany) 

Sequence-defined oligomers - Simone Berger [154], Lun 
Peng (LMU 
Pharmaceutical 
Biotechnology) 

Trypsin-EDTA P10-024 100 PAN-Biotech (Aidenbach, 
Germany) 

 

The buffers used for the experiments are presented in Table 2. 

Table 2 Buffers used for experimental procedures 

Buffer Composition 

Citrate buffer 10 mM Citric acid, pH 4.0 

Electrophoresis 
loading buffer 

6 ml glycerine, 1.2 ml 0.5 M EDTA solution (pH 8.0), 2.8 ml 
H2O, 20 mg bromophenol blue 

FACs buffer 10 % FBS in PBS 

HBG 20 mM HEPES, 5 % glucose, pH 7.4 

HEPES 20 mM HEPES, pH 7.4 

LAR Buffer 20 mM glycylglycine, 1 mM MgCl2, 0.1 mM EDTA, 3.29 mM 
DTT, 0.548 mM ATP (adenosine 5′-triphosphate), 0.55 mM 
Coenzyme A stock solution, pH 8.0-8.5 

Luciferin 10 mM Luciferin-Na, 1M Glycylclycine, pH 8.0,  

Phosphate-buffered 
saline (PBS) 

137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4,1.5 mM 
KH2PO4, pH 7.3-7.5 

TBE buffer 89 mM Trizma® base, 89 mM boric acid, 2 mM EDTA-Na2, 

pH 8.0 
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2.2  Methods 

The following sections contain methods for transferrin receptor targeted 

polyplexes and transferrin receptor targeted LNPs. Methods of transferrin 

receptor targeted polyplexes have been adapted from: 

Benli-Hoppe T,+ Göl Öztürk Ş,+ Öztürk Ö, Berger S, Wagner E, Yazdi M. 

Transferrin Receptor Targeted Polyplexes Completely Comprised of Sequence-

Defined Components, Macromol Rapid Commun. 2021 Oct 29:e2100602. 

+ Equally contributing first authors 

2.2.1 Synthesis of Oligomers and Ligands 

All oligomers (lipo-OAAs) were synthesized by Simone Berger or Lun Peng (LMU 

Pharmaceutical Biotechnology). The synthesis of lipo-OAAs is explained in 

previous studies [154, 155]. All ligands were synthesized by Teoman Benli-

Hoppe (LMU Pharmaceutical Biotechnology) and explained in our recently 

published study [156]. All lipo-OAAs and ligands were synthesized by SPS and 

will be explained by Simone Berger, Lun Peng and Teoman Benli-Hoppe in their 

theses. 

2.2.2 Formation and Biophysical Characterization of pDNA Nanoparticles 

2.2.2.1 Polyplex Formation 

The plasmid pCMVLuc pDNA and lipo-OAAs at an indicated molar 

nitrogen/phosphate ratio (N/P) of 12 were separately diluted in equal volume of 

20 mM HEPES buffer with 5 % glucose (HBG buffer, pH 7.4). The N/P ratio was 

calculated under consideration of only protonatable nitrogens. Then nucleic acid 
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and lipo-OAA solutions were rapidly mixed by pipetting (10 times) and incubated 

30 min for pDNA formulations at room temperature (RT). For post 

functionalization, 0.5 equivalent (equiv) of dibenzocyclooctyne (DBCO) agent per 

azido-lipo-OAA were added to polyplex solution. This mixture was rapidly mixed 

at least 5 times by pipetting and incubated for 4 h at RT. For comparison, the 

same procedures were also performed with unmodified polyplexes, but HBG was 

added instead of modifying DBCO agents. 

2.2.2.2 LNP Formation 

For all following LNP studies, pDNA was also used as nucleic acid cargo. The 

LNP formulations were prepared based on the protocol developed by Franziska 

Haase (LMU Pharmaceutical Biotechnology) via mixing one volume of lipids and 

oligomers in ethanol. An N/P ratio of 9 for ionizable lipooligomer CLO3 (Lun Peng, 

LMU Pharmaceutical Biotechnology) and 4.5 for D-Lin-MC3-DMA (MC3) were 

used. Cholesterol, 1,2-dioleoyl-sn-glycero-3-phosphorylethanolamine (DOPE), 

1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG) and 

MC3 were mixed at 48:20:2:30 mole ratios for MC3 formulation. Cholesterol, 

DOPE, DMG-PEG, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[α-

azido(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG-N3) and CLO3 at 

45:20:2:3:30 (2:3) or 45:20:1:4:30 (1:4) mole ratios for LNP with CLO3 oligomer 

formulation. Three volumes of pDNA (200 ng/well) containing citrate buffer 

solutions (pH 4.0) were mixed with one volume lipid mixture and incubated for 10 

min at RT. The resulting LNPs were dialyzed against HEPES for 2 h to remove 

the ethanol and restore the pH to neutral. After dialyses, LNP formulations were 

post functionalized with 1, 2 or 3 equiv of DBCO agent per DSPE-PEG-N3 were 
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added to LNP solution and mixed at least 5 times by pipetting and incubated for 

4 h at RT. The 1.25 µl of 10 mM iron (III) citrate buffer (200 mM citrate, pH 7.8) 

per milligram of Tf content was added for iron incorporation into hTf [63]. The 

same procedures were also performed with unmodified LNPs, but HEPES was 

added instead of modifying agents. 

2.2.2.3 Particle Size and Zeta Potential 

Particle size, zeta potential and polydispersity index (PDI) were characterized by 

dynamic and electrophoretic light scattering (DLS, ELS) and measured in a folded 

capillary cell (DTS1070) by Zetasizer Nano ZS with backscatter detection 

(Malvern Instruments, Worcestershire, Germany). Nonmodified and modified (0.5 

equiv of DBCO agents) pDNA polyplexes were prepared with final pDNA 

concentration of 1 µg pDNA in a total volume of 125 µl HBG. After size 

measurement, the pDNA samples were diluted to 800 µl with HBG and zeta 

potential measurement was done. For size (z-average) and PDI measurements, 

the equilibration time was 0 min, the temperature was 25 °C, refractive index was 

1.330 and the viscosity was 0.8872 mPa•s. For the zeta potential measurements 

15 sub runs at 25°C were chosen. The Smoluchowski equation was used for 

calculation of zeta potential. LNP formulations prepared as described above 

(Section 2.2.2.2). LNPs (200 ng pDNA) in total volume of 80 µl were mixed with 

total of 800 µl HEPES. For measurement of particle size, zeta potential and PDI, 

same protocol was used. All samples were measured in triplicate. 
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2.2.2.4 Agarose Gel Shift Assay for pDNA Binding 

A 1 % agarose gel for pDNA was prepared with TBE buffer (trizma base 10.8 g, 

boric acid 5.5 g, disodium EDTA 0.75 g and 1 L of water). After boiling and cooling 

down to about 50 °C, GelRed (Biotium, Inc., Hayward, CA, USA) was added and 

the solution was casted in the electrophoresis unit. Polyplexes (200 ng of pDNA 

in 20 µl HBG) and LNPs (200 ng of pDNA in 20 µl HEPES) were prepared and 

then mixed with 4 µl loading buffer (6 ml of glycerin, 1.2 ml of 0.5 M EDTA, 2.8 

ml of H2O, 0.02 g of bromophenol blue). All samples were transferred into the gel 

pockets and electrophoresis was performed at 120 V for 80 min in TBE buffer. 

