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1 Introduction 

This chapter provides a short introduction to basic principles and current developments in the 

field of nucleic acid delivery to create a framework for the topics addressed in this thesis. 

However, it is not intended to give a complete overview of this rapidly changing and expanding 

research field. 

1.1 Nucleic acid therapeutics 

The rapidly advancing field of nucleic acid therapeutics has been in the focus of many 

researchers. This innovative approach encompasses various strategies aimed at modulating 

or correcting genetic anomalies at their origin, with the potential to treat genetic disorders, 

cancer, and other diseases by altering gene expression.(1-6) A sustainable treatment on the 

genomic level can be achieved through the introduction of plasmid DNA or by gene editing 

techniques using the CRISPR/Cas9 system.(4, 7, 8) Additionally, RNA interference (RNAi) 

therapeutics are based on short interfering RNA (siRNA)(9, 10) or antisense oligonucleotide 

(ASO)(11) therapies that modulate gene expression at the mRNA level, preventing the 

production of specific proteins.(12, 13) Furthermore, mRNA therapeutics have emerged as a 

promising class of nucleic acid drug products that act on the cytosolic level of protein 

expression.(14, 15) 

The American Society of Gene and Cell Therapy (ASGCT) has reported an increasing number 

of gene and mRNA therapies that are authorized for medical use or have entered the clinical 

development stage. Up to the second quarter of 2024, more than 60 therapies have been 

approved, and more than 2000 gene therapies are currently in clinical trials.(16)  

A key factor to the success of nucleic acid-based therapies is the efficient delivery of the nucleic 

acid therapeutic into target cells. However, since this task is complicated by the inherent 

instability of nucleic acids and their poor cellular uptake, the development and implementation 

of suitable nucleic acid carrier systems is essential. In addition to providing protection and 

stabilization of the fragile nucleic acid cargo during the administration and delivery process, 

the carrier must ensure sufficient intracellular release of the drug to unfold its therapeutic 

capacity while enhancing the biocompatibility of the formulation.  

To date, the majority of genetic medicines, whether approved or in clinical trials, are based on 

viral vectors thanks to their excellent gene delivery potency.(17) However, in recent years, also 

non-viral carrier systems have entered the field as strong contenders.(18). Over the last 

decade, lipid nanoparticle (LNP) formulations have gained significant attention as promising 

non-viral delivery platforms for nucleic acids, pioneered by the siRNA-LNP formulation 

Onpattro which has been approved for the market in 2018(19, 20) and, more recently, mRNA-

based vaccines to contain the SARS-CoV-2 pandemic.(21-23) As research progresses, nucleic 
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acid therapeutics are expected to pave the way for personalized medicine and the treatment 

of previously incurable diseases.(24-26)  

1.2 Nucleic acid delivery – Overcoming biological barriers 

To ensure efficient delivery and to unfold therapeutic or prophylactic potential, nucleic acid 

therapeutics must overcome various challenges.(27) One challenge to address is protecting 

the nucleic acid against degradation by endogenous nucleases.(28) Furthermore, the 

formulation must allow for effective cellular uptake and subsequent release of the nucleic acid 

cargo at its site of action.(29-32) In addition to virus-based envelopes, which are inherently 

capable of delivering nucleic acids, non-viral carrier systems have emerged as a promising 

solution to the challenges encountered during the delivery process. 

1.2.1 Non-viral delivery systems 

Non-viral carrier systems are designed to complement viral vectors as they are considered to 

offer several benefits over traditional carriers.(33-35) In particular, non-viral carrier systems are 

used with the aim of minimizing the risks associated with viral vector drug products, such as 

immunogenicity or off-target mutagenesis. Thus, they provide a safe and adaptable alternative 

for various applications.(36) 

Nanoparticles, especially particles prepared from biocompatible materials like lipids or 

polymers, have significant potential as vectors for nucleic acid delivery. They can be tailored 

in two primary ways: First, to meet the specific and individual requirements of each nucleic 

acid to ensure compaction and protection of the cargo(37-39) and second, to modulate the 

particle’s size and surface properties in order to optimize cellular targeting, uptake, and toxicity 

profiles.(40-44) Moreover, the carrier design should enable efficient endosomal escape to 

release their cargo in response to specific intracellular conditions, thereby enhancing 

therapeutic efficiency.(45-47) 

Polymeric as well as lipid-based carrier systems are being developed for these purposes. 

Polycations form nanoparticles with negatively charged nucleic acids, resulting in so-called 

‘polyplexes’(48, 49), which not only protect the cargo from degradation but also provide 

properties that support the delivery process.(50) For example, polyplexes composed of 

cationic polymers promote cellular uptake by interacting with the negatively charged outer layer 

of the cell membranes and support the endosomal escape by acidifying the endosomes.(51) 

Lipid-based carrier systems interact with both extracellular and intracellular membranes 

through their fusogenic properties(52, 53) and provide enhanced stabilization of the nucleic 

acid cargo.(54-57) Hybrid forms such as LNPs or lipopolyplexes contain both cationic and 
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lipidic domains, and combine the advantages of the formulations mentioned above to represent 

the most advanced approach to date.  

Additionally, more complex formulations comprising additional structural motifs with tailored 

functionalities provide capabilities to respond to changes in the extracellular or intracellular 

environment. Understanding structure-activity relationships is critical for the improvement of 

the delivery process.(57) Consequently, the sequence-defined assembly of carrier molecules 

consisting of essential structural motifs allows to fulfill diverse requirements of the 

formulation.(58, 59) Sequence definition can be achieved by solid phase assisted 

synthesis(60) and is not limited to classic amino acids but allows the insertion of a wide range 

of structural motifs.(56, 61, 62) For example, cationic motifs are needed for nucleic acid 

compaction, and lipid domains enhance particle stability and facilitate cellular uptake, while 

pH- or redox-responsive functionalities facilitate cargo release(45, 58, 63-66). Fine-tuning of 

stability and release can be achieved through the incorporation of particle stabilizing motifs(67, 

68) to enhance structural integrity as well as features to support endosomal escape to improve 

cargo release(67, 69-71), among other strategies.  

 

1.2.2 Directed delivery of polyplexes – Shielding and targeting 

1.2.2.1 Shielding of non-viral nucleic acid therapeutics  

Non-viral nucleic acid formulations are often administered systemically, typically via 

intravenous (i.v.), intramuscular (i.m.) or subcutaneous (s.c.) injections.(1) Upon injection, 

these predominantly positively charged particles encounter the blood complement system, 

leading to the formation of a coat consisting of several serum proteins.(72) This ‘protein corona’ 

determines the subsequent fate of the carrier system by creating an individual biological 

identity (73-75) which may cause the activation of the immune system(76) or regulates and 

redirects the nanoparticle delivery.(77, 78) 

Masking the positive surface charge can reduce these unwanted side effects. One strategy to 

achieve this is modifying the particle’s surface with ‘shielding agents’, which decreases the 

zeta potential, reduces interaction with serum proteins, and consequently prolongs blood 

circulation time.(79) 

A commonly used shielding agent is polyethylene glycol (PEG), which is also utilized in the 

currently approved LNP formulation Patisiran as well as the COVID-19 mRNA vaccines.(80) 

Furthermore, numerous studies report the beneficial effect of PEGylated nanocarriers.(81, 82) 

PEG increases the solubility of the particles in hydrophilic environments and sustains carrier 

stability against particle aggregation.(83, 84) However, the ubiquitous use of PEG, not only in 

nucleic acid medicines but also as an excipient in other drug formulations or as an additive in 

cosmetics and food, has led to observed immunogenic reactions to PEG.(85-87) Research 
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efforts are put in finding alternatives to PEG. For example, polymer-based shielding agents, 

such as polysarcosine(88, 89), poly(N-(2-hydroxypropyl)-methacrylamide)(90) or poly(2-

oxazoline) and its derivatives(91, 92), or polysaccharides such as hyaluronic acid (HA)(93, 94) 

or hydroxyethyl starch(95, 96) are subject to numerous studies and have shown encouraging 

shielding properties.  

Another challenge associated with shielding is the potential reduction in the delivery system’s 

efficiency due to decreased cellular uptake as a consequence of reduced interaction with cell 

membranes, also known as the PEG dilemma.(81, 97) This issue can be resolved, for example, 

by bio-stimuli triggered release or shedding of the shielding domain, as demonstrated by 

Patisiran or other labile PEG linkers(90, 98, 99) or by incorporation of targeting ligands. 

1.2.2.2 Targeted nucleic acid delivery using carbohydrate-based ligands 

Targeting strategies in nucleic acid delivery involve either ligands to bind specifically to cell 

surface receptors or chemical targeting based on surface characteristics leading to favored 

uptake by specific types of cells.(100, 101) Hence, selective uptake by target cells can be 

improved, accompanied by minimized off-target effects and toxicity, and is considered to 

enhance therapeutic efficacy by achieving increased intracellular nucleic acid 

concentrations.(102, 103) Recent advances have leveraged ligand-free targeting strategies by 

developing nanocarriers capable of organ-specific delivery based on their physicochemical 

surface properties by taking advantage of the natural tropism of certain materials or 

components of the carrier.(104-108) 

In the landscape of receptor-based targeting strategies, carbohydrates represent prominent 

target ligands attached to nucleic acid carrier systems.(109-111) Glyco-ligands are essential 

for the cutting-edge development of nucleic acid-ligand conjugates, reaching marketable 

commodities. These advances have paved the way for the market authorization of multiple 

GalNAc-linked nucleic acid therapeutics during the last five years targeting diseases 

originating in the liver. (112, 113) The specific interaction between carbohydrate residues and 

their corresponding binding proteins, known as lectins, enables precise cellular targeting and 

enhances uptake efficacy. Lectins such as the asialoglycoprotein receptor (ASGPR) or 

mannose-specific receptors are frequently targeted due to their critical role in initiating 

receptor-mediated endocytosis of glycoconjugates from both endogenous and exogenous 

origin.(114-116) 

The interaction between carbohydrates and lectins is mediated by reversible binding to the 

carbohydrate recognition domain (CRD).(117) A multivalent and spatially optimized 

presentation of the carbohydrate residues is crucial to achieve high binding affinity between 

receptors and ligands.(118-120) High affinities can also be obtained by the receptors 

presenting multiple binding sides, allowing for interaction in various binding modes.(121-124) 
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One notable example is N-acetyl-galactosamine (GalNAc), which is an ideal candidate for 

targeting ASGPR, a receptor almost exclusively expressed on the surface of hepatocytes.(116, 

125) The synthesis of highly specific GalNAc ligands enhancing the binding affinity towards 

ASGPR has facilitated the development of efficient carrier systems for delivering therapeutic 

nucleic acids such as siRNA and antisense oligonucleotides.(126, 127) 

Mannose, another prominent carbohydrate motif, is utilized as ligand for targeting antigen-

presenting cells (APCs) such as dendritic cells and macrophages.(128-130) This specificity 

enables targeted delivery of nucleic acids to immune cells aiming to enhance immune 

responses or to modulate immune-related diseases.(131, 132) Ongoing innovations and 

improvements in carrier design have expanded the therapeutic potential of mannose-targeted 

delivery systems, opening new possibilities for treatments in cancer immunotherapy(133, 134), 

and for vaccine development.(135-137) 

1.2.3  Intracellular fate of polyplexes – Endosomal escape 

Polymer- and lipid-based nucleic acid carrier systems used for the delivery of nucleic acid 

therapeutics are internalized by the cells predominantly by endocytosis(138, 139). After cellular 

entry, the carriers are encapsulated into intracellular vesicles, the endosomes, and must 

release their cargo into the cytoplasm to unfold their therapeutic potential.(46) This process 

critically depends on endosomal escape, which many experts consider the major bottleneck in 

nucleic acid delivery.(31, 32, 140) In fact, it is reported that less than 5% of the nucleic acid 

load is released from the endosomes.(30, 141)  

Endosomal escape is primarily achieved by mechanisms such as the proton-sponge 

effect(142), membrane destabilization(143), membrane fusion(144), or combinations of these, 

depending on the properties of the carrier system.(140, 145)  

The proton-sponge effect, particularly prominent in polymer-based carriers, involves the buffer 

capacity of cationizable polymers, such as polyamidoamines (PAMAM) or polyethyleneimine 

(PEI)(146-148). These polymers act as weak bases, which leads to osmotic swelling due to 

acidification of the endosome and subsequent rupture of the endosomal membrane. In addition 

to that, buffering motifs such as histidines can be incorporated into the polymer to enhance the 

effect.(71, 149) In the case of cationic polymers lacking buffer capacities during endosomal 

maturation, endosomolytic reagents, such as chloroquine(150, 151), fusogenic or cell-

penetrating peptides(152-157) can be added to facilitate endosomal release. 

Lipid-based carriers, in contrast, often rely on membrane fusion or destabilization to facilitate 

escape, leveraging the lipid’s affinity for endosomal membranes(158, 159). For example, the 

ionizable lipid component of LNPs induces a phase transition of the membranes, supporting 

the release of the cargo.(160, 161)  
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In recent work from our group, novel lipoamino fatty xenopeptide carriers have been 

developed, combining both lipidic and (reversibly) cationic characteristics. These hybrid 

carriers have demonstrated improved and accelerated nucleic acid release by synergistic 

endosomal release strategies.(107, 162)  

Successful nucleic acid release into the cytoplasm is crucial for unfolding its therapeutic 

efficacy. However, the efficiency of endosomal escape can be variable, and incomplete escape 

may result in the degradation of the nucleic acid cargo within lysosomes, consequently leading 

to a loss of efficacy.(31)  

Moreover, the fate of the carrier molecules subsequent to the cargo release must be 

considered in the development process with special regard to the development of safe and 

efficient formulations. Carrier molecules remaining in the cytoplasm potentially lead to cytotoxic 

effects if they are not readily degradable.(163, 164) Cytotoxicity can be intensified by several 

factors, such as the carrier’s size, charge, and composition.(165) For instance, carriers 

promoting effective endosomal escape may exhibit the potential to disrupt both organelle 

membranes and plasma membranes, trigger the formation of reactive oxygen species (ROS) 

and induce apoptosis or necrosis.(166-170) 

Thus, the carrier design requires a careful balance between enhancing endosomal escape and 

minimizing cytotoxicity to optimize the therapeutic potential and several strategies can be 

employed in carrier design to mitigate cytotoxicity. These include interrupting the 

polyethyleneimine to shorter amino ethylene building blocks, which display nucleic acid binding 

capacities and buffering properties promoting endosomal release accompanied by enhanced 

biocompatibility.(50, 171, 172) Incorporating degradable motifs into the carrier’s backbone as 

defined breaking points to produce non-toxic, biodegradable byproducts or optimizing the 

carrier’s size and surface charge to reduce membrane disruption also improves cellular 

tolerability.(163, 173) Therefore, modifying carriers by including pH-sensitive or redox-

responsive elements can improve the controlled release and further reduce the potential for 

cytotoxicity.(45, 174)  

1.3 Aims of the thesis 

Non-viral carrier systems for the delivery of various genetic materials are becoming 

increasingly impactful in treating and preventing numerous diseases. By continuous 

optimization of the non-viral nucleic acid carriers, it may become possible to generate highly 

potent delivery systems. To achieve this, it is crucial to meet the individual requirements of 

each nucleic acid therapeutic. Several hurdles along the delivery process can be addressed in 

order to improve the activity of the nucleic acid drug formulations. This thesis contains the 

results of in two distinct projects dealing with different phases of the delivery process, both with 

the aim to optimize sequence-defined nanocarriers. Different cell types can be addressed by 
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integrating targeting ligands to facilitate specific uptake by targeted receptors. Furthermore, 

the incorporation of bio-responsive motifs or the modulation of the hydrophilic-lipophilic 

balance can be employed as a strategy to enhance endosomal escape or increase cell 

tolerance, enabling efficient and safe nucleic acid delivery.  

 

The first aim of the thesis was to develop modular functionalized nanocarrier systems for 

targeted delivery of pDNA via receptor-mediated endocytosis. To achieve this, a small library 

of polycationic, succinoyl tetraethylene pentamine (Stp) based carriers with a dendrimer-like 

four-arm architecture had to be synthesized by solid phase assisted peptide synthesis (SPPS). 

These oligoaminoamides (OAAs) and equipped with azido-lysines allowing for modular and 

efficient functionalization with alkyne-bearing ligands, including PEG-agents as well as 

GalNAc- and mannose-ligands via strain-promoted alkyne-azide cycloaddition (SPAAC). 

Initially, an extensive screening of the azido four-arm library was intended to identify suitable 

candidates for pDNA-transfection by both physicochemical (i.e., size, zeta potential, DNA 

compaction ability) and biological (gene expression, cytotoxicity) methods.  

Subsequently, two different strategies for polyplex functionalization with shielding agents 

and/or carbohydrate-based targeting ligands were to be tested using the most promising 

candidates from the library. A pre-functionalization approach, whereby the OAAs are 

functionalized with the ligands prior to polyplex formation, was to be compared to a post-

functionalization approach, in which the ligands are clicked to the OAAs after complexation 

with the nucleic acid.  

For this purpose, a set of PEG-shielding agents with varying lengths of the shielding domain 

and suitable carbohydrate ligands with either GalNAc or mannose residues suitable for lectin-

directed targeting to selected cells had to be synthesized. The PEG shielding agents and the 

carbohydrate ligands were planned to be equipped with a dibenzo cyclooctyne (DBCO) motif 

on the N-terminus for attachment to the OAAs. The resulting shielded and targeted polyplexes 

were then to be evaluated with regard to particle formation ability and transfection activity, 

including a comparison of the polyplex modification strategies. In addition to that, each OAA 

provides four azido-groups per molecule, which allows to compare varying degrees of 

functionalization from low to high by using different molar ratios for the click reaction. This 

versatility should enable the fine-tuning of polyplex properties to optimize ligand-receptor 

interaction and, hence, their efficacy. It was aimed to evaluate the sugar-functionalized 

polyplexes with particular regard to their ability to deliver pDNA to cells presenting highly 

specific carbohydrate receptors in suitable assays under the use of receptor-inhibiting 

substances.  
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The second aim of this thesis was to develop and evaluate effective, biocompatible sequence-

defined nanocarriers that should derive from a novel class of double pH-responsive 

xenopeptide carriers. The design of these carriers was considered to be based on lipophilic, 

ionizable lipoamino fatty acids (LAFs) and the polar ionizable building block Stp, which have 

demonstrated transfection efficacies approaching those of viral vectors. 

Structural variations were to be inserted in selected carriers of different topologies at 

strategically appropriate positions during the sequence assembly by solid phase synthesis with 

the aim to enhance biocompatibility and mitigate potential adverse effects on cell viability 

associated with the highly potent nanocarriers. These structural modifications should consist 

of either a bioreducible disulfide building block or a hydrophobic spacer. These features are 

considered to enhance hydrophobicity and, in the case of the ssbb-modified carriers, provide 

bioreducible cleavage sites to facilitate nucleic acid release after endosomal escape and to 

allow for fast cytosolic degradation of the carrier molecules. 

After successful synthesis of the carriers, the examination of physicochemical and biophysical 

characteristics of polyplexes formed with either pDNA or mRNA and the novel modified LAF 

carriers was planned. Furthermore, the impact of the carrier modification on their ability to 

compact and release the nucleic acid cargo via suitable assays, as well as their lytic potential 

towards cell membranes, had to be assessed before and after the treatment with glutathione 

(GSH), a cytosolic reducing agent triggering the disassembly of the disulfide-modified carriers. 

In the following, the carriers were to be screened on various tumor cell lines to evaluate 

transfection efficacy and cytotoxicity of both mRNA and pDNA polyplexes. Mechanistic studies 

involving the new carriers should be conducted to gain a deeper understanding of the 

underlying toxicity mechanisms of the novel lipoamino fatty acid carriers to facilitate further 

improvement regarding their efficiency and biocompatibility.  
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2.1 Abstract 

Nucleic acid therapeutics have shown great potential for the treatment of numerous diseases, 

such as genetic disorders, cancer and infections. Moreover, they have been successfully used 

as vaccines during the COVID-19 pandemic. In order to unfold full therapeutical potential, 

these nano agents have to overcome several barriers. Therefore, directed transport to specific 

tissues and cell types remains a central challenge to receive carrier systems with enhanced 

efficiency and desired biodistribution profiles. Active targeting strategies include receptor-

targeting, mediating cellular uptake based on ligand-receptor interactions, and chemical 

targeting, enabling cell-specific delivery as a consequence of chemically and structurally 

modified carriers. With a focus on synthetic delivery systems including polyplexes, lipid-based 

systems such as lipoplexes and lipid nanoparticles, and direct conjugates optimized for various 

types of nucleic acids (DNA, mRNA, siRNA, miRNA, oligonucleotides), we highlight recent 

achievements, exemplified by several nucleic acid drugs on the market, and discuss 

challenges for targeted delivery to different organs such as brain, eye, liver, lung, spleen and 

muscle in vivo. 

Keywords. Lipoplex; pDNA; polyplex; siRNA; targeting. 
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2.2 Introduction 

Over the last three decades, vectors for the delivery of therapeutic genetic material were 

extensively evaluated and optimized. Currently, more than 3000 clinical trials on gene therapy 

have been conducted or are still ongoing. With about 2/3 of clinical trials on cancer diseases, 

gene delivery to tumors represents the primary target for nucleic acid therapy. However, other 

indications, such as monogenetic diseases, infections, inflammatory diseases, neurological 

and ocular disorders are also interesting targets for gene therapy.(3, 4, 175) For gene transfer, 

viral vectors are still the most advanced delivery systems in clinical gene therapy studies, 

attributed to their excellent transduction efficacies.(17, 176) Part of their efficacy is that they 

are naturally built to introduce nucleic acids into foreign cells, presenting natural receptor 

targeting agents and peptide sequences on their surface that enable cellular entry.  

Synthetic delivery systems present a second class of transfer agents for nucleic acid 

therapeutics. They have the advantage that they can be designed to be non-immunogenic and 

have the potential to deliver a broad range of natural or synthetic and modified nucleic acids. 

Historically, transfections introduced functional genes by either using DNA transfer into the 

nucleus or RNA transfer into the cytosol.(177-179) In contrast to DNA, messenger RNA 

(mRNA) does not require nuclear entry since its site of action is located in the cytosol. Its great 

therapeutic potential (14, 180) was recently proven by the successful application of mRNA-

based COVID-19 vaccines.(21, 22, 181) With the new millennium, RNA interference (RNAi) 

therapeutics were developed as another class of therapeutic nucleic acids, aiming for the down 

regulation of malignant gene expression by short interfering RNA (siRNA) (182) or micro-RNA 

(miRNA) (183). In addition, now for more than 30 years, antisense oligonucleotides have been 

therapeutically applied by blocking or modulating splicing of complementary mRNA.(11, 184) 

Most recently, the CRISPR/Cas technology has entered therapeutic application as a promising 

tool for genome editing (7, 185), either via Cas9 mRNA/single guide (sg) RNA or as Cas9 

protein/sgRNA ribonucleoprotein complex.(8) These synthetic carriers range from organic, 

polycationic carriers to lipid structures and inorganic particles and were extensively optimized 

in order to enhance transfection efficacy and become more and more like artificial viruses.(186, 

187) First of all, these synthetic carriers are designed to compact the genetic material for 

protection against degradation and shielding against undesired interactions. This can be 

achieved by polycations such as poly-L-lysine (PLL) (151, 188), polyethyleneimine (PEI) (28, 

189), poly(amidoamines) (PAMAM) or dendrimers (190, 191) which interact with negatively 

charged nucleic acids and assemble in nano-sized particles, so-called “polyplexes”(48). Lipid-

based structures including “lipoplexes”, in which the genetic material is packaged by positively 

charged lipidic carriers, and “LNPs”, containing the nucleic acid inside multi-component lipid 

nanoparticles, have also proven great potential as nucleic acid delivery systems (Figure 

2.1).(48, 192)  



   2  Directing the way – Receptor and Chemical Targeting Strategies for Nucleic Acid Delivery 

11 

In order to show comparable transfection efficacies to viral vectors, especially for in vivo 

studies, synthetic delivery systems need to fulfill further demands.  

The particles should 

a) show no interaction with blood components or aggregation tendency in 

physiological environment, 

b) show prolonged blood circulation time to reach the target tissue 

c) promote efficient cellular uptake and 

d) release the genetic material into the cytoplasm, so it can reach its site of action.  

Within this delivery process, one major challenge remains the transport and transfer of nucleic 

acids to the desired cell type or tissue. This requirement can be approached by modifying 

synthetic carriers with functional domains giving targeted delivery systems, which was first 

successfully implemented 35 years ago by Wu et al. using GalNAc-presenting ligands on PLL-

polyplexes for directed delivery to hepatocytes.(188, 193) 

In this review, we will give an overview about different active targeting strategies for synthetic 

delivery systems. We highlight recent advances in nucleic acid delivery to specific healthy 

tissues including the liver, lung, brain, immune cells, retina and muscle. Specific delivery to cell 

types can be mediated via defined ligand-receptor interactions (receptor-targeting) as well as 

modulating the physicochemical properties of the nucleic acid nanoparticles based on small 

structural variations of the synthetic carriers (chemical targeting). For tumor-specific targeting 

of nucleic acids we refer to other published work.(101, 194, 195) 

 

 

Figure 2.1. Nonviral carriers for the delivery of different nucleic acids, including their main components, 
particle types as well as shielding and targeting agents for organ- or cell-specific delivery upon systemic 
injection. Created with BioRender.com 
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2.3 Strategies for specific delivery 

2.3.1 Shielding 

Synthetic carriers have proven to be potent transfer vehicles for nucleic acid delivery for in vitro 

studies thanks to various optimizations. However, during the delivery process from injection to 

gene expression, several obstacles and cellular bottlenecks must be overcome to unfold the 

full therapeutic potential of the nucleic acid. Besides efficient encapsulation of the genetic 

material to protect against degradation, it must be ensured that the carriers circulate in the 

blood until reaching the target tissue.  

Cellular uptake of positively charged polyplexes is enabled by non-specific endocytosis, in 

particular macropinocytosis from the extracellular fluid (196) (see Figure 2.2 A). The uptake 

can be further improved, even though not specified, by incorporation of cell-penetrating 

peptides in the formulation, such as octaarginine motifs.(155, 197) In vivo applied nanocarriers, 

however, are confronted with blood components like plasma proteins that adsorb on particle 

surface and hence sustainably affect circulation, transport to tissues and cellular uptake.(198-

200) For instance, the formation of a protein corona comprised of opsonins will mediate 

phagocytosis removing particles from the circulation.  

To this end, it is necessary to shield positively charged carriers against unspecific interactions 

with serum proteins that may result in phagocytosis of the particles. This can be achieved by 

incorporating shielding domains, for example polymers such as polyethylene glycol (PEG) 

(82), poly(N-(2- hydroxypropyl)methacrylamide) (pHPMA) (201), poly(2-oxazolines) (202) and 

poly-sarcosines (88) or polysaccharides such as hydroxyethyl starch (203) or hyaluronic acid 

(HA) (Figure 2.1) (94, 204, 205). Shielding the carrier’s surface results in lowered surface 

charge and thus reduced interaction with serum proteins, which allows the particles to 

circumvent the reticuloendothelial system (RES) and increase circulation time in the blood.(82) 

However, poor targeting abilities resulting in off-target effects or low accumulation on the target 

site set limitations regarding the application of synthetic gene delivery systems in vivo. 

Consequently, to ensure tissue- or cell-selective delivery and to minimize accumulation in off-

target sites, the particles can be surface-modified either by specific ligands that will interact 

with receptors on the targeted cell type for active targeting or by modification of their chemical 

composition leading to altered biodistribution for chemical targeting. 
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2.3.2 Active Targeting 

 

 

Figure 2.2. Internalization pathways of nucleic acid carriers by receptor-mediated endocytosis. Created 

with BioRender.com 

 

Table 2.1. Characteristics of cellular uptake via clathrin- and caveolae-mediated endocytosis. 

 Clathrin-mediated endocytosis Caveolae-mediated 

endocytosis 

Vesicles for transport Clathrin-coated vesicle Caveosome 

Examples for receptors  TfR, ASGPR, LDLR Folate receptor, VEGFR,  

Interleukin-2 

Tolerated nanoparticle size Up to 200 nm 200 to 500 nm 

Intracellular fate of cargo Formation of endosomes,  

maturation to late endosomes, 

lysosomal degradation or 

endosomal escape 

Transport to endoplasmic 

reticulum, Golgi apparatus, 

facilitated delivery to nucleus 

 

Receptor targeting. Decorating the carrier’s surface with ligands can yield specific cellular 

uptake based on receptor-mediated endocytosis. Here, the fact that specific tissues differently 

express certain receptors is used to enhance cell-specific uptake of nucleic acid carriers (103). 

The types of ligands used for modification of delivery systems range from small chemical drug-

derived compounds (206-209), peptides (210, 211) to large proteins (212, 213), antibodies 
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(214, 215), carbohydrates (216-218) and vitamins (219, 220) (Figure 2.1). Interaction with their 

specific receptors will lead to receptor-mediated endocytosis, a highly selective process of 

nanoparticle internalization.  

In order to achieve receptor-mediated uptake, unspecific interactions of the carrier with blood-

components have to be reduced by shielding. Cellular uptake is initiated by recognition of 

specific ligands by cell surface receptors. After cell binding, the receptor-ligand complex is 

internalized by the formation of vesicles from the cell membrane and delivered to the cytosol 

(Figure 2.2 B, C). The fate of nanocarrier transport through the cytosol is determined by the 

receptor type and the associated pathway of endocytosis, as summarized in Table 2.1. For 

example, prominent receptors used for targeted gene delivery such as transferrin receptor 

(TfR) (221), asialoglycoprotein receptor (ASGPR) (222) or low-density lipoprotein receptor 

(LDLR) (223) undergo clathrin-mediated endocytosis into early endosomes, followed by 

endosome maturation and fusion with lysosomes (224). Only small particles with a maximum 

size of 200 nm can be taken up by this route.(139) Other receptors, e.g., the folate receptor 

(225) or interleukin-2 receptor (226), are internalized via caveolae-mediated endocytosis.(227) 

This route tolerates uptake of particles up to 500 nm (139) and allows to bypass the fusion with 

lysosomes, leading to delivery to endoplasmic reticulum and facilitated nuclear transport.(228) 

Generally, the release of carriers from late endosomes is critical for efficient nucleic acid 

delivery to avoid either enzymatic degradation of the nucleic acid payload after fusion with 

lysosomes or exocytosis during receptor recycling. Conveniently, synthetic carriers have been 

designed to exhibit endosomolytic properties. For example, cationic carriers containing 

protonatable amines, e.g., PEI or histidine-containing constructs response to acidic pH in late 

endosomes promoting a proton-sponge effect, i.e. swelling and eventually disruption of the 

endosomes, leading to release of the nucleic acid to the cytosol.(71, 148) Lipid-based carriers 

are able to release their cargo by fusion with the negatively charged endosome membrane.(54) 

 

Strategies to incorporate targeting ligands into the delivery system. Ligands for receptor-

targeting as well as shielding domains can be integrated into the delivery system by both, pre-

functionalization, and post-modification.(229) Multivalent ligand presentation on the carrier’s 

surface may promote receptor recognition and increases binding affinity.(230, 231) The density 

of ligands required for efficient targeting strongly depends on both the chosen carrier system 

as well as the type and avidity of ligand. For polyplexes, the ligand to polycation ratio may 

range from 2.5% to >100% functionalization, depending on the type of ligand.(232-234) In 

LNPs, ligand-functionalized lipids may account for only 1-2 mol% per formulation, but still 

promote target-specific delivery.(235, 236) In direct conjugates such as trivalent GalNAc-

siRNA, every nucleic acid is equipped with a targeting moiety. Accessibility of the targeting 

ligand is also important for receptor binding.(237) Pre-functionalization has been evaluated for 
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polymeric delivery systems which contain different domains for nucleic acid binding, shielding, 

and targeting.(218, 238, 239) An alternative functionalization strategy is based on the post-

modification of pre-formed nanoparticles, mostly via covalent attachment of ligands to 

functional groups displayed on the surface. For example, copper-free (240, 241) or copper(I)-

catalyzed (242) alkyne-azide click reactions were used for particle modification, as they are 

fast, selective and high-yielding. By means of this method, it can be ensured that the ligands 

are located on the surface of the particles. At the same time, the removal of excess ligands 

that may not have bound to the carrier may be required, as they could compete for the receptor 

and reduce cellular uptake. Non-covalent binding of ligands to the particle surface can also be 

considered. This modification method was successfully realized for targeting of synthetic 

carriers with insulin (243) and hyaluronic acid (205).  

 

Dual targeting. Inspired by natural viruses, which have optimized cell association and cellular 

entry mechanisms by presenting several ligands on their surface, dual targeting represents an 

approach to further increase transfection efficacy. Here, cell entry properties of viral vectors 

are mimicked by using two (or more) ligands on a single carrier. For example, Nie et al. used 

dual-targeted PEGylated PEI-pDNA polyplexes, modified with the cell binding peptide B6 and 

the integrin targeting peptide RGD for increased transfection efficiency on DU145 and PC3 

cells, showing increased transfection efficacy when both ligands were incorporated in the 

polyplex formulation. In addition, it was demonstrated how these ligands participate in both, 

cell association and internalization.(244) Additional studies of dual-targeted polyplexes with 

combinations of B6, GE11 (for EGFR targeting) and cyclic cRGDfk (for integrin targeting), 

respectively, revealed that the combination of B6 and GE11 was most promising for pDNA 

transfections to DU145 cells, which express all three receptors.(245) Dual-targeted LPEI-PEG 

polyplexes were also used for delivering the theranostic sodium iodide symporter gene to Huh7 

cells, using a combination of GE11 and cMBP, which showed strong benefits compared to 

single-targeted polyplexes.(246) 

 

Cascade targeting. Under certain circumstances, nucleic acid carriers have to overcome 

several barriers to reach their site of action, e.g., the blood-brain-barrier (BBB), followed by 

membranes of targeted cells. In order to generate cascade targeting delivery systems, 

nanoparticles can be designed to cross the BBB first and display targeting ligands selectively 

binding to receptors on specific cells behind the barrier. For example, Wang et al. developed 

such a gene delivery system by decorating the carrier with the I6P7 ligand, a heptapeptide 

derived from interleukin-6, which is able to promote both, BBB crossing and cell-specific 

delivery to interleukin-6 receptor presenting cells.(247) A cascade targeting concept was also 

used by Zhang et al. to deliver siRNA into neuronal cells after crossing the BBB for treatment 
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of Alzheimer’s disease. In this study, BBB crossing was achieved via the ApoA-I ligand, which 

binds to the scavenger receptor B1, and selective uptake of the particles by neuronal PC12 

cells could be demonstrated by incorporation of a peptide ligand, NL4 binding to tropomyosin 

receptor kinase A (TrkA). These findings were subsequently confirmed by in vivo studies 

resulting in downregulation of BACE1, an enzyme which is involved in pathogenesis of 

Alzheimer’s disease.(248, 249) 

 

Chemical targeting. In addition to actively targeted delivery supported by ligand-receptor 

specific interaction, chemical properties of the carrier system can also generate cell- or tissue-

specific delivery. Unmodified polycationic carriers such as poly-L-lysine or PEI naturally interact 

with negatively charged heparan sulfate proteoglycans of the plasma membrane which leads 

to particle uptake.(51, 250) Lipoplexes and liposomes containing cationic lipids were found to 

destabilize the phospholipid bilayer of cell membranes and are subsequently internalized via 

receptor-independent endocytosis.(251) Recently, it was observed that liposomes and LNPs 

typically accumulate in the liver in their classical composition due to non-covalent attachment 

of serum proteins, especially apolipoprotein E (ApoE) resulting in transport to hepatocytes and 

uptake via low-density lipoprotein receptor (LDLR).(252-255) In fact, the composition of the 

carrier systems largely influences the interaction with blood proteins.(75) Therefore, together 

with active targeting for tissue- or cell-specific nucleic acid delivery by ligand-receptor specific 

interaction, chemical adjustment of the carrier system can be also utilized to generate organ-

specific delivery. It could be observed that slight changes of the chemical or physicochemical 

properties of the formulation such as particle size and surface charge have a remarkable 

impact on the biodistribution and accumulation in certain tissues or cell types.  