2.2.2.5 Ethidium Bromide Exclusion Assay 

pDNA polyplexes (2 µg pDNA, 200 µl) were formed at N/P 12 as described above 

(Section 2.2.2.1) and optionally modified with 0.5 equiv of PEG-1. HBG was used 

as blank and the 100 % value determined by free pDNA (2 µg in 200 µl HBG). 

EtBr solution (700 µl, 0.5 µg/ml) was added to each sample solutions and 

incubated for 3 min. The fluorescence intensity of EtBr was measured using a 

Cary Eclipse Fluorescence Spectrophotometer (Varian, now part of Agilent 

Technologies, Germany). The excitation wavelength was set to λex = 510 nm, and 

the emission wavelength to λem = 590 nm. The data is presented as fluorescence 

intensity of EtBr in relation to free pDNA. 

2.2.2.6 Particle Imaging by Transmission Electron Microscopy (TEM) 

Polyplexes were prepared as described in section 2.2.2.1 for polyplexes but in 

water instead of HBG and in section 2.2.2.2 for LNPs in HEPES. Carbon coated 

copper grids (Ted Pella, Inc. USA, 300 mesh, 3.0 mm O.D.) were hydrophilized 
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by argon plasma (420 V, 1 min). They were placed on a 10 μl sample droplet for 

3 min. Then the droplet was removed, and the grid was washed with 5 μl of 

staining solution (1 % uranyl formate in purified water). Immediately afterwards, 

it was stained for 5 sec with the same solution. The solution was removed, and 

the grid was allowed to be dried for 20 min. All grids were analyzed with a JEOL 

JEM-1100 electron microscope (JEOL, Tokyo, Japan) at 80 kV acceleration 

voltage. 

2.2.3 Biological Characterization in vitro 

2.2.3.1 Cell Culture 

The human erythroleukemic suspension cell line K562 (ATCC CCL-243) was 

cultured in RPMI-1640 medium and the murine adherent neuroblastoma cell line 

Neuro-2a (N2a, ATCC CCL-131) was cultured in low glucose (1 g/L glucose) 

Dulbecco’s Modified Eagle Medium (DMEM). The cell culture mediums were 

supplemented with 10 % FBS, 4 mM L-glutamine, 100 U/ml penicillin and 100 

μg/ml streptomycin. All cells were cultured at 37°C and 5 % CO2 in an incubator 

with a relative humidity of 95 %. 

2.2.3.2 Luciferase Gene Transfer 

K562 suspension cells were seeded in V-shaped 96-well plates with 3 × 104 cells 

per well at 2-3 h before pDNA transfection. N2a cells were seeded in 96-well 

plates 1 × 104 per well at 24 h. Then the medium was replaced with 75 μl of the 

fresh serum-containing medium right before the transfection. Polyplex solutions 

(N/P 12, 25 μl HBG containing 200 ng of pCMVLuc) were added to each well. 

HBG and linear PEI (LPEI) polyplexes (N/P 6) were used as negative and positive 
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control, respectively. For LNPs, K562 cells again were seeded in V-shaped 96-

well plates with 3 × 104 cells per well at 2-3 h before pDNA transfection. Then the 

medium was replaced with 80 μl of the fresh serum-containing medium right 

before the transfection. LNPs solutions (N/P 9, 20 µl 200 ng of pDNA in HEPES) 

were added to each well. HEPES and MC3 formulation (N/P 4.5) were used as 

negative and positive control, respectively. All samples and controls were 

performed in triplicate. K562 cells were incubated with polyplexes or LNPs for 24 

h at 37 °C. N2a cells were incubated for 4 h with polyplexes, then medium was 

replaced, and the cells were incubated for further 20 h at 37 °C. Read-out 

(luciferase activity or metabolic activity measurement) was conducted 24 h after 

transfection. 

In the case of luciferase assay, 100 µl of lysis buffer (12.5 mM tris(hydroxymethyl) 

aminomethane buffer (pH 7.8) with phosphoric acid, 1 mM dithiothreitol (DTT), 2 

mM 1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid, 5 % glycerol, 0.5 % 

Triton® X-100; Promega, Mannheim, Germany) was added to each well and 

incubated for 45 min at RT. Luciferase activity was measured with a Centro LB 

960 plate reader luminometer (Berthold Technologies, Bad Wildbad, Germany) 

in 35 μl cell lysate using a LAR buffer solution (20 mM glycylglycine, 1 mM MgCl2, 

0.1 mM EDTA, 3.29 mM DTT, 0.548 mM ATP (adenosine 5′-triphosphate), 0.28 

mM Coenzyme A stock solution, pH 8.0-8.5) supplemented with 10 % (v/v) 

mixture of 10 mM luciferin and 29.375 mM glycylglycine. 

2.2.3.3 Cellular Association and Competition Assays 

K562 suspension cells were seeded in V-shaped 96-well plates with 3 × 104 cells 

per well at 2-3 h before the experiment. N2a cells were seeded in 96-well plate 
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with 2 × 104 cells per well at 24 h before the experiment. Prior to transfection, the 

medium was replaced with 75 μl of fresh medium per well for 96-well plate and 

450 μl for 24-well plate. For treatment, polyplexes were prepared with 200 ng 

pDNA (in 25 μl HBG including 20 % Cy5 labeled pDNA). HBG was used as 

negative control. All experiments were performed in triplicate. Cells were 

incubated with corresponding polyplexes for 45 min at 37 °C in 5 % CO2 and 

washed with phosphate-buffered saline (PBS) three times. Adherent cells were 

detached with trypsin-EDTA, centrifuged and cell pellets were resuspended in 

FACs buffer (10 % FBS in PBS) for subsequent measurement. 

For LNP formulations, K562 suspension cells were seeded in V-shaped 96-well 

plates with 3 × 104 cells per well at 2-3 h before the experiment. Prior to 

transfection, the medium was replaced with 80 μl of fresh medium per well. For 

treatment, LNPs were prepared with 200 ng pDNA (in 20 μl HEPES including 20 

% Cy5 labeled pDNA). HEPES was used as negative control. All experiments 

were performed in triplicate. Cells were incubated with LNPs for 45 min at 37 °C 

in 5 % CO2 and washed with PBS three times. Cells were resuspended in FACs 

buffer for subsequent measurement. 

For the transferrin blockade experiment, same procedure was done, however, 

cells were incubated with free iron saturated hTf (5 mg/ml) for 30 min on ice prior 

to transfection in order to block and deplete the cell surface transferrin receptors. 

The 1.25 µl of 10 mM iron (III) citrate buffer (200 mM citrate, pH 7.8) per milligram 

of Tf content was added for iron incorporation into hTf [63]. 

Cellular association was measured by CytoFLEX S flow cytometer (Beckman 

Coulter, Brea, CA, USA) through excitation of Cy5 at 635 nm and detection of 
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emission at 665 nm. Cells were gated based on the forward- and side-scatter 

profile. Dead cells were detected by 4′,6-diamidino-2-phenylindole fluorescence 

(DAPI) staining. FlowJo® 7.6.5 flow cytometric analysis software (FlowJo, 

Ashland, OR, USA) was used for data analysis. 