Chemical targeting has shown great potential for ligand-independent, but yet organ-specific 

delivery of nucleic acids. For example, Kowalski et al. observed organ-selective distribution of 

mRNA-LNPs with a library of amino-polyesters either in liver, spleen, or lung after i.v. 

injection.(256) Localization of structurally different LNPs after systemic administration was 

investigated by Dahlman et al. by developing a barcode tool in order to track biodistribution in 

vivo.(257) Furthermore, the group of Siegwart synthesized libraries of lipids for LNP 

formulations for delivery of mRNA as well as Cas9 with different properties by variation of 

charge, hydrophobicity and pKa, respectively, resulting in so-called “selective organ targeting” 

(SORT) lipids and studied the accumulation of these formulations in different tissues and cell 

types. For example, it was demonstrated that particles with higher amounts of positively 

charged dioleoyl-3-trimethylammonium propane (DOTAP) preferably accumulated in the lung, 

whereas the addition of negatively charged lipids led to selective delivery to the spleen.(258, 

259) Recently, the mechanism behind SORT was studied, revealing both global and apparent 

pKa as well as the composition of the serum protein corona of the LNP formulation determining 
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the selective delivery. The study revealed first that particles with a pKa around 6-7 accumulated 

in the lung, while LNPs with lower pKa from 2 to 6 were preferably delivered to the spleen and 

second that different serum proteins bind to LNPs dependent on the component composition, 

therefore representing pioneering results for understanding LNP delivery beyond hepatocytes 

for future fields of applications.(104) 

 

2.4 Liver as Target 

The liver is a highly metabolic organ and source of numerous expressed genes and plasma 

proteins. Not surprisingly, this organ is also a main target for nucleic acid and gene therapy of 

a series of severe hereditary monogenetic diseases.(260-262) In addition, non-inherited 

hepatic diseases such as liver cirrhosis or hepatitis B and C or hepatocarcinoma are life-

threatening.(263) Therefore, the liver presents a high-priority target for nucleic acid delivery. 

Targeting of hepatocytes can be approached either by active or indirect active targeting, 

dependent from the carrier system as summarized in Table 2.2.  

Table 2.2. Targeted nucleic acid delivery to different liver cell types 

 Receptor 
Delivery 
system 

Ligand 
Type of 
nucleic 

acid 
Results Ref. 

Hepatocytes 

 ASGPR PLL 
polyplex  

ASOR pDNA First report on targeted, hepatocyte-specific gene 
delivery 

(188, 
193) 

  PLL 
polyplex 

Artificial 
tetra-
antennary 
GalNAc 
ligand 

pDNA Conjugation of artificial ligand to the polyplexes results in 
comparable gene transfer efficiency as with the natural 
ligand asialofetuin, monovalent ligand does not improve 
gene expression 

(216) 

  Polymer-
nucleic acid 
conjugate 

GalNAc siRNA in vitro and in vivo hepatocyte-specific delivery of siRNA (264) 

  Direct 
conjugate 

Tri-
GalNAc 

siRNA FDA and EMA approval of several products:   

  Direct 
conjugate 

Tri-
GalNAc 

siRNA - Givosiran for treatment of acute intermittent 
porphyria 

(265) 

  Direct 
conjugate 

Tri-
GalNAc 

siRNA - Lumarisan for treatment of primary hyperoxaluria 
type 1 

(266, 
267) 

  Direct 
conjugate 

Tri-
GalNAc 

siRNA - Inclisiran for treatment of primary 
hypercholesterolemia 

(268) 

  LNP Tri-
GalNAc 

siRNA Exogenous ligand Tri-GalNAc mediates ASGPR-
dependent uptake 

(255) 

  Direct 
conjugate 

Tri-
GalNAc 

ASO Enhanced uptake, improved delivery and activity duration 
of clinically relevant ASOs to hepatocytes in vivo 

(127) 

  Direct 
conjugate 

Tri-
GalNAc 

ASO Improved uptake and activity of targeted ASOs in human 
clinical trial 

(269) 
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 Receptor 
Delivery 
system 

Ligand 
Type of 
nucleic 

acid 
Results Ref. 

  Direct 
conjugate 

Tri-
GalNAc 

ASO Safety, pharmacokinetic and pharmacodynamic study of 
GalNAc-ASO for treatment of b-thalassemia in monkeys 

(270) 

  Direct 
conjugate 

Tri-
GalNAc 

ASO Enhanced uptake by hepatocytes, but not other liver cell 
types 

(271) 

  Direct 
conjugate 

Tri-
GalNAc 

ASO Increased delivery of anti-miRNA-ASOs to hepatocyte in 
presence of ligand 

(272) 

  Direct 
conjugate 

Tri-
GalNAc 

Cas9 
RNP 

Disulfide linkage between Cas9 and GalNAc ligand led to 
receptor-dependent, selective uptake by hepatocytes 
and exhibited gene editing activity 

(273) 

 LDLR Direct 
conjugate 

ApoB 
(endo-
genous) 

siRNA Delivery of siRNA to hepatocytes generated gene 
silencing of apoB protein expression 

(274) 

  Direct 
conjugate 

AopB 
(endo-
genous) 

ASO Improved uptake of ASOs by hepatocytes after ligation of 
cholesterol 

(271) 

  LNP ApoE 
(endo-
genous) 

siRNA Uptake of LNPs is mediated by LDL-receptor determined 
by formation of ApoE-containing protein corona 

(255) 

  LNP ApoE 
(endo-
genous) 

siRNA Development of Patisiran for treatment of hereditary 
transthyretin amyloidosis, EMA and FDA approval in 
2018 

(20) 

  LNP ApoE Cas9-
mRNA/ 
sgRNA 

Efficient TTR gene knockout in vivo in phase 1 clinical 
trial (57 % after infusion of 0.1 mg/kg and 87 % after 0.3 
mg/kg); mild adverse effects 

(185) 

Hepatic stellate cells 

 RBP 
receptor 

Liposome Vitamin A  siRNA Down-regulation of collagen synthesis after RBP 
receptor mediated uptake led to resolution of liver 
cirrhosis and fibrosis in rats after repeated treatments 

(220, 
275) 

 PDGFR 

 

LNP Cyclic 
peptide 
pPB 

siRNA Increased uptake of targeted SNALPs by HSCs; 
accumulation in liver after i.v. injection in mice, down 
regulation of gp46 mRNA expression, which is high in 
hepatic fibrosis 

(235) 

Liver sinusoidal endothelial cells and Kupffer cells 

 n.a. LNP None 
(chemical 
targeting) 

Barcode 
DNA, 

siRNA, 
sgRNA, 
mRNA 

Alteration of cholesterol in LNP composition: Oxidized 
and esterified cholesterol mediated uptake by LSECs, 
cholesterol-oleate led to 3-fold enhanced gene editing 
activity in LSECs compared to hepatocytes 

(276, 
277) 

 n.a. LNP None 
(chemical 
targeting) 

Barcode 
DNA, 

mRNA 

Exchange of DLin-MC3 by cKK-E12 leads partly to LNP 
uptake by LSECs and KCs 

(278) 

 n.a. LNP None 
(chemical 
targeting) 

Barcrode 
DNA, 

mRNA 

Adamantyl-phospholipids shifted distribution from 
hepatocytes to KCS and LSECs, but not to extrahepatic 
immune cells 

(279) 

 n.a. LNP None 
(chemical 
targeting) 

mRNA Uptake by LSECs and KCs was achieved by replacing 
zwitterionic DSPC with anionic DSPG 

(280) 

Abbreviations: ASGPR, Asialoglycoprotein receptor; PLL, poly-L-lysine; ASOR, asialoorosomucoid; GalNAc, N-acetyl 
galactosamine; FDA, U.S. Food and Drug Administration; EMA, European medicines agency; LDLR, low-density lipoprotein 

receptor; ApoB, apolipoprotein B; ApoE, apolipoprotein E; RBP, retinol binding protein; PDGFR , platelet-derived growth factor 

receptor ; pPB; SNALPs, stable nucleic acid lipid particle; HSC, hepatic stellate cell, LNP, lipid nanoparticle; LSECs, liver 
sinusoidal endothelial cells; DLin-MC3 4-(dimethylamino)-butanoic acid, (10Z,13Z)-1-(9Z,12Z)-9,12-octadecadien-1-yl-10,13-
nonadecadien-1-yl ester. 



   2  Directing the way – Receptor and Chemical Targeting Strategies for Nucleic Acid Delivery 

19 

2.4.1 Hepatocytes 

2.4.1.1 Hepatocyte targeting via asialoglycoprotein receptor 

Delivering nucleic acids into hepatocytes is mostly achieved by receptor-mediated endocytosis 

via the ASGPR, which is found almost exclusively and abundantly on hepatocytes.(125) 

ASGPR binds highly selective to terminal, multi-antennary galactose and N-acetyl 

galactosamine (GalNAc) residues of glycoproteins with defined spatial geometry in presence 

of calcium(II)-ions.(116, 281, 282) 

 

Figure 2.3. Optimized trivalent GalNAc-ligand for hepatocyte delivery of direct conjugates with siRNA 

and ASOs, respectively, via ASGPR-mediated endocytosis. Created with BioRender.com. 

The first targeted delivery of DNA by a non-viral delivery system was reported by Wu et al. by 

using asialoorosomucoid-modified (ASOR) polylysine polyplexes mediating delivery to the liver 

via ASGPR in vitro and in vivo after intravenous (i.v.) injection.(188, 193) Later, Plank et al. 

used an artificial tetra-antennary galactose ligand for gene transfer of pDNA-poly(lysine) 

polyplexes to hepatocytes in vitro.(216) Artificial ligands for ASGPR targeting were extensively 

optimized, as spatial distance of the carbohydrate residues, a well-balanced equilibrium of 

hydrophilicity and hydrophobicity of the linker largely impact the binding affinity towards the 

receptor.(283) 

Rozema et al. developed a dynamic polymer-nucleic acid conjugate, that fulfilled several tasks 

in one: The backbone itself provided endosomolytic properties, served as reaction site for the 

covalent attachment of siRNA and was grafted with GalNAc and PEG, giving a targeted and 

shielded vehicle. This formulation induced gene silencing activity in the liver after i.v. injection 

in mice.(264) 

One milestone in both RNAi therapeutics and ASGPR mediated nucleic acid delivery is 

represented by the market release of Givosiran (Givlaari) in 2019 by the U.S. Food and Drug 

Administration (FDA) and European medicines agency (EMA). The nucleic acid, a chemically 

modified and stabilized siRNA, is directly conjugated to a tri-GalNAc ligand optimized towards 

ASGPR binding sites (Figure 2.3). When administered subcutaneously, the direct conjugate 
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enabled efficient gene silencing of aminolevulinic acid synthase 1 (ALAS1) aiming for reduced 

levels of ALA and PBG metabolites by RNAi for the treatment of acute hepatic porphyria.(115, 

265, 284) Since then, two additional RNAi-therapeutics have been released to the market for 

treating rare, monogenetic hepatic diseases, using the same concept, i.e., the direct 

conjugation of trivalent GalNAc ligand to therapeutic siRNA, were released to the market for 

the treatment of rare, monogenetic hepatic diseases. Lumasiran (Oxlumo) gained FDA 

approval in 2020 and targets the silencing of the gene encoding glycolate oxidase for the 

treatment of primary hyperoxaluria type 1 (PH1).(266, 267) Inclisiran (Leqvio) also represents 

a direct siRNA-TriGalNAc conjugate targeting the inhibition of the translation of serum protease 

PCSK9 in order to regulate cholesterol blood level for the treatment of hypercholesteremia 

after subcutaneous injection.(268, 285, 286) Thanks to the success of GalNAc-siRNA direct 

conjugates, several further therapeutics based on the same concept are currently in phase 2/3 

clinical trials.(287). 

Additionally, the approach of direct conjugates has been further expanded to other cargos, 

e.g., antisense oligonucleotides (127, 269-272) or Cas9 RNP complexes.(273) For example, 

trivalent GalNAc ligands were conjugated to antisense oligonucleotides, which enabled 

hepatocyte-specific delivery and enhanced the activity of clinically relevant human ASOs in 

mouse models (127), monkeys (270) and humans.(269) In another study, ASOs were 

conjugated with trivalent GalNAc and cholesterol, respectively, reporting enhanced uptake by 

hepatocytes.(271) Recently, Yamamoto et al. demonstrated that the conjugation of GalNAc to 

anti-miRNA ASOs led to highly increased potency.(272) A novel, trivalent GalNAc ligand which 

showed high affinity towards ASGPR (KD < 100 pM) mediated receptor-dependent, hepatocyte 

specific delivery and selective gene editing of CRISPR/Cas9 RNP complex.(273) 

2.4.1.2 Hepatocyte targeting via LDL receptor 

In addition to active targeting of hepatocytes via ASGPR by GalNAc-modified formulations, 

uptake of lipid formulations can be also achieved by LDLR-mediated endocytosis. For 

example, cholesterol-siRNA direct conjugates for apolipoprotein B (ApoB) silencing have been 

found to exhibit gene silencing activity in hepatocytes in vivo.(274) LDLR-mediated uptake was 

observed due to interactions of cholesterol with serum proteins. The same approach was used 

for ASO direct conjugates by Watanabe et al. to enhance uptake and ASO activity in 

hepatocytes.(271) Furthermore, it was found that neutral liposomes interact mostly with 

apolipoprotein E (ApoE) in the blood, which directs the transport to hepatocytes by LDLR-

mediated endocytosis.(252-254) Based on this observation, it was concluded that LNPs, 

multicomponent mixtures of cholesterol, an ionizable, cationic lipid, neutral helper lipids and a 

PEG-lipid for nucleic acid compaction, which appear almost neutral in serum, interact in a 

similar way with ApoE.(255) Thus, ApoE was identified as an endogenous ligand mediating the 

hepatocytic uptake of LNPs via LDLR.(255) In particular, Patisiran (Onpattro), the first siRNA 
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product which was approved by FDA and EMA in 2018, is using LDLR interaction for the 

delivery of siRNA against transthyretin (TTR) mRNA to treat hereditary TTR mediated 

amyloidosis. By using a sheddable PEG-component, the formation of ApoE protein corona was 

observed, resulting in hepatocyte uptake via LDL receptor.(20, 288) In a recent phase I clinical 

study by Gilmore et al. the therapeutic effect of Cas9-mRNA/sgRNA targeting TTR, 

encapsulated by LNPs was evaluated. As a result of efficient TTR gene knockout, an average 

decrease of 87% of TTR protein levels was observed after one month in the patient group that 

received 0.3 mg/kg, accompanied with only mild side-effects.(185) 

 

 

Figure 2.4. Strategies to target different liver cell types: Hepatocytes (orange), hepatic stellate cells 

(blue), Kupffer cells (purple) and liver sinusoidal endothelial cells (light red). Created with BioRender.com  

 

2.4.2 Targeting liver cell types beyond hepatocytes 

Approximately 80% of the liver is composed of hepatocytes. However, other cell types which 

are part of the hepatic reticuloendothelial system (RES), such as liver sinusoidal endothelial 

cells (LSECs), hepatic stellate cells (HSCs) and Kupffer cells (KCs) also represent interesting 

targets for nucleic acid therapeutics. Although KCs are very effective in removing and 

destroying nanosystems, they are much more difficult to be productively transfected with 
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commonly used nucleic acid carriers. Therefore, several attempts were made to enable nucleic 

acid delivery to these cell types, including receptor-targeting strategies as well as the 

development of novel lipids for LNPs aiming for chemical targeting (Figure 2.4). 

2.4.2.1 Hepatic stellate cells 

While hepatic stellate cells make up about 5-8% of the cells in a healthy liver, the fibrotic liver 

consists of 15% HSCs. Nucleic acid delivery to activated HSCs is believed to reduce fibrosis 

by regulating fibrogenic cytokines.(289, 290) 

For example, Sato et al. accomplished HSC-targeted delivery of liposomes and LNPs by 

decorating the particle surface with vitamin A.(220, 275) As HSCs are a main storage for 

vitamin A, uptake of the liposomes was mediated by retinol binding receptor, which led to 

suppression of cirrhosis in a cirrhotic liver rat model by delivering therapeutic siRNA (220) and 

showed ability to promote regeneration of chronically injured liver.(275) Fibrotic HSCs were 

moreover targeted by modification of siRNA-LNPs with a cyclic peptide ligand (pPB) that 

interacts with the platelet-derived growth factor receptor . It could be observed that pPB-

targeted LNPs accumulated with high specificity in HSCs confirmed by biodistribution 

experiments after systemic injection.(235) Studies conducted by the Dahlmann group using 

the barcode technology described before for in vivo screening of lipid compositions aimed for 

delivery of chemically different LNP formulations beyond hepatocytes and the understanding 

of particle distribution in the liver microenvironment without the requirement for additional 

receptor-targeting ligands (278).  

2.4.2.2 Liver sinusoidal endothelial cells and Kupffer cells 

Targeted nucleic acid delivery to LSECs and KCs, which belong to the hepatic RES using 

chemical targeting has moved into the focus of attention. Dahlmann et al. used their barcode 

screening tool to tune the LNP biodistribution in mice based on alterations in the cholesterol 

component. As a consequence, the biodistribution shifted from hepatocytes to LSECs and 

KCs, respectively, using cholesterol-oleate or oxidized cholesterol.(276, 277) Additionally, the 

distribution of commercial LNP formulations with DLin-MC3 compared to the ionizable lipid 

cKK-E12 was assessed, revealing that both formulations were not only delivered to 

hepatocytes but partly to LSECs and KCs.(278) Furthermore, variations within the alkyl chains 

of the phospholipids giving “constrained” adamantyl-phospholipids which delivered the cargo 

specifically to KCs and LSECs, but not to immune cells outside the liver were evaluated.(279) 

Recently, Pattipeiluhu et al. developed LNPs for delivery of mRNA to hepatic RES resembling 

the Onpattro® formulation. By replacing the phospholipid within the LNP from the zwitterionic 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) to the anionic 1,2-distearoyl-sn-glycero-

3-phosphoglycerol (DSPG) a negative surface charge was created and specific uptake by 

LSECs under participation of Stabilin receptors in embryonic zebrafish and mice was 

achieved.(280) 
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2.5 Immune Cells as Targets 

Immune cells represent an interesting target for nucleic acid delivery as they play an important 

role in a wide range of diseases, including cancer, inflammatory or autoimmune diseases, etc. 

Besides the hepatic RES, immune cells are ubiquitous in the organism, especially in the 

spleen. Delivery of nucleic acid therapeutics to leukocytes, which include macrophages and 

dendritic cells as well as lymphocytes, offers the way to introduce genetic material with anti-

inflammatory potential or to provoke T-cell modulation as a mean of immune stimulation (291, 

292) and are presented in Table 2.3.  

2.5.1 Macrophages 

Macrophages, including the aforementioned Kupffer cells, express membrane lectins which 

recognize certain carbohydrate patterns, such as the mannose receptor CD206, that mediate 

endocytosis as a central function of immune response.(293, 294) This mechanism was used 

for targeted delivery of nucleic acids to macrophages. For example, DNA transfection to 

macrophages was accomplished by Erbacher et al. using mannosylated PLL polyplexes by 

interaction with the mannose receptor.(295) Mannosylation of PEG-PLL polyplexes caused an 

increase in transfection efficacy by about 8 times compared to untargeted polyplexes in a 

recent study by Lopukhov. Within the same study, the transfection efficacy of polyAsp(DET)-

DNA polyplexes was boosted about 500 times when mannose residues were incorporated in 

the formulation.(296) Moreover, mannose-functionalized nanohydrogels have shown to 

efficiently deliver siRNA to CD206+ primary macrophages both in vitro and in vivo, which offers 

the opportunity for targeted gene regulation in immunosuppressive macrophages.(297, 298) 

In addition, Uehara et al. demonstrated efficient, ligand dependent gene silencing activity of a 

direct conjugate between siRNA and a tetravalent, chemically modified mannose in 

macrophages, which represents the first report of systemic delivery of siRNA-ligand conjugates 

to leukocytes.(217) 

2.5.2 Dendritic cells 

DCs, serving as antigen presenting cells (APCs), play a crucial role in antigen recognition of 

antigens and activation of immune response after uptake of foreign particles. Particles are 

internalized via phagocytosis or receptor-mediated endocytosis, dependent on their size and 

surface modifications. However, for immunotherapy it can be desirable to target DCs 

specifically. 

DNA delivery to DCs via mannose receptor was described by Diebold et al. by using mannose 

functionalized PEI polyplexes. Receptor-specific uptake was demonstrated in a competition 

assay with mannose albumin, which lowered gene expression of Man-polyplexes.(234) Gao 
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et al. designed mannose ligands optimized towards the carbohydrate recognition domains of 

mannose receptor and the DC-specific intercellular adhesion molecule-3-grabbing non-integrin 

(DC-SIGN, CD209), respectively. Liposome uptake by DC2.4 cells and DC-SIGN expressing 

HEK293 cells was observed in a ligand-dependent manner. These particles were not yet used 

to deliver nucleic acids to DCs but provided deeper insight in the understanding of ligand 

design to improve receptor interaction.(299) The impact of PEG spacer lengths on particle 

size, stability and transfection efficacy was also examined using Man-PEG-Cholesterol lipids 

in mRNA-LNP formulations. It could be shown that zeta potential and particle size remained 

unchanged by increasing PEG lengths, whereas PEG1000 showed highest transfection 

efficacy while maintaining serum stability.(300) Recently, the effect of mannan-coating of LNPs 

for the delivery of RNA vaccines was investigated by using mono- and multivalent mannose 

residues linked to cholesterol, resulting in an increased immunization arguing for the use of 

targeted, mannan-functionalized RNA vaccines.(137) 

Targeting of dendritic cells was also achieved via DEC205, another receptor from the mannose 

receptor family (301, 302). Katakowski et al. formulated LNPs bearing a single-chain antibody 

to target DEC205 expressing murine DCs. Receptor-specific binding and uptake of the siRNA-

LNPs were determined via flowcytometry, showing that uptake was 2-fold improved by targeted 

LNPs. DEC205-dependent internalization was further confirmed by reduced knock-down 

efficacy in DEC205 deficient mice.(303) 

The spleen and more specifically DCs were chemically targeted by lipoplexes with an inversed 

lipid/RNA charge ratio giving negatively charged particles. After systemic administration, these 

particles successfully delivered mRNA encoding for antigens and promoted stimulation of 

APCs for cancer immunotherapy.(304) 

2.5.3 T-lymphocytes 

T-lymphocytes also play a crucial role in cellular immune response.(305) Therapy of immune 

related disorders, e.g., inflammation or cancer, can be achieved by RNAi in T-lymphocytes. As 

gene delivery in these cells has appeared to be challenging (291, 306), the carrier systems 

have been decorated with ligands, mostly monoclonal antibodies, to improve nucleic acid 

delivery. For example, Buschle et al. achieved gene transfer to human T-lymphocytes by 

decorating Tf-PLL polyplexes with antibodies against the CD3 T cell receptor.(214) Ramishetti 

et al. aspired to deliver siRNA-LNPs to CD4+ T-lymphocytes by attachment of anti-CD4-

monoclonal antibody, whereby the specific delivery to CD4+ lymphocytes could be confirmed 

ex vivo. Additionally, i.v. injection in mice showed gene silencing activity in spleen, lymph 

nodes, bone marrow and blood.(215) Veiga et al. evaluated LNPs loaded with modified mRNA 

for delivery to Ly6c+ inflammatory leukocytes.(307) For this purpose, the targeting ligand was 

attached to the LNP via incorporation of lipoproteins interacting with antibodies.(308) 
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Decoration with targeting mAbs towards inflammatory leukocytes led to strongly increased 

interleukin-10 expression in spleen and intestine.(307) 

Great advances regarding nucleic acid delivery to T-lymphocytes were made using the 

chemical targeting approach. Using the barcode screening technology, Lokugamage et al. 

studied the distribution of a library of 168 siRNA-LNP formulations with structural changes 

regarding the lipids in different cell types in vivo and showed that constrained LNPs preferably 

delivered the genetic material to splenic T lymphocytes instead of hepatocytes making these 

formulations interesting for immunotherapy.(309) 

A screening of 14 structurally different ionizable lipids by variation of linker backbone, head 

group and alkyl chains for delivery of siRNA-LNPs into leukocytes was reported by Ramishetti 

et al. The biodistribution after i.v. injection in mice showed accumulation in spleen for 

piperazine head group and in liver for tertiary amine head group.(310) In the same study, 

specificity was further improved by combination of both, chemical and active targeting. 

Decoration of the LNPs with anti-integrin b-mAbs resulted in CD45 mRNA knockdown in CD4+ 

and CD8+ lymphocytes in spleen and lymph nodes. Nevertheless, only a limited gene silencing 

ability was detected overall (310). 

 

Table 2.3. Active targeting of different immune cell types. 

 Receptor Ligand 
Delivery 

System 

Type of 
nucleic 

acid 
Key results Ref. 

Macrophages 

 Mannose 
receptor 

Mannose PLL 
polyplexes 

DNA Transfection to monocyte-derived 
macrophages using Man-PLL polyplexes 

(295) 

  Mannose PLL 

polyplexes  

and 

pAsp(DET) 
polyplexes 

DNA 
8x increased transfection efficacy for Man-PLL 
polyplexes, 500x increased transfection 
efficacy for Man-pAsp(DET) polyplexes in 

murine bone marrow derived macrophages 

(296) 

  CM 
Mannose 

Direct 
conjugate 

siRNA Ligand-dependent gene silencing in monocyte-
derived macrophages (in vitro) and in splenic 
and liver macrophages (in vivo) 

(217) 

  Mannose Cationic 
nano-
hydrogel 

siRNA Receptor-dependent delivery of siRNA to M2 
macrophages and efficient gene knockdown in 
primary cells and in mice 

(297, 
298) 

Dendritic cells 

 Mannose 

receptor 
Mannose PEI 

polyplexes 
pDNA Increase of transfection efficacy by 

mannosylation of PEI polyplexes, uptake was 
reduced in presence of the inhibitor Mannose-
BSA 

(234) 

  Mannose PEGylated 
LNPs 

mRNA Variation of PEG-spacer length (PEG100, 
PEG1000 and PEG2000) was evaluated; 
LNPs with Man-PEG1000 showed highest 
transfection efficacy 

(300) 

  CMM Direct 
conjugate 

siRNA Ligand-dependent gene silencing activity in 
monocyte derived DCs 

(217) 
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 Receptor Ligand 
Delivery 
System 

Type of 
nucleic 

acid 
Key results Ref. 

  Mannan LNP saRNA Enhanced immunization was observed for 
LNPs decorated with multivalent mannose 
residues 

(137) 

 DEC205 Anti-
DEC205 
scFv 

LNP siRNA DEC205-dependency on uptake was 
demonstrated; targeted LNPs showed 2-fold 
increase in uptake compared to untargeted 
LNPs and LNPs with an isotype of scFv 

(303) 

T-lymphocytes 

 CD3 T-cell 
receptor 

Anti-CD3 
antibodies 

PLL 
polyplexes 

pDNA 1000-fold enhanced gene expression 
compared to unmodified PLL and Tf-PLL in T-
cells; successful transfection to primary human 
lymphocytes 

(214) 

 CD4 Anti-CD4 
mAb 

LNP siRNA Specific delivery to CD4+ cells ex vivo; gene 
silencing activity was observed in blood, bone 
marrow, spleen and lymph nodes  

(215) 

 Ly6c Anti-Ly6-
mAb 

LNP mmRNA Targeted delivery to Ly6c positive cells in vitro; 
in vivo evaluation in IBD mouse model showed 
increased protein expression (20-fold in 
intestine, 10-fold in spleen); expression of anti-
inflammatory IL-10 after delivery of IL-10 
encoding mmRNA 

(307, 
308) 

 n.a. None 
(chemical 
targeting) 

LNP Barcode 
siRNA, 
sgRNA 

Screening of 168 different LNP formulations in 
vivo with variations of head group, lipid alkyl 
chains, phospholipid and molar composition;  
adamantyl-DSPC delivered siRNA and sgRNA 

to T cells (and Kupffer cells) 

(309) 

 n.a. None 
(chemical 
targeting) 

LNP siRNA Variation of head group and alkyl chain; 
piperazine headgroup led to accumulation and 
gene silencing in the spleen  

(310) 

 Integrin 7 Anti-7-
mAb 

LNP siRNA CD45 mRNA silencing in CD4+ and CD8+ T 
cells in spleen and lymph nodes  

(310) 

Abbreviations: PLL, Poly-L-lysine; Man, Mannose; pAsp(DET) poly(N-[N-(2-aminoethyl)-2-aminoethyl] aspartamide); CM 
Mannose, chemically modified mannose; PEI, polyethylene imine; BSA, bovine serum albumin; DCs, dendritic cells; scFv, single 
chain antibody; CD, cluster of differentiation; Tf, Transferrin; mAb, monoclonal antibody; Ly6c, lymphocyte antigen 6 complex; 
mmRNA, modified messenger RNA; IBD, inflammatory bowel disease; mAb, monoclonal antibody 

 

2.6 Lung as Target 

Many severe, eventually lethal diseases are associated with the lung, for example cystic 

fibrosis, chronic obstructive pulmonary disease (COPD), asthma or pulmonary fibrosis 

amongst others. One advantage of nucleic acid delivery to the lung is certainly the accessibility 

of the lung via local and systemic administration routes. However, protective mechanisms and 

physiological barriers such as mucosal barrier or immune cells may impair the delivery of 

nucleic acids.(311). For selective, targeted nucleic acid transfer into the lung chemical as well 

as receptor-mediated targeting strategies have been evaluated with the key results 

summarized in Table 2.4.  
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Table 2.4. Receptor-mediated non-viral nucleic acid delivery to the lung. 

Receptor Ligand 
Delivery 

System 

Type of 

nucleic 

acid 

Key results Ref. 

Insulin 

receptor 

Insulin PEI polyplex pDNA Selective delivery to alveolar epithelial 

cells 

(243) 

Lactoferrin 

receptor 

Lactoferrin PEI polyplex pDNA Selective delivery to bronchial 

epithelial cells 

(233) 

Integrin RGD motif Liposome pDNA High transfection efficacy in lung 

endothelial cells for targeted 

liposomes in vivo 

(210) 

 TAT-RGD 

motif  

Direct 

conjugate 

pDNA Enhanced uptake of targeted particles 

by pulmonary cells 

(312) 

  Cationic 

liposome 

pDNA 5-fold increased gene expression in 

A549 cells compared to lipofectamine 

 

 

 RGD motif Lipoplex pDNA Significantly improved transfection 

efficacy for RGD-bearing polyplexes 

(313) 

Polymeric 

IgR 

Antisecretory  

component 

antibody 

PLL polyplex pDNA Proof of concept for transfection 

efficacy to human tracheal epithelial 

cells, competition assay blocked 

uptake of targeted polyplexes 

(314) 

PECAM Anti-PECAM 

antibody 

PEI polyplex pDNA Enhanced gene transfer efficacy and 

reduced toxicity 

(315) 

 

 Anti-PECAM 

antibody 

LNP mRNA Enhanced protein expression in lung 

endothelial cells; reduced 

accumulation in hepatocytes 

(236) 

Transferrin 

receptor 

Transferrin PEI polyplex siRNA Enhanced uptake of Tf-PEI 

polyplexes by pulmonary ATCs in 

vitro and in asthma mouse model 

after intratracheal application; 

improved endosomal escape by 

addition of melittin, 40% more 

effective than lipofectamine 

(316, 

317) 

2-adreno-

ceptor 

Clenbuterol PEI polyplex pDNA Enhanced gene expression in 

alveolar epithelial cells 

(206) 

 Salbutamol Chitosan 

polyplex 

siRNA Delivery to bronchial epithelial cells (207) 

IP1 Iloprost and 

Treprostinil  

PEI polyplex pDNA Enhanced transfection efficacy (208) 

Lectins  Galactose, 

Glucose, 

Lactose  

PLL polyplex pDNA Improved, sugar-type dependent 

gene expression in cystic fibrosis 

airway epithelial cells  

(318-

321) 

 Galactose PEGylated 

PEI polyplex 

pDNA Increased transfection efficacy in vitro 

and in vivo 

(322) 

Abbreviations: PEI, polyethylene imine; RGD, arginine-glycine-aspartic acid; TAT, transactivated transcription peptide; Ig, 

immunoglobulin receptor; PLL, poly-L-lysine; PECAM, platelet endothelial cell adhesion molecule; IP1, prostacyclin receptor; PEI, 

polyethylene imine 

 

Due to their positive surface charge, many polyplex (PEI) as well as cationic liposome 

formulations automatically accumulate in the lung when injected systemically.(323-326) In 

addition, efforts were made to generate lung targeted LNPs, which typically accumulate in 



   2  Directing the way – Receptor and Chemical Targeting Strategies for Nucleic Acid Delivery 

28 

hepatocytes by modification of lipid composition and the type of ionizable lipid. In the course 

of the development of “SORT”-LNPs, it was reported that increasing amounts of the positively 

charged component DOTAP shifted accumulation from hepatocytes to lung endothelial 

cells.(258) Chemical targeted synthetic carriers for specific lung delivery of mRNA and pDNA 

were developed by Kaczmarek et al. The hybrid polymer-lipid formulations used in their 

studies, consisting of poly(-amino esters) (PBAEs) and PEGylated lipids, generated protein 

expression in the lung after i.v. injection in mice, but not in other organs.(327-329)  

Active targeting of lung epithelial cells resulting in receptor-mediated uptake of non-viral 

delivery systems was obtained by several classes of ligands, such as peptides, proteins, 

antibodies, carbohydrates and also small drugs. Elfinger et al. studied the selective delivery to 

different lung epithelial cell types. It was reported that pDNA/PEI polyplexes modified with 

lactoferrin delivered the nucleic acid selectively to bronchial epithelial cells via lactoferrin 

receptor, but not alveolar epithelial cells, whereas adsorption of insulin to pDNA/PEI polyplexes 

showed increased luciferase gene expression in alveolar epithelial cells, but not in bronchial 

epithelial cells.(233, 243) 

Integrins are also abundantly found on lung cells and attempts were made to achieve receptor-

mediated uptake via caveolae-dependent pathway by incorporation of arginine-glycine-

aspartic acid (RGD) motifs into the delivery system.(210, 312, 313) More specific targeting of 

the lung was achieved using antibodies as ligands. In early studies, Ferkol et al. observed 

targeted delivery of pDNA-polylysine complexes conjugated with Fab fragments of 

immunoglobulins directed against the polymeric immunoglobulin receptor (IgR) which is 

involved in the transport of immunoglobulins A and M from cell surface into lung epithelial cells. 

A competition assay with excess of Fab ligand blocked delivery gives further evidence for 

receptor-mediated uptake.(314) Additionally, lung-specific nucleic acid transfer was 

accomplished using antibodies directed against the platelet endothelial cell adhesion molecule 

(PECAM). For example, Li et al. were able to generate higher gene expression after i.v. 

injection of anti-PECAM-mAb decorated pDNA-PEI polyplexes in mice, furthermore observing 

reduced cytotoxicity when using ligand-modified carriers.(315) More recently, mRNA-LNPs, 

which are known to accumulate in the liver, were modified with monoclonal antibodies directed 

against PECAM-1. Intravenous injection in mice avoided accumulation in hepatocytes but 

resulted in enhanced protein expression in lung endothelial cells.(236) 

Transferrin (Tf) was used as targeting ligand to mediate the delivery of PEI-siRNA polyplexes 

to pulmonary activated T cells (ATCs). A study by Xie et al. has shown that transferrin 

modification led to enhanced cellular uptake and efficient, selective gene knockdown in vitro 

as well as in an asthma mouse model after intratracheal application (316). Further optimization 

of the Tf-PEI polyplexes by blending with PEI bearing the endosomolytic peptide melittin 

improved endosomal escape capability of the cargo resulting in enhanced cellular uptake 
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(317). In fact, optimization of endosomal escape properties for delivery of siRNA polyplexes to 

the lung has been subject of further studies. For example, Pun et al. developed a virus-inspired 

polymer for endosomal release (VIPER) (330), which was applied for efficient pulmonary 

delivery of siRNA both in vitro and in vivo (331). VIPER/siRNA polyplexes also showed antiviral 

effect by promoting suppression of viral replication of SARS-CoV-2 ex vivo in human lung 

tissues and in mouse models.(332) 

Furthermore, small chemical compounds, which have already been used effectively as drugs 

for asthma treatment were used as targeting ligands coupled to synthetic nucleic acid carriers 

for targeted nucleic acid delivery to the lung. For example, agonists for the b2-adrenoceptor 

were successfully used for targeted and improved delivery of nucleic acids to lung epithelial 

cells. Elfinger et al. demonstrated enhanced gene expression in alveolar epithelial cells in vitro 

as well as in vivo after inhalation of Clenbuterol-functionalized polyplexes.(206) Specific 

delivery of siRNA to bronchial epithelial cells could be improved by coupling of Salbutamol to 

the formulation, as shown by Luo et al. using guanidinylated chitosan carriers.(207) In addition, 

PEI-polyplexes modified with Iloprost and Treprostinil, prostacyclin derivatives targeting the 

prostacyclin receptor IP1, also exhibited enhanced transfection efficacy of pDNA polyplexes in 

lung epithelial cells as well in vivo in the lungs of mice after aerosol administration.(208) For 

these chemical ligands, their possible dual role as drugs was not explored. 

Additionally, lectins have been studied for lung-specific uptake of non-viral delivery systems. 

Several studies by Kollen et al. showed that gene expression of pDNA/polylysine polyplexes 

could be increased through functionalization with b-galactose, a-glucose as well as lactose 

compared to other monosaccharides and the non-targeted formulation after transfection to 

cystic fibrosis cells.(318-321) Transfection of galactosylated polyplexes also resulted in 

improved gene expression compared to non-targeted polyplexes in A549 cells as well as in 

vivo experiments after intratracheal administration.(322) In both studies, lectins were 

hypothesized to play a role in the specific uptake of the particles, although the particular uptake 

route was not further addressed. 

  

2.7 Brain as Target 

Many neurodegenerative disorders such as Alzheimer’s disease, Huntington’s disease, 

Parkinson’s disease or amyotrophic lateral sclerosis (ALS) originate in the central nervous 

system (CNS). Treatment of these diseases via systemic administration routes remains 

challenging due to poor accessibility of the brain through the blood-brain barrier (BBB). 

Therapeutic nucleic acids compacted into synthetic carrier systems are not able to cross the 

BBB via diffusion.(333) However, nucleic acid delivery to the brain via systemic administration 
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is highly desired, as topic routes like intracranial or intracerebroventricular injections as well as 

physical methods that enhance the permeability of the BBB are highly invasive. Thus, synthetic 

carriers must be decorated with ligands, which are recognized by receptors or carriers 

embedded in the BBB, becoming “trojan horses”, which are enabled to deliver nucleic acid to 

the brain through receptor-mediated transcytosis (RMT) or carrier-mediated transcytosis 

(CMT). Various synthetic carrier systems were modified with several ligands, ranging from 

proteins, peptides and aptamers to generate brain-targeted gene delivery (see Table 2.5). 

A possible approach to facilitate nucleic acid transfer into the CNS is to use receptor-mediated 

transcytosis by transport proteins that enable the passage of essential nutrients, proteins or 

lipids across the BBB. 

 

Table 2.5. Receptors and ligands for targeted delivery of nucleic acids to the brain. 

Receptor Ligand 
Delivery  

System 

Type of 

nucleic 

acid 

Key findings Ref. 

Transferrin 

receptor 

Transferrin  Lipoplex siRNA Efficient gene silencing in primary murine 

cortical neuronal cells and in vivo without 

cytotoxicity  

(334) 

 Transferrin PEG-PAMAM 

dendrimer 

polyplex 

pDNA Enhanced gene expression in BCECs and in 

mice brain 

(335) 

 Transferrin PPI polyplex pDNA Targeted polyplexes accumulated in mice 

brain 

(336) 

 Anti-TfR-

mAb  

Immuno-

liposome 

pDNA TfR-mAb promoted both, crossing of BBB 

and delivery to TfR-expressing glioma cells 

(337) 

re-TfR-

peptide 

Lipo-oligo-

(amidoamine) 

polyplex 

pDNA Enhanced luciferase gene expression in N2a 

cells compared to non-targeted lipoplexes 

and scrambled peptide ligand 

(211) 

Lactoferrin 

receptor 

Lactoferrin PEG-PAMAM 

polyplex  

pDNA 2.2-fold increased gene expression in vivo, 

selective gene transfer to the brain 

(338) 

 Lactoferrin PPI Polyplex pDNA 2.1-fold increased gene expression in vitro, 

significantly higher gene expression in vivo 

(339) 

LRP1 Angiopep-2 PEG-PAMAM 

dendrimer 

polyplex 

pDNA Selective uptake of polyplexes by BCECs, 

accumulation of targeted polyplexes in brain, 

untargeted in spleen 

(340) 

 Angiopep-2 LNP siRNA In vitro study of cellular uptake and gene 

silencing efficacy in U87MG and b.End3 cells 

(341) 

nAChR RVG29 Oligoarginine 

polyplex 

siRNA Enhanced gene expression in brain after i.v. 

injection, but not in other organs 

(342) 

 RVG29 PEG-PAMAM 

dendrimer 

polyplex 

pDNA Brain accumulation after systemic 

administration, GABA receptor involved in 

uptake 

(343) 

 RVG29 PEI polyplex miRNA Reduced signal of reporter gene due to 

silencing activity, accumulation in brain 

(344) 

 RVG29 Trimethylated 

chitosan 

polyplex 

siRNA Efficient gene silencing of BACE1, 

accumulation in brain 

(345) 
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Receptor Ligand 
Delivery  

System 

Type of 

nucleic 

acid 

Key findings Ref. 

 RVG29 Poly(mannitol-

co-) PEI 

siRNA Efficient gene silencing of BACE1 (346) 

 RVG29 Exosomes siRNA Gene knock-down of BACE1 (347) 

 RVG-9r SNALP siRNA Efficient silencing of Machado Joseph 

disease involved proteins in vitro and in vivo 

(348) 

Laminin 

receptor 

EPRNEEK Dendrigraft 

PLL polyplex 

DNA Improved uptake and gene expression by 

exogenous ligand compared to endogenous 

laminin ligand 

(349) 

Leptin 

receptor 

Leptin-30 

peptide 

PEGylated 

PLL Polyplex 

pDNA Improved transfection efficacy in BV-2 cells; 

accumulation in brain after i.v. injection 

(350) 

VCAM1 Anti-VCAM-

antibody 

LNP mRNA Specific mRNA delivery to inflammatory 

brain, but not to leukocytes, expression of 

anti-inflammatory protein  

(351) 

GLUT1  Glucose Polyplex ASO Accumulation in mice brain after i.v. injection 

depending on glucose-concentration 

(352) 

Abbreviations: PAMAM, poly(amidoamine); BCECs, brain capillary endothelial cells; PPI, polypropylene imine; TfR-mAb, 
transferrin receptor monoclonal antibody; re-TfR, retro-enantio transferrin receptor, N2a, neuro2a cell line; LRP-1, low-density 
lipoprotein receptor related protein 1; GLUT1, glucose transporter 1; nAChR, nicotinic acetylcholine receptor; RVG29, rabies virus 
derived 29-mer peptide; GABA, gamma-aminobutyric acid; BACE1, beta-secretase 1; SNALP, stable nucleic acid lipid particle; 
PLL, poly-L-lysine; VCAM1, vascular cell adhesion molecule 1 

2.7.1 Receptor-mediated transcytosis 

Receptors for iron transport proteins. Transport of iron across the BBB is mediated by 

several iron transport protein receptors, including transferrin, lactoferrin or melanotransferrin. 

Above all, transferrin receptor was widely studied for targeted uptake of synthetic carriers to 

the CNS. As known from previous studies, the transferrin protein itself holds great potential to 

mediate receptor-dependent polyplex uptake by TfR-expressing cells and therefore, was 

explored for mediating transcytosis across the BBB.(353, 354) For example, Cardoso et al. 

prepared Tf-modified siRNA-lipoplexes that showed superior uptake by neuronal cells as well 

as significant gene silencing in both, in vitro and in vivo compared to non-targeted 

particles.(334) Moreover, dendrimer-polyplexes based on PAMMA or PPI were functionalized 

with human transferrin, resulting in successful pDNA delivery across the BBB. Biodistribution 

studies further confirmed accumulation of TfR-targeted dendrimers in the brain.(335, 336) TfR 

was also targeted by immunoliposomes bearing monoclonal antibodies (mAb) directed against 

rat TfR for RNAi therapy via delivery of plasmids encoding for short hairpin RNA (shRNA). It 

could be demonstrated that TfR-targeted immunoliposomes provided a dual targeting effect, 

as they promoted BBB crossing and subsequent uptake of glioma cells, which are also 

overexpressing TfR.(337) Recently, TfR-mediated delivery to neuronal cells was successfully 

accomplished by our group using a retro-enantio peptide sequence that showed high affinity 

towards the transferrin receptor. The “retro-enantio” approach provides stability against peptide 

degradation by inversion of the peptide order and usage of D-configurated amino acids while 
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maintaining receptor binding affinity.(355) The retro-enantio ligand was conjugated to 

sequence-defined lipo-oligo(amidoamines) (lipo-OAAs) for the delivery of both, siRNA and 

pDNA, to N2a cells.(211) 

Lactoferrin receptor. Besides TfR, the lactoferrin receptor (LfR) is also involved in cellular 

iron uptake and expressed on the BBB.(356) By using LfR, increased gene expression of 

dendrimer polyplex formulations bearing lactoferrin (Lf) could be observed. Lf-modification of 

PAMAM dendrimer polyplexes resulted in 2.2-fold increase of luciferase gene expression in 

vivo compared to untargeted particles. In addition, selective delivery to the brain was reported 

after systemic administration.(338) Additionally, lactoferrin-PPI-dendrimers showed improved 

transfection in b.End.3 cells and significantly increased accumulation in mice brain.(339) 

Melanotransferrin. Furthermore, a short 12-amino acid peptide which has shown interaction 

with the iron transport protein melanotransferrin was able to mediate entry in the brain. 

Conjugation to siRNA enabled not only accumulation in the brain, but also in vivo gene 

silencing of NOX4, a gene that is upregulated during stroke.(357, 358) 

LRP1. Nucleic acid transfer across the BBB was furthermore achieved by low-density 

lipoprotein receptor related protein (LRP1) mediated transcytosis. Demeule et al. developed 

Kunitz domain derived peptides from aprotinin, named Angiopep, that showed the ability to 

overcome BBB via LRP1-mediated transport.(359, 360) Angiopep-2 was attached to 

DNA/PAMAM-dendrimers showing selective uptake by BCECs in vitro and a shift of the 

biodistribution from spleen (for untargeted carriers) to brain (for targeted polyplexes) in 

vivo.(340) The same ligand was later included in siRNA-LNP formulations by Bruun et al. for 

in vitro studies on uptake and gene silencing activity in human glioblastoma U87MG and 

murine brain endothelial bEnd.3 cell line. In addition to an increased gene knock-down, it could 

be observed that uptake could be improved about 2.4-fold by Angiopep-2 modification.(341) 

Moreover, a novel artificial ligand named L57 was found to enable BBB crossing in vivo by 

interaction with LRP1.(361) Compared to Angiopep-7, L57 showed enhanced CNS uptake 

capability and low cytotoxicity.(362) 

Leptin receptor. Moreover, the leptin receptor, which is responsible for recognition and 

transcytosis of the appetite regulating peptide leptin, was used for nucleic acid delivery to the 

brain.(363) It was shown that a leptin-derived 30-amino acid peptide attached to poly-L-lysine 

carrier was able to generate improved DNA transfection in BV-2 cells and accumulation in mice 

brain after i.v. injection.(350) 

Pathogen-derived peptide ligands. In addition to ligands interacting with receptors which 

transport essential molecules across the BBB, another approach is to modify the carrier system 

with peptides deriving from viruses, bacteria or venoms that naturally show capabilities to enter 

the brain. For example, the peptide RVG29 was studied for nucleic acid transfer across the 

BBB. The ligand derived from rabies virus glycoprotein (RVG), which naturally shows the ability 
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to enter the brain as part of its pathology and targets mainly the nicotinic acetylcholine receptor 

(nAChR).(364) RVG29 was included in polyplex and LNP formulations yielding nucleic acid 

transfer across the BBB. For example, Kumar et al reported efficient gene silencing using RVG-

bearing siRNA oligo(arginine) formulations.(342) A study by Liu et al., using RVG29-PEG-

PAMAM/DNA polyplexes, revealed involvement of GABA receptor in uptake.(343) Efficient 

gene silencing of BACE1, a protein involved in Alzheimer’s disease, could be achieved by 

several groups using polyplex as well as exosome formulations that were functionalized with 

RVG29.(345-347) Furthermore, a lipid-containing formulation bearing RVG-oligo(arginine) 

residues exhibited the ability to silence a mutant ataxin-3, involved in the pathology of 

Machado-Joseph disease, a hereditary ataxia disorder.(348) Furthermore, Liu et al. 

demonstrated the capability of a peptide sequence derived from meningitis-causing pathogen 

to mediate brain-specific delivery of surface-modified PLL/DNA-dendrimers via laminin 

receptor, resulting in enhanced cellular uptake by BCECs and U87MG cells compared to an 

endogenous laminin-targeting ligand.(349) 

VCAM1. A recent study by Marcos-Contreras et al. explored the specific delivery of antibody-

modified mRNA-LNPs using an anti-vascular cell adhesion molecule 1 (anti-VCAM1) antibody 

to the inflammatory brain. It was found that the particles were delivered to brain endothelial 

cells but not to leukocytes. Furthermore, as a consequence of successful mRNA delivery, 

expression of anti-inflammatory thrombomodulin could be observed in a mouse model.(351) 

Direct conjugates for BBB-targeting. Some of the aforementioned ligands, such as 

Angiopep and RVG-29, as well as further peptide ligands were used for direct conjugation to 

phosphorodiamidate morpholino oligomers (PMOs), which function as splice-switching 

oligonucleotides. It was demonstrated that a truncated peptide-derivative of ApoE mediates 

PMO delivery in the CNS.(365) 

2.7.2 Carrier-mediated transcytosis 

Transcytosis via GLUT1. An additional pathway to overcome BBB is through transcytosis by 

glucose transporter 1 (GLUT1). As transport carrier for glucose, GLUT1 is abundantly 

expressed on brain capillary endothelial cell (BCEC) membrane, ensuring adequate glucose 

supply of the brain.(366) Researchers exploited this transport mechanism by using glucose 

modified nanoparticles as “trojan horses” to induce gene transfer into the brain and other 

GLUT1-rich cells. For example, Kataoka et al. developed glucose-decorated polymeric 

carriers, which facilitated nanoparticle delivery to GLUT1-rich cancer cells under glycemic 

control.(218, 367) These block-copolymers were applied for the delivery of ASOs to the brain 

via intravenous injection into mice, providing efficient gene knockdown.(352) Another glucose-

ligand capable of crossing the BBB is an opioid-derived glyco-heptapeptide (g7). Even though 

the transport mechanism of g7-functionalized particles into the brain is not fully understood, 
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decoration of nanoparticles with g7 showed brain specific uptake after i.v. injection into rat and 

therefore presents a promising ligand for nucleic acid delivery to the CNS.(368-371) 

 

2.8 Ocular targeting 

2.8.1 Retina 

Many genetic eye disorders, either inherited or environment-dependent, may lead to loss of 

vision eventually due to impaired functions of photoreceptors or retinal pigment endothelium 

(RPE). Therapeutic approaches mostly use classic gene therapy with DNA for gene 

replacement or gene-editing methods. Formulations are usually injected subretinal or 

intravitreal due to the blood ocular barrier and in order to reduce off-target effects or elimination 

by immune system. Furthermore, persistent high levels of gene expression after single 

injections are highly desired for retinal gene therapy. Sustainable gene expression was 

achieved by using PEG-PLL/DNA polyplexes, which were locally injected in mouse 

models.(372-374) Delivery of nucleic acid therapeutics to the retina resulting in long-term gene 

expression was also reported by the group of Zheng-Rong Lu.(375) Lu and co-workers have 

developed a multifunctional ionizable lipid, called “ECO”, which served as efficient gene carrier 

system in several applications.(376-378) A hybrid ECO/G4-dendrimer formulation was applied 

successfully as carrier system for GFP reporter gene to human ARPE-19 cells and in animal 

experiments.(379) Moreover, ECO served as carrier for the therapeutic ABCA4 plasmid, 

supported by a rhodopsin promoter, for the treatment of Stargardt disease. These formulations 

provided up to 8 months of gene expression and disease progression delay for 6 months in 

ABCA4 deficient mice.(380) ECO/DNA formulations were also functionalized with PEG3.4kDa-

all-trans-retinylamine to target the interphotoreceptor retinoid binding protein (IRBP), a key 

protein in the retinoid cycle.(381) In this study, high transfection efficacy of the reporter gene 

GFP could be demonstrated in ARPE-19 cells and mouse models of Leber’s congenital 

amaurosis (LCA) type 2 after subretinal injection with high expression levels up to 120 

days.(382) Additionally, a chemically stable retinoid analogue ACU4429, linked to the carrier 

system via pH-sensitive hydrazone-PEG3.4kDa-spacer, was used for IRBP-mediated delivery of 

ECO/DNA particles and gene expression of ABCA4 in ARPE-19 cells as well as in abca4-/- 

mice.(383) 

Furthermore, liposome-protamine complexes have shown potential to promote long term gene 

expression or gene knock-down, respectively.(384-386) More recently, LNP formulations 

encapsulating either mRNA (387) or siRNA (388) were screened to investigate cell-specific 

retinal nucleic acid transfer depending on surface charge and LNP composition. It was 

observed that mRNA-LNPs containing ionizable lipid are preferably internalized by RPE cells, 

suggesting ApoE-mediated uptake, whereas formulations with permanently cationic lipids 



   2  Directing the way – Receptor and Chemical Targeting Strategies for Nucleic Acid Delivery 

35 

showed only low transfection efficacies in the retina.(387) Another study using siRNA-LNPs 

demonstrated that LNPs with positive zeta potential around +35 mV distributed preferably in 

the vitreous and retina after local injection.(388) 

2.8.2 Cornea 

In order to address corneal gene delivery, researchers used hyaluronic acid as a targeting 

ligand for the CD44-receptor, which is expressed by human corneal epithelial cells and is 

responsible for turnover of HA.(389-391) For instance, de la Fuente et al. developed HA-

chitosan nanoparticles loaded with reporter DNA which successfully transfected human 

corneal epithelial (HCE) cells and conjunctiva cells via the CD44-receptor.(392, 393) Further 

investigations of the internalization pathway revealed that the particles were endocytosed by 

caveolae-mediated endocytosis.(103, 394) CD44-receptor mediated intracorneal uptake was 

also assessed by Hornof et al. using HA-coated PEI/DNA polyplexes demonstrating that 

nanoparticles coated with low-molecular weight HA generated well shielded, stable particles 

while maintaining efficient transfection activity.(205) 

2.9 Muscle as Target 

The delivery of nucleic acids to skeletal and cardiac muscles allows the treatment of muscle-

related disorders such as muscular dystrophy. Efforts were made to develop lipid-siRNA 

conjugates that enable muscle-targeted delivery upon systemic injection. Therefore, a library 

of lipid-ASO conjugates was screened regarding their ability to deliver functional ASOs to 

muscle cells after i.v. injection in mice. It was demonstrated that delivery to muscle cells 

depended on the length of the fatty acid, with C16 to C22 showing highest accumulation based 

on their affinity to albumin which mediated transport to muscle cells.(395) The palmitic-ASO 

conjugate was further evaluated revealing a slight increase in ASO activity, but relatively rapid 

clearance.(396) A following study evaluated ASO potency and association with human, rodent 

and monkey plasma proteins, showing a preferred binding of palmitate-ASOs to human and 

rodent albumin as well as histidine-rich glycoprotein possibly explaining enhanced ASO activity 

in the muscle. Additionally, an enhanced in vivo ASO potency was observed in rodents, but 

only a modest improvement in monkeys.(397) Moreover, different lipids were conjugated to 

chemically stabilized siRNA for a distribution study in mice. Most formulations accumulated in 

clearance organs such as liver or kidney, while docosanoic acid-siRNA conjugate (DCA) 

delivered siRNA partly to other tissues.(398) Compared to cholesterol-siRNA, delivery of DCA-

conjugates to skeletal and cardiac muscles was enhanced about 3-fold and 2.5-fold, 

respectively. Using DCA conjugates, sustained silencing of myostatin mRNA in muscles was 

obtained leading to reduced myostatin protein levels and promotion of muscle growth after 

systemic injection.(399) 
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2.10 Active targeting: in vitro versus in vivo 

It is noticeable that delivery systems using targeting ligands are rather rare on the medical 

market. Only a few products such as GalNAc direct siRNA conjugates and ApoE endogenously 

targeted Patisiran were approved by FDA. In fact, the majority of targeting ligands was 

evaluated in cell culture studies, demonstrating improved in vitro performance. However, most 

formulations have not taken the step to product development for in vivo applications.  

Potential reasons for this observation must be considered and evaluated in order to find 

explanations for this translational bottleneck. There is a great discrepancy between the results 

obtained from in vitro studies and in vivo performance, making predictions for (pre-)clinical 

studies questionable when drawn from cell culture evaluation.(198-200) 

In vivo nucleic acid delivery appears to be affected by several barriers. In contrast to small 

molecule drugs, nucleic acids exhibit unfavored pharmacokinetic and pharmacodynamic 

profiles due to their high molecular weight and charge, excluding membrane diffusion as 

internalization route. The demand for endocytic internalization pathways, membrane barriers 

become more difficult to overcome, and formulation properties have to be carefully tailored, 

resulting in complex, multi-component nanoparticle formulations. Furthermore, different types 

of nucleic acid therapeutics have different requirements on the formulation. Therefore, 

addressing new obstacles, i.e., cellular barriers such as nanoparticle uptake and endosomal 

escape represent major bottlenecks for clinical translation, as discussed in detail by several 

researchers.(18, 400-402) Prior to cellular uptake and endosomal escape, interaction of 

carriers with blood components determine not only transport but eventually also efficiency. 

Thus, the behavior in plasma represents a critical obstacle for the delivery system. Depending 

on their physicochemical properties, including size, zeta potential and surface modification, 

certain proteins will adsorb on their surface to form a “protein corona”. This protein corona 

largely determines the characteristics of the particles in the organism, i.e., biodistribution, 

pharmacokinetics and immunogenicity. It was observed that the adsorption of plasma proteins 

leads to reduced accessibility or interaction between exogenously incorporated ligands and 

their targeted receptors (Figure 2.5). For example, several studies reported that transferrin-

coated nanoparticles showed reduced or lacking specificity towards TfR in presence of the 

protein corona as a result of ligand blockade.(403-405) The resulting “biological identity” was 

highly dependent on the composition of the protein corona. In particular, in vitro protein corona 

depleted targeting capability, whereas a protein corona resembling in vivo conditions caused 

only a reduction in specific receptor-mediated uptake.(404) 
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Figure 2.5. Interaction of i.v. injected targeted nanoparticles with blood components and consequences 

for the delivery process. Formation of protein corona leads to reduced intended targeting ability due to 

masked ligands. Protein corona may lead to transport to other cells or uptake via receptors recognizing 

plasma proteins. Additionally, endosomal escape can be hampered by protein layer. Created with 

BioRender.com 

Interestingly, two studies could prove that the in vivo protein corona even enhanced the overall 

uptake of the nanoparticles, hypothesizing redirection of cellular uptake by the protein layer 

and opening new paths for particle internalization.(405, 406) As a consequence, plasma 

protein adsorption could also lead to redirected transport to off-target cells such as the RES, 

which hampers selective nucleic acid delivery and efficacy. In addition, Tonigold et al. observed 

that antibodies covalently bound to nanoparticles lose their targeting ability almost completely 

in presence of serum. Particles with physically adsorbed antibodies, however, maintained their 

targeting ability, probably due to the fact that these antibodies were not completely exchanged 

or masked by serum proteins.(237) 
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Figure 2.6. Strategies to improve or maintain targeting ability in vivo. (A) PEG-Backfilling avoids 

formation of protein corona, which would mask targeting ligands. Short PEG chains are necessary to 

maintain accessibility of the ligands (407). (B) Application of a nanoprimer is reducing off-target LNP 

uptake by Kupffer cells and LSECs and enhances delivery to hepatocytes. Reproduced with permission 

from reference(408) with Copyright © 2020, American Chemical Society. (C) Adjustment of surface 

chemistry leads to modified protein corona composition and can be used for targeted delivery by altered 

biodistribution profile. Created with BioRender.com 

Traditionally, masking the surface properties causing plasma protein adsorption is a key 

strategy to overcome this issue and to maintain targeting ability. PEGylation has proven to 

reduce undesired interactions and consequently retain ligand-accessibility which is essential 

for targeted delivery in vivo.(82) One approach to further attenuate particle interaction with 

plasma proteins is PEG “backfilling” (Figure 2.6 A). Therefore, the surface of gold 

nanoparticles (Au-NPs), functionalized with targeting transferrin-PEG(5kDa) was further 

modified at free reaction sites with PEG spacers of varying lengths, preventing the particles 

from protein corona formation. In order to enable receptor-recognition, PEG chains for 

shielding had to be shorter than the spacer between particle and targeting ligand.(407) Despite 

these difficulties, there are promising examples which have already demonstrated efficient, 

cell- or tissue-specific delivery of nucleic acids. Additionally, scientists have started to exploit 

the protein corona to tune particle distribution in vivo. It is commonly known that plasma 

proteins adsorption depends on particle surface characteristics. Hence, slight structural 

changes of the particle surface have shown to affect the protein corona composition. As a 

consequence of protein corona modification, transport to target cells by coating with certain 

plasma proteins which serve as endogenous ligands can be obtained in vivo. For example, 

DOTAP/DNA lipoplexes have shown to adsorb vitronectin which mediated receptor-dependent 

uptake by tumor cells expressing aVb3 integrins.(409) Patisiran is another prominent example 

for targeted transport to hepatocytes, mediated by coating with endogenous ApoE.(20, 255) 

Manipulation of the interaction with receptors in vivo and therefore targeted delivery to other 
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cell types could be achieved by an altered protein corona as a consequence of exchanging 

certain lipid components of the Patisiran formulation.(280) Additionally, Saunders et al. used 

“nanoprimers” administered shortly before injection of therapeutic LNPs that were taken up by 

cells of the hepatic RES (Figure 2.6 B). By inhibiting KCs and LSECs, LNPs could be 

preferentially delivered to hepatocytes, the desired target site.(408) 

Based on these observations, methods which enable fast screening of broad libraries of nucleic 

acid carriers in vivo were developed.(256-259) By means of that, evaluation and 

characterization of predominant plasma proteins in the corona and tuning the biodistribution 

profile based on facile structural variations becomes feasible, pathing the way for improved 

targeted, cell-specific nucleic acid delivery in vivo (see Figure 2.6 C) (104, 276-279).  

 

2.11 Conclusion 

Cell-specific delivery, especially for in vivo applications, remains a central challenge for the 

development of new nucleic acid therapeutics. Tremendous efforts were put into the 

optimization of existing delivery systems as well as in the development of new carriers due to 

numerous barriers that have to be overcome for efficient delivery and activity of the nucleic 

acid therapeutic. Receptor-mediated and chemical targeting strategies represent key 

approaches for targeted delivery and improved performance of synthetic carriers and have 

proven their ability for enhanced transfection efficacy in the desired cell type. Receptor-

mediated nucleic acid delivery can be highly specific towards certain cell types (e.g., ASGPR) 

and even allows receptor-mediated transport across internal barriers (e.g., BBB). New, high-

affinity ligands for specific delivery are discovered continuously and can be conjugated to 

synthetic carriers in numerous ways. Chemical targeting achieved by structural alterations of 

the particle components has also shown great potential for promoting cell-specific nucleic acid 

delivery. As a result, shifted biodistribution profiles were observed which enabled delivery to 

desired cells. In addition, new technologies as the barcoding method combined with high 

throughput processes could path the way for future applications, readily adjustable 

formulations and a deeper understanding of in vivo performance. 
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3.1 Abstract 

A cationic, dendrimer-like oligo(aminoamide) carrier with 4-arm topology based on succinoyl 

tetraethylene pentamine and histidines, cysteines, and N-terminal azido-lysines was screened 

for plasmid DNA delivery on various cell lines. The incorporated azides allow modification with 

various shielding agents of different polyethylene glycol (PEG) lengths and/or different ligands 

by copper-free click reaction, either before or after polyplex formation. Pre-functionalization 

was found to be advantageous over post-functionalization in terms of nanoparticle formation, 

stability, and efficacy. A length of 24 ethylene oxide repetition units and pre-functionalization of 

≥ 50% of azides per carrier promoted optimal polyplex shielding. PEG shielding resulted in 

drastically reduced DNA transfer, which could be successfully restored by active lectin 

targeting via novel GalNAc or mannose ligands, enabling enhanced receptor-mediated 

endocytosis of the carrier system. The involvement of asialoglycoprotein receptor (ASGPR) in 

the uptake of GalNAc-functionalized polyplexes was confirmed in the ASGPR-positive 

hepatocarcinoma cell lines HepG2 and Huh7. Mannose-modified polyplexes showed superior 

cellular uptake and transfection efficacy compared to unmodified and shielded polyplexes in 

mannose-receptor expressing dendritic cell-like DC2.4 cells.  

Graphical Abstract 

 

Figure 3.1. Graphical abstract. 

Keywords. plasmid DNA, polyplex, mannose, GalNAc, polyethylene glycol, targeting. 
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3.2 Introduction 

Therapeutic intervention at the genomic level offers various options for the preventive or causal 

treatment of severe diseases such as viral infections, cancer, or genetic disorders. Currently, 

a steadily increasing number of such therapeutic approaches is evaluated in clinical trials or 

has already achieved market authorization.(2, 411) An advantage of DNA-based therapies is 

that they provide long-term protein expression, ideally facilitating curative treatment of chronic 

and genetic diseases by single application. In view of translation into the clinical setting, the 

nucleic acid drug product requires a suitable delivery system with sufficient stability, high 

transfection efficiency, and good biocompatibility. So far, the majority of clinical gene therapy 

trials utilizes viral vectors,(2, 412) but these entail several limitations such as immunogenicity, 

limited cargo capacity, rather sophisticated production, difficult production upscale, and high 

production costs.(171, 413) Non-viral delivery systems, including polyplexes and 

lipoplexes,(48) may be adequate alternatives. However, many synthetic nanocarriers still suffer 

from low transfection efficiency, especially in comparison with viral vectors, and toxicity 

issues.(166, 167, 414, 415) Thus, a more bio-inspired approach (so-called “molecular and 

chemical evolution”) that relies on knowledge of highly effective viral transfection processes 

has been applied to continuously improve non-viral delivery systems.(50, 58, 413) For 

successful gene delivery in vivo, extracellular stability and intracellular release of the cargo in 

its active form at the site of action is of great importance (“polyplex dilemma”). Incorporation of 

bio-responsive elements allows for dynamic, spatially and timely controlled delivery.(45) 

Nanoparticle shielding with e.g., polyethylene glycol (PEG), which reduces the adsorption of 

blood proteins on the nanoparticle surface and creates a “stealth” character, can enhance 

nanoparticle stability in the blood stream, and by this increase the blood circulation time.(79, 

82, 416, 417) However, shielding is also associated with reduced cell membrane interaction 

and cellular uptake, and consequently decreased transfection efficiency (so-called “PEG 

dilemma”). Active targeting strategies (e.g., chemical targeting by nanoparticle surface 

modification, or receptor targeting with specific ligands) can be remedies hereto.(100, 101) 

Noteworthy, PEGylation may also interfere with plasmid DNA (pDNA) compaction as a result 

of increased hydrophilicity and carrier solubility, leading to less condensed polyplexes with 

larger sizes.(211, 418, 419) Careful choice of PEG agents (in terms of length, branching etc.) 

and incorporation strategies is therefore of great importance.  

In the current study, pDNA polyplexes should be functionalized with different shielding 

and targeting agents. There exist two different ways to incorporate PEG/ligand units into the 

nanoparticles, either before (pre-functionalization) or after (post-functionalization) polyplex 

formation. The most suitable functionalization strategy was to be identified in the present work. 

In previous studies, lipid-free sequence-defined oligo(aminoamides) (OAAs) with a dendrimer-

resembling 4-arm topology were used as such nanocarriers and were particularly efficient in 
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gene transfer in cell culture and in vivo in tumor mouse models.(71, 90, 245, 418, 420, 421) 

Incorporation of shielding and targeting moieties was accomplished by synthesizing 

PEG/ligand-OAA conjugates and mixing them with PEG/ligand-free OAAs in different ratios. 

Despite encouraging results, the system used in these studies suffered from limitation of ligand 

variation and required careful consideration of the OAA-PEG/ligand sequence. In addition, this 

strategy is limited to rather simple, linear peptide ligands.  

In order to gain more flexibility for variable modifications and to enable access to more 

complex ligands, such as proteins or carbohydrates, PEG/ligand attachment was achieved by 

post-functionalization of polyplexes via thiol-active linkers,(422-424) or strain-promoted 

alkyne-azide cycloaddition (SPAAC)(240, 241). Previously, Loy et al. introduced modularity 

into the formulation process of targeted and shielded siRNA polyplexes by using SPAAC to 

pre-click diverse PEG-ligand conjugates to “lipid anchors”, followed by co-formulation with 

lipid-containing T-shaped OAAs and small interfering RNA (siRNA).(425) This approach, 

however, could not be translated to DNA polyplex systems, where lipid-free, highly cationic 4-

arm OAAs were superior over lipo-OAAs.(37, 50, 58)  

Consequently, in this study, the rationale of the modularity of the “lipid anchor” strategy 

was combined with the former co-mixing approach of lipid-free OAAs with and without 

PEG/ligand. For this purpose, azido-functionalized 4-arm carriers were applied as “cationic 

anchors” allowing for modular pre-functionalization and compacting pDNA into polyplexes by 

electrostatic interactions. Based on the 4-arm carrier sequence 573,(71) A-K-[H-K-(H-Stp)3-

C)2]2, a small library of six OAAs was generated by solid phase-assisted peptide synthesis 

(SPPS). All structures contain i) lysines as branching points to create the distinct 4-arm 

topology, ii) cationizable artificial amino acid succinoyl tetraethylene pentamine (Stp)(61) for 

pDNA compaction and together with histidines(71, 426-428) in alternating sequence (H-Stp) 

promoting endosomal escape, iii) cysteines for stabilization via disulfide cross-linkage,(61, 

174, 429) as well as iv) four N-terminal azido-lysines (one per arm), allowing for 

functionalization via SPAAC. Amino acid variations comprised additional i) tyrosine-tripeptides 

(Y3), ii) tryptophans, or iii) arginines, both either in alternating sequence with Stp and histidines 

(Stp-H-W, Stp-H-R), or as tripeptides (W3, R3). These amino acid motifs have previously been 

reported for diverse nanocarrier structures for gene delivery, including poly/oligo-

ethylenimine,(430-432) poly(amidoamine) dendrimers,(433) polyacrylamides,(434) and 

(xeno)peptides.(68, 435) Since the effect of amino acid modifications was strongly dependent 

on the underlying carrier sequence, the influence was to be explored for the 4-arm OAAs. 

Notably, tyrosine-tripeptides are considered to promote stabilization by hydrophobic, aromatic 

interactions (π-π stacking effect)(68, 435-437) and increased insolubility,(432) whereas, 

incorporation of arginines has the potential to stabilize pDNA polyplexes by stronger 

electrostatic interactions due to the permanently cationic guanidine units (pKa 12.5).(430, 433, 
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434, 436, 438, 439) Additionally, cellular internalization might be enhanced as a result of 

increased interaction with negatively charged cell membranes and induced membrane 

permeabilization. Tryptophan as cationizable, aromatic amino acid (indole unit) might help also 

in endosomal buffering as well as hydrophobic stabilization(431-433) but could negatively 

affect pDNA condensation and transfection efficiency.(436)  

Most suitable azido 4-arm carriers should then be functionalized in both a pre- and post-

functionalization approach with diverse dibenzocyclooctyne (DBCO)-bearing PEG agents of 

different lengths (PEGn, n = ethylene oxide (EO) units 12, 24, 48, 96) in order to identify the 

best functionalization method and the ideal PEG length for effective shielding. 