2.2.3.4 Metabolic Activity of Transfected Cells 

For the cell viability assay, after 24 h incubation medium was removed and 

replaced with 25 µl of medium and 25 µl of CellTiter-Glo® Reagent (Promega, 

Mannheim, Germany) each well. Samples were incubated on an orbital shaker 

for 30 min at RT and measured with Centro LB 960 plate reader luminometer 

(Berthold Technologies, Bad Wildbad, Germany). The relative cell viability (in %) 

was calculated according to HBG treated negative control cells by following 

formula: [A] test / [A] control × 100. 

2.2.4 Statistical Analysis 

Statistical analysis of the results (mean ± sd) was evaluated by two-tailed t-test 

(unpaired) or one-way ANOVA. Significance levels were set as not significant 

(ns), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. 
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3. Results and Discussion  

3.1  Transferrin Receptor Targeted Polyplexes  

This chapter has been adapted from: 

Benli-Hoppe T,+ Göl Öztürk Ş,+ Öztürk Ö, Berger S, Wagner E, Yazdi M. 

Transferrin Receptor Targeted Polyplexes Completely Comprised of Sequence-

Defined Components, Macromol Rapid Commun. 2021 Oct 29:e2100602. 

+ Equally contributing first authors 

3.1.1 Design and Synthesis of Sequence-Defined Polyplex Core and Shell 

Components 

Different cargos need different nanocarriers for their delivery. All specific cargo 

needs their nanocarriers to have specific biophysical properties for intracellular 

compartment delivery [157]. A good condensation into nanoparticles is key for 

pDNA cargo because of its large size [52, 67]. Therefore, in this thesis six 

different lipo-OAAs selected (Table 3) for pDNA delivery that have a balance 

between stability and cargo release for transcription [154]. These six T-shaped 

lipo-OAAs have different lipidic diacyl side chains that are composed of either 

decanoic acid (DecA), nonamido octanoic acid (NonOcA), or oleic acid (OleA). 

The side chains attached to the cationizable OAA backbone via lysine (K). All six 

lipo-OAAs have an N-terminal azido-lysine, for post functionalization with DBCO 

agents via click chemistry [155, 158-160]. Lipo-OAAs can be divided according 

to presence of glycine-disulfide block (G-ssbb) [33] at the branching point or 
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terminal cysteines (C). As a first step of polyplexes formation, pDNA and lipo-

OAAs produce a core complex (Figure 4). 

Table 3 Sequence list of the investigated lipo-oligoaminoamides. The ID numbers 

are database identification numbers. Lipo-OAAs were designed by Simone 

Berger (LMU Pharmaceutical Biotechnology). 

Lipo-OAA  

ID Number 
Sequences (N  C) 

1284 H
2
N-K(N3)-Y3-(H-Stp)2-H-K(G-ssbb-K(DecA)2)-H-(Stp-H)2-Y3-COOH 

1276 H
2
N-K(N3)-C-Y3-(H-Stp)2-H-K(K(DecA)2)-H-(Stp-H)2-Y3-C-COOH 

1285 H
2
N-K(N3)-Y3-(H-Stp)2-H-K(G-ssbb-K(NonOcA)2)-H-(Stp-H)2-Y3-COOH 

1258 H
2
N-K(N3)-C-Y3-(H-Stp)2-H-K(K(NonOcA)2)-H-(Stp-H)2-Y3-C-COOH 

1218 H
2
N-K(N3)-Y3-(H-Stp)2-H-K(G-ssbb-K(OleA)2)-H-(Stp-H)2-Y3-COOH 

1214 H
2
N-K(N3)-C-Y3-(H-Stp)2-H-K(K(OleA)2)-H-(Stp-H)2-Y3-C-COOH 

 

In the second step, the core polyplexes were post functionalized with PEG-

conjugated ligand (Figure 4). All shielding and targeting conjugates are listed in 

Table 4. Ligands and one or two N-terminally attached DBCO groups linked with 

a monodisperse PEG24 spacer as a surface shielding reagent. Click reaction 

between DBCO in ligands and azide units in lipo-OAAs provide selectivity, high 

yield and enhanced reaction kinetics [161-164]. The number of DBCO residues 

in targeting conjugates can affect targeting efficiency [158, 159]. Therefore, one 

or two DBCO containing ligands and their control were used in this study. 

Additional succinyl-trioxa-tridecandiamine (STOTDA) were present in the 

structure for two DBCO units as a short hydrophilic spacer. As a targeting agent, 

DBCO-PEG24 conjugated retro-enantio reTfR [130] were generated with (D)-

configuration amino acids to avoid protease degradation. The reTfR contains 12 
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amino acids with reversed sequence from original (L)-peptide [129]. The 

scrambled peptide (scr-reTfR) sequence (vprhptsppmww) were designed as a 

targeting control reagent. PEG24-DBCO (PEG) was designed as a negative 

control. Arginine (R)-PEG also synthesized and might provide hydrophilic or 

electrostatic effect on the polyplexes because of its positive charge. To enhance 

stability of both reTfR and scr-reTfR peptide ligands against peptidase, amide 

unit was chosen as end group. 

 

 

 

Figure 4 Formation of pDNA lipo-polyplexes in a two-step process. pDNA 

core lipo-polyplexes were prepared with lipo-OAAs and pDNA, then 

post functionalizated with mono or bivalent DBCO-PEG24-ligand 

reagents. Created with BioRender.com. 
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Table 4 List of the DBCO-PEG24-ligand reagents. Ligands were designed and 

synthesized by Teoman Benli-Hoppe (LMU Pharmaceutical Biotechnology). 

PEG Reagent Sequence of Ligand (N-C) End Group 

PEG-1, PEG-2  -COOH 

reTfR-1, reTfR-2 pwvpswmpprht-CONH2 -CONH2 

R-PEG-1, R-PEG-2 R -COOH 

scr-reTfR-1, scr-reTfR-2 vprhptsppmww -CONH2 

 

3.1.2 Physicochemical Characterization of Functionalized pDNA 

Polyplexes 

For all following studies, plasmid pCMVLuc (encoding Photinus pyralis firefly 

luciferase under control of cytomegalovirus promotor and enhancer) [165] was 

used as nucleic acid cargo. pDNA core polyplexes were formed in HBG at a 

previously optimized N/P ratio of 12 using six T-shaped azido lipo-OAAs that were 

recently designed as part of a larger library screen [154]. These core polyplexes 

were post functionalized with 0.5 equiv of the different DBCO agents that 

schematized in Figure 4. Nanoparticle size and zeta potential of pDNA polyplexes 

were characterized by DLS and ELS (Table 5). 