For active targeting, lectins (i.e., carbohydrate-binding proteins) such as the asialoglycoprotein 

receptor (ASGPR), or mannose receptors represent interesting targets due to their high degree 

of specificity.(100) Targeting of ASGPR expressed on hepatocytes has already been subject 

of many studies.(115, 216, 438, 440-445) ASGPR shows high affinity and specificity towards 

multi-antennary galactose and N-acetyl galactosamine (GalNAc) and induces receptor-

mediated endocytosis.(116, 125) Whereas the first reported targeted gene delivery focused on 

natural ligands for targeting ASGPR,(188, 193) artificial GalNAc-ligands became extensively 

studied and were continuously optimized for improved nucleic acid transfer to 

hepatocytes.(216, 283) This optimization resulted in the market approval of several direct 

ligand-siRNA conjugates for the treatment of rare diseases.(260, 261, 446) Mannose 

receptors, i.e., C-type lectins known for the recognition of mannose, fucose, and N-

acetylglucosamine residues, have also been addressed by researchers for directed nucleic 

acid delivery to immune cells such as dendritic cells and macrophages,(128, 234, 293-296, 

299, 447-453) which is particularly interesting for vaccination approaches and cancer 

immunotherapy.(454, 455) 

In summary, the present study aimed at finding an efficient delivery system for pDNA, including 

identification of i) an effective polyplex carrier, ii) the ideal PEG chain length and ligand density, 

and iii) the most suitable functionalization method. In this regard, two novel DBCO-bearing 

carbohydrate ligands targeting ASPGR, or mannose receptors were designed and evaluated 

in vitro for their ability to target these receptors . 

 

3.3 Materials and Methods 

3.3.1 Materials 

Acetic anhydride, boron trifluoride diethyl etherate (for synthesis), copper sulfate (CuSO4), 4-

(dimethyl amino)pyridine (DMAP), D-galactosamine hydrochloride, D-mannose, pyridine, 

sodium azide, sodium bicarbonate, sodium diethyl dithiocarbamate, and super-DHB were 

purchased from Sigma Aldrich (Munich, Germany). 2-Bromoethanol and sodium methoxide 
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were purchased from Thermo Scientific (Schwerte, Germany). Sodium ascorbate was 

purchased from Panreac AppliChem (Darmstadt, Germany), DBCO (dibenzoazacyclooctyne)-

PEG24-TFP (2,3,5,6-tetrafluorophenol) ester was obtained from Quanta BioDesign (Plain City, 

Ohio, USA), and sodium sulfate (dry, 99%) was purchased from ORG Laborchemie (Bunde, 

Germany). Luer stopper and polypropylene (PP) reactors with polyethylene (PE) frit were 

purchased from Multi-SynTech GmbH (Witten, Germany). Tentagel S HMBA (4-

(hydroxymethyl)benzoic acid) and Tentagel S Rink Amide resins were purchased from Rapp 

Polymere (Tübingen, Germany), and 2-chlorotrityl chloride resin was obtained from Iris Biotech 

GmbH (Marktredwitz, Germany). Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium 

hexafluoro-phosphate (PyBOP), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), DBCO-acid, N,N′-

diisopropyl carbodiimide (DIC), N,N-diisopropylethylamine (DIPEA), diethyl ether, 1-

hydroxybenzotriazole hydrate (HOBt), phenol triisopropyl silane (TIPS), 

tris(hydroxymethyl)aminoethane, and triton X-100 were purchased from Sigma Aldrich 

(Munich, Germany). Dimethylformamide (DMF, for peptide synthesis), Fmoc-protected amino 

acids, and piperidine (peptide grade) were purchased from Iris Biotech GmbH (Marktredwitz, 

Germany). Fmoc-NH-dPEGn-COOH (n= ethylene oxide (EO) units = 12, 24) were obtained 

from Quanta BioDesign (Plain City, Ohio, USA). Ninhydrin was purchased from AppliChem 

(Darmstadt, Germany). Trifluoroacetic acid (TFA) (99%, extra pure) was obtained from Thermo 

Scientific (Schwerte, Germany). Acetonitrile (ACN), dichloromethane (DCM), and methanol 

(MeOH) (all HPLC reagent grade) were purchased from Fisher Scientific (Schwerte, 

Germany), anhydrous DCM and dry dimethyl sulfoxide (DMSO) from Thermo Scientific 

(Schwerte, Germany). Deuterated solvents were obtained from Eurisotop (Fluorochem, 

Hadfield, UK). Hydrochloric acid and GelRed (10,000x) was purchased from VWR (Darmstadt, 

Germany), sodium hydroxide (1 M) from Fisher Scientific (Schwerte, Germany), ethylene 

diamine tetra acetic acid (EDTA) from Merck (Darmstadt, Germany), and N-(2-

hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES) from Biomol (Hamburg, 

Germany). Agarose BioReagent (low EEO) and ethidium bromide (EtBr) were purchased from 

Sigma Aldrich (Munich, Germany). Cell culture consumables were purchased from Faust Lab 

Sciences (Klettgau, Germany); Dulbecco’s Modified Eagle Medium (DMEM) Ham’s F12 was 

purchased from Capricorn Scientifics (Ebsdorfergrund, Germany); adenosine 5′-triphosphate 

(ATP) disodium salt trihydrate, asialofetuin, coenzyme A trilithium salt, 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyiltetrazolium bromide (MTT), DMEM low glucose, fetal bovine serum (FBS), 

L-glutamine, Iscove’s Modified Dulbecco's Medium (IMDM), mannan (from Saccharomyces 

cerevisiae), antibiotics (penicillin, streptomycin), and trypsin/EDTA were purchased from 

Sigma Aldrich (Munich, Germany) and PAN-Biotech (Aidenbach, Germany). CellTiter-Glo Kit, 

D-luciferin sodium salt, and luciferase cell culture lysis reagent (5x) were purchased from 

Promega (Mannheim, Germany). Plasmid pCMVLuc (encoding Photinus pyralis firefly 
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luciferase under the control of a cytomegalovirus promoter and enhancer)(216) was obtained 

from Plasmid Factory GmbH (Bielefeld, Germany). Plasmid pFscnLuc (encoding Photinus 

pyralis firefly lucierfase under the control of an optimized human fascin1 gene promoter)(456) 

was obtained from Plasmid Factory GmbH (Bielefeld, Germany). Mirus Label-IT Cy5 Kit for 

labeling of pDNA (flow cytometric studies) was obtained from VWR (Darmstadt, Germany). 

Further solvents and reagents were purchased from Sigma-Aldrich (Munich, Germany), Iris 

Biotech (Marktredwitz, Germany), Merck (Darmstadt, Germany), or AppliChem (Darmstadt, 

Germany). 

LPEI 22 kDa was synthesized and analyzed as described before.(457, 458) The starting 

product poly(2-ethyl-2-oxazoline) was purchased from Sigma-Aldrich (Munich, Germany). 

3.3.2 Analytical methods 

3.3.2.1 1H-NMR spectroscopy 

1H-NMR (nuclear magnetic resonance) spectra were recorded by using a Bruker Avance III 

HD 400 (400 MHz). Signals were calibrated to the residual, non-deuterated signals of the used 

solvent as an internal standard (acetone-d6 2.05 ppm; D2O 4.79 ppm; CDCl3 7.26 ppm). 

Chemical shifts (δ) were reported in parts per million (ppm). The spectra were analyzed by 

MestreNova (MestReLab Research x64). Integration was performed manually. Multiplicities 

were abbreviated as follows: s, singlet; d, doublet; t, triplet; m, multiplet. 

3.3.2.2 Analytical reversed-phase HPLC 

Reversed-phase high performance liquid chromatography (RP-HPLC) analysis was performed 

with a VWR-Hitachi Chromaster 5160 Pump System (VWR, Darmstadt, Germany), VWR-

Hitachi Chromaster 5260 Autosampler (VWR, Darmstadt, Germany), and a Diode Array 

Detector (DAD) (VWR-Hitachi Chromaster 5430; VWR, Darmstadt, Germany) at 214 and 

280 nm using a Hydrosphere C18 column (5 µm, 150 x 4.6 mm I.D., YMC Europe GmbH, 

Dinslaken, Germany). As solvent system, ACN/H2O with 0.1% TFA was used with a gradient 

from 95/5 (v/v) – 0/100 (v/v) in 20 min. 

3.3.2.3 Preparative HPLC 

Preparative HPLC was performed on Büchi Pure C-830 Prep (BÜCHI Labortechnik GmbH, 

Essen, Germany) using a SymmetryPrepTM C18 column (7 µm, 19 x 150 mm column, Waters, 

Milford, Massachusetts, USA). HPLC runs were performed with solvent A (100% ACN 

supplemented with 0.1% TFA) and solvent B (100% H2O supplemented 0.1% TFA). A gradient 

from 95% B to 5% B was chosen with a run time of 20 min at a flow rate of 20 mL/min. 

Absorption of eluents was detected using a UV/Vis detector at 214, 254, 280, and 308 nm.  
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3.3.2.4 Liquid chromatography-mass spectrometry (LCMS) 

LCMS analyses were recorded on a Bruker microTOF II in positive ionization mode. As column, 

an Ultra-Fast LC Column YMC-UltraHT Pro C18 (pore size 120 Å, 2.9 x 75 mm; YMC Europe 

GmbH, Dinslaken, Germany) installed in an Ultimate 3000 RP-HPLC system (ThermoFisher 

Scientific) was used. UPLC (ultra performance liquid chromatography) runs were performed at 

25°C using the following mobile phases H2O (A) and ACN (B), both supplemented with 0.1% 

formic acid, following a gradient from 5% solvent B to 95% solvent B over 8 minutes. Injection 

volume ranged between 10-20 µL with a sample concentration of 1 mg/mL. Elution of products 

was monitored by UV/Vis detection at 214, 254, 280, and 308 nm with a diode array detector.  

3.3.2.5 MALDI-TOF mass spectrometry (MS) 

MALDI-TOF (matrix assisted laser desorption ionization – time of flight) MS was conducted 

using an Autoflex II mass spectrometer (Bruker Daltonics, Germany). As matrix, a solution of 

10 mg/mL super-DHB (9/1 (w/w) mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-

methoxybenzoic acid) in 69.93/30/0.07 (v/v/v) H2O/ACN/TFA was used. 1 µL of matrix solution 

was spotted on a MTP AnchorChip (Bruker Daltonics, Germany). Subsequently, 1 µL of sample 

solution, dissolved in H2O or ACN at a concentration of 1 mg/mL, was added onto the matrix, 

co-crystallized and analyzed. Spectra were recorded in positive or negative ion mode. 

3.3.2.6 ESI mass spectrometry 

ESI (electrospray ionization)-MS of samples dissolved in a suitable solvent at a concentration 

of 0.1-1 mg/mL was performed using a Thermo Scientific LTQ FT Ultra Fourier transform ion 

cyclotron and an IonMax source. Data is either shown as [M+X]z after positive ionization 

or [M-X]-z after negative ionization.  

3.3.2.7 Lyophilization 

Lyophilization of the final synthesis products was achieved using Freeze-dryer ALPHA 3-4 

LSCbasic (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). The 

condenser temperature was set to -105 °C at 0.050 mbar. 

3.3.2.8 UV/Vis spectroscopy 

UV/Vis spectra were recorded on an Agilent Cary 3500 UV-Vis Multicell Peltier 

spectrophotometer using micro UV-cuvettes (Brand GmbH & Co. KG, Wertheim, Germany). 

Absorption was recorded either as scan from 200 to 800 nm or at distinct wavelengths (i.e., 

301 nm for determination of resin loading via Fmoc detection or 308 nm for detection of the 

DBCO unit).  

For click reaction monitoring, both pre-functionalization and post-functionalization were 

assessed. In the case of post-functionalization, the polyplex was formed as described in 

section 4.2 of the main manuscript at a total volume of 300 µL in a cuvette. After 40 min of 
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incubation, 100 µL of the diluted PEG24-DBCO ligand (1 eq, FD 25%) was added and the 

absorbance (λ = 308 nm) was measured in intervals of 15 min for a total duration of 12 h. In 

the case of pre-functionalization, the azido-carrier and 1 eq of the PEG24-DBCO ligand (aiming 

for FD 25%) were mixed by rapid pipetting and diluted to a total sample volume of 400 µL to 

resemble the volume of the post-click conditions. The solution was transferred into a cuvette, 

and the absorbance (λ = 308 nm) was measured in intervals of 15 min for a total duration of 

12 h. 

3.3.3 Syntheses 

3.3.3.1 Synthesis of azido 4-arm oligoaminoamides 

The oligoaminoamide (OAA) library was synthesized via solid phase-assisted peptide 

synthesis (SPPS) according to the protocol of Lächelt et al.(71) with some minor 

improvements. In particular, 1% (v/v) triton X-100 was added to all solvents and used in every 

synthesis step to enhance conversion of the coupling reaction. Regarding the Fmoc 

deprotection, a solution of 20% (v/v) piperidine, 2% (v/v) DBU, and 1% (v/v) triton X-100 in 

DMF was used instead of commonly used 20% (v/v) piperidine in DMF. DBU was added to 

achieve more efficient deprotection, whereas triton was used to prevent the long peptide 

sequences from aggregating. Another measure to avoid aggregation and reduce sterical 

hindrance during sequence elongation was a low resin loading of 0.05 mmol/g. All 4-arms were 

purified by size exclusion chromatography using an Äkta system (GE Healthcare Bio-Sciences 

AB, Uppsala, Sweden) based on a P-900 solvent pump module, a UV-900 spectrophotometric 

detector, a pH/C-900 conductivity module, a Frac-950 automated fractionator, a Sephadex G-

10 column, and a solution of 10 mM hydrochloric acid in H2O/ACN 7:3 (v/v) as solvent. 

Subsequently, the OAAs were lyophilized and stored at -20 °C. Identity and purity were 

determined via 1H-NMR spectroscopy (see 3.3.2.1) and analytical RP-HPLC (see 3.3.2.2). For 

experiments, stock solutions of 10 mg/mL OAA in H2O were used. The NMR spectra and 

chromatograms are presented in the appendix, chapter 6.1.1. 

3.3.3.2 Synthesis of PEGn-DBCO agents – General procedure for the synthesis 

PEGn-DBCO shielding agents were prepared on solid phase using an acid-labile 2-chlorotrityl 

chloride resin (loading: 1.55 mmol/g). Firstly, the resin was loaded into a polypropylene 

reaction syringe and swelled in 2 mL of dry DCM for 20 min under shaking. The solvent was 

ejected and Fmoc-dPEGn-OH (0.3 eq) with n = 12 (for PEG12-DBCO) or n = 24 (for all other 

PEG-DBCO agents) and DIPEA (0.9 eq) were dissolved in 2 mL of dry DCM and added to the 

syringe reactor for 2 h and placed on a mechanical shaker. Afterwards, the coupling solution 

was discarded, and the resin was treated with a mixture of DCM/MeOH/DIPEA 

(1 mL/0.75 mL/0.125 mL) for 30 min for capping unreacted coupling sites. Then, the capping 
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solution was ejected, and the resin was washed with DMF and DCM (each 5x 3 mL). For Fmoc 

deprotection, 3 mL of a solution of 20% piperidine in DMF was added to the resin and incubated 

for 10 min under shaking, then discarded. The procedure was repeated 3 times. Afterwards, 

the resin was washed with DMF (5x 3 mL) and DCM (5x 3 mL). For PEG48 and PEG96, coupling 

of the Fmoc-dPEG24-OH building block (with prolonged reaction times of 16 h) and subsequent 

Fmoc deprotection were repeated until the desired sequence was obtained. Once the desired 

sequence was assembled, the terminal Fmoc protecting group was removed according to the 

protocol described above.  

For introducing the DBCO-functionality, DBCO-acid (4 eq), PyBOP (4 eq) and HOBt (4 eq) 

were dissolved in 2 mL of DMF. DIPEA (8 eq) was added to the solution and the reaction 

mixture was added to the syringe and allowed to incubate for 90 min while shaking. Afterwards, 

the solution was ejected, and the resin was washed with DMF (5 x 3 mL) and DCM (5x 3 mL). 

The PEGn-DBCO agent was then cleaved from the resin by treatment with 3 mL of a cleavage 

cocktail containing 5% TFA, 2.5% TIPS, and 92.5% DCM. After 45-60 min, the cleavage 

solution was precipitated into 40 mL of ice-cold MTBE/n-hexane (1:4 v/v) and centrifuged for 

15 min at 4000 rpm at 4 °C. The supernatant was discarded, and the pellet was dried under 

nitrogen flow. The dry pellet was then dissolved in 1 mL of 0.05 M NaOHaq solution, and the 

pH was adjusted to 7. Purification was accomplished by dialysis against de-ionized H2O for 

24 h at 4 °C. The resulting dialysate was lyophilized. The PEGn-DBCO agents were analyzed 

for identity and purity via MALDI-TOF MS (3.3.2.5) and LCMS (3.3.2.4). The mass spectra and 

chromatograms are presented in the appendix, see chapter 6.1.2. 

Yields (for 0.1 mmol resin):  

PEG12-DBCO  7.6 mg, (7.9 µmol, 78%) 

PEG24-DBCO  22.7 mg (15.3 µmol, 78%) 

PEG48-DBCO  19.0 mg (7.3 µmol, 45%) 

PEG96-DBCO  37.8 mg (7.8 µmol, 58%) 

 

3.3.3.3 Synthesis of trivalent GalNAc-ligand (GalNAc)3-PEG24-DBCO 

Syntheses of building blocks 

TDS (triple bond diethylenetriamine succinyl) building block. 

1-(fluorenyl)-3,11-dioxo-7-(pent-4-ynoyl)2-oxa-4,7,10,-triazatetra-decan-14-oic acid) was 

synthesized as reported previously by Ponader et al.(459) 

2,3,4,6-tetra-O-acetyl--(2-azidoethanol)-D-galactosamine. 

The synthesis protocol was adapted and adjusted from a protocol reported by Soria-Martinez 

et al.(460)  
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1,2,3,4,6-penta-O-acetyl-D-galactosamine. The synthesis for the preparation of per-

acetylated GalNAc followed a protocol by Bernardes et al.(461) To a cooled solution of β-D-

galactosamine hydrochloride (5.07 g, 23.5 mmol, 1 eq) in pyridine (28 mL, 352.7 mmol, 15 eq), 

acetic anhydride (16.7 mL, 176 mmol, 7.5 eq) was added dropwise over 30 min under nitrogen 

atmosphere while stirring. The reaction mixture was allowed to come up to room temperature 

(RT) and stirred overnight for 16 h. Then, the reaction mixture was poured into ice water 

(500 mL) to precipitate the product was white crystals. The precipitate was filtered, washed 

with H2O and dried under high vacuum to give the product (quantitative yield).  

2,3,4,6-tetra-O-acetyl--(2-bromoethanol)-D-galactosamine. Synthesis of bromoethyl-

GalNAc was performed following a protocol by Soria-Martinez.(460) Peracetylated GalNAc 

(7.2 g, 18.5 mmol) was dissolved in 35 mL of dry DCM. Under inert atmosphere, 2-

bromoethanol (1.6 mL, 22.2 mmol, 1.2 eq) was added and the reaction mixture was cooled to 

0 °C. Boron trifluoride diethyl etherate (11.7 mL, 39.2 mmol, 5 eq) was added dropwise over 

15 min and the reaction solution was allowed to come up to RT and agitated for 20 h. 

Subsequently, the reaction was quenched by pouring the solution into 200 mL of an ice-cold, 

saturated aqueous solution of sodium bicarbonate. After stirring for additional 2 h, the organic 

layer was separated, washed with saturated sodium bicarbonate solution (2x 50 mL), dried 

over sodium sulfate and filtered. The solvent was then removed under reduced pressure to 

give a yellow oil (4.25 g, 9.44 mmol, 51%). The crude product (termed as bromoethyl-GalNAc) 

was used in the next step without further purification.  

2,3,4,6-tetra-O-acetyl--(2-azidoethanol)-D-galactosamine. Introduction of the azido group 

was achieved adapting a protocol by Lindhorst et al. and Soria-Martinez et al.(460, 462) 

Bromoethyl-GalNAc (4.25 g, 9.4 mmol, 1 eq) was dissolved in DMF (10 mL/g), and sodium 

azide (3.04 g, 46.8 mmol, 5 eq) was added while stirring. The solution was heated with an oil 

bath to a constant temperature of 60 °C and stirred for 72 h. Afterwards, the reaction mixture 

was diluted with 200 mL of H2O and extracted with ethyl acetate. The organic layer was 

separated, washed three times with H2O, dried over sodium sulfate and concentrated under 

reduced pressure. The product was obtained after purification by silica column 

chromatography using 100% ethyl acetate as solvent (300 mg, 0.75 mmol, 8%). 1H-NMR 

spectroscopy analysis is in accordance with literature,(463) see appendix, section 6.1.3.1. 

Solid phase synthesis of ligand backbone 

The ligand backbone was assembled by SPPS using Tentagel® S Rink amide modified resin 

on a 0.1 mmol scale (loading 0.23 mmol/g).  

Preparation of resin. The resin was swollen in DCM (1 mL solvent per 100 mg resin) for 

30 min in a reaction syringe and afterwards washed ten times with DMF. 
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Fmoc deprotection. The resin was treated with a solution of 20% (v/v) piperidine in DMF for 

2x 15 min. Afterwards, the resin was washed ten times with DMF. 

Standard coupling protocol. 5 eq of the relevant building block and 4.9 eq of PyBOP were 

dissolved in DMF (approx. 3-5 mL). Immediately before adding the solution to the resin, 10 eq 

of DIPEA are added to the coupling solution for activation. The coupling solution was added to 

the resin and allowed to react for 60-90 min under constant shaking. Afterwards, the solution 

was discarded, followed by washing the resin with DMF and DCM (10x 5 mL each).  

Assembly of ligand backbone. For the assembly of the ligand backbone, three units of the 

TDS building block were coupled successively to the resin by alternating Fmoc deprotection 

and coupling steps. After the third TDS coupling, the terminal Fmoc protecting group was 

removed. 

Kaiser test. The success of coupling and deprotection of N-terminal protecting groups was 

determined qualitatively by a Kaiser test. For this, a small amount of resin was transferred into 

an Eppendorf tube and one drop of each of the following solutions were added: 5% (w/v) 

ninhydrin in ethanol, 80% (w/v) phenol in ethanol, and 20 μM potassium cyanide in pyridine. 

The tube was incubated for 5 min at 99 °C under shaking at 600 rpm. The presence of free 

amino groups was indicated by a dark blue color, the absence by no change of color, 

respectively. 

Glycosylation by copper(I)-catalyzed click reaction 

GalNAc-OCH2CH2-N3 (2.5 eq per alkyne moiety) was dissolved in DMF. CuSO4 (2.5 eq per 

alkyne) and sodium ascorbate (2 eq) were dissolved separately in H2O with a concentration of 

100 mg/mL. The carbohydrate solution was then added to the syringe reactor, followed by 

aqueous CuSO4 and sodium ascorbate solutions. The color of the reaction solution turned from 

light yellow to turbid orange. The glycosylation was allowed to proceed overnight at RT under 

exclusion of light (covered by aluminum foil). Once the reaction was complete, the solution 

was discarded, and the resin was washed with the following procedure to eliminate copper 

ions: i) 23 mM solution of sodium diethyl dithiocarbamate (SDTC) in DMF/ H2O 1:1 (v/v); 

ii) DMF; iii) H2O; and iv) DCM (5x 5 mL each). The washing procedure is repeated until the 

resin retained its light-yellow color, and the washing solutions remain colorless.(464)  

Removal of acetyl protecting groups on GalNAc residues 

After glycosylation, carbohydrate acetyl protecting groups were removed through addition of a 

solution of 0.2 M sodium methoxide in MeOH for 2x 45 min. Afterwards, the resin was washed 

with DCM, MeOH and DCM (5x 5 mL each).  
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Cleavage from the resin  

Peptide cleavage was obtained by treatment of the resin with a cleavage solution containing 

95% TFA, 2.5% DCM, and 2.5% TIPS. The resin was incubated with 3 mL of the cleavage 

solution for 60 min. Afterwards, the solution was dispensed into ice-cold diethyl ether (40 mL). 

The cleaved ligand precipitated and was centrifuged for 8 min at 4400 rpm and at 4 °C. The 

supernatant was removed, and the precipitate was resuspended in diethyl ether and 

centrifuged again. The pellet was dried and dissolved in H2O for lyophilization. The 

intermediate product (GalNAc)3-amine was analyzed by 1H-NMR spectroscopy (3.3.2.1), 

MALDI-TOF-MS (3.3.2.5) and analytical HPLC (3.3.2.2) to confirm purity and identity. The 

spectra and chromatograms are presented in the appendix, see 6.1.3. 

Functionalization with PEG24-DBCO 

Introduction of a PEG24 shielding domain and DBCO functionality for subsequent polyplex 

modification was conducted at the N-terminus of the ligand using an active ester reagent. The 

ligand (10 mg, 5.9 µmol, 1 eq) bearing a terminal amino group was dissolved in 200 µL of 

sodium bicarbonate buffer, and pH was adjusted to 8.4 by addition of aqueous sodium 

hydroxide solution (0.05 M). DBCO-PEG24-TFP ester (10 mg, 6.5 µmol, 1.1 eq) was dissolved 

in water-free DMSO. The solutions were combined, and the reaction was allowed to proceed 

overnight at RT while gently shaking. Afterwards, the reaction solution was applied to a 

preparative HPLC column for purification (3.3.2.3). Fractions were collected and organic 

solvents were removed under reduced pressure. The residue was diluted with water and 

lyophilized to give the product (yield: 5.5 mg, 1.8 µmol, 30%). Characterization of the product 

was done by LCMS (3.3.2.4) and MALDI-TOF MS (3.3.2.5). Mass spectrum and chromatogram 

are presented in the appendix, see 6.1.3.1. 

3.3.3.4 Synthesis of mannose-ligand Gly-Ser(Man)-PEG24-DBCO 

Synthesis of mannosylated serine building block  

 

1,2,3,4,6-penta-O-acetyl-D-mannose. The synthesis was adapted from a method published 

by Ponader et al. and Soria-Martinez et al.(459, 460) Briefly, α-D-mannose (5 g, 27.8 mmol, 1 

eq) and p-toluene sulfonic acid (475 mg, 2.78 mmol, 0.1 eq) were suspended in 65 mL of ACN 

and stirred for 60 min under nitrogen atmosphere. Acetic anhydride (15.6 mL, 16.7 mmol, 6 eq) 

was added dropwise and the solution was stirred overnight at RT. After 18 h, the solvent was 

removed under reduced pressure. The residue was re-dissolved in 200 mL of ethyl acetate 
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and the organic phase was washed five times with saturated sodium bicarbonate solution and 

once with H2O (200 mL each). Subsequently, the organic phase was dried over sodium sulfate 

and the solvent was removed under reduced pressure to give a colorless oil (yield: 26.7 mmol, 

96%). Acetylated mannose was characterized via 1H-NMR spectroscopy. The spectrum is 

presented in the appendix, see 6.1.3.2. 

N’-(9-Fluorenylmethoxycarbonyl)3-O-(2,3,4,6-tetra-O-acetyl-α-D-mannopranosyl)serine. 

The synthesis was adapted and optimized according to previously published protocols.(465, 

466) Fmoc-serine-OH (1 g, 3.06 mmol, 1 eq) and mannose-pentaacetate (1.49 g, 3.82 mmol, 

1.25 eq) were dissolved in dry ACN (50 mL) under inert atmosphere. Boron trifluoride diethyl 

etherate (3.8 mL, 30.55 mmol, 10 eq) was added dropwise. The reaction solution was stirred 

in the dark at RT under inert gas atmosphere for 20 h. Afterwards, the reaction solution was 

diluted with 100 mL of DCM, cooled to 0 °C and subsequently poured in 500 mL of ice water. 

The layers were separated, and the organic phase was washed successively with ice water 

and saturated sodium bicarbonate solution (200 mL each). The organic phase was dried over 

Na2SO4, filtered and the solvent was removed under reduced pressure. The crude product was 

purified by silica gel column chromatography with 5:95 (v/v) MeOH/DCM to give the product 

as a light-yellow foam (yield: 624 mg, 0.95 mmol, 31%). Analysis was done by ESI-MS (3.3.2.6) 

and 1H-NMR spectroscopy (3.3.2.1). The analytical data are presented in the appendix, see 

6.1.3.2. 

Synthesis of Gly-Ser(Man)-PEG24-DBCO 

Preparation of the resin. The synthesis of the mannose-ligand was conducted on a base-

labile Tentagel® S HMBA resin. 50 mg of the resin (12.5 µmol) was loaded into a polypropylene 

reaction syringe and swelled in 2 mL of dry DCM for 20 min before subsequent loading with 

Fmoc-Gly-OH. Therefore, 5 eq of the amino acid, 0.1 eq of DMAP, and 5 eq of DIC were 

dissolved in 1 mL of DMF and pre-activated for 5 min under shaking. The solution was then 

added to the resin and incubated for 2 h on a mechanical shaker. Afterwards, the resin was 

washed with DMF and DCM (5x 2 mL each) and a Kaiser test was performed to ensure 

complete loading.  

Fmoc deprotection. Removal of Fmoc protecting group was achieved by treating the resin 

with a solution of 20% piperidine in DMF (v/v) for 3x 15 min (2 mL each). Afterwards, the resin 

was washed with DMF and DCM (5x 2 mL each). 

Couplings on solid support. After removing the Fmoc protecting group, Fmoc-

Ser(Man(Ac)4)-OH was coupled. Therefore, the building block (5 eq), PyBOP (5 eq) and HOBt 

(5eq) were dissolved in a total volume of 2 mL of DMF and DCM (1:1, v/v). After complete 

dissolvement of the reagents, DIPEA (10 eq) was added to the solution. The solution was then 
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added immediately to the resin and allowed to react for 2 h. Afterwards, the coupling solution 

was discarded, and the resin was washed DMF and DCM (5x 2 mL each), followed by a Kaiser 

test to confirm completion of the coupling. Next, Fmoc protection group was removed and 

Fmoc-dPEG24-OH was coupled to the resin as described above (3.3.3.2) with a prolonged 

reaction time of 16 h. Afterwards, the resin was washed with DMF and DCM, and the N-

terminal Fmoc protecting group was removed following the protocol described above.  

Cleavage and saponification of acetyl groups. The resin was treated with a cleavage 

cocktail (10 mL/g resin) containing 0.5 M NaOHaq/ACN (1:1, v/v) for 30 min while placed on a 

mechanical shaker. Afterwards, H2O (2 mL/g) were added to the mixture and the syringe 

reactor was shaken with a mechanical shaker at RT for another 30 min. The resin was then 

filtered, washed twice with 2 mL of ACN and the collected solutions were neutralized by 

addition of aqueous hydrochloric acid (0.5 M). The solution was diluted with H2O and dialyzed 

overnight against H2O and lyophilized to give the peptide acid (yield for 12.5 µmol resin: 

16.2 mg, 10.8 µmol, 87%). By using this method, saponification of the acetyl protecting groups 

was achieved in situ. The ligand was used in the next step without further purification. 

DBCO-functionalization. The ligand (16.2 mg, 10.8 µmol) containing a free amino on the N-

terminus was dissolved in 250 µL of HEPES, the pH was adjusted to 8, and the solution was 

cooled to 0 °C. DBCO-NHS (5.5 mg, 13 µmol, 1.1 eq) was dissolved in 250 µL of DMF and 

cooled to 0 °C. When the ligand solution was added to the DBCO-NHS solution, a precipitate 

occurred which was redissolved by addition of a few drops of DMF. The reaction was then 

allowed to proceed overnight at RT. Afterwards, the crude reaction solution was diluted with 

H2O and ACN and applied to preparative HPLC for purification using the protocol described 

above (3.3.2.3). The desired fractions were lyophilized to give the final ligand (yield: 13.5 mg, 

7.8 µmol, 70%) and characterized via MALDI-TOF MS (3.3.2.5). The mass spectra is 

presented in the appendix, see 6.1.3.2. 

 

3.3.4 Polyplex formation and functionalization 

3.3.4.1 Polyplex formation 

pCMVLuc DNA and the calculated amount of OAA (based on the indicated N/P (nitrogen of 

protonable amine to phosphate) ratio) were diluted separately in equal volumes of HBG buffer 

(20 mM HEPES, 5% glucose (w/v), pH 7.4). For the calculation of N/P ratio, N-terminal and 

secondary amines of the Stp building block were taken into consideration. Polyplexes were 

formed by addition of the DNA solution to the OAA solution, followed by rapid pipetting and 

incubation for 40 min at RT.  
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3.3.4.2 Polyplex functionalization  

Post-functionalization. For post-functionalization, polyplexes were prepared as described 

above (3.3.4.1). After 40 min of incubation time, the indicated amount of DBCO-agent was 

diluted in HBG to 25% of the total polyplex solution, added to the polyplex solution and mixed 

by pipetting a few times. Then, the click reaction was allowed to proceed for 4 h at RT. Different 

ligand densities were achieved by addition of either 1 eq, 2 eq, or 4 eq of DBCO-click reagent 

related to the OAA, resulting in functionalization degrees of 25%, 50%, or 100%, respectively.  

Pre-functionalization. The calculated molar amount of DBCO-ligand was added to the azido-

OAA solution and mixed. The click reaction was allowed to proceed overnight at RT while 

placed on a mechanical shaker. The pre-clicked ligand/PEG-OAA conjugate was used for 

polyplex formation as described above (3.3.4.1), either alone or in combination with unmodified 

OAA at indicated ratios. 

3.3.5 Physicochemical characterization 

3.3.5.1 Zetasizer measurements 

Measurements were performed using a Zetasizer Nano ZS (Malvern Instruments, Malvern, 

Worcestershire, United Kingdom) using a folded capillary cell (DTS1070) by dynamic and 

electrophoretic laser light scattering (DLS, ELS). For determination of particle size and 

polydispersity index (PDI), 100 µL of polyplex solutions were formed as described above 

(3.3.4) at pDNA concentration of 10 or 25 µg/mL, respectively, and measured with the settings 

as follows: 30 sec of equilibration time, temperature 25 °C, refractive index 1.330, viscosity 

0.8872 mPa*s. Each sample was measured three times with six sub-runs per measurement. 

For determination of zeta potential, the polyplex solution was diluted with 700 µL of HBG and 

mixed by pipetting immediately prior to measurement. Measurement parameters were identical 

to size determination, with an increase of equilibration time to 60 sec. Each sample was 

measured with 15 sub-runs (10 sec each) and zeta potential were calculated by Smoluchowski 

equation. All values (size, PDI, and zeta potential) were displayed as mean ± SD out of these 

measurements. 

3.3.5.2 Ethidium bromide (EtBr) exclusion assay 

The pDNA compaction ability of the distinct carriers was evaluated via an EtBr exclusion assay. 

The EtBr fluorescence intensity correlates with the amount of less compacted or free pDNA, 

as only these states are accessible for EtBr intercalation. In less stable, dissociating 

nanoparticles, pDNA is less compacted, resulting in stronger EtBr fluorescence. On the 

opposite, pDNA might be less accessible in destabilized, aggregated nanoparticles. 

Quantification of EtBr fluorescence was carried out using a microplate reader (Spectrafluor 

Plus, Tecan, Switzerland) with an excitation wavelength λex = 535 nm and an emission 
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wavelength λem = 590 nm. Polyplexes were prepared as described in section 3.3.4 with a total 

volume of 50 µL at a final pDNA concentration of 10 µg/mL. After the indicated incubation time 

(40 min for unmodified and pre-functionalized polyplexes, respectively and additional 4 h for 

post-functionalized formulations) 250 µL of aqueous EtBr solution (c = 0.5 µg/mL) was added 

to the polyplexes. After additional incubation for 10 min at RT, 260 µL of each sample was 

transferred into a TPP-ft 96-well-plate and fluorescence intensity was measured. A calibration 

curve with free pDNA (linear concentration range from 0 to 10 µg/mL) diluted in HBG was used 

for quantification. The amount of less compacted pDNA was calculated based on the 

calibration of free pDNA and displayed as percentage of EtBr fluorescence in relation to 100% 

of free pDNA.  

3.3.5.3 Agarose gel shift assay 

The presence of free pDNA within the polyplex samples was assessed via an agarose gel shift 

assay. Free pDNA moves to the anode and can be detected as bands in the gel. Smearing 

bands may be an indicator for less stable, dissociating nanoparticles but might also occur in 

the case of negatively charged nanoparticles, which shift towards the anode, as it was already 

observed previously.(241) In contrast, in the case of aggregates, pDNA might be still 

compacted and retained within the aggregated particles. 1% (w/v) agarose gel was prepared 

by microwave assisted heating of agarose in TBE buffer (18.0 g of tris(hydroxymethyl)-

aminomethane, 5.5 g of boric acid, 2 mM EDTA at pH 8 in 1 L of H2O). After cooling to ~ 50 °C, 

1x GelRed was added to the solution (i.e., 1:1000-dilution of 1000x GelRed stock solution). 

Afterwards, the solution was casted into an electrophoresis unit and cooled to allow for 

gelation. Polyplexes were formed as described as described in section 3.3.4 with a total volume 

of 20 µL at a pDNA concentration of 10 µg/mL. After 40 min of incubation, 4 µL of loading buffer 

(6x; prepared from 6 mL of glycerol, 1.2 mL of 0.5 M EDTA, 2.8 mL of H2O, 0.02 g of 

bromophenol blue) were added to the polyplex solution. 20 µL of the samples were loaded to 

the gel. Electrophoresis was performed at 120 mV for 70 min in 1x TBE buffer and analyzed 

with Dark Hood DH-40 (biostep, Burkhardtsdorf, Germany) and the biostep argusX1 software. 

Free pDNA diluted in HBG to a concentration of 10 µg/mL was used as control.  

3.3.5.4 Transmission electron microscopy (TEM) 

Unmodified, pre- and post-functionalized polyplexes containing 10 µg/mL pDNA in H2O were 

formed at an N/P ratio of 12 and a functionalization degree of 50% as described in section 

3.3.4. Mild plasma cleaning under argon atmosphere (420 V, 1 min) was used to activate and 

hydrophilize the formvar/carbon-coated 300 mesh copper grids (Ted Pella Inc., Redding, CA, 

USA). Thereafter, 10 μL of the polyplex solution was placed on the grids. After an incubation 

for 1.5 min, excess liquid was removed using a filter paper. Then, the grids were washed with 

5 μL of staining solution (1% (w/v) aqueous uranylformate solution), followed by incubation 

with 5 µL of staining solution for 0.5 min. Excess liquid was again blotted off, followed by air-
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drying for 30 min at RT. Samples were then imaged at 80 kV using a JEM-1011 electron 

microscope (Jeol, Freising, Germany). 

3.3.6 In vitro evaluation 

3.3.6.1 Cell culture 

The human adherent hepatic carcinoma cell lines Huh7 wild-type (wt) (Japanese Collection of 

Research Bioresources Cell Bank, Osaka, Japan) and HepG2 wt (ATCC, American Type 

Culture Collection, Manassas, VA, USA) were cultured in DMEM Ham’s F12 medium. The 

human adherent cervix carcinoma cell line HeLa wt (DSMZ, German Collection of 

Microorganisms and Cell Cultures GmbH, Braunschweig, Germany) and the murine adherent 

neuroblastoma cell line Neuro2a (N2a) wt (ATCC, Manassas, VA, USA) were cultured in 

DMEM low glucose (1 g/L glucose). Cell culture media were supplemented with 10% fetal 

bovine serum (FBS), 4 mM of stable glutamine, 100 U/mL penicillin, and 100 µg/mL 

streptomycin. The murine dendritic cell (DC)-like cell line DC2.4 (Merck Millipore, Darmstadt, 

Germany) was grown in IMDM, supplemented with 10% (v/v) FBS, 4 mM of stable L-glutamine, 

100 U/mL of penicillin, 100 µg/mL of streptomycin, and 50 µM of β-mercapto ethanol. Cells 

were cultured at 37 °C with 5% CO2 and a relative humidity of 95% in an incubator.  

3.3.6.2 Transfections 

All transfections were performed in the presence of 10% (v/v) fetal bovine serum (FBS). The 

polyplexes were prepared as described above (3.3.4). Cells were seeded 24 h prior to the 

treatment. For Huh7 and HeLa cells, 8000 cells/well, for N2a and HepG2 cells, 10,000 

cells/well, and for DC2.4, 5000 cells/well were seeded in a 96-well plate. Prior to the treatment, 

the medium was renewed by 80 µL/well of fresh medium supplemented with 10% (v/v) FBS. 

Afterwards, 20 µL of polyplex solution were added to each well, containing 200 ng (in case of 

tumor cells) or 500 ng pCMVLuc (in case of DCs), respectively. HBG was used as negative 

control; LPEI (N/P 6) was used as positive control.(67, 71, 467) Transfections were performed 

in triplicate.  

For dose titration experiments, different volumes of the polyplex solution were applied to the 

wells at a pDNA concentration of 10 µg/mL (for tumor cells), or 25 µg/mL (for DCs). 

For competition experiments, cells were pre-incubated with competitor for 15 min (in case of 

asialofetuin) or 30 min (in case of mannan) prior to transfection. Hereto, medium was replaced 

with 80 µL of fresh medium, containing asialofetuin (with a final concentration of 5 mg/mL) or 

mannan (final concentration in the well of 2 mg/mL(468)). Afterwards, cells were treated with 

polyplexes in presence of the competitor. 
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3.3.6.3 Luciferase gene expression assay 

Transfections of polyplexes were performed as described above (3.3.6.2). After the indicated 

incubation time (48 h for hepatocarcinoma cell lines, 24 h for all other cell lines), the medium 

was removed. 100 µL of 0.5x lysis buffer were added to each well and the cells were stored at 

-80 °C overnight. Before the determination of luciferase expression, plates were allowed to 

come up to RT and incubated for 1 h. For measurement, 35 µL of cell lysate were transferred 

into an opaque 96-well plate. Luciferase activity was measured for 10 sec in a Centro LB 960 

plate reader luminometer (Berthold Technologies, Bad Wildbad, Germany) after addition of 

100 µL of LAR buffer (20 mM glycylglycine; 1 mM MgCl2; 0.1 mM ethylenediaminetetraacetic 

acid; 3.3 mM dithiothreitol; 0.55 mM adenosine 5′-triphosphate; 0.27 mM coenzyme A; pH 8-

8.5) supplemented with 5% (v/v) of a mixture of 10 mM luciferin and 29 mM glycylglycine. 

Transfection efficiency was calculated for the seeded number of cells and presented as relative 

light units (RLU) per well. 

3.3.6.4 MTT assay to assess cell viability 

Transfections of polyplexes were performed as described in section 3.3.6.2. At 24 or 48 h post 

transfection, 10 µL of MTT (5 mg/mL) were added to each well and the wells were incubated 

for 2 h at 37 °C. Afterwards, the supernatant was removed, and the plates were stored at least 

for 1 h at -80 °C for complete cell lysis. Then, the purple formazan product was dissolved in 

100 µL of DMSO and incubated in the wells for 30 min at 37 °C under slow constant shaking. 

Photometric analysis was carried out using a Tecan microplate reader (Spectrafluor Plus, 

Tecan, Männedorf, Switzerland). Absorbance was measured at wavelength λ = 590 nm with a 

background correction at λ = 630 nm. Relative metabolic activity was related to control wells 

treated with HBG and calculated by [A]sample/[A]control. 

3.3.6.5 CellTiter-Glo assay to assess cell viability 

Transfections were performed as described in section 3.3.6.2. The supernatant was removed 

at 24 h after transfection, and 25 µL of medium as well as 25 µL of CellTiter-Glo Reagent were 

added to each well. After incubation on an orbital shaker for 30 min at RT, luminescence was 

recorded using a Centro LB 960 plate reader luminometer (Berthold Technologies, Bad 

Wildbad, Germany). The luminescent signals (in relative light units, RLU) of the samples were 

set in relation to the luminescent signal of the negative control (HBG buffer-treated control 

cells). Results are presented as relative metabolic activity normalized to the negative control. 

Experiments were performed in triplicate. 

3.3.6.6 Receptor expression in different cell lines – Flow cytometric analysis 

Receptor staining of tumor cells. HepG2, Huh7, and HeLa cells (106 cells each), suspended 

in FACS buffer, were incubated with 20% (v/v) primary antibody solutions for 1 h on ice, 

followed by staining with a secondary antibody, 1:100-diluted, for 1 h on ice. For staining of the 
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asialoglycoprotein receptor (ASGPR), mouse anti-human ASGPR1 (8D7) monoclonal antibody 

(100 µg/mL; Novus Biologicals, Centennial, CO, USA) was used. Negative control mouse IgG1 

(100 µg/mL; Agilent Technologies. Santa Clara, CA, USA) served as control. Alexa Fluor 488 

(AF 488) goat anti-mouse IgG1 (H+L) (2 mg/mL; Invitrogen, ThermoFisher Scientific, Waltham, 

MA, USA) was used as secondary antibody. 

Receptor staining of DC2.4 cells. 106 DC2.4 cells, suspended in FACS buffer (10% (v/v) FBS 

in phosphate-buffered saline, PBS), were stained with 10% (v/v) of antibody solution for 1 h on 

ice. PE anti-mouse CD206 (25 µg/mL) was used for staining of the macrophage mannose 

receptor and PE anti-mouse CD209a (25 µg/mL) for staining of the DC-SIGN receptor (both 

from BioLegend, Koblenz, Germany). Untreated cells as well as cells treated with antibody 

FITC mouse IgG1 K isotype Ctrl (50 µg/mL; BioLegend) served as controls.  

Afterwards, cells were centrifuged (1000 rpm, 5 min, 4 °C), washed with FACS buffer, and 

subjected to analysis in a CytoFLEX S flow cytometer (Beckman Coulter, Brea, CA, USA). 

Measurements were carried out at λex = 488 (FITC, AF 488) or 561 nm (PE), respectively, and 

λem = 525 (FITC, AF 488) or 585 nm (PE), respectively. Dead cells were detected via DAPI; λex 

= 405 nm, λem = 450 nm. At least 20,000 events per sample were recorded and analyzed by 

FlowJo 7.6.5 flow cytometric analysis software (FlowJo, Ashland, OR, USA).  

3.3.6.7 Cellular uptake study – Flow cytometry 

At 24 h prior to the experiment, DC2.4 cells were seeded in 96-well plates at a cell density of 

5000 cells/well. Prior to transfection, medium was replaced by fresh medium (occasionally 

supplemented with competitor mannan). Then, transfection was performed by applying 

different volumes of polyplexes prepared at a pDNA concentration of 10 µg/mL (20% Cyanine5 

(Cy5)-labeled; pDNA labeling via Mirus Label-IT Cy5 Kit according to the manufacturer’s 

protocol) as described in section 3.3.4. After 24 h, cells were washed with phosphate-buffered 

saline (PBS), followed by treatment with 100 µL of heparin (1000 IU/mL) for 10-15 min on ice 

in order to remove polyplexes non-specifically bound to the cell surface. Afterwards, cells were 

washed with PBS, detached with trypsin/EDTA, and centrifuged (1000 rpm, 5 min, 4 °C). The 

cell pellets were re-suspended in FACS buffer (10% (v/v) FBS in PBS), supplemented with 

0.1% (v/v) of DAPI (1 mg/mL) to discriminate dead cells. Cellular uptake was assessed via a 

CytoFLEX S flow cytometer (Beckman Coulter, Brea, CA, USA) through excitation of Cy5 at 

635 nm and detection of emission at 665 nm. Cells were gated based on the forward- and side-

scatter profile. Data were recorded by collection of 2500 events per sample and analyzed by 

FlowJo 7.6.5 flow cytometric analysis software (FlowJo, Ashland, OR, USA). Results are 

displayed as mean fluorescence intensity (MFI; n=6; mean + SD) in Cy5-positive cells (Cy5-

A) after background subtraction (HBG-treated control cells) normalized to MFI values of 

unmodified polyplexes. 
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3.3.7 Statistical analysis 

Results are presented as mean values (arithmetic mean) of at least triplicates. Error bars 

display the standard deviation (SD). Statistical analysis of the results (mean ± SD) was 

evaluated by unpaired Student’s two-tailed t-test with Welch’s correction. Calculations and 

graphical presentation were performed with Prism 9.5.1 (GraphPad Software Inc.).  

ns (statistically not significant) p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.  

 

3.4 Results and Discussion 

3.4.1 Azido-4-arm library 

3.4.1.1 Design of the azido 4-arm library 

In order to achieve efficient gene delivery, nanocarriers need to fulfill certain requirements, 

including the formation of stable particles with well-compacted pDNA in the extracellular space 

and the release of the cargo in effective form after efficient cellular uptake and endosomal 

escape. To meet these demands, six nucleic acid binding carriers with a precise 4-arm topology 

were synthesized by solid phase-assisted synthesis (Table 3.1; for the method, see 3.3.3.1), 

based on the sequence of OAA 573 developed by Lächelt et al.(71) Scheme 3.1 A). All carriers 

contain 

i) lysines as branching points for creating the distinct 4-arm topology,  

ii) the cationizable artificial amino acid Stp(61) for pDNA compaction and in 

combination with histidines in an alternating pattern (Stp-H) promoting endosomal 

escape, as well as  

iii) cysteines for stabilization via disulfide cross-links. Furthermore, different structural 

variations were incorporated, namely, tyrosines, tryptophans and arginines either 

as block-wise tripeptides (Y3, W3, R3), or in alternating sequence with Stp and 

histidines (Stp-H-W, Stp-H-R) (Scheme 3.1 B).  

These modifications were chosen to enhance polyplex stability either via π-π stacking(437) in 

the case of amino acids tyrosine and tryptophan, or by enhanced electrostatic interactions with 

negatively charged pDNA mediated by the basic amino acid arginine (pKa 12.5).(430, 433, 434, 

436, 438, 439) Arginine is further known to promote polyplex uptake due to ionic interactions 

with the negatively charged membrane lipids,(433, 434) and subsequently improve 

transfection. 

Additionally, N–terminal azido-lysines were introduced in the carriers, which serve as anchor-

points for optional incorporation of shielding agents or targeting ligands via SPAAC. Azido-

DBCO click chemistry is site-specific, orthogonal, and works in aqueous solutions.(240, 469, 
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470) Moreover, it provides great flexibility in modifications of the delivery system. In contrast 

to previous work by e.g., Kos et al.,(245, 418) SPAAC enables the quick equipment of the 

carriers with a broad variety of targeting and shielding moieties in a modular design. All carriers 

were purified via size exclusion chromatography and analyzed by 1H-NMR spectroscopy and 

analytical RP-HPLC to confirm identity and purity (see Appendix, 6.1.1 Analytical data of the 

azido 4-arm library). 

 

Scheme 3.1. Design of an azido-4-arm oligoaminoamide (OAA) library. 

 

A) Evolution from original 4-arm OAA 573 to azido-OAA by introduction of N-terminal azido-lysines for 

subsequent modification via SPAAC. B) Modifications of azido 4-arm OAA with amino acid X either as 

block-tripeptide (X3, left) or in an alternating pattern within the Stp-H motif (Stp-H-X, right). X represents 

either arginine, tryptophan or tyrosine. 
A, alanine; C, cysteine; H, histidine; K, lysine; K(N3), azido-lysine; R, arginine; Stp, succinoyl tetraethylene pentamine; 

W, tryptophan; Y, tyrosine.  

 

Table 3.1. Library of azido 4-arm OAAs. 

Abbreviation ID Sequence (C → N) 

Original 573 A-K-[H-K-(H-Stp)3-C)2]2 

Stp-H 1463 A-K-[H-K-(H-Stp)3-C-K(N3)]2]2 

Stp-H-Y3 1479 A-K-[H-K-(H-Stp)3-Y3-C-K(N3)]2]2 

Stp-H-W3 1482 A-K-[H-K-(H-Stp)3-W3-C-K(N3))2]2 

Stp-H-R 1493 A-K-[H-K-(H-Stp-R)3-C-K(N3))2]2 

Stp-H-W 1494 A-K-[H-K-(H-Stp-W)3-C-K(N3))2]2 

Stp-H-R3 1495 A-K-[H-K-(H-Stp)3-R3-C-K(N3))2]2 

A, alanine; C, cysteine; H, histidine; K, lysine; K(N3), azido-lysine; R, arginine; Stp, succinoyl tetraethylene pentamine; 

W, tryptophan; Y, tyrosine. 



  3  GalNAc- or mannose-PEG functionalized polyplexes enable effective lectin mediated DNA delivery 

62 

3.4.1.2 Formation and physicochemical characterization of 4-arm pDNA polyplexes 

Prior to nanoparticle formation, pDNA and 4-arm OAAs were diluted in HBG buffer (20 mM 

HEPES (hydroxyethyl piperazinoethane sulfonic acid), 5% (w/v) glucose; pH 7.4) to equal 

volumes. Nanoparticles were formed by adding pDNA encoding the luciferase reporter gene 

(pCMVLuc) to the corresponding carrier at the indicated N/P (nitrogen-to-phosphate) ratios, 

followed by rapid mixing and incubation for 40 min at RT. The N/P ratio is hereby defined as 

the molar ratio of protonatable nitrogens of the carrier (secondary nitrogens of Stp, N-terminal 

amines, and the guanidinium of arginines) to the negatively charged phosphate groups of the 

pDNA backbone. As the optimum N/P ratio is carrier- and also cell line-dependent, different 

N/P ratios were evaluated for the new library. 

The impact of the different modifications on the pDNA binding ability was assessed by an 

ethidium bromide (EtBr) exclusion assay (Figure 3.2A). In this assay, only less compacted 

pDNA is accessible for EtBr intercalation. Each carrier was tested at the N/P ratios of 6, 12, 

and 20. All carriers showed effective pDNA compaction (≤ 20% free pDNA); higher N/P ratios 

led to better compaction. Comparing 573 and 1463, the N-terminal azido-lysine within 1463 

seems to slightly interfere with pDNA compaction (approx. 1.5-fold less pDNA compaction). 

Incorporation of additional tryptophans either in an alternating (1494) or block-wise motif 

(1482) further lowered pDNA binding ability, especially at lower N/P ratio (N/P 6, approx. 20% 

free pDNA). In contrast, the presence of tyrosine tripeptides had a positive effect on pDNA 

compaction due to hydrophobic stabilization via π-π stacking, which is in line with previous 

findings for T-shaped lipo-OAAs.(68) The best binding ability amongst all carriers was achieved 

for 1493 and 1495, both containing arginine either as an alternating motif (1493) or tripeptide 

(1495). Arginine (guanidine, pKa 12.5)(471) increases the positive charge density within the 

carriers, by this promoting improved pDNA binding ability.  

All carriers were able to form defined homogeneous nanoparticles with sizes mostly between 

100-200 nm (exceptions, 573 and 1494 at N/P 6) and positive zeta potentials around +5 to 

+25 mV, as determined via dynamic and electrophoretic light scattering (DLS, ELS; Figure 3.2 

B, C). As expected, higher N/P ratios led to smaller particles with higher zeta potential. Again, 

incorporated tryptophans (carriers 1494, 1482) had a negative effect on particle formation, 

resulting in larger particles, especially at lower N/P ratios (z-average up to 500 nm). This was 

also supported by an increased polydispersity index (PDI) of 0.4 for 1494. These observations 

further confirmed the findings of the EtBr exclusion assay (Figure 3.2 A).  
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Figure 3.2. Physicochemical characterization of azido 4-arm OAA pDNA polyplexes at N/P ratios of 6, 

12, and 20. A) Ethidium bromide (EtBr) exclusion assay. EtBr fluorescence correlates with the amount 

of free and non-compacted pDNA, as pDNA is only in this state accessible for EtBr intercalation. 100% 

EtBr fluorescence refers to the fluorescence of free pDNA without carrier in the same concentration as 

used for polyplex formation. B) Polyplex sizes (z-average by intensity) determined by DLS (n=3, mean + 

SD); C) polydispersity index (PDI); D) zeta potential determined by ELS (n=3, mean + SD). The 

experiments were performed by Paul Folda (Pharmaceutical Biotechnology, LMU Munich).  

 

3.4.1.3 In vitro evaluation of the azido 4-arm library 

The new 4-arm carriers were tested regarding their transfection efficiency (luciferase reporter 

gene assay) and cytotoxicity (MTT assay) in cell culture (Figure 3.3). Hereto, pDNA polyplexes 

at three different N/P ratios (6, 12, and 20) were applied for 24 h to three different tumor cell 

lines, namely, neuroblastoma cells (N2a), and two hepatocarcinoma cell lines (Huh7, HepG2). 

Linear polyethyleneimine (LPEI), which is the gold standard for pDNA delivery,(28, 71, 467) 

was used as positive control at its optimum N/P ratio of 6, which represents a compromise 

between efficacy and toxicity.(67, 71, 467) Cell line- and carrier-dependent differences were 

found. All carriers were well tolerated in all three cell lines (Figure 3.3 B). The only exception 

was 1479, containing tyrosine tripeptides that were already known to be toxic from previous 

studies.(435) 
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Figure 3.3. In vitro evaluation of the azido 4-arm library. Polyplexes were formed either at N/P 6, 12, or 

20, and at a pCMVLuc concentration of 200 ng/well. A) Gene transfer activity determined at 24 h after 

transfection by a luciferase gene expression assay (n=6, mean + SD), and B) metabolic activity of cells 

at 24 h after transfection with 4-arm pDNA polyplexes in relation to HBG-treated control cells determined 

by an MTT assay (n=6, mean + SD). LPEI polyplexes (N/P 6) served as positive control.  

For N2a and Huh7 cells, similar transfection patterns were obtained. Here, incorporation of 

azido-lysines (compare 573 and 1463) had no considerable impact. Both carriers showed good 

efficiency comparable to LPEI. Also, the tryptophan-containing carriers (1494, 1482) mediated 

high gene expression, especially at lower N/P ratios in Huh7 cells, outperforming LPEI by 6-

fold (1482), and 20-fold (1494). Physicochemical characterization (Figure 3.3) demonstrated 

that tryptophan incorporation led to less compacted, larger pDNA polyplexes, which might be 

beneficial for in vitro transfections. In contrast, arginine modification both in alternating (1493) 

or block-wise sequence (1495) led to reduced transfection efficiency compared to 573/1463, 

particularly for higher N/P ratios and in N2a cells. In Huh7 cells, this might be partially explained 

by the observed slightly increased cytotoxicity at higher N/P ratios (N/P 20, metabolic activity 

of ~70% (1493) and ~60% (1495)), but this does not apply for N2a cells. Thus, the most 

reasonable explanation is that the improved pDNA compaction (as observed in the EtBr assay, 

Figure 3.3 A) hampered efficient pDNA delivery. Already in previous work, it was found that 

polyplex stability and sufficient cargo release have to be well-balanced for good transfection 
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activity.(67, 472) Furthermore, additional tyrosine tripeptides, which promote enhanced 

hydrophobic polyplex stabilization, were disadvantageous for transfection efficiency. 

Drastically reduced (N2a, two to three log units lower RLU (relative light units) values 

compared to 1463) or absent (Huh7, HBG level) gene expression was observed. Both the 

improved polyplex stability and the increased cytotoxicity of 1479 may be possible 

explanations. In HepG2 cells, however, any modification apart from tyrosine tripeptides could 

improve transfection efficiency compared to 573. Azido-lysine was beneficial at higher N/P 

ratios (1463, 106 RLU; 573, 105 RLU). Again, tryptophan incorporation was advantageous, 

leading to comparable gene transfer activity than LPEI in the case of 1494 (all N/P ratios) and 

1482 (N/P 6). In contrast to the other two cell lines, arginine incorporation led to enhanced 

gene transfer performance in HepG2 cells (approx. two log units higher RLU values than 573). 

Altogether, compiling transfection data of the three cell lines, the best performers were 1463 

(Stp-H) and 1494 (Stp-H-W), showing high efficiency and biocompatibility. Therefore, these 

two carriers were chosen for subsequent experiments. 

3.4.2 Shielding of selected azido 4-arm carriers 

Many studies have emphasized the importance of shielded and targeted delivery systems to 

generate biocompatible, cell specific and site-directed nucleic acid vehicles.(100, 101) Besides 

numerous benefits achieved by PEGylation, foremost prolonged blood circulation time, some 

negative effects could occur, including poor nucleic acid compaction and polyplex stability, 

reduced cellular uptake (as a result of decreased interaction with negatively charged cell 

membranes), and hampered endosomal release (due to decreased cationic membrane 

destabilization). Such limitations can lead to decreased transfection potency and ask for 

careful consideration and development of polyplex modification strategies to obtain optimum 

shielding while maintaining polyplex stability and transfection efficiency.(189, 419) In the 

present study, the aim was to create well-shielded, stable nanoparticles with strongly reduced 

surface charge and consequently decreased membrane interactions. The resulting decreased 

gene transfer ability should then be reconstituted by active targeting via carbohydrate ligands. 

To identify best shielding conditions, two functionalization strategies, pre- and post-

modification (Figure 3.4), as well as different PEG-shielding agents (different PEG lengths) 

and PEG densities on the polyplex surface were evaluated. 
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Figure 3.4. OAA modification by SPAAC. A) Mixing schemes and incubation times for polyplex 

formulations modified by either pre- (left) or post-functionalization (right). Evaluation of incubation times 

for successful SPAAC reaction between the azido-OAA 1463 and PEG24-DBCO aiming for 25% 

functionalization by detection of the DBCO signal at 308 nm via B) UV/Vis spectroscopy for pre-

functionalization (blue) and post-functionalization (red), and C) HPLC for pre-functionalization only. 

3.4.2.1 Synthesis of sequence-defined, monodisperse PEG-DBCO agents 

Sequence-defined PEG-DBCO agents of different lengths (PEGn with n = ethylene oxide (EO) 

units = 12, 24, 48, 96) were synthesized using SPPS (see method 3.3.3.2). Longer PEG-DBCO 

agents (n = 48, 96) were assembled by either two or four successive couplings of the 

commercially available Fmoc-NH-dPEG24-COOH building block on solid support. Due to 

increased steric hindrance by successive elongation of the PEG chain under standard coupling 

conditions, the reaction molar equivalents (eq) and coupling time were increased to 5 eq of the 

PEG24 building block and 16 h to ensure complete coupling. Afterwards, the DBCO motif was 

also coupled to the PEG-chain on solid support and the final product was cleaved from the 

resin under mild cleavage conditions (5% TFA) to avoid acid-triggered DBCO 

rearrangement,(241, 473) neutralized by addition of 0.1 M NaOHaq, and stored in HEPES buffer 

(20 mM, pH 7.4) to avoid degradation of the DBCO group (via acid-mediated 5-endo-dig cyclo-

isomerization(474)). All PEGn-DBCO compounds were analyzed by LCMS and MALDI-TOF 

MS to confirm purity and identity (analytical data see Appendix, section 6.1.2).  
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3.4.2.2 PEGylation of 4-arm pDNA polyplexes 

For PEGylation studies, the best performers of the 4-arm library screening (see chapters 

3.4.1.2 and 3.4.1.3), namely, 1463 (i.e., azido derivative of 573) and 1494 (containing an 

alternating Stp-H-W motif), were selected. 

Physico-chemical evaluation – comparison of pre- vs. post-PEGylation 

PEGylated pDNA polyplexes were formed in HBG (pH 7.4) at two different N/P ratios (i.e., 6 

and 12) and characterized regarding their size and zeta potential (DLS and ELS 

measurements), as well as their pDNA compaction ability (agarose gel shift assay, EtBr 

exclusion assay). In this regard, two different PEGylation approaches were compared (pre- vs. 

post-modification). The distinct PEG-DBCO agents were introduced via SPAAC either before 

(pre-PEGylation) or after polyplex formation (post-PEGylation) (Figure 3.4 A). The SPAAC 

reaction time was monitored by the decrease of the DBCO-signal at 308 nm over time via 

UV/Vis spectroscopy for the pre- and post-functionalization approach at polyplex mixing 

conditions (Figure 3.4), and by HPLC with UV/Vis detection (Figure 3.4 C, for pre-

functionalization only). After around 4-6 h, most of the DBCO-agent was clicked to the azido-

OAA, as observed by a fast decrease of the absorbance at 308 nm, which also supports the 

chosen incubation time of 4 h for post-functionalization. Post-functionalization was achieved 

by formation of core-polyplexes by mixing OAA and DNA for 40 min, followed by subsequent 

addition of the DBCO-ligand for 4 h (Figure 3.4 A, right). For the pre-functionalization 

approach, the OAA was functionalized with the desired molar amount of ligand in regard to the 

azido groups in an overnight reaction at constant slight shaking (Figure 3.4 A, left). Afterwards, 

pDNA was added to the PEGylated OAA by rapid pipetting for polyplex formation. As the azido 

4-arm structures provide four azido groups per OAA, different functionalization degrees (FDs), 

from 25% (statistically one azido group per OAA molecule clicked with PEG-DBCO agent) up 

to 100% (all four azido groups clicked with PEG-DBCO agent) were included in the evaluation. 

Thus, for achieving different FDs, either 1, 2, or 4 equivalents of PEGn-DBCO agent in relation 

to the molar amount of the OAA carrier were clicked. 

As a result of effective shielding, it was expected that PEGylation would lead to a decreased 

zeta potential by shielding the positive surface charge of the carriers and by providing terminal, 

outward oriented carboxyl groups. At the same time, it was highly desired that a high 

compaction efficiency and the ability to form nanosized particles was maintained.  

 

DLS and ELS measurements (Figure 3.5 and Figure 3.6). The unmodified 1463 polyplexes 

formed small, homogeneous particles with sizes around 100 nm and a positive zeta potential 

between 10-15 mV. 
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Pre-PEGylation had almost no influence on the polyplex size, except for the shorter PEGn-

DBCO agents, where aggregation was observed for FD 100% with PEG12 at both N/P 6 and 

12, as well as for FD 25% with PEG24 at N/P 6. By modification with longer PEG-agents (n = 

48, 96) aggregation could be avoided at all FDs, which might be a result of steric shielding 

between the particles. For PEG12, no significant decrease of the zeta potential was observed, 

leading to the assumption that PEG12 had no shielding effect on the polyplexes. For polyplexes 

pre-functionalized with PEG≥24, the shielding effect was confirmed by a decrease of zeta 

potential from 10-15 mV of the unmodified control polyplex to almost neutral while maintaining 

nanosized dimensions.  

 

 

Figure 3.5. Physicochemical evaluation of PEGylated 1463 pDNA polyplexes at N/P 12. A) Polyplex 

sizes (z-average by intensity) and polydispersity index (PDI) values determined via DLS (n=3, mean ± 

SD), as well as B) zeta potential results obtained by ELS (n=3, mean + SD) of polyplexes pre- or post-

functionalized with PEGn-DBCO agents (n = ethylene oxide (EO) units = 12, 24, 48, 96) at different 

functionalization degrees (FDs, 25%, 50%, and 100%) in comparison to unmodified polyplexes (FD 0%). 

Compaction ability was determined by C) ethidium bromide (EtBr) exclusion assay, and D) agarose gel 

shift assay in comparison to unmodified polyplexes. EtBr fluorescence correlates with the amount of less 

compacted pDNA, as pDNA is only in this state accessible for EtBr intercalation. 100% EtBr fluorescence 

refers to the fluorescence of free pDNA without carrier in the same concentration as used for polyplex 

formation.  
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Figure 3.6. Physicochemical analysis of shielded 1463 pDNA polyplexes at N/P 6. The polyplexes were 

formed at N/P 6. PEGylation was achieved either by pre- or post-functionalized with different PEGn-

DBCO agents (n = ethylene oxide (EO) units = 12, 24, 48, 96) at different functionalization degrees (25%, 

50%, and 100%). The shielded polyplexes were physicochemically characterized in comparison to 

unmodified polyplexes by DLS and ELS measurements (n=3, mean ± SD), determining A) size (z-

average by intensity) and polydispersity index (PDI), and B) zeta potential of the polyplexes. Compaction 

ability was determined by C) ethidium bromide (EtBr) exclusion assay, and D) agarose gel shift assay. 

EtBr fluorescence correlates with the amount of less compacted pDNA, as pDNA is only in this state 

accessible for EtBr intercalation. 100% EtBr fluorescence refers to the fluorescence of free pDNA without 

carrier in the same concentration as used for polyplex formation. 

For post-functionalization, significant differences were observed compared to pre-

functionalization. A slight increase in the z-average was detected that correlated with increased 

FDs for the evaluated N/P ratios, ranging e.g., from 140-160 nm for FD 25%, up to 500 nm for 

FD 100% in the case of PEG24. In accordance, the PDI values increased. This indicates 

destabilization by post-functionalization with PEG, as already observed in previous 

studies.(211, 418, 419) Longer PEG reagents led to less changes in the z-average most likely 

due to steric stabilization. The effects on zeta potential upon post-PEGylation were less 

pronounced than for pre-PEGylation. Besides a clear effect of both, the PEG length and the 

FD, sufficient shielding was only generated with PEG48 and PEG96 at a FD of 100%. 

Overall, the length of the PEG-DBCO agent and functionalization method had a noteworthy 

effect on the surface charge of the resulting polyplexes. The effects were stronger for N/P 6 

than for N/P 12. Additionally, the use of longer PEG and higher FDs led to a strong decrease 

of zeta potential, as a result of masking the positive surface charge of the polyplex. PEG12 had 

only a slight influence on the zeta potential and a significant decrease was only obtained for 

PEGn with n ≥ 24, suggesting that a minimum PEG length of 24 repetition units is required for 
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efficient shielding of 1463 pDNA polyplexes. While post-PEGylation in general led to polyplex 

destabilization and only a minor decrease of surface charge, pre-PEGylation seemed to be the 

more suitable functionalization approach for the 4-arm carrier.  

Transmission electron microscopy (TEM, Figure 3.7). Morphologic characteristics of the 

PEGylated nanoparticles (N/P 12, FD 50%) were investigated via TEM. The findings were in 

line with the DLS data. However, the nanoparticle sizes of TEM samples were overall smaller 

than those obtained via DLS. This discrepancy can be explained by the fact that TEM samples 

were dried on the grid, leading to dehydrated particles, whereas the native hydrodynamic 

diameter is determined in the case of DLS.(67, 423). Again, pre-click seemed to be more 

favorable than post-click, leading to homogeneous, small-sized nanoparticles with narrow size 

distribution. Moreover, pre-click with both PEG24 and PEG96 resulted in polyplexes in the same 

size range than the unmodified particles. In the case of post-click, TEM images revealed a 

more heterogeneous mixture of larger and smaller particles, mostly appearing in clusters. In 

general, introduction of PEG slightly changed the shape of the nanoparticles from spheres 

(unmodified polyplexes) to rod-like structures, especially in the case of PEG96 and pre-

functionalization. 

 

Figure 3.7. Representative TEM images of unmodified, shielded, and targeted 1463 pDNA polyplexes. 
The polyplexes were formed in H2O at N/P 12, modified either by pre- (middle row) or post-
functionalization (lower row) with PEG24-DBCO (left column), PEG96-DBCO (middle column), or 
(GalNAc)3-PEG24-DBCO (right column) at a functionalization degree (FD) of 50% and compared to 
unmodified polyplexes (upper left). Scale bar: 100 nm. The preparation of polyplexes was carried out by 
Simone Berger (Pharmaceutical Biotechnology, LMU Munich), TEM experiments were performed by 
Susanne Kempter (Soft Matter Physics, LMU Munich). 
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Agarose gel shift and EtBr exclusion assay (Figure 3.6 and Figure 3.7). The compaction 

ability of shielded 1463 polyplexes at N/P 6 and 12 was further examined in an agarose gel 

shift and EtBr exclusion assay. In the agarose gel shift assay, no considerable amount of free 

DNA was detected in any formulation. For polyplexes pre-functionalized with PEG48 or PEG96, 

smearing bands were detected at both N/P ratios, indicating slightly reduced pDNA 

compaction, which could be also seen in the EtBr exclusion assay. Apparently, high PEG 

content led to destabilization, as also indicated by the elevated PDI values (Figure 3.5 A and 

Figure 3.6 A). Overall, the EtBr assay showed effective compaction ability for all tested 

formulations with less than 20% free DNA. 