Consistent with the previous study [154], nonmodified pDNA core polyplexes had 

diameter between 70 and 120 nm with positive zeta potentials between +14 and 

+32 mV. Their PDIs (Table 5) were low (<0.2), indicating well-formed 

nanoparticles. reTfR-1 and reTfR-2 modified pDNA polyplexes also displayed low 

PDIs, sizes between 75 and 95 nm, and only slightly reduced positive surface 

charge between +12 and +20 mV. The number of DBCO units (mono or bivalent) 

in the conjugate did not significantly affect their characteristics. With regard to the 
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control reagents, PEG-1/2 or R-PEG-1/2 modification resulted in polyplexes of 

similar sizes around 100 nm diameter for most lipo-OAAs. These PEG reagents 

mediated a clear reduction in zeta potential, ranging for PEG-2 between +2 and 

+10 mV and for R-PEG-2 between +5 and +8 mV. Polyplexes with scrambled 

peptide conjugates scr-reTfR-1 and scr-reTfR-2 were in the expected range, with 

slightly larger sizes (95 to 266 nm) and a lower zeta potential (+10 to +16 mV) 

than the reTfR polyplexes. 

Notably, lipo-OAA 1285 showed comparable polyplex formation without or with 

reTfR targeting conjugates, but in contrast to the other lipo-OAAs a micrometer-

sized aggregate formation with all six control conjugates (scr-reTfR-1/2, PEG-1/2, 

and R-PEG-1/2). This aggregate formation could not be confirmed via 

transmission electron microscopy (TEM, see further) and the reasons remain 

unclear. Lipo-OAA 1285 (like 1258) contains the detergent-like nonamido-

octanoic acid (NonOcA) as lipidic domain, which might provide less lipophilic 

polyplex stabilization. Lipo-OAA 1258 displayed slightly larger polyplex sizes (130 

to 266 nm) upon scr-reTfR or R-PEG modification. 

 

 

 

 

 



Results and Discussion 

39 

 

Table 5 Particle size (Z-av), zeta potential (Zeta) and PDI of pDNA polyplexes 

(formed at N/P 12), nonmodified or modified with 0.5 equiv of shielding and 

targeting agents, were measured by DLS and ELS (mean ± sd, n = 3). 
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TEM measurements showed homogenous and spherical-shaped nanoparticles 

for all selected pDNA polyplexes in the range of 35 to 50 nm (Figure 5). This 

apparent discrepancy with DLS results was already previously observed and can 

be explained by fixation/dehydration for TEM and the high sensitivity of DLS for 

a minor fraction of aggregates. An agarose gel shift confirmed excellent pDNA 

binding ability without any pDNA release for all lipo-OAAs polyplexes with or 

without surface modification (Figure 6), indicating that the chosen OAAs were 

efficient for successful pDNA binding. 
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Figure 5 Top: TEM size data (diameter, nm) of pDNA lipo-OAAs (N/P 12, 

H2O) formed with selected carriers 1284, 1285 and 1218 without 

(non) or with 0.5 equiv of monovalent DBCO agent PEG-1. Below: 

Corresponding representative TEM images of the pDNA lipo-OAAs 

(scale bars = 200 nm). Measured by Özgür Öztürk (LMU 

Pharmaceutical Biotechnology). 

 

 

 

Figure 6 Standard agarose (1 % TBE buffer) gel shift of pDNA polyplexes 

formed at N/P 12 in HBG. Nonmodified polyplexes or polyplexes 

modified with 0.5 equiv of shielding and targeting agents were 

analyzed. 

 

To investigate the influence of PEGylation on pDNA compaction (Figure 7), an 

EtBr exclusion assay was performed. The change of EtBr fluorescent signal from 

20 % (related to uncompacted control pDNA) in case of nonmodified lipo-OAA 
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polyplexes to 40 % in case of all six PEG-1 modified polyplexes indicates a 

change toward less condensed pDNA polyplexes. This influence of PEG is 

consistent with previous observations [52, 67]. 

 

 

Figure 7 EtBr exclusion assay of pDNA polyplexes (N/P 12, HBG), 

unmodified or modified with 0.5 equiv of PEG-1 (mean ± sd, n = 3). 

Intensity of EtBr fluorescence is presented as percentage relative to 

free noncompacted pDNA. Experiment performed by Teoman Benli-

Hoppe (LMU Pharmaceutical Biotechnology). 

 

3.1.3 Gene Transfer Activity of TfR Targeted pDNA Polyplexes 

Two TfR overexpressing cell lines, the hard to transfect human erythroleukemic 

suspension cell line K562 (Figure 8) and the adherent murine neuroblastoma cell 

line N2a (Figure 9) were transfected with the various surface modified pCMVLuc 

polyplexes and the resulting luciferase gene expression was measured after 24 

h. In parallel, the metabolic cell activities were evaluated (Figure 10). None of the 
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tested formulations showed significant cytotoxicity; only polyplexes of lipo-OAAs 

1276 and 1258 (both lacking the bioreducible ssbb linkage, containing the less 

lipophilic, more lytic DecA or NonOcA domains, respectively) had a slightly 

reduced metabolic activity in K562 cells, but still greater than 70 %. This is 

consistent with previous findings [33]. 

Luciferase activity in K562 cells (Figure 8) was increased by the reTfR ligand 

modification in all six lipo-OAA polyplexes to various extent (3 fold to 140 fold). In 

the majority of cases, reTfR-1 and reTfR-2 ligands mediated higher gene transfer 

efficiency than the scrambled control ligands scr-reTfR-1 and scr-reTfR-2, with 

the exception of 1276. The reTfR-2 modified polyplexes formed with the lipo-

OAAs containing NonOcA, 1285 (ssbb) and 1258 (cys), displayed the highest 

transfection levels. 

PEG-1/2, as well as R-PEG-1/2 were initially designed as expected negative 

controls. Interestingly, for some carriers these shielding agents enhanced gene 

transfer by a mechanism obviously different from TfR mediated uptake; PEG-1/2 

strongly promoted transfection of 1284 polyplexes and also for 1258 and 1218 

polyplexes to a lesser extent. R-PEG conjugates promoted transfection of 1284, 

1285, 1258 or 1218 polyplexes, but to a lower extent. 
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Figure 8 Luciferase gene transfer in K562 cells. pDNA polyplexes (200 ng 

pCMVLuc/well, N/P 12) modified with 0.5 equiv of shielding or 

targeting agents. Cells were incubated with polyplexes for 24 h in 

serum supplemented medium at 37 °C and harvested for the 

luciferase assay. LPEI (N/P 6) and HBG buffer served as positive 

and negative control, respectively. Results are presented as mean 

± sd, n = 3. For the comparison of nonmodified polyplexes with 

reTfR-1 or reTfR-2 functionalized polyplexes, the statistical 

significance was determined by unpaired t-test (two-tailed analysis); 

ns, *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. 
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In the case of N2a cells, the transfection medium was replaced after 4 h, to 

emphasize any short term effects of surface modification on cell attachment and 

delivery before evaluating the transfection activity after 24 h (Figure 9). Apart from 