To conclude, the pre-PEGylation approach exhibited remarkable benefits over the post-

functionalization approach. Nonetheless both functionalization strategies demonstrated high 

effectivity of the click reaction and nearly full conversion of the DBCO motif (Figure 3.4 B, C). 

Pre-functionalization resulted in more homogeneous and defined particles, with strongly 

decreased zeta potential, as evidenced by the physicochemical characterization data. In the 

case of pre-functionalization, it can be assumed that all used DBCO agent clicked completely 

to the azido-OAAs (overnight click reaction). This in turn means that in the subsequent polyplex 

formation process a defined amount of conjugated OAAs is used, resulting in well-formed, 

defined nanoparticles. In the case of post-functionalization, SPAAC reaction is exerted after 

polyplex formation, suggesting that click reaction proceeds at accessible azido groups at the 

polyplex surface and of free excess OAAs, which are present due to the N/P ratio of 6 and 12. 

Although monitoring of this click reaction revealed comparable conjugation effectivity as for the 

pre-click approach (Figure 3.4 B), this post-functionalization process might interfere with the 

already formed polyplexes, leading to destabilization and less compacted nanoparticles, as it 

was already observed previously.(211) 

Analogous PEGylation experiments with 1494 polyplexes resulted in less favorable 

nanoparticle properties such as aggregation tendency (especially at lower N/P ratio and in 

case of post-PEGylation) as observed by DLS and ELS measurements (Figure 3.8). 

Therefore, further evaluation was continued with 1463 polyplexes only. 
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Figure 3.8. Physicochemical characterization of PEGylated 1494 pDNA polyplexes. The polyplexes were 

formed in HBG at N/P 6 (left) or N/P 12 (right) and were PEGylated either by pre- or post-functionalized 

with different PEGn-DBCO agents (n = 12, 24, 48, 96) at different functionalization degrees (25%, 50% 

and 100%). A) Z-average (by intensity) and polydispersity index (PDI) determined via DLS (n=3; mean 

± SD). B) Zeta potential determined via ELS (n=3; mean + SD). 

 

3.4.2.3 In vitro evaluation of pre- vs. post-PEGylated 4-arm pDNA polyplexes on 

hepatocyte cell lines 

Transfection efficacy of PEGylated 1463 pDNA polyplexes was determined by a luciferase 

gene expression assay in two hepatoma cell lines (Huh7 and HepG2). For each cell line the 

best working N/P ratio was selected based on the initial library screening (see chapter 3.4.1.3; 

Figure 3.3), which was N/P 6 for Huh7 and N/P 12 for HepG2 cells. Again, LPEI polyplexes at 

their optimum N/P ratio of 6 were used as positive control.(67, 71, 467)  

Pre- and post-PEGylated 1463 polyplexes showed remarkable differences in transfection 

efficacies and a minimum PEG-length for shielding could be identified (Figure 3.9 A, B). In the 

case of PEG12-DBCO, no decrease in transfection efficacy was observed. High PEG12 

densities even led to enhanced luciferase expression, which may be due to lower polyplex 

stability and decreased DNA compaction as indicated by the increased polyplex sizes (Figure 

3.5 A and Figure 3.6 A). For longer PEG agents, pre-PEGylation caused a strong reduction in 

transfection efficacy by two log units compared to unmodified polyplexes, independent of the 

cell line. These observations were consistent with the results of the ELS measurements 

(Figure 3.5 B Figure 3.6 B), where pre-PEGylation led to a stronger reduction of particle 

surface charge, which consequently reduces the adhesion of the polyplexes to cell membrane 

surfaces, by this decreasing cellular uptake and transfection efficacy. 
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Figure 3.9. In vitro evaluation of PEGylated 1463 pDNA polyplexes on hepatocarcinoma cells. Gene 

transfer activity of shielded polyplexes in HepG2 (A) and Huh7 cells (B) at 48 h after transfection and 

metabolic activity of hepatoma cells (HepG2 cells, C and Huh7 cells, D) transfected with pre- and post-

PEGylated 1463 pDNA polyplexes. Comparison of unmodified with functionalized polyplexes; LPEI 

polyplexes (N/P 6) served as positive control. Polyplexes were formed at a pCMVLuc concentration of 

200 ng/well at N/P 12 for transfections in HepG2 and at N/P 6 for Huh7, respectively. Polyplexes were 

either pre- or post-functionalized with PEG-DBCO agents of different lengths (12, 24, 48 or 96 ethylene 

oxide units) at different functionalization degrees (FDs, 0%, 25%, 50%, and 100%). Transfection efficacy 

was determined by luciferase gene expression assay (n=3, mean + SD). Metabolic activity was 

determined via an MTT assay (n=3; mean + SD). Relative metabolic activity was normalized to HBG-

treated control cells. 

In addition, a PEG ratio-dependent effect was observed. High FDs caused a stronger decrease 

of surface charge and hence showed reduced gene transfer activity. In contrast, post-

PEGylation had no significant impact on the transfection efficacy, showing RLU values 

comparable to the unmodified control at all tested FDs and PEG lengths, indicating once more 

that post-modification was less favorable for effective shielding than the pre-click approach. 

Determination of the relative metabolic activity of both, Huh7 and HepG2 cells via an MTT 

assay showed no negative influence of PEGylation on cell viability (Figure 3.9 C, D). 

To sum up, the optimal PEG length for efficient shielding depends on the carrier. The intention 

was to reduce transfection efficiency to a minimum by PEGylation as a means of shielding and 

restore it by active ligand targeting. Therefore, the criteria for efficient shielding were well-

compacted nanoparticles with strongly reduced surface charge and consequently drastically 

decreased transfection efficiency. For 1463, these conditions were fulfilled best for PEG24 at a 
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FD of 50% and higher. The pre-PEGylation approach was found to be beneficial for this class 

of polycationic carriers in terms of shielding efficiency, and thus was selected for subsequent 

targeting experiments with azido-OAA 1463. PEG24 was used as shielding unit.  

 

3.4.3 Targeting of 4-arm polyplexes 

Finally, the 1463 polyplexes were equipped with targeting ligands to evaluate their targeting 

ability. Since PEGylation led to reduced transfection efficacy because of decreased interaction 

with cell membranes caused by neutral or slightly negative zeta potential, targeting ligands 

were introduced to restore transfection potency and to provide cell- or organ-specific delivery.  

Therefore, in this work carbohydrate-functionalized polyplexes were created, which were 

capable of delivering DNA to specific cell types by receptor-mediated endocytosis via lectins. 

For this purpose, the well-known ASGPR present on hepatocytes, as well as mannose 

receptors present on dendritic cells were addressed by either GalNAc- or mannose-

functionalized 4-arm pDNA polyplexes. ASGPR targeting has already been applied in many 

studies with direct conjugates of a GalNAc-trimer linked to chemically stabilized siRNA,(115, 

440, 441, 446) or Cas9 protein,(273) GalNAc- or galactose-modified polymeric carriers,(216, 

438, 444, 445, 475) as well as GalNAc-equipped LNPs.(442, 443) Consequently, GalNAc-

functionalized polyplexes represent a great delivery system for a first proof-of-concept study, 

which was then extended towards targeting of dendritic cells by functionalization of 1463 pDNA 

polyplexes with mannose ligands. 

3.4.3.1 ASGPR-targeted polyplexes 

For targeting of ASGPR on hepatocytes, a novel ligand was designed with trivalent GalNAc 

moieties on a biocompatible, flexible backbone. Notably, this ligand included an N-terminal 

amino group for subsequent incorporation of a PEG24-spacer and DBCO for click reactions.  

Synthesis of trivalent GalNAc-ligand (GalNAc)3-PEG24-DBCO 

The synthesis of (GalNAc)3-PEG24-DBCO is described in section 3.3.3.3. The ligand backbone, 

consisting of a trimer of the functional building block TDS (triple bond diethylene triamine 

succinic acid) was assembled on solid phase.(459) TDS, bearing an alkyne side chain, was 

used for the introduction of azido-functionalized GalNAc moieties via copper(I)-catalyzed 

alkyne-azide cycloaddition (CuAAC) on resin. Extensive washing of the resin with a solution of 

the chelator agent sodium diethyl dithiocarbamate (SDTC) was performed to ensure complete 

removal of copper traces.(464) After deprotection of the N-terminal Fmoc-protecting group, 

saponification of carbohydrate protecting groups, and cleavage of the ligand precursor from 

the resin, the DBCO motif for subsequent click reaction to azido-OAAs was introduced by 

coupling DBCO-PEG24-TFP (2,3,5,6-tetrafluorophenol) ester in solution, followed by 
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purification using preparative RP-HPLC. Trivalent GalNAc moieties were introduced following 

a rational design to provide suitable spatial arrangement and intramolecular flexibility enabling 

high affinity towards the binding sites of the targeted receptor.(283) In addition, PEG24 was 

incorporated, serving not only as spacer between ligand and carrier, but also for comparability 

with the shielded polyplexes. The intermediate oligomer (GalNAc)3-amine was characterized 

via 1H-NMR spectroscopy, MALDI-TOF MS, and analytical RP-HPLC. Identity and purity of the 

final ligand (GalNAc)3-PEG24-DBCO were confirmed by MALDI-TOF MS and LCMS (for 

analytical data, see appendix chapter 6.1.3.1). 

 

Figure 3.10. Synthesis of trivalent GalNAc-ligand and physicochemical evaluation of GalNAc-

functionalized 1463 pDNA polyplexes. A) Synthesis scheme for successive assembly of the trivalent 

GalNAc-ligand for click reaction to azido 4-arm carrier 1463. The synthesis of (GalNAc)3-PEG24-DBCO 

is described in section 3.3.3.3. The ligand was used for modification of polyplexes formed at N/P 12 in 

HBG with 1 µg DNA per 100 µL polyplex solution by pre -functionalization at different molar amounts 

leading to different functionalization degrees (FDs; 25%, 50%, and 100%). Targeted polyplexes were 

evaluated in direct comparison with unmodified and PEG24-shielded polyplexes by determination of B) 

polyplex size (z-average by intensity and number mean) and polydispersity index (PDI), and C) zeta 

potential via DLS and ELS measurements (n=3, mean + SD), as well as D) regarding their DNA 

compaction ability in an ethidium bromide (EtBr) exclusion assay. EtBr fluorescence correlates with the 

amount of free and non-compacted pDNA, as pDNA is only in this state accessible for EtBr intercalation. 

100% EtBr fluorescence refers to the fluorescence of free pDNA without carrier in the same 

concentration as used for polyplex formation. The synthesis of the ligand precursor, up to the 

intermediate of the free amine was performed by Nikole L. Fendler (Chemistry, Davidson College) and 

Katharina Bücher-Schossau (Organic and macromolecular chemistry, HHU Duesseldorf). 
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Physicochemical characterization of GalNAc-functionalized polyplexes 

The successfully synthesized GalNAc-ligand was used for functionalization of azido 4-arm 

pDNA polyplexes. Since the pre-modification strategy turned out to be beneficial for particle 

formation with PEG agents (section 3.4.2.2), this approach was selected for subsequent 

experiments. 1463 pDNA polyplexes were formed at N/P 6 and 12 and subsequently evaluated 

for their physicochemical properties. 

 

Figure 3.11. Physicochemical characterization of pre-targeted vs. pre-shielded 1463 pDNA polyplexes 

at N/P 6. The polyplexes were formed in HBG at N/P 6 and pre-functionalized either with (GalNAc)3-

PEG24-DBCO (targeted, light blue) or PEG24-DBCO (shielded, dark blue) at different functionalization 

degrees (25%, 50%, and 100%). A) Z-average (by intensity) and polydispersity index (PDI) determined 

via DLS (n=3; mean ± SD). B) Zeta potential determined via ELS (n=3; mean + SD). 

DLS and ELS results of PEGylated polyplexes were already discussed in chapter 3.4.2. 

Polyplex functionalization with the GalNAc-ligand led to homogeneous particles (PDI <0.3 for 

all formulations, independent of the evaluated N/P ratios) (Figure 3.10 and Figure 3.11). Small 

sizes of 55-65 nm (number mean) and 90-100 nm (z-average by intensity), respectively, were 

obtained for GalNAc polyplexes formed at N/P 12 which is considered to be favorable for 

hepatocyte delivery.(476, 477) TEM images confirmed the formation of homogeneous, small-

sized nanoparticles in the case of pre-functionalization (Figure 3.7). Worth to mention, post-

click with the GalNAc ligand led to a size increase as compared to unmodified and pre-clicked 

polyplexes. Opposed to N/P 12, polyplex diameters increased by up to 25% for polyplexes at 

N/P 6. Furthermore, introduction of the GalNAc ligand mediated a zeta potential reduction, 

which was dependent on the FD; increasing ligand density (and thus increased PEG content) 

led to a decreased zeta potential (unmodified: +11.8 mV; targeted: 25%, +10.5 mV; 100%, 

+4.4 mV at N/P 12). Both the agarose gel-shift assay and EtBr exclusion assay confirmed 

effective compaction ability of the targeted polyplexes with less than 15% of free DNA (Figure 

3.12). Surprisingly, for shielded polyplexes, especially at higher FDs and the lower N/P ratio of 

6, smearing bands occurred (Figure 3.12 B), which were not observed in former experiments 

(Figure 3.5 D and Figure 3.6 D). Obviously, functionalization with PEG24, especially at a higher 

FD of 100%, might yield particles with meta-stability and somewhat aggregation tendency, as 

also supported by the increased PDI value. However, DLS and ELS measurements (Figure 
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3.10, Figure 3.12 B, C and Figure 3.11) as well as the EtBr exclusion assay (Figure 3.12) 

showed that still defined nanoparticles were generated. This emphasizes once more that the 

higher the PEG content within the formulation is (longer PEG chain lengths, higher FDs), the 

higher is the destabilizing effect, leading to less compacted nanoparticles. In the case of 

targeted polyplexes, (GalNAc)3 units might mediate sterical hindrance, leading to reduced 

aggregation tendency and more stable particle formation.  

 

Figure 3.12. Compaction ability of pre-targeted vs. pre-shielded 1463 pDNA polyplexes. The polyplexes 

were formed in HBG at N/P 6 (left) and N/P 12 (right) and were pre-functionalized either with (GalNAc)3-

PEG24-DBCO (targeted, light blue) or PEG24-DBCO (shielded, dark blue) at different functionalization 

degrees (25%, 50%, and 100%). A) Ethidium bromide exclusion assay for detection of non-compacted 

DNA. EtBr fluorescence correlates with the amount of less compacted pDNA, as pDNA is only in this 

state accessible for EtBr intercalation. 100% EtBr fluorescence refers to the fluorescence of free pDNA 

without carrier in the same concentration as used for polyplex formation. B) Agarose-gel shift assay. 

In vitro evaluation of GalNAc-functionalized polyplexes 

The evaluation of shielded 4-arm polyplexes has shown that the pre-PEGylation approach not 

only helped to avoid particle aggregation, but also leads to better shielded polyplexes yet with 

a remarkable negative effect on transfection efficiency. The physicochemical evaluation of 

polyplexes pre-functionalized with the GalNAc ligand revealed well-defined, homogeneous 

small-sized particles, making them particularly promising for ASGPR-targeted DNA delivery.  
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Figure 3.13. In vitro evaluation of GalNAc-functionalized 1463 pDNA polyplexes and evaluation of gene 

transfer activity under various conditions. OAA 1463 was pre-functionalized either with PEG24-DBCO 

(shielded) or (GalNAc)3-PEG24-DBCO (targeted), and polyplexes were formed with 200 ng pCMVLuc-

DNA per 20 µL polyplex solution either at N/P 6 (Huh7) or N/P 12 (HepG2, HeLa). Luciferase gene 

expression was determined after a total incubation time of 48 h (n=3; mean +SD). A) Ligand titration. 

Comparison of luciferase gene expression of unmodified polyplexes (1463, grey), with pre-functionalized 

polyplexes with PEG24-DBCO (shielded, dark blue) or (GalNAc)3-PEG24-DBCO (targeted, light blue) at 

different functionalization degrees (FDs; 25%, 50%, and 100%). LPEI polyplexes (N/P 6) served as 

positive control. B) Kinetics of transfection. Unmodified polyplexes (grey), shielded (blue) or targeted 

(orange) polyplexes, generated by pre-functionalization with either PEG24-DBCO or (GalNAc)3-PEG24-

DBCO aiming for 50% FD, were transfected to HepG2 (10,000 cells per well), Huh7 and HeLa cells (each 

8,000 cells per well). Cells were incubated with polyplexes for 45 min, 4 h, or 48 h before renewal of 

medium. Luciferase gene expression was determined after a total incubation time of 48 h. C) 

Competition assay with asialofetuin (ASF). Polyplexes were pre-functionalized to 50% FD and 

transfected to HepG2, Huh7, and HeLa cells in presence of 5 mg/mL ASF. Luciferase gene expression 

was determined 48 h after transfection. D) Competition assay combined with short time incubation. 

Transfection of polyplexes (pre-shielded or pre-targeted, both 50% FD) compared to unmodified 

polyplexes in Huh7 cells in presence of ASF. Renewal of medium at 45 min after transfection and total 

incubation time of 48 h before the read-out.  
Significant differences: * p ≤ 0.05; ** p ≤ 0.01 (unpaired Student’s two-tailed t-test with Welch’s correction; GraphPad PrismTM

 

9.5.1). 
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Figure 3.14. Metabolic activity of cells transfected with ASGPR-targeted polyplexes compared to 

shielded and unmodified 1463 pDNA polyplexes. The polyplexes were formed at a pCMVLuc 

concentration of 200 ng/well. N/P 12 was used for transfections in HepG2 and HeLa cells, and N/P 6 for 

Huh7 cells (n=3, mean + SD). OAAs were pre-modified with (GalNAc)3-PEG24-DBCO (targeted, light 

blue) or PEG24-DBCO (shielded, dark blue) at different functionalization degrees (25%, 50%, and 100%). 

Relative metabolic activity was measured 48 h after transfection via an MTT assay and normalized to 

HBG-treated control cells. 

Ligand titration. In a first screening, the transfection efficacy (Figure 3.13 A) and cytotoxicity 

(Figure 3.14) of unmodified, shielded and GalNAc-targeted polyplexes with different ligand 

densities (FDs of 25, 50, and 100%) were evaluated on two ASGPR-expressing cell lines 

(HepG2(478-480) and Huh7(480)) as well as on HeLa cells, which lack the receptor.(481) The 

ASGPR receptor status of HepG2, Huh7, and HeLa cells was examined and verified via flow 

cytometric analysis after receptor staining (Figure 3.15). None of the formulations had a 

negative influence on the metabolic activity of the cells. As observed before, PEGylation led to 

decreased transfection efficacy at higher FDs (50%, 100%). In contrast, the targeted 

polyplexes showed transfection efficacies on the same level as the unmodified control, with a 

slight reduction for highly functionalized GalNAc polyplexes (FD of 100%). This might be due 

to the higher PEG content, which in turn means better surface shielding, as indicated by the 

almost neutral zeta potential (Figure 3.10 C), resulting in less interaction with cell membranes 

and less cellular internalization. Since relatively high RLU values (in the same range as 

unmodified polyplexes) were observed for both ASGPR-positive (HepG2, Huh7) and -negative 

cells (HeLa), the high transfection efficacy of the targeted polyplexes might not only be a result 

of ligand-receptor interaction. The positive surface charge of the polyplexes and free cationic 

carriers might promote unspecific endocytosis due to enhanced interaction with negatively 

charged cell membranes, especially at longer incubation times such as the applied 48 h. 

Similar observations were also made by Reineke and colleagues with their GalNAc-based 

diblock polymers.(444) Further experiments investigating shorter incubation times and 

receptor competition were performed (Figure 3.13 B-D) to explore the involvement of ASGPR 

in polyplex delivery of GalNAc-targeted polyplexes in more detail.  
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Figure 3.15. Receptor staining of tumor cells. ASGPR expression levels determined via flow cytometry 

after staining of HepG2 (A), Huh7 (B), and HeLa cells (C) with primary antibody (mouse anti-human 

ASGPR1 (8D7) monoclonal antibody, blue) in comparison to control (Ctrl, negative control mouse IgG1, 

white) and detection via secondary antibody [Alexa Fluor 488 (AF 488) goat anti-mouse IgG1 (H+L)]. 

This experiment was kindly performed by Dr. Simone Berger and Miriam Höhn (Pharmaceutical 

Biotechnology, LMU Munich) 

Kinetics of transfection (Figure 3.13 B). Targeting is assumed to mediate enhanced and 

faster cellular uptake through ligand-receptor interactions and receptor-mediated endocytosis. 

Thus, gene transfer activity can be achieved even after shorter incubation on the cells. 

Therefore, targeted vs. shielded polyplexes, both at a FD of 50%, as well as unmodified 

polyplexes were used for transfection and incubated with the cells for 45 min, 4 h, and 48 h, 

respectively. As the process of luciferase gene expression by the cells demands more time, 

the total incubation time was kept at 48 h in all cases. On ASGPR-expressing cell lines (HepG2, 

Huh7), a significantly higher transfection efficacy of the targeted polyplexes compared to 

PEGylated polyplexes and unmodified control was observed for short polyplex incubation 

(45 min), as the GalNAc-functionalized polyplexes benefit from receptor-mediated 

endocytosis, showing significantly increased RLU values compared to unmodified (**, 

p = 0.0082) and shielded polyplexes (**, p = 0.0099). At the incubation time of 4 h, transfection 

of unmodified and targeted polyplexes reached the same level, which was maintained also for 

the incubation time of 48 h. The gene transfer activity of the PEGylated particles remained low 

in HepG2 cells over all tested time points but increased from 45 min to 48 h in Huh7 cells, 

reaching comparable levels as unmodified and targeted polyplexes. On ASGPR-negative 

HeLa cells, however, the transfection efficacy of all three formulations was low after 45 min, 

and steadily increased over time for unmodified and targeted polyplexes to the same extent 

yet remained low for PEGylated polyplexes over all tested time points. Altogether, the kinetic 

studies suggest an advantage of the targeting ligand on enhanced cellular internalization and 

improved transfection efficiency already after short incubation times. 

Competition assay. In order to confirm the participation of ASGPR in the internalization 

process of GalNAc-functionalized polyplexes, a competition assay (Figure 3.13 C) was 

performed using asialofetuin (ASF), a natural ligand of ASGPR, as competitor.(475) The cells 

were treated with ASF-containing medium (5 mg/mL) 15 min prior to transfection to block the 

receptor. Afterwards, cells were transfected with polyplexes formed at N/P 12 for HepG2 and 

HeLa cells, and N/P 6 for Huh7 cells, with 50% FD for shielded and targeted polyplexes and 
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incubated in the presence of ASF for a total incubation time of 48 h. For ASGPR-expressing 

HepG2 cells, the transfection efficacy of the targeted polyplexes was significantly reduced in 

presence of ASF (**, p = 0.0023), whereas for control polyplexes (unmodified and PEGylated) 

no considerable change in gene expression was observed. In the case of ASGPR-negative 

HeLa cells, ASF competition had, as expected, no influence on the transfection efficiency of 

any formulation. Surprisingly, this was also the case for ASGPR-positive Huh7 cells. Remaining 

gene transfer activity of targeted polyplexes despite ASF competition may be attributed to 

internalization via unspecific endocytosis pathways or insufficient blocking of the receptors 

over time. To investigate this possible time effect, the competition assay was repeated for Huh7 

cells but polyplex incubation time was reduced to 45 min. After a total incubation time of 48 h, 

the cells were analyzed regarding their luciferase activity, revealing that the presence of ASF 

strongly decreased the transfection efficacy of the targeted polyplexes, especially for FDs of 

25% (10-fold lower RLU values) and 50% (20-fold lower RLU values), while no differences of 

the unmodified and PEGylated polyplexes were observed (Figure 3.13 D). For a FD of 100%, 

presence of ASF reduced transfection efficiency by around 2-fold only, which might be 

attributed to the higher PEG content and thus overall less uptake after the short polyplex 

incubation time of 45 min. Altogether, these findings support the ASGPR targeting ability of the 

GalNAc-functionalized polyplexes. 

3.4.3.2 Mannose-receptor-targeted polyplexes 

Synthesis of mannose-ligand Gly-Ser(Man)-PEG24-DBCO 

To obtain improved and directed gene transfer to immune cells, the 4-arm polyplexes were 

functionalized with a novel mannose ligand to target mannose-specific receptors expressed 

on dendritic cells and macrophages. The two mannose-recognizing receptors CD206 

(Mannose receptor) and CD209 (DC-SIGN, dendritic cell-specific intercellular adhesion 

molecule-3-grabbing non-integrin) are of particular interest for delivery of nucleic acids for 

tumor immunotherapy(482-484) or vaccination.(129, 137) CD206 is known to bind end-

standing mannose units or dimannoside clusters,(128, 453, 485) whereas CD209 displays high 

affinity towards mannose-rich glycol-conjugates and branched mannoside structures.(486, 

487) Crystal structure analyses revealed a particularly high affinity of a trimannose core 

structure (Manα1-3[Manα1-6]Manα) towards CD209,(488, 489) and multiple trimannose 

molecules on the nanoparticle surface turned out to be advantageous.(453, 488, 490) 

Since spatial arrangement of mannose residues is subordinate to high mannose densities for 

high affinity towards mannose receptors, a novel mannose ligand was synthesized containing 

the carbohydrate motif, a PEG24 shielding domain and a DBCO unit to enable the click reaction 

to azido-OAAs (for the description of the experimental procedure see chapter 3.3.3.4). For 

introducing the mannose motif to the ligand via Fmoc-based SPPS, a mannosylated serine 
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building block was developed in a two-step synthesis (Figure 3.16); identity and purity were 

confirmed via ESI-MS and 1H-NMR (for spectra, see Appendix, 6.1.3.2). The final ligand was 

synthesized on a glycine-loaded, base-labile Tentagel HMBA (4-(hydroxymethyl)benzoic acid) 

resin. Using this synthesis strategy, the stability of the acetal connection between serine and 

mannose during the reaction steps could be guaranteed. In addition, the reaction process was 

shortened by one step, as saponification of acetyl protecting groups occurred in situ during the 

cleavage (Figure 3.16). The final ligand Gly-Ser(Man)-PEG24-DBCO was characterized via 

MALDI-TOF MS (for the corresponding mass spectrum see Appendix, 6.1.3.2).  

 

 

Figure 3.16. Synthesis scheme of Gly-Ser(Man)-PEG24-DBCO ligand. A) Synthesis scheme for 

mannosylated serine building block Fmoc-Ser(O--Man(Ac)4)-OH in a two-step reaction. B) Synthesis 

scheme for assembly of the ligand using SPPS and subsequent introduction of DBCO. The synthesis of 

Gly-Ser(Man)-PEG24-DBCO is described in chapter 3.3.3.4. 

 

Evaluation of mannosylated 4-arm polyplexes 

The functionality of the novel mannose ligand Gly-Ser(Man)-PEG24-DBCO was evaluated in 

dendritic cell (DC)-like DC2.4 cells as a proof-of-concept for active mannose receptor targeting. 

For this purpose, pDNA polyplexes formed with 4-arm carrier 1463 at an N/P ratio of 6 were 

modified with the mannose ligand or PEG24 via the pre-click strategy. 1463 was selected based 

on a pre-screen in DC2.4 cells (Figure 3.17). Here, 1463 significantly outperformed (20- to 30-

fold higher RLU values) the positive control LPEI and 4-arm carrier 1494, which demonstrated 

good transfection efficacies in tumor cells.  
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Figure 3.17. Transfection efficiency of 4-arm carriers 1463 and 1494 in the DC-like cell line DC2.4. Gene 

transfer activity was determined via luciferase gene expression assay (n=3; mean + SD) at 24 h after 

transfection with polyplexes formed at an N/P ratio of 6 and at a pFscnLuc concentration of 500 ng/well 

in comparison to LPEI polyplexes (N/P 6). The transfection and FACS experiment were conducted by 

Dr. Simone Berger (Pharmaceutical Biotechnology, LMU Munich). 
Note: Instead of pCMVLuc, pFscnLuc was used in this experiment, which is a plasmid encoding Photinus pyralis 

firefly luciferase under the control of an optimized derivate of the human fascin1 gene promoter, by this allowing 

DC-focused transcriptional targeting.(456) 

Physicochemical characterization 

First, the physicochemical properties of 1463 pDNA polyplexes, either unmodified, shielded 

(PEG24-DBCO) or targeted (Gly-Ser(Man)-PEG24-DBCO), were characterized. The polyplex 

preparation differed slightly from that used in the previous sections. To stress this, the 

formulations were termed differently. Pre-functionalization was performed with different 

amounts of shielding or targeting agent, respectively. Co-mixing of pre-clicked and unmodified 

carrier at different ratios was applied to obtain various FDs, ranging from “1eq–50%” over 

“1eq–100%” and “4eq–50%” to “4eq–100%” (i.e., increasing FD). To delineate, “1eq” means 

that statistically one of the four azido groups of the 4-arm carrier 1463 was pre-clicked; “4eq” 

that all four azido groups were functionalized. “50%” means that 50% of pre-clicked and 50% 

of unmodified 4-arm carrier were used for polyplex formation; “100%” that only functionalized 

4-arm carrier was used. All in all, “1eq–50%” corresponds to approx. 12.5% modified azides in 

the final polyplex formulation (i.e., FD 12.5%); “1eq–100%” to FD 25%; “4eq–50%” to FD 50%; 

and “4eq–100%” to FD 100%. Only the “4eq–100%” polyplexes were formed in the same way 

as the FD 100% formulations of the previous sections.  
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Table 3.2. DLS and ELS measurements of 1463 pDNA polyplexes; unmodified, shielded or targeted. 

 

Z-average 
by intensity 

[nm] 

Number mean 
[nm] 

PDI 
Zeta potential 

[mV] 

mean SD mean SD mean SD mean SD 

unmodified 129.3 1.2 104.9 3.5 0.051 0.020 13.1 1.0 

shielded 

1eq–50% 1232.0 45.3 886.3 174.4 0.327 0.078 1.7 0.2 

1eq–100% 1476.0 52.1 1071.9 82.7 0.260 0.015 -0.5 0.1 

4eq–50% 1565.7 18.8 1290.7 339.2 0.242 0.071 -1.7 0.1 

4eq–100% 782.0 26.0 502.9 93.3 0.357 0.066 -3.3 0.2 

targeted 

1eq–50% 141.4 0.1 116.2 6.7 0.044 0.033 9.7 0.2 

1eq–100% 151.5 2.5 124.8 9.0 0.052 0.038 7.7 0.3 

4eq–50% 246.2 6.1 214.6 5.7 0.073 0.024 5.8 0.5 

4eq–100% 580.3 9.8 413.5 121.9 0.274 0.014 2.4 0.2 

DLS and ELS measurements (n=3, mean ± SD) of pDNA polyplexes formed with 4-arm carrier 1463 in HBG buffer 
at an N/P ratio of 6 and at a pCMVLuc concentration of 25 µg/mL. Unmodified polyplexes in comparison to 
functionalized polyplexes, either pre-clicked with PEG24-DBCO (shielded) or with Gly-Ser(Man)-PEG24-DBCO 
(targeted) at indicated ratios, respectively. The DLS and ELS measurements were performed by Dr. Simone Berger 
(Pharmaceutical Biotechnology, LMU Munich). 
Note: “1eq” means that statistically one of the four azido groups of 4-arm carrier 1463 is pre-clicked; “4eq” that all 
four azido groups are pre-clicked. “50%” means that 50% pre-clicked and 50% unmodified 4-arm carrier are used 
for polyplex formation; “100%” that only pre-clicked 4-arm carrier is used. All in all, “1eq–50%” corresponds to ~ 
12.5% modified azides in the final polyplex formulation; “1eq–100%” to ~ 25%; “4eq–50%” to ~ 50%; and “4eq–
100%” to ~ 100%.  

DLS and ELS measurements revealed defined particles in all cases (Table 3.2). However, 

PEGylation mediated an up to approx. 10-fold size increase compared to unmodified 

polyplexes (780-1565 nm vs. 130 nm) but also led to strongly reduced zeta potentials of around 

0 mV. In the case of targeted polyplexes, z-average diameters increased with increasing ligand 

content up to approx. 580 nm for the “4eq–100%” formulation. The surface charge decreased 

from 13 mV of unmodified polyplexes to almost neutrality, most likely due to the increasing 

amount of PEGylation, as the mannose ligand contains a PEG24 chain as well. At first glance, 

it was surprising that PEGylated polyplexes showed lower zeta potentials than their targeted 

counterparts, although both shielding agent and mannose ligand contained the same amount 

of PEG as well as a C-terminal carboxyl group (Figure 3.16). The different zeta potentials 

might mostly likely be attributed to the different polyplex stability, as indicated by the different 

sizes of shielded and targeted particles. In targeted polyplexes, sterical hindrance of mannose 

rings might reduce aggregation tendency, resulting in better polyplex assembly and smaller 

particles. At higher PEG content, this effect was less pronounced most probably due to the 

increasing destabilizing effects of PEG, leading to bigger, less compacted particles and lower 

zeta potentials. Noteworthy, the completely modified formulations (i.e., “4eq–100%”) of 

shielded and targeted polyplexes were most comparable regarding size and zeta potential. 
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Thus, screening in DC2.4 cells was done with these two (in the following referred to “shielded” 

and “targeted” polyplexes) in comparison to unmodified polyplexes. 

Biological evaluation 

DC2.4 cells were considered as suitable DC model cell line for mannose receptor targeting, as 

they express the mannose recognizing receptors CD206 (491) (macrophage mannose 

receptor) and CD209,(114, 492) which was confirmed via receptor staining of DC2.4 cells 

(Figure 3.18). As outlined above, high mannose densities on the nanoparticle surface are 

preferable for effective mannose receptor targeting.(486, 487) Therefore, it was assumed that 

the targeted “4eq–100%” polyplexes of the current study might be also recognized by both 

CD206 and CD209, since they contain multiple mannose moieties in terminal position, which 

may also form clusters due to the carrier architecture. 

 

Figure 3.18. Receptor staining of DC2.4 cells. Receptor expression levels determined via flow cytometry 

after staining of the DC-like cell line DC2.4 with mannose receptor antibodies (anti-CD206-PE, blue; anti-

CD209a-PE, red) in comparison to controls (isotype control antibody, grey; untreated control cells, 

white). This experiment was kindly performed by Dr. Simone Berger and Miriam Höhn (Pharmaceutical 

Biotechnology, LMU Munich). 

Cellular uptake in DC2.4 cells, as determined by monitoring of Cy5-labeled pDNA via flow 

cytometry (Figure 3.19 A), was strongly reduced in the case of PEG shielding by more than 

90% compared to unmodified polyplexes. Incorporation of mannose ligands restored and even 

improved cellular internalization by 1.5-fold over unmodified polyplexes. Similar results were 

obtained on the luciferase expression level (Figure 3.19 B). Transfection was completely 

hindered by PEGylation (RLU values at HBG buffer level) and targeting enhanced the gene-

transfer activity, leading to 6-fold higher RLU values than unmodified polyplexes. All tested 

formulations were well tolerated by the DC2.4 cells (metabolic activity ≥70%, ISO-10993-5-

2009; Figure 3.19 C).  

The obtained transfection results so far demonstrated high activity of targeted polyplexes, 

suggesting a targeting effect mediated by the mannose ligand. However, DCs as antigen-
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presenting cells are very efficient in internalization of particles of a broad size range by various 

uptake mechanisms.(493-495) Particles larger than 500 nm, for instance, can be taken up by 

phagocytosis and macropinocytosis. Thus, it is conceivable that the enhanced efficiency might 

also be mediated by size effects, as the tested targeted polyplexes exhibited a z-average of 

around 600 nm (Table 3.2). However, the shielded polyplexes which were at the same size 

range as the targeted polyplexes (Table 3.2) were completely ineffective for gene delivery. The 

zeta potential was comparable for both formulations as well (around 0 mV), ruling out benefits 

of charge-dependent uptake. Together, this suggests that the enhanced transfection efficiency 

observed for the targeted particles is a result of receptor-mediated uptake.  

 

Figure 3.19. Gene-transfer performance of 1463 pDNA polyplexes in DC2.4 cells at 24 h after 

transfection. Comparison of unmodified vs. functionalized polyplexes, either “4eq–100%” pre-clicked 

with PEG24-DBCO (shielded) or with Gly-Ser(Man)-PEG24-DBCO (targeted), respectively. A) Cellular 

uptake, as determined via flow cytometry (n=6; mean + SD). Polyplexes were formed at an N/P ratio of 

6 and at a pCMVLuc concentration of 200 ng (20% Cy5-labeled pDNA) per well (5000 cells). Data 

presented as mean fluorescence intensity (MFI) in Cy5-positive cells (Cy5-A) normalized to unmodified 

polyplexes. B) Transfection efficiency, as determined via luciferase gene expression assay (n=6; mean 

+ SD); and C) metabolic activity in relation to HBG-treated control cells, as determined via CellTiter-Glo 

assay (n=3; mean + SD). Polyplexes were formed at an N/P ratio of 6 and at a pCMVLuc concentration 

of 500 ng/well (5000 cells). The presented experiments were performed by Dr. Simone Berger 

(Pharmaceutical Biotechnology, LMU Munich).  
Significant differences: ns p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 (unpaired t-test with Welch’s correction; GraphPad 

PrismTM 9.5.1). ns, not significant.  

To investigate the targeting capability in more detail, transfections were performed in the 

presence of mannan, which acts as a competitor to the mannose ligand as it is recognized by 

mannose receptors as well.(468, 496) Mannan competition, however, showed no significantly 

relevant impact on the uptake in DC2.4 cells for any tested formulation (Figure 3.20 A). For 

the targeted polyplexes, a slightly reduced uptake (by ~15%) in the presence of the competitor 

mannan was observed, whereas for unmodified and shielded polyplexes, the presence of 

mannan even slightly improved uptake (by approx. 10% for shielded, and by approx. 25% for 

unmodified polyplexes). The most reasonable explanation might be that many different 

mechanisms are involved in the uptake process into DCs, enabling sufficient cellular 

internalization and gene transfer.(493-495, 497) Especially after longer incubation times, it is 
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likely that the particles are internalized not only by receptor-mediated endocytosis but also by 

several other routes. 

 

Figure 3.20. Gene-transfer performance of 1463 pDNA polyplexes in DC2.4 cells in the presence of 

competitor mannan (2 mg/mL) at 24 h after transfection. A) Cellular uptake, as determined via flow 

cytometry (n=6; mean + SD). Polyplexes were formed at an N/P ratio of 6 and at a pCMVLuc 

concentration of 200 ng (20% Cy5-labeled pDNA) per well (5000 cells). Data presented as mean 

fluorescence intensity (MFI) in Cy5-positive cells in relation to unmodified polyplexes. 

B) and C) Polyplexes were formed at an N/P ratio of 6 with a pCMVLuc concentration of 25 µg/mL and 

applied at different pCMVLuc concentrations (i.e., 500, 250, and 125 ng/well) by applying different 

polyplex volumes (5, 10, and 20 µL/well). HBG controls, “-“ indicates transfection without mannan; “+” 

indicates transfection in presence of mannan. Comparison of unmodified vs. functionalized polyplexes, 

either “4eq–100%” pre-clicked with PEG24-DBCO (shielded) or with Gly-Ser(Man)-PEG24-DBCO 

(targeted), respectively. B) Transfection efficiency, as determined via luciferase gene expression assay 

(n=6; mean + SD). C) Relative metabolic activity of DC2.4 cells at 24 h after transfection of 1463 pDNA 

polyplexes in the presence of competitor mannan (2 mg/mL). Metabolic activity in relation to HBG-

treated control cells, as determined via CellTiter-Glo assay (n=3; mean + SD) at 24 h after transfection. 

The experiments presented in this figure were performed by Dr. Simone Berger (Pharmaceutical 

Biotechnology, LMU Munich).  
Significant differences: ns p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 (unpaired t-test with Welch’s correction; GraphPad 

PrismTM 9.5.1). ns, not significant.  

Nevertheless, in the luciferase gene expression assay, a minor mannose targeting effect could 

be observed (Figure 3.20 B). In the case of the targeted polyplexes, especially at lower pDNA 

doses, a strongly reduced transfection efficiency could be observed in presence of mannan 

(up to 10-fold decreased RLU values). In contrast, mannan had no influence on the 

performance of unmodified and PEGylated polyplexes, supporting the involvement of mannose 

receptors in the uptake process of the targeted polyplexes. In the case of PEG shielding, there 

was again no transfection efficiency, neither with nor without mannan. For all formulations, no 

considerable toxicity was observed (metabolic activity ≥70%, ISO-10993-5-2009; Figure 

3.20 C). 

Altogether, the obtained results indicate the involvement of mannose-receptor in the uptake of 

polyplexes functionalized with the novel mannose ligand. In addition to the effects of active 

targeting of mannose receptors on the surface of dendritic cells, size effects of polyplexes may 
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play a supporting role in the cellular internalization process. Nevertheless, the targeted 

polyplexes proved to be advantageous formulations promoting enhanced transfection 

efficiency compared to unmodified and shielded polyplexes. 

 

3.5 Conclusion 

The azido derivative 1463 of former published 4-arm OAA 573(71) proved to be an effective 

pDNA carrier. Further modifications by incorporation of tyrosines, tryptophans, or arginines 

provided no significant benefit on gene transfer activity. Introduction of shielding and targeting 

agents in the 4-arm pDNA polyplexes was achieved by conjugation via SPAAC, enabling a 

modular design, and thereby allowing high flexibility for variations and access to advanced 

ligand classes. In this work, the pre-functionalization approach was more favorable than post-

functionalization in terms of nanoparticle formation and stability, shielding efficiency, and 

biological functionality. The PEG length as well as the functionalization degree were of great 

importance for well shielded polyplexes; in the case of 1463 nanoparticles, PEG24 and higher 

FDs (50-100%) were advantageous. Carbohydrate-based ligands for ASPGR and mannose 

receptor targeting demonstrated effectiveness in first proof-of-concept studies. However, the 

effects were not that clear-cut. The ligand-functionalized particles restored transfection efficacy 

compared to PEGylated polyplexes, and the participation of receptor-mediated endocytosis 

was indicated by competition assays and kinetic experiments. However, these observations 

were highly dependent on several parameters such as incubation times and cell lines which 

highlights the coexistence of multiple processes of polyplex uptake (esp. in DCs), including 

unspecific uptake alongside receptor-mediated endocytosis. Therefore, further improvements 

are recommended by careful ligand design (multivalency, spacers, architecture, alternatives to 

PEG, etc.), and/or optimized nanoparticles (choice of carrier and formulation such as 

polyplexes or lipoplexes/lipid nanoparticles, N/P ratio, FD, etc.). In addition to their targeting 

effects, carbohydrates can be used to enhance colloidal stability and biocompatibility of 

cationic polymers, as shown e.g., in numerous works on glycopolymers by Reineke and co-

workers.(414, 498-501) Carbohydrates can also function simultaneously as both shielding and 

targeting moieties. Hyaluronic acid, for instance, shields nanoparticles by anionic coating and 

addresses CD44-positive cells such as endothelial and certain tumor cells.(94, 502-504) 

Altogether, this makes such carbohydrate-containing nanoparticles interesting nucleic acid 

delivery systems for future ex vivo or in vivo therapeutic applications, for example in directed 

nucleic acid delivery to antigen-presenting and immune cells, localized vaccinations, or 

systemic cancer immunotherapies.  
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4.1 Abstract 

Double pH-responsive xenopeptides comprising polar ionizable succinoyl tetraethylene 

pentamine (Stp) motifs and lipophilic ionizable lipoamino fatty acids (LAFs) were recently found 

to efficiently transfect mRNA and pDNA at low doses. However, potency was often 

accompanied with cytotoxicity at higher doses. Insertion of bioreducible disulfide building 

blocks (ssbb) or non-reducible hydrophobic spacers between polar and apolar ionizable 

domains of LAF–Stp carriers should mitigate toxicity of xenopeptides. Carriers showed stable 

nucleic acid complexation and endosomal pH-dependent lytic activities, both of which were 

abolished after reductive cleavage of ssbb-containing carriers. For pDNA, U-shaped carriers 

with one Stp and two LAF units or bundle carriers with two Stps and four LAFs displayed 

highest potency. For mRNA, best transfection was achieved with bundle carriers with one Stp 

and four LAFs. Both the ssbb and hydrophobic spacer containing analogs displayed improved 

metabolic activity, reduced membrane damage, and improved cell growth. The ssbb carriers 

were most beneficial regarding living cell count and low apoptosis rates. Mechanistically, 

inserted spacers decelerated the transfection kinetics and altered the requirement of 

endosomal protonation. Overall, mRNA and pDNA carriers with improved biocompatibility have 

been designed, with their high potency illustrated in transfection of various cell lines including 

low passage number colon carcinoma cells. 

Graphical Abstract 

 

4.2 Introduction 

Nucleic acid therapeutics present a novel frontier in medical science, offering immense 

potential for treating a wide range of diseases. Beyond their proven efficacy in vaccine 

development, nucleic acid delivery is a promising approach to cancer immunotherapy, gene 

and/or protein displacement therapies. Synthetic formulations including polyplexes, lipoplexes 

and lipid nanoparticles (LNPs) hold great potential for delivery of nucleic acids like DNA, 

mRNA, siRNA, and Cas9/sgRNA systems.(48, 54, 506, 507) The involved carriers offer 
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advantages such as relatively facile synthetic accessibility, the potential for precise modulation 

of nanoparticle features and minimal immunogenicity. However, limitations do exist, such as 

moderate efficacy requesting administration at very high nanoparticle per cell doses, 

associated with significant cytotoxicity, and challenges involve careful balancing between 

particle stability and dynamic nucleic acid release at the right cellular compartment.(508) To 

improve safety and efficacy of polyplexes for the various nucleic acid cargos, researchers have 

addressed these issues by continuous optimization of formulations and carrier molecules, e.g. 

by incorporating biocompatible building blocks.(28, 37, 50, 69, 173, 189, 467, 509-520)  

Using a chemical evolution approach(58) based on solid phase assisted xenopeptide 

synthesis,(56, 61, 71, 521) our group recently developed novel nucleic acid carriers that have 

proven to be highly effective for delivering a variety of nucleic acid cargos including pDNA and 

mRNA.(162) These carriers are sequence-defined, double pH-responsive xenopeptides and 

comprise one or several hydrophilic units of cationizable artificial amino acid Stp (succinoyl 

tetraethylene pentamine)(61) and lipophilic, cationizable lipoamino fatty acids (LAFs).(162) 

The Stp units function as polar cationic counterparts to negatively charged nucleic acids, 

leading to polyplex formation through nucleic acid condensation via electrostatic interaction. 

The cationizable LAF residues combine advantageous qualities of lipophilic domains, 

permitting hydrophobic particle stabilization at physiological neutral pH, which is reversible 

upon protonation at mild acidic endosomal pH, resulting in a strongly enhanced endosomal 

escape and exceptionally high transfection efficacy. For certain LAF–Stp topologies, mRNA 

transfection was successful even at ultra-low doses of 3 picograms of mRNA, providing a 

nanoparticle potency comparable to viral vectors. Additionally, these carriers facilitate 

remarkable protein expression also in vivo, particularly in the spleen, tumor, lungs, and liver 

upon intravenous injection of mRNA polyplexes(162) or LNPs(107) in mice. Alongside with 

favorable efficacy of these novel LAF-carriers, in several cases high potency was observed to 

correlate with increased cytotoxicity. This can be compensated by application of low 

dosages,(162) nevertheless raises safety concerns regarding future therapeutic 

administration. While the superior ability of these nanoparticles to interact with cell membranes 

is highly desirable for nanoparticle uptake by endocytosis and endosomal escape, prolonged 

intracellular presence of membrane-active carriers may lead to reduced cell viability. 

Cytotoxicity induced by cationic polymers or lipids can be attributed to several causes. Carrier 

molecules and their metabolites may have the potential to cause cellular membrane disruption 

or nuclear damage, mitochondrial dysfunction, generation of reactive oxygen species (ROS), 

among other factors. For example, a two-stage cytotoxicity(66, 169) was reported for 

polyplexes consisting of polyethyleneimine (PEI)(28, 189, 512, 522), a most frequently used 

gold-standard for nucleic acid delivery. An early phase I toxicity resulting from compromised 

cellular membrane integrity, and a later phase II cytotoxicity due to a mitochondrial apoptotic 
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program was reported.(166) Additionally, PEI-based transfection efficiency and cytotoxicity 

was found to be associated with polymer size and type(173, 189, 517), and with 

permeabilization of nuclear membranes.(167, 415) Similar observations were made for a 

series of other cationic carriers; characteristics that favorably enhance intracellular transfer of 

nucleic acids across membrane barriers are likely to be also associated with increased 

cytotoxicity due to side effects of membrane disruption. The question has been raised whether 

the observed correlation of efficacy and cytotoxicity can be uncoupled. In fact, for polymeric 

cationic carriers it was already demonstrated that efficiency/cytotoxicity ratios can be 

modulated by either optimizing the size of the polymer(173, 189, 521) or its cationic 

subunits.(172, 510) For example, separating the efficient but also toxic multi-cationic structure 

of PEI into several small cationic (oligo)aminoethylene units resulted into highly potent but far 

less toxic polymers of similar sizes.(510) Molecular reasons are at least twofold; defined small 

subunits may have inherent favorable efficacy/toxicity properties(172) based on amphiphilicity 

or pKa profile, as observed and defined in the even-odd rule of oligoethylenimines.(523) 

Secondly, biodegradable linkages between the oligocationic subunits can be designed, 

reducing the persistence of polycationic molecules and this leading to favorable cytotoxicity 

profiles. Esters(467, 514, 515, 524), acetals(518, 525), or disulfides(513, 516, 519) were 

integrated into synthetic PEI carriers, ‘breaking up the correlation between efficacy and 

toxicity’.(516) Disulfide linkages have been applied to various other cationic carriers including 

ionizable lipids.(63, 70, 174, 526-533) Disulfide bonds are stable in the extracellular 

environment but are subsequently reduced within cells after endosomal release by high 

concentrations of cytosolic glutathione (GSH), leading to fragmentation of the carriers.(174) 

Hereby, both release of the nucleic acid cargo from the carrier is facilitated and cytotoxic effect 

associated with highly lytic properties of the carrier can be minimized. 

In our previous work on sequence-defined T-shaped lipo-xenopeptides the introduction of a 

bioreducible disulfide bond between the cationic polar backbone and the standard, non-

ionizable fatty acid domain was advantageous for mRNA and siRNA delivery,(63, 70) reducing 

cytotoxic effects and enhancing efficacy by solving the balancing act between extracellular 

polyplex stability and cytosolic nucleic acid release.(67, 70) The precise positioning of the 

disulfide cleavage site at the desired location was managed by design of a protected 

cystamine-based disulfide building block (ssbb) for use in solid-phase synthesis.(63) 

In the current work, novel LAF carriers with U-shape or bundle topology were modified with 

bioreducible or non-reducible spacers that are integrated in the oligomer sequence at precise 

positions based on the rationale of separating cationic and lipophilic domains of the carrier 

oligomers. By introducing disulfide spacers, we aimed to maintain favorable characteristics of 

the polyplexes while consequently improving biocompatibility of the carriers after endosomal 

release. As the introduction of reducible linkers changes the geometry and distances between 
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lipophilic and hydrophilic subdomains of carriers, we also designed analogous carriers with 

isosteric hydrophobic nonreducible spacers. In the following we demonstrate the dynamic 

nucleic acid binding ability of the disulfide- modified carriers and polyplex destabilization as a 

result of the reductive cytosolic environment. Consequently, bioreducible carriers showed 

beneficial impact on cell viability while maintaining high nucleic acid transfer activity promoted 

by LAF carriers. Interestingly, introduction of hydrophobic non-reducible linkers also modulated 

the transfection/cytotoxicity profile. Altogether this highlights a beneficial influence of altered 

chemical topology plus optional biodegrading bonds on the biological carrier characteristics. 

 

4.3 Materials and Methods 

4.3.1 Materials 

8-Aminooctanoic acid, glacial acetic acid, cystamine dihydrochloride, dodecanal, N,N-

diisopropylethylamine (DIPEA), glutathione reduced (GSH), octanal, potassium 

permanganate, sodium citrate tribasic dihydrate, sodium cyanoborohydrate (NaBH3CN), 

succinic anhydride and super-DHB (9:1 mixture of 2,5-dihydrocybenzoic acid and 2-hydroxy-

5-methoxybenzoic acid) were obtained from Sigma Aldrich (Munich, Germany). Sodium 

sulfatewas purchased from ORG Laborchemie (Bunde, Germany) and N-(9H-Fluoren-9-yl-

methoxycarbonyloxy)-succinimide (Fmoc-OSu) from Iris Biotech (Marktredwitz, Germany). 

Acetonitrile, dichloromethane (DCM), dry methanol (MeOH), ethyl acetate (EtOAc), n-heptane, 

aqueous sodium hydroxide solution (1M) and tetrahydrofuran (THF) were purchased from 

Thermo Fisher Scientific (Schwerte, Germany). Solid-phase synthesis reactors (polypropylene 

reactors with polytetrafluoroethylene (PTFE) frits and Luer stopper) were purchased from 

Multi-SynTech (Witten, Germany). 2-Chlorotrityl chloride resin, dimethylformamide (DMF), 

piperidine, Fmoc-L-Lysine(Fmoc)-OH, Fmoc-L-Lysine(Dde)-OH, Fmoc-amino butanoic acid 

and Fmoc-amino hexanoic acid were obtained from Iris Biotech (Marktredwitz, Germany), 

benzotriazole-1-yl-oxytrispyrrolidino phosphonium hexafluorophosphate (PyBOP), 1-hydroxy-

benzotriazole (HOBt), di-tert-butyl dicarbonate (Boc anhydride), hydrazine monohydrate, 

phenol, potassium cyanide and triisopropylsilane (TIS) from Sigma Aldrich (Munich, Germany). 

Ninhydrin was purchased from AppliChem (Darmstadt, Germany), pyridine and trifluoro acetic 

acid from Thermo Fisher Scientific (Schwerte, Germany) and ethanol absolute (EtOH) and 

aqueous hydrochloride solution (1M) from VWR (Darmstadt, Germany). Deuterated solvents 

were purchased from Eurisotop (Fluorochem, Hadfield, UK). Plasmid pCMVLuc (encoding 

Photinus pyralis firefly luciferase under the control of a cytomegalovirus promoter and 

enhancer) was obtained from Plasmid Factory GmbH (Bielefeld, Germany), CleanCap® Fluc 

mRNA (5 moU) and CleanCap EGFP mRNA (5moU) from Trilink Biotechnologies (San Diego, 

CA, USA) and EZ Cap™ Cy5 Firefly Luciferase mRNA (5-moUTP) from ApexBio (Apexbt 
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Technology LLC, Houston, USA). Agarose BioReagent low EEO, boric acid, bromophenol blue, 

ethidium bromide (EtBr) (1% solution in H2O), glycerol, RNase-free water, tris(hydroxymethyl) 

aminomethane hydrochloride (Tris-HCl) and triton X-100 were purchased from Sigma Aldrich 

(Munich, Germany), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) from Biomol 

(Hamburg, Germany), GelRed (1000x) from VWR (Darmstadt, Germany) and D-(+)-glucose 

monohydrate and ethylene diaminetetraacetic acid (EDTA) from Merck (Darmstadt, Germany). 

Quant-iT™ RiboGreen RNA Assay-Kit was obtained from Thermo Fisher Scientific (Schwerte, 

Germany) and heparin (5000 I.U. mL-1) from B. Braun SE (Melsungen, Germany). Human 

blood was provided by the hospital of the Ludwig-Maximilians-Universität (Munich, Germany). 

All cell culture consumables were purchased from Faust Lab Science (Klettgau, Germany). 

HeLa cells (human adherent cervix carcinoma cell line) were obtained from the German 

Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany), N2a cells 

(murine neuroblastoma cell line Neuro2a) from the American Type Culture Collection (ATCC, 

Manassas, VA, USA) and human adherent hepatic carcinoma cell lines Huh7 wild-type from 

the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). Dulbecco's 

Modified Eagle's medium (DMEM) low glucose, DMEM Ham’s F12 medium, RPMI 1640 

medium containing L-glutamine and sodium bicarbonate, fetal calf serum (FCS), stable 

glutamine, penicillin (100 U mL-1) and streptomycin (100 μg mL-1) were purchased from 

Sigma Aldrich (Munich, Germany) and PAN Biotech (Aidenbach, Germany). Adenosine 5'- 

triphosphate (ATP) disodium salt trihydrate was purchased from Roche Diagnostics GmbH 

(Mannheim, Germany), coenzyme A trilithium salt, dithiothreitol, glycylglycine, magnesium 

chloride (MgCl2), para-formaldehyde and 4',6-diamidine-2'-phenylindole dihydrochloride 

(DAPI) were obtained from Sigma Aldrich (Munich, Germany). Cell lysis buffer 5x, luciferin 

sodium salt, CellTiter Glo® Luminescent Cell Viability Assay Kit and CytoTox96® 

nonradioactive cytotoxicity assay kit (LDH release assay) were purchased from Promega 

(Mannheim, Germany). Bafilomycin A1 and Collagen A were obtained from Merck KGaA 

(Darmstadt, Germany). μ-Slides 8 well ibidiTreat were obtained from ibidi GmbH (Gräfelfing, 

Germany) and TACS Annexin V-FITC Apoptosis Detection Kit from Bio-Techne GmbH 

(Wiesbaden, Germany).  

LPEI 22 kDa and branched succinylated PEI (succPEI) were synthesized as reported 

previously.(70, 458) Starting materials (poly(2-ethyl-2-oxazoline) for linear PEI and branched 

PEI 25 kDa for succPEI) were obtained from Sigma Aldrich (Munich, Germany).  

The syntheses of the disulfide building block (N-Fmoc, N´-succinoyl-cystamine, ‘ssbb’) and the 

lipoamino fatty acids 8Oc and 12Oc were performed analogously as described in Klein et al(63) 

and Thalmayr et al.(162) N-Fmoc, tri-Boc protected succinoyl tetraethylene pentamine (Stp) 

was prepared by in house synthesis according to previously published protocols.(61, 162) 
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4.3.2 Analytical methods 

4.3.2.1 NMR spectroscopy 

1H-NMR spectra were recorded by using a Bruker Avance III HD 400 (400 MHz). Signals were 

calibrated to the residual, non-deuterated signals of the used solvent as an internal standard 

(CDCl3 7.26 ppm; methanol-d4 4.87 (s) and 3.31 (p)). Chemical shifts (δ) were reported in parts 

per million (ppm). The spectra were analyzed by MestreNova (MestReLab Research x64, 

Version 10.0). Integration was performed manually. Multiplicities were abbreviated as follows: 

s, singlet; d, doublet; t, triplet; m, multiplet. 

4.3.2.2 ESI-MS 

ESI-MS was performed using a Thermo Scientific LTQ FT Ultra Fourier transform ion cyclotron 

and an IonMax source. Data is either shown as [M+X]z after positive ionization or [M-X]-z after 

negative ionization. Samples were kindly processed by Dr. Werner Spahl and colleagues from 

the analytical core facility at the Department of Chemistry, LMU Munich. 

4.3.2.3 MALDI-TOF 

MALDI-TOF mass spectrometry was conducted using an Autoflex II mass spectrometer 

(Bruker Daltonics, Germany). As matrix, a solution of 10 mg mL-1 super-DHB (9/1 (w/w) mixture 

of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid) in 69.93/30/0.07 (v/v/v) 

H2O/ACN/TFA was used. 1 μL of matrix solution was spotted on a MTP AnchorChip (Bruker 

Daltonics, Germany). Subsequently, 1 μL of sample solution dissolved in H2O at a 

concentration of 1 mg mL-1, was added onto the matrix, co-crystallized and analyzed. Spectra 

were recorded in positive ion mode. For MALDI-TOF analysis under reductive stress, the 

carrier was diluted with H2O to a concentration of 1 mg mL-1 . 50 mM glutathione (GSH) stock 

solution was prepared in HBG, and pH was adjusted to 7.4 by addition of 1 M NaOHaq. GSH 

stock solution was added to the oligomer solution to reach a final GSH concentration of 10 mM. 

The solution was incubated for 90 min at 37°C while shaking at 500 rpm. Afterwards, the 

sample was prepared and analyzed as described above. 

4.3.3 Building block syntheses 

4.3.3.1 Disulfide building block 1-(9H-fluoren-9-yl)-3,12-dioxo-2-oxa-7,8-dithia-4,11-

diazapentadecan-15-oic acid 

The synthesis of the disulfide building block was performed analogously as described in Klein 

et al.(63) In detail, 5.0 g of cystamine dihydrochloride (22.2 mmol, 1 eq.) were suspended in 

50 mL of THF with 7.73 mL of DIPEA (44.4 mmol, 2 eq.) and cooled down to −78 °C. 6.0 g 

(17.8 mmol, 0.8 eq.) of Fmoc-OSu were dissolved in 70 mL of THF and added dropwise over 

the course of 3 h. The reaction was stirred for additional 1 hour at −78 °C, followed by stirring 

for 1 h at RT. Then, DIPEA (7.73 mL, 44.4 mmol, 2 eq.) was added and the reaction mixture 
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was cooled to 0 °C. Succinic anhydride (4.0 g, 40 mmol, 1.8 eq.) was dissolved in 50 mL of 

THF. This solution was added dropwise to the reaction mixture at 0 °C and stirred overnight. 

The reaction mixture was filtered and concentrated to approximately 200 mL, mixed with 

200 mL of DCM and was washed 5× with 0.1 M sodium citrate buffer (pH 5.2). The organic 

phase was dried over sodium sulfate, concentrated, and purified by silica column 

chromatography using a n-heptane/EtOAc gradient (starting from 1:1 (v/v)) to elute Fmoc-

byproducts, followed by a EtOAc/MeOH gradient to isolate the product. The solvent was 

removed under reduced pressure to give 2.95 g of a white solid (6.22 mmol, 28%). 

4.3.3.2 Synthesis of lipoamino fatty acids (LAFs) 8Oc and 12Oc 

The protocol was adapted from Thalmayr et al.(162) Briefly, 400 mg of 8-amino octanoic acid 

was dissolved in 50 mL of dry methanol (MeOH) and stirred for 15 min at RT. Then, 2.2 eq of 

the indicated fatty aldehyde (octanal and dodecanal, respectively), 2.5 eq of sodium 

cyanoborohydride (NaBH3CN), and 0.8 eq acetic acid were added successively. The mixture 

was stirred for 48 hours at RT, before the solvent was removed under reduced pressure and 

the residual colorless oil was dried under high vacuum. Afterwards, excess of reducing agent 

was removed by re-dissolving the crude product in DCM and filtration. The filtrate was 

concentrated and purified by silica gel chromatography with a solvent gradient from 50:1 to 

30:1 to remove unreacted starting material and by-products and 20:1 DCM/MeOH (v/v) to 

isolate the desired product. Elution of products was detected by thin-layer chromatography and 

staining by basic potassium permanganate (KMnO4) solution and careful warming. Products 

were characterized by ESI-MS (electrospray ionization mass spectrometry) and 1H-NMR. 

Analytical data are in accordance with literature.(162)  

4.3.4 Synthesis of LAF Stp xenopeptides – General procedure 

Resin loading. The LAF containing carriers were synthesized by solid phase assisted 

synthesis using an acid-labile 2-chlorotrityl resin (theoretical loading: 1.55 mmol g-1). 50 mg of 

resin were transferred to a syringe reactor and swelled in dry DCM for 20 min. The solvent was 

ejected and the first amino acid or building block (0.3 eq) was dissolved in dry DCM. After 

addition of 0.9 eq DIPEA, the solution was immediately added to the resin and allowed to react 

for 60 minutes at RT while shaking. Afterwards, free reaction sites were capped. Therefore, 

the resin was incubated with a capping solution consisting of 1 mL dry DCM, 0.75 mL MeOH 

and 0.125 mL DIPEA to the resin for 30 min. Then, the solution was discarded, and the resin 

was washed with DMF and DCM (5 x 2 mL each) and dried under reduced pressure. Resin 

loading was determined by UV/Vis spectrometry by detection of the absorbance of free fulvene 

product resulting from Fmoc deprotection. Therefore, 5-10 mg of the resin was treated with 1 

mL of Fmoc deprotection solution consisting of 20% piperidine in DMF (v/v) for 60 min while 

shaking at 500 rpm. After centrifugation at 10,000 rpm for 20 sec, 25 µL of the supernatant 
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were diluted in 975 µL of DMF, transferred to a cuvette and absorbance was measured by a 

multiwell photometer at 301 nm against 20% piperidine in DMF (v/v) as blank. Resin loading 

was calculated by using the following equation:  

Resin loading [mmol g-1] = (A x 1000) x (m [mg] x 7800 x df)-1 with df = dilution factor.  

Fmoc deprotection. After loading determination, the resin was swelled in dry DCM and Fmoc-

protective groups were removed. Therefore, the resin was treated with Fmoc-deprotection 

solution (20% piperidine in DMF) for 10 minutes. Then, the solution was drained, and the 

procedure was repeated 3 times. Afterwards, the resin was washed with DMF and DCM (5 x 2 mL).  

Coupling of Fmoc-protected amino acids and artificial building blocks. For successive 

assembly of desired structures, amino acids and artificial building blocks were coupled to the 

resin in the indicated sequences. Symmetrical branching points were introduced by using 

Fmoc-L-Lys(Fmoc)-OH and asymmetrical branching points were introduced using Fmoc-L-

Lys(Dde)-OH, for introducing redox cleavage sites, a suitable disulfide-containing, Fmoc-

protected building block was used and dimers of Fmoc-amino butanoic acid and Fmoc-amino 

hexanoic acid served as spacers. For manual coupling, 4 eq of the Fmoc-protected amino acid 

or artificial building block were dissolved in 500 µL DCM and mixed with 4 eq PyBOP and 4 eq 

HOBt, both dissolved in 500 µL DMF. After addition of 8 eq of DIPEA, the mixture was added 

to the resin and incubated for 90 minutes, followed by washing with DMF and DCM (5 x 1 mL 

each) and removal of Fmoc-group as described above.  

Bocylation. Prior to removal of Dde protecting group, terminal free amino groups were 

temporarily protected by Boc protecting group. Therefore, 10 eq of Boc anhydride and 10 eq 

of DIPEA were dissolved in DMF and incubated with the resin for 90 min. Completion of 

Bocylation was confirmed by Kaiser test. 

Dde-deprotection. Subsequent removal of the Dde protecting group, [N-(1-(4,4-dimethyl-2,6-

dioxocyclohexylidene)ethyl)], for asymmetrical synthesis was achieved by treatment with 2% 

hydrazine in DMF (v/v) for 15 cycles of 2 min each. Afterwards, the resin was washed with 

DMF, 10% DIPEA in DMF (v/v), DMF and DCM (5 x 2 mL each).  

LAF coupling. For coupling of LAFs, 4 eq of the indicated LAF per deprotected, resin bound 

amino group and 8 eq of DIPEA were dissolved in DMF, and 4 eq of PyBOP and 4 eq of HOBt 

were dissolved in DCM. Both solutions were subsequently added to the resin and the reaction 

time was extended to 36 hours. 

Kaiser test. Completion of both coupling and deprotection steps, was confirmed by performing 

Kaiser tests. After washing the resin with DCM (5 x 2 mL), a small sample of DCM was 

transferred into an Eppendorf reaction tube. One drop of each Kaiser test solution was added 

to the resin: first, 80% (w/v) phenol in EtOH, followed by 5% (w/v) ninhydrin in EtOH and 20 µM 

potassium cyanide (KCN) in pyridine (1 mL aqueous KCN solution, c = 1 mM in 49 mL pyridine). 

The tube was incubated under shaking at 500 rpm at 99°C for 4 min. The presence of free 
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amines was indicated by dark blue color of both resin beads and reaction solution. Absence of 

free amines was indicated by no change of color.  

Cleavage from resin. Once the desired sequence was obtained, the resin was dried in vacuo 

prior to cleavage. For cleavage and in situ removal of acid-labile protecting groups, a cleavage 

cocktail consisting of TFA/TIS/H2O (95/2.5/2.5 v/v/v) was added to the resin and allowed to 

react for 45 minutes. The cleavage solution was drained and collected, the resin was washed 

first with 500 µL of TFA, followed by 1 mL of DCM and the solutions were combined. The 

collected solutions were dried under nitrogen flow. 

Purification. The dried pellet was dissolved in EtOH or EtOH/H2O (1:1, v/v). The clear 

solutions were dialyzed against EtOH overnight at room temperature, followed by dialysis 

against H2O for additional 24 hours at 4°C. For dialysis, Spectra/Por® Dialysis Membranes 

(Carl Roth, Karlsruhe, Germany), the suitable molecular weight cut-off (MWCO) 1 kDa or 2 kDa 

were used, depending on the molecular weight of the synthesized sequence. Afterwards, the 

compounds were diluted with water and lyophilized. Final products were characterized by 

MALDI-TOF-MS and 1H NMR spectroscopy (see Table 4.1 and appendix, chapter 6.1.5). 

 

Table 4.1. Summarizing table with mass data for all LAF-Stp oligomers.  

(a) solvent for dissolution; abbreviations: ID, identification number; EtOH, ethanol, MALDI-TOF-MS, matrix-assisted laser 
desorption ionization – time of flight – mass spectrometry; 8Oc, LAF based on 8-aminooctanoic acid and two octyl chains; 12Oc, 
LAF based on 8-aminooctanoic acid and two dodecyl chains, K, lysine; Stp, succinoyl tetraethylene pentamine; ssbb, disulfide 
building block; C6, spacer building block based on 6-aminohexanoic acid; C4, spacer building block based on 4-aminobutyric acid.  
*Dissolved in ethanol/HClaq 

 

ID 
Sequence 

(N to C) 

EtOH/ 

H2O 

(v/v)(a) 

Formula 
Calculated 

mass 

Found mass 

(MALDI-TOF-

MS) 

Bundles 8Oc-B2-1:4 

1621 [K(8Oc)2]2-K-Stp 9:1* C126H251N15O10 2136.43 2133.46 (162) 

1791 [K(8Oc)2]2-K-ssbb-Stp 9:1 C134H265N17O12S2 2369.01 2365.02 

1792 [K(8Oc)2-ssbb]2-K-Stp 9:1 C142H279N19O14S4 2603.06 2598.83 

1793 [K(8Oc)2]2-K-C6-C4-Stp 9:1 C136H269N17O12 2333.10 2329.12 

1794 [K(8Oc)2-C6-C4]2-K-Stp 9:1 C146H287N19O14 2531.23 2526.97 

Bundles 8Oc-B2-2:4 

1730 [K(8Oc)2]2-K-Stp2 9:1 C138H276N20O12 2407.85 2401.93 

1823 [K(8Oc)2]2-K-ssbb-Stp2 9:1 C146H290N22O14S2 2640.21 2635.71 

1824 [K(8Oc)2-ssbb]2-K-Stp2 9:1 C154H304N24O16S4 2874.26 2869.16 

1825 [K(8Oc)2]2-K-C6-C4-Stp2 9:1 C148H294N22O14 2604.03 2599.98 

1826 [K(8Oc)2-C6-C4]2-K-Stp2 9:1 C158H312N24O16 2802.43 2811.57 

U-shapes 12Oc-U1-1:2 

1611 K(12Oc)-Stp-K(12Oc) 1:1 C88H177N11O7 1501.42 1499.15 

1821 K(ssbb-12Oc)-Stp-K(ssbb-12Oc) 10:0 C104H205N15O11S4 1968.48 1965.63 

1822 K(C4-C6-12Oc)-Stp-K(C4-C6-12Oc) 10:0 C108H213N15O11 1896.66 1894.01 
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4.3.5 Polyplex formation 

Polyplex formation was performed as follows: the respective nucleic acid was diluted in HBG 

(HEPES buffered glucose, 20 mM HEPES, 5% glucose (w/v), pH 7.4) and the calculated 

amount of LAF carrier at the indicated N/P (nitrogen/phosphate) ratio was diluted in Millipore 

water from a LAF carrier stock solution (10 mg mL−1 in EtOH/H2O at carrier-specific solvent 

ratios, for details see Table 4.1). For calculation of the N/P ratio, secondary amines of Stp units 

(3 amines per Stp), terminal primary amines and tertiary amines of the LAF residues were 

considered. Polyplexes were formed upon addition of equal volumes of nucleic acid solution 

(in HBG) to the LAF carrier solution (in water), followed by rapid pipetting and incubation for 

40 min at room temperature (RT) in a closed Eppendorf tube. In case of control polyplexes, 

i.e., LPEI (N/P 6) for pDNA polyplexes and succPEI (weight/weight (w/w) ratio of 4) for mRNA 

polyplexes, the respective carrier was diluted in HBG before mixing with the nucleic acid 

solution as described above. Final concentrations of nucleic acid were 12.5 μg mL−1 for mRNA 

and 10 μg mL−1 for pDNA. 