1214 polyplexes, which generally transfected poorly, transfections were 

increased by incorporation of reTfR-1/2. In N2a cells, reTfR-2 modified 

polyplexes performed best with the ssbb-containing lipo-OAAs in the sequence 

of 1284 (DecA) > 1285 (NonOcA) > 1218 (OleA). The scrambled control ligands 

scr-reTfR-1 and scr-reTfR-2 again mediated lower transfection, with one very 

notable exception: the best transfections for 1285 polyplexes were obtained with 

scr-reTfR control modification. However, as described in section 3.1.2, these 

control polyplexes present micro-sized aggregates, which might explain their 

special properties. Similar to observation of K562 cell transfections, control 

PEGylation resulted in TfR–independent enhancement of transfection. This was 

especially pronounced for modification of 1284, 1285, 1258, and 1218 polyplexes 

with R-PEG-1 and/or R-PEG-2 (Figure 9). 
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Figure 9 Luciferase gene transfer in N2a cells. pDNA polyplexes (200 ng 

pCMVLuc/well, N/P 12) modified with 0.5 equiv of shielding and 

targeting agents. Cells were incubated with polyplexes for 24 h in 

serum supplemented medium at 37 °C and harvested for the 

luciferase assay. The transfection medium was replaced after 4 h by 

fresh medium. LPEI (N/P 6) and HBG buffer served as positive and 

negative control, respectively. Results are presented as mean ± sd, 

n = 3. For the comparison of nonmodified polyplexes with reTfR-1 or 

reTfR-2 functionalized polyplexes, the statistical significance was 

determined by unpaired t-test (two-tailed analysis); ns, *p ≤ 0.05, **p 

≤ 0.01 and ***p ≤ 0.001. 
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Figure 10 Metabolic activity of pDNA transfection in K562 (A) and N2a (B) 

cells were determined by the CellTiter-Glo® assay. Metabolic 

activities are presented as percentage relative to HBG buffer treated 

control cells (mean ± sd, n = 3). 

 

The evaluation of six lipo-OAAs differing in their lipidic domains and redox-

sensitive attachments and different control PEGylation reagents PEG-1/2 and R-

PEG-1/2 shed also light on other important receptor unrelated effects of the gene 
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transfer process. While a proper receptor ligand interaction may mediate specific 

attachment and uptake into target cells, other parameters such as the choice of 

lipo-OAA and PEGylation conjugates can affect extracellular and intracellular 

biophysical stability of core pDNA polyplexes, influencing also endosomal escape 

of internalized pDNA nanoparticles and, after delivery into the nucleus, 

unpackaging of pDNA for subsequent transcription into mRNA. Our previous 

work on the tested lipo-OAAs had revealed a balancing act between favorable 

stability of pDNA polyplexes on the one hand, efficient endosomal escape and 

good intracellular pDNA release for transcription on the other hand. Lipo-OAAs 

containing fatty acids with chain lengths around C6 to C10 displayed maximum 

gene transfer around 500 fold higher gene expression than that of C18 lipo-OAA 

analogues [154]. The shorter fatty acids trigger increased endosomolytic activity, 

at the cost of reduced polyplex stability. Incorporation of hydrophilic PEG 

molecules is an additional measure to tune the polyplex stability. Consistent with 

previous observations [52, 67], PEGylation mediated slight polyplex 

decondensation detectable with an EtBr assay (Figure 7). Such a polyplex 

destabilization by PEG or R-PEG conjugates, shifting the amphiphilic properties 

of the carrier subunits towards higher hydrophilicity and aqueous solubility might 

be the cause of the unexpected high transfection efficiency of R-PEG conjugated 

1284, 1285, 1258 or 1218 polyplexes. Noteworthy, our studies also revealed that 

TfR-specific delivery to a given target cell line, an optimized combination of lipo-

OAA and ligand is required for the best transfection; reTfR-2/ 1258 or 1285 (both 

NonOcA-based) for K562 cells, and reTfR-2/ 1284 or 1285 (both ssbb based, 

DecA or NonOcA-based) for N2a cells. 
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To summarize the pDNA transfections, the reTfR ligands favorably promoted 

gene transfer efficiency in both K562 and N2a cells, with a small advantage when 

using the bivalent DBCO-containing conjugate reTfR-2. 

3.1.4 Cellular Association of Functionalized pDNA Polyplexes  

Cell association studies of reTfR-1 and reTfR-2 modified polyplexes were 

performed in K562 cells (Figure 11) and N2a cells (Figure 12). For further 

investigation, Cy5-labeled pDNA were transfected for 45 min and measured via 

fluorescence microscopy. Again, polyplexes (N/P 12) were formed in HBG. In 

K562 cells, overall reTfR modified polyplexes showed higher mean fluorescent 

intensity (MFI) than their negative controls, scr-reTfR and nonmodified polyplexes 

except 1285 polyplexes. Interestingly, R-PEG conjugated polyplexes 1284 and 

1285 showed similar or even higher MFI than reTfR. On the other hand, scr-

reTfR-1/2 had highest MFI for 1285. 
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Figure 11 Cellular association of pDNA polyplexes with K562 cells. Cells 

were incubated with 200 ng/well, 20 % Cy5 labeled pDNA 

polyplexes (N/P12, 0.5 equiv of DBCO agent) for 45 min at 37 °C. 

Cellular association (MFI, % of nonmodified polyplexes) was 

measured by flow cytometry (mean ± sd, n = 3). The statistical 

significance was determined by one-way ANOVA; ns, *p ≤ 0.05, **p 

≤ 0.01 and ***p ≤ 0.001. 
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In the case of N2a cells (Figure 12), reTfR modified 1276, 1218 and 1214 

polyplexes showed higher cellular association than all of their controls and 

nonmodified forms. Additionally, reTfR-1/ 1284 had highest MFI compared to all 

other modified and nonmodified cases. The reTfR modified 1285 indicated higher 

MFI than PEG controls. Surprisingly, scr-reTfR-1 and R-PEG-1 also had higher 

cellular association. Polyplexes 1258 did not show any differences in all modified 

and nonmodified cases. 

To evaluate of receptor mediated uptake, Tf receptor was blocked by 5 mg/ml 

free iron saturated hTf for 30 min on ice. Total of two polyplexes were chosen 

which were 1285 for K562 cells (Figure 13A) and 1284 for N2a cells (Figure 13B). 

Preincubation with hTf could block TfR and inhibit receptor mediated association 

of reTfR with K562 and N2a cells. These decreased associations were clear 

indicate of receptor specific uptake of reTfR ligands. 
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Figure 12 Cellular association of pDNA polyplexes with N2a cells. Cells 

were incubated with 200 ng/well, 20 % Cy5 labeled pDNA 

polyplexes (N/P 12, 0.5 equiv of DBCO agent) for 45 min at 37 °C. 

Cellular association (MFI, % of nonmodified polyplexes) was 

measured by flow cytometry (mean ± sd, n = 3). The statistical 

significance was determined by one-way ANOVA; ns, *p ≤ 0.05, **p 

≤ 0.01 and ***p ≤ 0.001. 
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Figure 13 Cellular association of pDNA polyplexes. K562 cells (A) or N2a 

cells (B) were incubated with 200 ng/well, 20 % Cy5 labeled pDNA 

polyplexes for 45 min at 37 °C and measured by flow cytometry. TfR 

blockade performed with (+) or without (-) 5 mg/ml free iron 

saturated hTf for 30 min at 4°C prior to addition of polyplexes to cells. 

Data are presented as histograms of cells (x-axis, increasing Cy5 

fluorescence intensity; y-axis, the number of cells). 

 

According to the results, association of K562 cells was more complex than N2a 

cells. This complexity can be caused by cellular differences. It is not surprising 

that cell associations (which also may include unspecific cell binding only) and 

gene transfer efficiencies only correlate in part; gene transfer also depends on 

efficient intracellular uptake, endosomal escape and/or delivery into the cell 

nucleus as well as transcription. However, in both cases of 1285 reTfR and 1284 

reTfR polyplexes, which are potent reTfR-enhanced transfection agents in K562 

cells or N2a cells, respectively, a blockade of TfR by pre-incubation with iron 

saturated hTf reduced the cellular association of polyplexes (Figure 13). These 

results support the hypothesis of a Tf receptor-mediated gene transfer process 

of these reTfR polyplexes. 
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3.2  Transferrin Receptor Targeted LNPs 

3.2.1 Design of hTf Targeted LNPs 

Unfortunately, there is no single perfect way or vector to transport nucleic acids. 

Currently, a wide variety of non-viral vectors have been studied to increase 

transfection efficiency, specificity and decrease cellular toxicity. One of such 

vector system is LNPs that have recently provided new opportunities for nucleic 

acid therapies [166-168]. Therefore, hTf targeted LNPs were investigated to 

enhance pDNA transfection efficiency and specific cellular uptake in this thesis. 

As first step, pDNA-LNPs were prepared as shown in Figure 14. Several 

components were utilized to construct of LNPs. Cationic lipid is the key 

component to encapsulate nucleic acids [169]. Positive charged cationic lipids 

easily bind to negative charged nucleic acids [170]. Previously, 1,2-dioleoyl-3-

trimethyl-ammoniumpropane (DOTAP) was often used as a permanently positive 

charged lipid [171]. However, permanently positive charge has handicaps such 

as not being well tolerable in vivo and low transfection efficiency due to the limited 

nucleic acid release ability in the cell [58]. To address this issue, MC3 has been 

previously introduced as cationizable lipid [172]. In the current work, LNPs 

containing the ionizable lipooligomer CLO3 were generated based on the 

protocol by Franziska Haase (LMU Pharmaceutical Biotechnology). For pDNA 

delivery, various phospholipids are being used as a helper lipid such as DOPE to 

facilitate LNPs formation. DOPE containing LNPs achieved high transfection 

efficiency properties in vivo [56]. Other component of LNPs is cholesterol that 

enhances stability of nanoparticles and promotes endosomal escape [173]. PEG 

lipids also known as PEGylated lipids with lipid moiety such as DMG are used to 
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enhance delivery efficiency in vivo and had showed benefit to cellular uptake and 

endosomal escape of LNPs [174, 175]. Besides from all these components, PEG 

conjugated DSPE also used due its biocompatibility, biodegradability [176] and 

amphiphilic property, which makes DSPE-PEG able to interact with various 

materials to enhance specificity [177]. For these reasons, DSPE-PEG with azido 

group was used in this study for post functionalization with DBCO agents via click 

chemistry same as previously mentioned polyplexes in section 3.1.1. 

As second step, LNPs were functionalized by targeting agent (Figure 14). The 80 

kDa human transferrin protein was used as a targeting agent and it was modified 

by DBCO-PEG12 by Teoman Benli-Hoppe (LMU Pharmaceutical Biotechnology). 

Tf from human plasma was modified by coupling with 2 equiv of DBCO-PEG12-

NHS ester. DBCO amount linked to hTf is expected to be around 1.5 equiv click 

reaction between DBCO in hTf ligand and azide units in LNPs provides selectivity. 
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Figure 14 Formation of pDNA LNPs in a two-step process. LNPs were 

prepared by mixing lipids in ethanol phase and pDNA in aqueous 

phase, then post functionalizated with hTf ligand. Created with 

BioRender.com. 

 

3.2.2 Physicochemical Characterization of Functionalized pDNA LNPs 

For all following LNP studies, plasmid pCMVLuc was also used as nucleic acid 

cargo. The LNP formulations were prepared by mixing one volume of lipids and 

oligomers on ethanol (cholesterol:DOPE:PEG-DMG:DSPE-PEG-N3:CLO3 at 

45:20:2:3:30 (2:3) or 45:20:1:4:30 (1:4) mole ratio). The N/P ratio of 9 for CLO3 

and 4.5 for MC3 were used. Three volumes of pDNA (200 ng/well) containing 

citrate buffer solutions were mixed with lipid mixture. After dialyses in HEPES (pH 

7.4) formulations were post functionalized with hTf-PEG12-DBCO as described in 
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Figure 14. Nanoparticle size and zeta potential of LNP formulations were 

characterized by DLS and ELS (Figure 15). 

 

 

Figure 15 Particle size (Z-average), zeta potential and PDI values of pDNA 

LNPs (formed at N/P 9), nonmodified or modified with 1, 2 and 3 

equiv of targeting agents, were measured by DLS and ELS (mean ± 

sd, n = 3). Dark gray bars and light gray represent 2:3 ratio and 1:4 

ratio of PEG-DMG:DSPE-PEG-N3, respectively. 

 

The nonmodified 2:3 and 1:4 LNPs formed almost same sized particles, 104 and 

103 nm diameter with neutral zeta potential, respectively. Their PDI were around 

0.2, indicating well-formed particles. The hTf modified 2:3 LNPs have size 

between 107 and 115 nm. The charge of modified 2:3 LNPs gradually decreased 

with increased equiv of hTf from -4 to -11 mV. They displayed low PDI only 1 
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equiv hTf had relatively high PDI. The ratio of PEG-DMG and DSPE-PEG-N3 did 

not change the size of hTf modified 1:4 LNPs which were sized between 108 and 

116 nm. Similar to hTf modified 2:3 LNPs, the zeta potential of hTf modified LNP 

decreased from -8 to -13 with increased hTf equiv from 1 to 3 equiv, respectively. 

The hTf modified 1:4 LNPs had well-formed particles around 0.2 or less PDI 

values. Decrease of zeta potential without aggregation was explained by 

successfully conjugation of Tf ligands with LNPs. 

Morphological characterization of LNPs was determined by TEM (Figure 16). The 

TEM analysis revealed that nonmodified and hTf modified LNPs were spherical, 

densely packed and mostly uniform particles with the diameter in the range of 70 

to 76 nm. DLS results showed slightly larger particles than TEM results which is 

explainable by liquid layer around the particles, drying process during staining of 

the TEM and high sensitivity of the DLS to small amount of aggregates and larger 

particles. 
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Figure 16 Top: TEM size data (diameter, nm) of pDNA LNPs (N/P 9, 

HEPES) with nonmodified LNPs or 3 equiv of hTf. Dark gray bars 

and light gray represent 2:3 ratio and 1:4 ratio of PEG-DMG:DSPE-

PEG-N3, respectively. Below: Corresponding representative TEM 

images of the pDNA LNPs. (scale bars = 200 nm). Measured by 

Özgür Öztürk (LMU Pharmaceutical Biotechnology). 
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In further characterization of nontargeted and targeted LNPs, the pDNA binding 

activity was determined by agarose gel shift assay. The sufficient pDNA binding 

was observed in the nonmodified and hTf modified 2.3 and 1:4 LNP formulations 

with no mobility of complexed pDNA (Figure 17). Agarose gel shift assay showed 

that different ratio of PEG-DMG:DSPE-PEG-N3 or different equiv of hTf had high 

binding ability and stability with pDNA cargo. 

 

Figure 17 Standard agarose (1 % TBE buffer) gel shift assay. pDNA LNPs, 

MC3 formed at N/P 9 and N/P 4.5 in HEPES, respectively. 

Nonmodified LNPs or hTf modified LNPs with 1, 2 and 3 equiv of 

targeting agents were analyzed. 

 

3.2.3 Gene Transfer Activity of TfR Targeted pDNA LNPs 

Two different ratio of PEG-DMG:DSPE-PEG-N3 were chosen for investigation of 

pDNA delivery efficiency to nucleus with hTf conjugated LNPs. Therefore, TfR 

overexpressed K562 cells were transfected with nonmodified and hTf modified 

LNPs. The both nonmodified 2:3 and 1:4 LNPs showed higher transfection 
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efficiency than MC3 positive control (Figure 18). Oligomer CLO3 formed 

successful LNP particles to transfect pDNA even without targeting agent. Three 

different equiv were selected to determine optimum delivery with hTf modified 

LNPs according to molar ratio of DBCO-PEG12-hTf to DSPC-PEG-N3. For hTf 

modified 2:3 LNPs, transfection ability significantly increased as the increased 

equiv of the hTf from 1 to 3. The highest transfection efficiency was observed in 

2:3 LNP with 3 equiv of hTf (p < 0.0001). When DSPE-PEG-N3 content increased 

from 2:3 to 1:4 LNP formulations, transfection efficiency significantly increased 

by hTf however, there is no obvious differences between different equivs of hTf. 

Cellular toxicity of LNPs was evaluated by CellTiter-Glo®. HEPES was used as a 

negative control. Cell viability of LNP was around 80 % with nonmodified and hTf 

modified LNP in K562 cells (Figure 19). These results clearly showed that LNPs 

with or without hTf ligand are nontoxic carriers. 
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Figure 18 Luciferase gene transfer in K562 cells. pDNA LNPs (N/P 9, 200 

ng pCMVLuc/well) modified with 1, 2 and 3 equiv of targeting agents. 

Cells were incubated with polyplexes for 24 h in serum 

supplemented medium at 37 °C and harvested for the luciferase 

assay. MC3 (N/P 4.5) and HEPES buffer served as positive and 

negative controls, respectively. Results are presented as mean ± sd, 

n = 3. For the comparison of nonmodified with hTf functionalized 

LNPs, the statistical significance was determined by unpaired t-test 

(two-tailed analysis); ns, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and 

****p≤ 0.0001. Dark gray bars and light gray represent 2:3 and 1:4 

ratios of PEG-DMG:DSPE-PEG-N3, respectively. 
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Figure 19 Metabolic activity of pDNA LNP transfection in K562 cells were 

determined by the CellTiter-Glo® assay. Metabolic activities are 

presented as percentage relative to HEPES buffer treated control 

cells (mean ± sd, n = 3). Dark gray bars and light gray represent 2:3 

and 1:4 ratios of PEG-DMG:DSPE-PEG-N3, respectively. 

 

The amount of PEG in the LNPs can affect not only particle size and zeta potential 

but also particle stability by avoiding aggregation [178-180]. Additionally, to 

increase specificity of delivery, PEG-lipids can be interacted with specific lipids. 

DSPE-PEG-maleimide was used for chemically conjugation between maleimide 

group and MAdCAM-D1D2 ligand [181]. They clearly showed significantly 

improved therapeutic outcome with high specificity and without immune activation 

or liver toxicity. The total amount of PEG in the LNP was 2 % (PEG-DMG:DSPE-

PEG-maleimide at 1.5:0.5 molar ratio). The percentage of LNP content is needed 

to optimized according to cell specific gene delivery [179, 182]. Additionally, type 

of the ligand also can affect LNP composition. For instance, FR targeted LNPs 

used total of 1.2 % PEG to enhance gene silencing in KB cells [183]. In this thesis, 
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3 or 4 % ligand interacted PEG (DSPE-PEG-N3) were used in total of 5 % PEG 

(PEG-DMG + DSPE-PEG-N3). We aimed to increase possibility of interaction 

between huge hTf ligand with LNPs via DBCO click chemistry. In case of 2:3 LNP 

formulations, modified LNPs increased transfection efficiency with increasing hTf 

equiv. On the other hand, 1:4 modified LNPs showed increased transfection 

efficiency compared to nonmodified LNPs however, increasing hTf equiv did not 

show similar gradual increase. Obviously, increased percentage of DSPC-PEG-

N3 hTf modified LNPs from 3 to 4 did not provide additional benefits to enhance 

transfection efficiency even with increased ligand equiv from 1 to 3. 

MC3 is the promising candidate as an ionizable cationic lipid that is used in first 

FDA approved double stranded small interfering RNA delivering LNP 

(ONPATTRO, Patisiran) [184-186]. The among 56 amino lipid candidates, MC3 

have been found the most active ionizable lipid [187]. However, undesired side 

effects of MC3 have been detected for chronic therapies [188]. In this thesis, the 

N/P 9 of cationizable lipooligomer CLO3 was chosen as a candidate for optimal 

particle formation. A high N/P ratio can increase the zeta potential, reduce the 

pDNA release capacity and cause low transfection efficiency [189, 190]. 

However, LNPs with selected N/P ratio showed well formed particles that were 

smaller than MC3. The new LNPs showed favorable in vitro transfection 

compared to the MC3 control, which however had not been optimized for pDNA 

delivery. hTf modified LNPs had negative zeta potential at both PEG-

DMG:DSPE-PEG-N3 ratios. The specificity of pDNA delivery with hTf modified 

LNPs is not only increased by receptor mediated uptake but also repulsion 

between negative charged hTf LNPs with negative charged cell membrane which 

decreases nonspecific interactions. 
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3.2.4 Cellular Association of Functionalized pDNA LNPs 

To correlate findings of pDNA transfection activity with cellular association, 2:3 

and 1:4 nonmodified and hTf modified LNPs incubated with K562 cells for 45 min 

and cell association evaluated by flow cytometer (Figure 20). The hTf protein is 

known specific uptake through TfR in K562 cells [142, 143]. Parallel results with 

pDNA transfection, hTf modified LNPs showed higher cell association than both 

2:3 and 1:4 nonmodified LNPs. Interestingly, neither 2:3 nor 1:4 hTf modified 

LNPs displayed increased association by gradually increased equiv of hTf. 

Increased ligand equiv or DSPE-PEG-N3 did not show any benefits with cellular 

association in hTf modified LNPs. Even, 1:4 hTf modified LNPs showed slightly 

decreased association with increasing ligand equiv but still higher than 

nonmodified LNPs. Parallel with section 3.1.4, 45 min incubation for association 

of ligand may not be sufficient for hard to transfect suspension K562 cells. The 

cell associations alone are not enough to explain endosomal escape and/or 

delivery into the cell nucleus as well as transcription. Increased transfection 

efficiency (Figure 18) may explained by higher endosomal escape capacity of 2:3 

hTf modified LNPs with increased equiv of ligands. On the other hand, all hTf 

modified LNPs had negative zeta potential. The repulsion of the negative charged 

Tf and pDNA can cause pDNA release from complex into the cell cytoplasm and 

enhanced transfection efficiency apart from cellular association [191]. 
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Figure 20 Cellular association of pDNA LNPs with K562 cells. Cells were 

incubated with 200 ng/well, 20 % Cy5 labeled pDNA LNPs (N/P 9, 

HEPES) for 45 min at 37 °C. TfR blockade performed with 5 mg/ml 

free iron saturated hTf for 30 min at 4°C prior to addition of LNPs to 

cells. Black and gray bars represent cellular association and TfR 

blockade, respectively. Cellular association (MFI, % of nonmodified 

polyplexes) was measured by flow cytometry (mean ± sd, n = 3). 

The statistical significance was determined by unpaired t-test (two-

tailed analysis); ns, *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. 

 

The receptor mediated uptake via hTf ligands was confirmed through competition 

experiment. K562 cells preincubated with iron saturated hTf (5 mg/ml) for 30 min 

on ice to block Tf receptor before LNPs added. Preincubation with iron saturated 

hTf reduced the cellular association of hTf modified LNPs in all equivs (Figure 

20). These results verified that a TfR-mediated uptake is responsible for 

increased association and leads to higher transfection efficiency. 
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4. Summary 

The therapy with nucleic acids showed great potential to cure life threatening, 

severe diseases especially for cancer. Non-viral gene delivery is a promising 

alternative to the classical method of viral gene delivery. However, non-viral 

nanocarriers need to be improved in several aspects such as suitable size, high 

stability outside of the cells, low affinity to blood components, high affinity to target 

cells, efficient uptake, successful endosomal escape and finally disassembly 

inside the cells. Current developments and increased knowledge in non-viral 

gene delivery systems open new doors to create optimum specialized 

nanocarriers. These synthetic carriers are able to be modified in different 

manners to improve their specificity and efficiency. 

The first part of the thesis focuses on the transferrin receptor targeted pDNA 

delivery with previously design sequence defined T-shaped lipo-OAAs. In current 

study, only 12 amino acid length protease resistant synthetic retro-enantio TfR 

ligand was used as a targeting agent. Six lipo-OAAs differing in their lipidic 

domains and redox-sensitive attachments of lipid residues were tested in order 

to evaluate the impact of core polyplex stability on receptor-dependent gene 

transfer. The reTfR targeted pDNA polyplexes demonstrated receptor targeted 

gene delivery in TfR rich K562 and N2a cells with a small advantage when using 

the bivalent DBCO containing conjugate reTfR-2 compare to monovalent 

conjugate reTfR-1. Interestingly, each cell line has different lipo-OAAs for best 

transfection. The less stabilized NonOcA-OAA 1258 or 1285 / reTfR-2 was found 

to be suitable for pDNA delivery into erythroleukemic K562 cells and the ssbb-

based bioreducible DecA- or NonOcA-OAAs 1284 or 1285 / reTfR-2 was best 
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suited for neuroblastoma N2a cells. The blockade of TfR by preincubation with 

iron saturated hTf reduced the cellular association of polyplexes which supports 

the hypothesis of a TfR-mediated gene transfer process of these reTfR 

polyplexes. Overall, transferrin receptor targeted sequence defined T-shaped 

lipo-OAA based specialized non-viral nanocarriers has been generated 

successfully. 

In the second part of the thesis, hTf targeted LNPs were investigated to find 

optimum formulation for pDNA delivery. For this purpose, two different ratio of 

PEG-DMG:PEG-DSPE-N3 and three different ligand equivalents were selected. 

Generated carriers analyzed in terms of size, zeta potential, morphology, stability, 

transfection efficiency and cellular association. Overall, hTf conjugated LNPs 

revealed higher transfection and association than nonmodified LNP formulations. 

In case of 2:3 LNP formulations, modified LNPs increased transfection efficiency 

with increasing hTf equiv. On the other hand, 1:4 modified LNPs showed 

increased transfection efficiency compared to nonmodified LNPs however, 

increasing hTf equiv did not show similar gradual increase. LNP formulations did 

not show any cellular toxicity in vitro. Most importantly, competition experiments 

support TfR-mediated uptake by reduced cellular association of hTf modified 

LNPs. 

In summary, both 12 amino acid small protease resistant retro-enantio TfR 

binding peptide and 80 kDa serum iron transport protein transferrin showed 

notable power to enhance targeted gene delivery. Ligand conjugated lipo-OAAs 

and LNPs showed great potential to transfect pDNA cargo. These non-viral gene 

delivery systems might be candidates for further therapeutic developments.
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5. Abbreviations 

ASGPR Asialoglyoprotein receptor 

ATP Adenosine 5′-triphosphate 

BBB  Blood brain barrier 

DAPI 4′,6-diamidino-2- phenylindole 

DBCO Dibenzocyclooctyne 

DNA Desoxyribonucleic acid 

DecA Decanoic acid 

DLS Dynamic light scattering 

DMEM Dulbecco’s modified Eagle’s medium 

DMG-PEG 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene 
glycol-2000 

DOPE 1,2-dioleoyl-sn-glycero-3-phosphorylethanolamine 

DOTAP 1,2-dioleoyl-3-trimethyl- ammoniumpropane 

DSPE-PEG-N3 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[aazido(polyethylene gly-col)-2000] 

DTT Dithiothreitol 

DTX Docetaxel 

EDTA Ethylendiaminetetraacetic acid 

EGF/EGFR Epidermal growth factor / (receptor) 

ELS Electrophoretic light scattering 

EPR Enhanced permeability and retention 

EtBr Ethidium bromide 

FA Folate/Folic acid 

FBS Fetal bovine serum 

FDA Food and Drug Administration 

FR Folate receptor 

G-ssbb Glycine-disulfide block 

HA Hyaluronic acid 

HBG Hepes-buffered glucose 

HEPES N-(2-Hydroxethyl) piperazine-N‘-(2-ethansulfonic acid) 

HES Hydroxyethyl starch 

hTf Human transferrin 

kDa Kilodalton 

lipo-OOAs Lipo-oligoaminoamides 

LNPs Lipid nanoparticles 

LPEI Linear polyethylenimine 

MC3 D-Lin-MC3-DMA 

MFI Mean fluorescent intensity 

mM Millimolar 

mRNA Messenger RNA 

mV Millivolt 

N/P Nitrogen to phosphates ratio 
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nm Nanometer 

NLS Nuclear localization signal 

NonOcA Nonamido octanoic acid 

NPC Nuclear pore complex 

ns Not significant 

OAA Oligoaminoamide 

OleA Oleic acid 

PAS Pro-Ala-Ser 

PBS Phosphate-buffered saline 

pCMVLuc Plasmid encoding for firefly luciferase  

PDI Polydispersity index 

pDNA Plasmid DNA 

PEG Polyethylene glycol 

PEI Polyethylenimine 

pHPMA Poly(N-(2-hydroxypropyl) methacrylamide) 

PLL Poly-L-lysine 

reTfR Retro-enantio-Transferrin receptor binding peptide 

RGD Arginine–glycine–aspartic acid 

RLU Relative light units 

RNA Ribonucleic acid 

RT Room temperature 

siRNA Small interfering RNA 

SPS Solid-phase synthesis 

STOTDA Succinyl-trioxa-tridecandiamine 

TBE Tris-boric acid-EDTA buffer 

TEM Transmission electron microscopy 

Tf Transferrin 

TfR Transferrin receptor 
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