4.3.6 Physico-chemical evaluation 

4.3.6.1 Experiments under reductive conditions 

For experiments mimicking cytosolic reductive environment, the polyplexes were prepared at 

the indicated N/P ratio in the required volume with a pDNA concentration of 12.5 μg mL−1 and 

a mRNA concentration of 15.6 μg mL−1. After polyplex formation, GSH solution (50 mM GSH 

in HBG, pH adjusted to 7.4 by addition of 1 M NaOHaq) was added to the to the polyplex solution 

to obtain a final GSH concentration of 10 mM. For negative controls, the respective volume of 

HBG was added to the polyplex solutions. The samples were incubated at 37 °C for 90 min 

while being placed on a mechanical shaker at 500 rpm before further evaluation. 

4.3.6.2 Agarose gel shift assay 

1% (w/v) agarose gel was prepared by microwave-assisted heating of agarose in TBE buffer 

(18.0 g of tris(hydroxymethyl)aminomethane, 5.5 g of boric acid, 2 mM EDTA at pH 8 in 1 L of 

water). After cooling down to about 50 °C, 1000× GelRed (0.001% (v/v)) was added to the 

solution. Afterwards, the solution was casted into an electrophoresis unit and cooled down for 

gelation. Polyplexes were formulated as described in section 4.3.5 with a pDNA concentration 

of 10 μg mL−1 and mRNA concentration of 12.5 μg mL−1, respectively. After 40 min of 

incubation, loading buffer (6×; prepared from 6 mL of glycerol, 1.2 mL of 0.5 M EDTA, 2.8 mL 

of H2O, 0.02 g of bromophenol blue) was added to the polyplex solution to obtain a 1 : 6 dilution. 

20 μL (pDNA polyplexes) or 18 μL (mRNA polyplexes) of the samples were loaded to the gel 

and electrophoresis was performed at 120 mV for 70 min in 1× TBE buffer. Free pDNA (c = 

10 μg mL−1) or mRNA (c = 12.5 μg mL−1) diluted in HBG was used as control. 
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4.3.6.3 Ethidium bromide exclusion assay 

Quantification of EtBr fluorescence was carried out using a microplate reader (Spark, Tecan, 

Männedorf, Switzerland) with an excitation wavelength λex = 535 nm and an emission 

wavelength λem = 590 nm. Polyplexes were prepared as described in section 4.3.5 with a total 

volume of 50 μL at a final pDNA concentration of 10 μg mL−1. After the indicated incubation 

time, 250 μL of aqueous EtBr solution (c = 0.5 μg mL−1) were added to the polyplexes. After 

additional incubation for 10 min at room temperature, 260 μL of each sample were transferred 

into a TPP-ft 96-well-plate and fluorescence intensity was measured. A calibration curve with 

free pDNA (linear concentration range from 0 to 10 μg mL−1) diluted in HBG was used for 

quantification. The amount of free, i.e., non-compacted pDNA was calculated based on the 

calibration of free pDNA and displayed as percentage of EtBr fluorescence in relation to 100% 

of free pDNA. 

4.3.6.4 Complexation efficiency of mRNA polyplexes with and without reductive 

conditions 

Quant-iT™ RiboGreen RNA Assay-Kit (Thermo Fisher Scientific) was used to determine the 

encapsulation efficiency [ee (%)] of mRNA polyplexes. Polyplexes were formulated as 

described in section 4.3.5 at a concentration of 15.6 μg mL−1. For stress testing, HBG or GSH 

solution (50 mM, section 4.3.6.1) were added to a final mRNA concentration of 12.5 μg mL−1 

and a GSH concentration of 10 mM. The samples were incubated for 90 min at 37 °C under 

constant shaking at 400 rpm. Unstressed control samples were prepared as described above 

with addition of HBG and without further incubation. All samples were diluted with 1× TE 

(10 mM Tris–HCl, 1 mM EDTA, pH 7.5 in RNase-free water) to an mRNA concentration of 

2 μg mL−1. 50 μL of the diluted samples were mixed with 50 μL of 1× TE as ‘untreated samples’. 

For complete release of mRNA, unstressed samples were diluted with 50 μL of 1× TE 

containing 2% (v/v) Triton X-100 and 250 IU mL−1 heparin to a final mRNA concentration of 

2 μg mL−1 (i.e., ‘Triton sample’). All samples were incubated for 10 min at 37 °C under constant 

shaking at 150 rpm. After cooling down at RT for 5 min, 100 μL of RiboGreen reagent diluted 

200-fold in 1× TE were added to each sample. After 5 min under light protection, the 

fluorescence intensity was measured in a Tecan microplate reader (Spark, Tecan, Männedorf, 

Switzerland) at excitation/emission wavelength of 485/535 nm in duplicates. Background was 

measured for the respective conditions (i.e. HBG or HBG with GSH 10 mM) in 1× TE, or in 

1× TE supplemented with Triton X-100 and heparin, treated in the same manner as the 

respective polyplex samples. The following formula was used to calculate encapsulation 

efficiency after background subtraction of each sample: 

𝑒𝑒(%) = 100% −
𝑚𝑒𝑎𝑛 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑒𝑎𝑛 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑇𝑟𝑖𝑡𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
× 100% 
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4.3.6.5 Dynamic light scattering (DLS) 

Measurements were performed using a Zetasizer Nano ZS (Malvern Instruments, Malvern, 

Worcestershire, United Kingdom) using a folded capillary cell (DTS1070) by dynamic and 

electrophoretic laser light scattering (DLS, ELS). For determination of particle size and 

polydispersity index (PDI), 100 μL of pDNA polyplex solutions or 80 μL of mRNA polyplex 

solutions were formed as described above at a pDNA concentration of 10 μg mL−1 or an mRNA 

concentration of 12.5 μg mL−1, respectively, and measured with the settings as follows: 30 s of 

equilibration time, temperature of 25 °C, refractive index 1.330, viscosity 0.8872 mPa s.  

Each sample was measured three times with six sub-runs per measurement. For determination 

of zeta potential, the polyplex solution was diluted with HBG to a final volume of 800 μL 

immediately prior to measurement. Measurement parameters were identical to size 

determination, with an increase of equilibration time to 60 s. Each sample was measured with 

15 sub-runs (10 s each) and zeta potential were calculated by Smoluchowski equation. All 

values (size, PDI and zeta potential) were displayed as mean ± SD of these measurements. 

4.3.7 Biological evaluation 

4.3.7.1 Erythrocyte leakage assay  

The erythrocyte leakage assay was performed following a protocol published by Krhac Levacic 

et al.(70) Erythrocytes were isolated by repeated washing of fresh, citrate buffered (25 mM 

citrate) human blood with a solution of phosphate buffered saline (PBS) supplemented with 

25 mM citrate and subsequent centrifugation (800 rcf, 10–15 min at 4 °C). Washing was 

considered as completed when the supernatant was clear after centrifugation. The cell pellet 

was then diluted to 5 × 107 erythrocytes per mL with PBS at different pH values (pH 5.5, 6.5 

and 7.4) and stored on ice. The oligomers were diluted with PBS at the indicated pH value to 

a concentration of 2.5 μM and pipetted into a V-bottom 96-well plate as quadruplicate (75 μL 

per well). For evaluation of lytic potential after incubation under reductive conditions, the 

oligomers were incubated with 10 mM GSH (final concentration) in HEPES (20 mM, pH 7.4) 

at the indicated pH value for 90 minutes at 37 °C while shaking at 500 rpm, followed by pipetting 

into the V-bottom 96-well plate. 75 μL of the erythrocyte suspension at the same pH value was 

added to each well. Then, the V-bottom 96-well plates were incubated under slow constant 

shaking for 60 min at 37 °C. Afterwards, the samples were centrifuged (800 rcf, 4 °C, 10 min), 

and 100 μL of the supernatant were transferred to a TPP-ft 96-well plate. To determine the lytic 

activity, the samples were analyzed for hemoglobin release at wavelength λ = 405 nm using a 

microplate reader (Spark, Tecan, Männedorf, Switzerland). PBS at the indicated pH values 

was used as negative control (0% value) and samples treated with 1% Triton X-100 at the 

indicated pH value served as positive control (100% value). Data are presented as mean value 

(±SD) out of quadruplicates. 
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4.3.7.2 Cell culture 

HeLa (human adherent cervix carcinoma cell line), HeLa-Gal8-mRuby stably expressing a 

galectin8-mRuby3 fusion protein(154, 534, 535) and N2a (murine neuroblastoma cell line 

Neuro2a) cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) low glucose 

(1 g L−1 glucose). Huh7 wt cells (human adherent hepatic carcinoma cell line) were cultured in 

DMEM Ham's F12 medium. Cell culture media were supplemented with 10% fetal calf serum 

(FCS), 4 mM of stable glutamine, 100 U mL−1 penicillin and 100 μg mL−1 streptomycin. Cells 

were cultured at 37 °C with 5% CO2 and a relative humidity of 95% in an incubator. Human 

colon carcinoma COGA-2 and COGA-12 low passage cell lines,(536) generated in a previous 

clinical study approved by local ethical committee with written, informed consent from all 

patients and molecularly characterized in great detail, were cultured in RPMI 1640 medium 

containing L-glutamine and sodium bicarbonate, supplemented with 10% FCS, 100 U mL−1 

penicillin and 100 μg mL−1 streptomycin). COGA-2 cells were cultured in flasks manually pre-

coated with collagen A (1:10 (v/v) in PBS). 

4.3.7.3 Transfection screening 

5000 HeLa, 10 000 N2a, 8000 Huh7 or 10 000 COGA-2 or COGA-12 cells were seeded in a 

96-well plate about 24 hours prior to transfection. For COGA-2 cells, plates were coated with 

collagen A (1:10 (v/v) in PBS) before seeding. Polyplexes were prepared as described in 

section 4.3.5. Prior to treatment, cell culture medium was replaced by suitable amounts of fresh 

medium to obtain a final volume of 100 μL per well after transfection. Different doses of nucleic 

acid per well were evaluated. Each polyplex was added to the wells as triplicate. For pDNA, 

indicated doses of pDNA polyplex solution containing 10 μg mL−1 pCMVLuc (Plasmid Factory 

GmbH, Bielefeld, Germany) were prepared as described in section 2.2. From this polyplex 

solution, required volumes (in the range of 5–20 μL) were added to the wells; for detailed 

information see indicated doses in the figures. LPEI (MW = 22 kDa) polyplex solution (N/P 6) 

was used as positive control at indicated pDNA doses. For mRNA, indicated doses of mRNA 

polyplexes containing 12.5 μg mL−1 CleanCap® FLuc mRNA (5moU) (Trilink Biotechnologies, 

San Diego, CA, USA) (i.e. suitable volumes in a range of 1.25–20 μL) of polyplex solution were 

transferred to the corresponding wells. As positive control, succinylated branched PEI 

(succPEI) at a w/w ratio of 4 was used at indicated doses. Each well was filled up with the 

corresponding volume of HBG to reach a final volume of 100 μL per well. 

4.3.7.4 Luciferase expression assay  

Transfection efficacy of the polyplexes was evaluated after incubation for 24 hours at 37 °C. 

The medium was removed, and the cells were lysed with 0.5× lysis buffer (100 μL per well) 

and stored at −80 °C at least overnight. Before determination of luciferase expression, plates 

were allowed to come up to RT and incubated for 1 hour. For luciferase activity of mRNA-

treated cells, the cell lysate was diluted in PBS at a ratio of 1:100. Luciferase activity was 
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measured using a Centro LB 960 plate reader luminometer (Berthold Technologies GmbH & 

Co. KG, Bad Wildbad, Germany). Hereto, 35 μL of the cell lysate were measured for 10 s after 

automatic addition of 100 μL LAR buffer (20 mM glycylglycine; 1 mM MgCl2; 0.1 mM 

ethylenediaminetetraacetic acid; 3.3 mM dithiothreitol; 0.55 mM adenosine 5′-triphosphate; 

0.27 mM coenzyme A, pH 8–8.5) supplemented with 5% (v/v) of a mixture of 10 mM luciferin 

and 29 mM glycylglycine. Transfection efficiency was calculated for the seeded number of cells 

and presented as relative light units (RLU) per well. In case of mRNA, data was presented 

after background subtraction (i.e., HBG-treated control cells). In the case of pDNA polyplexes, 

the HBG background was not subtracted but depicted in the related graphs. 

4.3.7.5 Cell metabolic activity by CellTiter-Glo® 

Transfections were performed as described in section 4.3.7.3. The supernatant was removed 

at 24 h after transfection, and 25 μL of medium mixed with 25 μL of CellTiter-Glo® Reagent 

(Promega) were added to each well. After incubation on an orbital shaker for 30 min at RT, 

luminescence was recorded using a Centro LB 960 plate reader luminometer (Berthold 

Technologies, Bad Wildbad, Germany). The luminescence signals (in RLU) of the samples 

were set in relation to the luminescence signal of the negative control (HBG buffer-treated 

control cells). Experiments were performed as triplicates. 

4.3.7.6 Confocal laser scanning microscopy (CLSM) 

15 000 HeLa Gal8 mRuby cells(154, 534, 535) per well were seeded one day prior to 

transfection in ibidi μ-slide 8-well ibidiTreat chamber slides and cultured at 37 °C, with 5% CO2 

and 95% relative humidity. Polyplexes were formed as described in section 4.3.5 at a Luc-

mRNA concentration of 12.5 μg mL−1 with 20% (w/w) Cy5 labelled firefly luciferase mRNA. 

Medium was changed prior to transfection with adequate volumes to reach a final volume of 

300 μL per well after transfection with indicated doses of mRNA polyplexes. After transfection, 

the cells were incubated for 2 h or 4 h. Medium was removed, cells were washed twice with 

PBS and fixed with 4% (w/v) paraformaldehyde in PBS for 1 h at RT in the dark. Subsequently, 

cells were washed twice with PBS and nuclei were stained with DAPI (1 μg mL−1 in PBS) for 

30 min at RT in the dark. The staining solution was replaced with fresh PBS and cells were 

stored under light protection at 4 °C until imaging. Imaging was performed with a Leica-TCS-

SP8 CLSM equipped with an HC PL APO 63× 1.4 objective and images were processed with 

the LAS X software from Leica. 

4.3.7.7 Bafilomycin A1 assay 

5000 HeLa cells were seeded into 96-well plates one day prior to transfection. 30 min before 

transfection, medium was replaced with either fresh medium or medium containing bafilomycin 

A1 (BafA1) (0.1 μg mL−1 in DMSO) to reach a final concentration of 200 nM BafA1 after 

polyplex addition. Polyplexes were formed as described above and indicated doses of 
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pCMVLuc pDNA or Luc-mRNA polyplexes were subjected to the cells. After 4 h of incubation, 

cells treated with mRNA polyplexes were lysed and evaluated via luciferase expression assay 

as described in section 4.3.7.4. For pDNA, medium was replaced by fresh medium without 

BafA1 after 4 h and incubated further 20 h before analysis. Transfections were performed in 

triplicates. 

4.3.7.8 Cell viability by LDH cytotoxicity assay 

LDH cytotoxicity assay was performed according to the manufacturers’ protocol (Promega). 

Briefly, 5000 HeLa cells per well were seeded into a 96-well plate one day prior to transfection. 

Polyplexes were prepared as described in section 4.3.5. After replacement of medium with 

suitable amounts of fresh medium, the test compounds were added to the cells in the indicated 

concentration (i.e., 100 ng per well for pDNA polyplexes and 63 ng per well for mRNA 

polyplexes) to reach a final volume of 100 μL per well. As control groups, cells treated with the 

indicated amount of HBG buffer or 20 μL of either LPEI polyplexes containing 10 μg mL−1 pDNA 

or succPEI polyplexes containing 12.5 μg mL−1 mRNA were used. Cells without any treatment 

(neither polyplex nor HBG) served as negative control. After transfection, the cells were 

incubated at 37 °C for the desired exposure time (i.e., 8 h, 12 h, 16 h, 24 h). 45 min before the 

end of the incubation time and addition of CytoTox® reagent, a triplicate of untreated cells was 

treated with 10 μL of 10× lysis solution as maximum LDH release control. Then, 50 μL of the 

supernatant of each well was transferred to a fresh transparent, flat-bottom 96-well plate, 

followed by addition of 50 μL of CytoTox® reagent and incubation in the dark for 30 min at RT 

while slowly shaking. After 30 min, 50 μL of stop solution was added to each well and the 

absorbance was immediately measured at 490 nm (OD490) using a multiplate reader (Spark, 

Tecan, Männedorf, Switzerland). For calculation of released LDH, the average values of the 

untreated cells was subtracted from all values of experimental cells. From the corrected 

experimental values, the following equation was used to calculate the percentage of LDH 

release: 

𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) = 100 ×
𝑠𝑎𝑚𝑝𝑙𝑒 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (𝑂𝐷490)

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (𝑂𝐷490)
 

4.3.7.9 Microscope Images 

The polyplexes were prepared as described in section 4.3.5 and transfected to the cells as 

described in section 4.3.7.3. Subsequently the cells were incubated for 24 hours after 

transfection, and then examined microscopically by an Axiovert 200 (Zeiss, Oberkochen, 

Germany). Photographic images were taken by a INFINITY2-3C (3.3 Megapixel Color CCD 

Camera USB2.0), Lumenera Corporation/Ottawa (purchased from FRAMOS GmbH, 

Taufkirchen, Germany) and processed by Infinity Capture Software 
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4.3.7.10 Cell Watcher analysis 

For the cell watcher analysis, HeLa cells were seeded 24 hours prior to transfection to a 48-

well plate (5000 cells per well) and monitored by Cellwatcher M (PHIO Scientific GmbH, 

Munich, Germany). Confluency was calculated by the corresponding software. 24 hours after 

seeding, medium was replaced by fresh, pre-warmed medium and the cells were transfected 

with polyplex solution at indicated doses. Cell growth was monitored for a total incubation time 

of 48 hours after transfection. 

4.3.7.11 Flow cytometer analysis 

40 000 HeLa cells per well were seeded 24 hours prior to transfection. Polyplexes were 

prepared as described in section 4.3.5 and transfected to the cells with 100 ng per well for 

pDNA polyplexes (pDNA concentration of 10 μg mL−1) and 63 ng per well for mRNA polyplexes 

(mRNA concentration of 12.5 μg mL−1). After 24 hours of incubation, the medium was removed, 

and the cells were gently washed with cold PBS (4 °C) and trypsinized for 5 minutes at 37 °C. 

The cell suspension was diluted with FACS buffer (10% FBS in PBS, 0.1% (v/v) DAPI) and 

transferred to a FACS tube. Cells were analyzed by flow cytometry using a CytoFLEX S Flow 

Cytometer (Beckman Coulter, Brea, CA, USA) over 60 seconds at a flow rate of 170 μL min−1. 

Flow cytometry data were analyzed using FlowJo™ v10.8 flow cytometric analysis software by 

FlowJo, LLC (Becton, 20 Dickinson and Company, USA). 

4.3.7.12 Kinetics of cellular association and expression 

To evaluate the cell association and expression kinetics, 18 000 HeLa cells per well were 

seeded in a 24 well-plate 24 h prior to transfection. Polyplexes were prepared at N/P 24 with 

a w/w mixture of 20% (w/w) EZ Cap Cy5 Firefly Luciferase mRNA (5moUTP) and 80% (w/w) 

CleanCap® EGFP mRNA (5moU) at a total mRNA concentration of 12.5 μg mL−1. The cells 

were transfected in duplicates with a dose of 100 ng total mRNA and incubated for 30 min, 2 h, 

4 h, 6 h, 24 h and 48 h. After incubation, the cells were prepared for flow cytometer 

measurement as described in section 4.3.7.11, without the addition of DAPI. The measurement 

was performed using a CytoFLEX S Flow Cytometer (Beckman Coulter, Brea, CA, USA) at 

suitable flow rates and times of acquisition. However, at least 8000 cells per analysis were 

recorded. Flow cytometry data were analyzed using FlowJo™ v10.8 flow cytometric analysis 

software by FlowJo, LLC (Becton, 20 Dickinson and Company, U.S.). 

4.3.7.13 Annexin V/propidium iodide assay 

Polyplex treatments were performed in duplicates in 24-well plates. HeLa cells were seeded 

24 h prior to transfection in a 24-well-plate (40 000 cells per well). Immediately prior to 

transfection, the medium was replaced with 475 μL of fresh medium containing 10% (v/v) FBS 

for pDNA polyplexes and with 487.5 μL for mRNA polyplexes. The nanoparticles were prepared 

as described in section 4.3.5. Transfection was performed with 12.5 μL of polyplexes 
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containing 125 ng per well pDNA or 6.3 μL polyplex solution containing 78 ng per well mRNA, 

respectively. HBG was then added to reach a final volume of 500 μL per well, i.e., 12.5 μL per 

well for cells transfected with pDNA polyplexes and 6.2 μL for cells treated with mRNA 

polyplexes. HBG buffer (25 μL per well for pDNA polyplexes and 12.5 μL per well for mRNA 

polyplexes) was used as negative control. After 24 h of incubation, the cells were collected and 

incubated with annexin V incubation reagent (prepared according to manufacturer's protocol 

of Bio-Techne GmbH, Wiesbaden, Germany) for 10 min before flow cytometer analysis using 

a CytoFLEX S Flow Cytometer (Beckman Coulter, Brea, CA, USA). Cells were analyzed with 

a flow rate of 170 μL min−1 until 10 000 events were counted. Gates were set compared to 

control measurements with HBG-buffer treated cells and with exclusion of cell debris. 

Annexin V and propidium iodide negative cells were considered as healthy cells. Cells shifted 

to the annexin V and propidium iodide positive gate indicated late apoptotic cells, whereas 

cells shifted to only annexin V-positive gate were considered as early apoptotic, and PI-

positive, but annexin-V-negative cells were not viable. Flow cytometry data were analyzed 

using FlowJo™ v10.8 flow cytometric analysis software by FlowJo, LLC (Becton, 20 Dickinson 

and Company, U.S.). 

4.3.8 Statistical analysis 

Experimental results are presented as arithmetic mean of triplicates, if not stated otherwise, 

with error bars displaying the standard deviation (SD). Statistical analysis of the results (mean 

± SD) was performed by applying unpaired Student's two-tailed t-test with Welch's correction. 

Calculations and graphical presentation were performed with Prism 10.1.2 (GraphPad 

Software Inc.). ns (statistically not significant) p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; 

****p ≤ 0.0001. 
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4.4 Results and Discussion 

4.4.1 Design and synthesis of disulfide and hydrophobic spacer analogs 

In recent work, our group has developed a library of novel nucleic acid carriers with versatile 

sequences and topologies.(162) The novel xenopeptides are comprised of protonatable Stp 

units, derived from amino ethylene units of PEI, enabling nucleic acid compaction and 

providing endosomal buffer capacity, α,ε-amidated lysines as branching points and lipoamino 

fatty acids (LAF) with central tertiary amines, which display favorable, pH-dependent properties 

supporting polyplex stabilization by lipophilic characteristics at extracellular pH and particle 

disassembly upon protonation in endosomal environment. The LAFs used in the new study 

were 8Oc (based on reductive bisalkylation of 8-aminooctanoic acid with octanal) and 12Oc 

(obtained by the reductive amination of dodecanal with 8-aminooctanoic acid), see Scheme 

4.1. Variations of the lipophilic chain length and the position of the tertiary amine have been 

used to tailor endosomal escape by endosomolytic activity. Each LAF-xenopeptide was 

assigned to a distinct, consecutive ID number, and an additional nomenclature, providing 

information about type of LAF, topology (B2 bundle, or U-shape) and the Stp/LAF ratio 

(e.g.1621: LAF = 8Oc, topology = B2, Stp/LAF = 1 : 4). Among the xenopeptides of the library, 

the carriers 1621 (8Oc-B2-1 : 4) and 1611 (12Oc-U1-1 : 2) have demonstrated great potencies 

for the delivery of mRNA and DNA, respectively. Especially for mRNA, both carriers exhibited 

excellent transfection efficacies, even at ultra-low mRNA doses. For B2 bundle topology, 

Scheme 4.1. Library design of lipoamino fatty acid containing LAF–Stp carriers containing reducible 

(ssbb) and non-reducible (C6C4) spacer domains. (A) Building blocks used in solid phase assisted 

assembly (displayed in unprotected form). (B) Different topologies and positioning of bioreducible or 

non-reducible building blocks. (C) Summarized overview of the library and its identification (ID) 

numbers. 
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shorter LAFs such as 8Oc in 1621 were favorable for transfection efficiency compared to the 

longer 12Oc LAF units, although cytotoxicity was observed for 1621 at high doses. In case of 

pDNA polyplexes, formulations with a higher Stp/LAF ratio (1 : 2) as present in U-shape carrier 

1611 are more effective in terms of gene transfer.(162) This is consistent with the hypothesis 

that the PEI-like Stp units are beneficial for DNA condensation into polyplexes.(37, 71, 521).  

Based on these considerations we converted the sequence of B2-1:4 1621 into the B2-2:4 

carrier 1730. As demonstrated here, DNA polyplexes formed with 1730, providing two Stp 

units, showed superior properties over 1621 (Figure 4.1). For example, polyplex size was 

reduced from 220 nm to 80 nm at N/P 12 and transfection efficiency on N2a cells was 108-

times increased compared to 1621 (Figure 4.1C). However, cell viability, determined by a 

CellTiter Glo® assay, was still reduced compared to LPEI, but improved over 1621 at high N/P 

ratios (Figure 4.1D). Altogether, these new findings make 1730 a highly promising LAF carrier 

for pDNA delivery.  

Due to their great potential for nucleic acid delivery, xenopeptides 1611, 1621 and 1730 were 

selected for further sequence-defined chemical evolution by introduction of spacers between 

the Stp and LAF units. Previous work demonstrated that topologies between or within the 

Figure 4.1. Evaluation of pDNA polyplexes after chemical evolution from 8Oc-B2-1:4 (1621) to 8Oc-B2-
2:4 (1730). A) and B) Evaluation of different N/P ratios on physico-chemical properties of pDNA 
polyplexes by DLS and ELS measurements. C) and D) In vitro evaluation on N2a cells (n = 3, mean + 
SD). Cellular transfection efficiency was determined by luciferase gene expression assay (C). Cell 
viability at 24 hours after transfection was determined by CellTiter Glo® Assay in relation to control wells 
treated with HBG (D).The results of the screening were kindly provided by Johanna Seidl 
(Pharmaceutical biotechnology, LMU Munich). 
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various subunits (‘LAF nitrogen catwalk’) can modulate potency but also cytotoxicity of carriers. 

Based on established Fmoc solid-phase assisted synthesis with protected artificial amino 

acids,(56, 61, 71, 521) we now generated novel spacer-containing xenopeptides as listed in 

Scheme 4.1 and Table 4.1. As spacers, either Fmoc-protected succinoyl-cystamine as a solid-

phase-synthesis compatible disulfide building block (ssbb)(63, 537) or an analogous non-

reducible amino hexanoic acid-amino-butanoic acid dipeptide spacer (C6C4) was used, 

providing comparable spatial distance (ssbb = 20.6 Å vs. C6C4 = 19.6 Å) and similar 

hydrophilic/hydrophobic characteristics.  

The incorporation of the disulfide building blocks provides carriers with redox-responsive 

cleavage sites for degradation in the intracellular, reductive cytosolic environment with 

increased concentration of GSH.(174, 538, 539) Cytosolic carrier cleavage is expected to 

destabilize the polyplexes and to abolish the amphiphilic and potentially lytic character of the 

xenopeptides. Both spacer- and disulfide-analogs were set in comparison with their original 

LAF–Stp structures regarding their nucleic acid compaction ability and resulting physico-

chemical properties (size, polydispersity, surface charge) as well as their potency to deliver 

pDNA and mRNA to various cell lines without having a cytotoxic influence on the cells. For 

carriers of the U1-1:2 topology, the disulfide modification was introduced in the lysine side 

chain before coupling of 12Oc for maintaining symmetry and generating a system that is 

cleaved in small fragments of mostly hydrophilic and lipophilic properties upon disulfide 

reduction (see Scheme 4.1). For bundle structures, multiple options for the positioning of the 

disulfide-motifs were possible, leading to various cleavage products. At first, the ssbb was 

positioned behind the cationic Stp unit. Upon disulfide reduction, fragmentation into a cationic 

Stp-domain and a large, mostly hydrophobic LAF domain will occur. As a second option, the 

disulfide was integrated after the first branching lysine. In this case, disulfide reduction would 

lead to fragmentation into a Stp-lysine fragment and two smaller LAF fragments. As a last 

option, the ssbb was introduced directly before the LAF, leading to a structure with four 

cleavage sites. However, synthetic issues regarding disulfide instability occurred during the 

assembly of tetra-ssbb analogs (data not shown) and prevented the synthesis. The identity of 

all synthesized carriers was confirmed by MALDI-TOF mass spectrometry and 1H-NMR 

spectroscopy. The analytical data are summarized in the appendix, section 6.1.5.  

In order to investigate the biodegradability of the reducible carriers under reductive stress, 

MALDI-TOF analysis was performed after incubation with the physiological antioxidant GSH 

(c = 10 mM). To mimic intracellular reducing conditions, the disulfide-containing oligomers were 

dissolved in HBG and incubated with GSH at a final concentration of 10 mM for 90 min at 

37 °C. Oligomer fragments of GSH-induced disulfide reduction were subsequently detected by 

MALDI analysis, besides small peaks of intact oligomer (Table 4.2 and Figure 4.2). In case of 

the exemplarily presented mass spectrum, mass peaks associated with the Stp backbone after 
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partial and complete disulfide reduction were found, as well as the mass peaks of the 

hydrophobic LAF arm. 

  

Table 4.2. Summarizing table with mass data for disulfide-containing LAF- Stp oligomers after 
incubation with 10 mM glutathione (GSH) for 90 minutes at 37°C. 

Oligomer 
Fragment structures  

(N → C) 

calculated 

[M+H]+ 
found comment 

8Oc-B2-1:4 

1791 [K(8Oc)2]2-K-ssbb-Stp  2370.0 2365.9 [M+H]+ 

 [K(8Oc)2]2-K-SH  1922.8 1915.2 [M+H]+ 

 SH-Stp  449.3 n.d. outside detection range 

1792 [K(8Oc)2-ssbb]2-K-Stp 2604.1 2598.9 [M+H]+ 

 K(8Oc)2- SH 936.9 934.5 [M+H]+ 

 [K(8Oc)2-ssbb]-K(SH)-Stp  1670.2 1667.0 [M+H]+ 

 Stp-K-(SH)2 736.4 n.d. outside detection range 

8Oc-B2-2:4 

1823 [K(8Oc)2]2-K-ssbb-Stp2  2641.2 2635.9 [M+H]+ 

 [K(8Oc)2]2-K-SH 1923.8 1915.2 [M+H]+ 

 SH-Stp2 720.5 1435.9 [2M+H]+ 

1824 [K(8Oc)2-ssbb]2-K-Stp2 2875.3 2871.2 [M+H]+ 

 K(8Oc)2-SH 936.9 934.5 [M+H]+ 

 [K(8Oc)2-ssbb]-K(SH)-Stp2 1941.4 1937.9 [M+H]+ 

 (SH)-K-Stp2 1007.6 n.d. not detected 

12Oc-U1-1:2 

1821 
K-ε(ssbb-12Oc)-Stp-K-

ε(ssbb-12Oc) 
1969.5 1965.5 [M+H]+ 

 12Oc-SH 555.5 1105.2 [2M+H]+ 

 K-ε(ssbb-12Oc)-Stp-K-

ε(SH) 
1417.0 1413.6 [M+H]+ 

 K-ε(SH)-Stp-K-ε(SH) 864.5 858.4, 1718.1 [M+H]+, [2M+H]+ 

K, lysine; Stp, succinoyl tetraethylene pentamine; ssbb, disulfide building block; 8Oc, LAF based on 8-aminooctanoic acid and 

two octyl chains; 12Oc, LAF based on 8-aminooctanoic acid and two dodecyl chains; n.d., not detected. 
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Figure 4.2. MALDI analysis before and after incubation with glutathione (GSH). (A) Scheme of disulfide-

containing LAF-oligomer 1821 with 12Oc-U1-1:2 topology before and after GSH-induced reduction of 

disulfides with possible cleavage products upon complete or partial reduction. Representative MALDI 

mass spectra of disulfide-LAF-oligomer 1821 before (B) and after (C) treatment with 10 mM GSH for 90 

min at 37 °C. The mass spectrum after GSH-treatment contains additional peaks (1, 2 and 3) assigned 

to cleavage products upon disulfide reduction.  

4.4.2 Physico-chemical evaluation of pDNA and mRNA polyplexes 

4.4.2.1 Nanoparticle formation 

In a first screening of the novel carriers, polyplexes were formed with either pCMVLuc DNA or 

CleanCap® FLuc mRNA (5moU) at different N/P ratios to identify optimum conditions for 

polyplex formation. Size and polydispersity of the resulting polyplexes, as well as zeta potential 

were evaluated. The N/P ratio describes the ratio between protonatable amines (N) of the 

oligomer to phosphates of the nucleic acid (P). For determination of the number of protonatable 

amines, three secondary amines per Stp unit, one tertiary amine per LAF, and terminal primary 

amines (exist only in U1 shapes) are taken into consideration. Note that the majority of amines 

(LAF amines and two thirds of Stp secondary amines) are not protonated at neutral pH. After 

an incubation time of 40 min at room temperature, DLS and ELS measurements were 

performed (Figure 4.3, Figure 4.4). Small polyplex sizes, preferably < 200 nm, with PDI values 

≤ 0.2 and positive zeta potential were considered as successful formulation.  

pDNA. Polyplexes were formed with pCMVLuc DNA at N/P ratios 6, 12, 18 and in the case of 

bundle LAF carriers also 24, to identify the N/P ratio necessary for polyplex formation (Figure 

4.3). N/P ratio of 6 was not sufficient for most carriers to form stable and nano-sized polyplexes, 

independent of their topology, accompanied by mostly negative zeta potential which was not 

favorable for attachment to negatively charged cell membranes (Figure 4.3 B). For the carriers 
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following the 12Oc-U1-1:2 topology (1611 and its analogs), N/P 12 was sufficient for polyplex 

formation, and a further decrease of particle size was observed for 1611 by increasing the N/P 

ratio to 18. In the U1-series, most comparable particles regarding their size and zeta potential 

were obtained at N/P 18. For 8Oc-B2-1:4 (1621 series), a minimum N/P 18 was required to 

obtain stable polyplexes for all analogs. In comparison to 1621, 1730 contains a second Stp 

unit, which is considered to support DNA compaction.(521) This is underlined by slightly 

reduced particle sizes compared with 1621 and its analogs at N/P 18. In addition, the 1730 

series formed stable nanoparticles at N/P 12. This finding is in line with previous work by Nie 

and co-workers, demonstrating the importance of a well-balanced lipophilic–hydrophilic ratio 

of bioreducible nucleic acid carrier constructs comprised of large cationic headgroups and 

lipophilic tails.(529)  

 

Figure 4.3. DLS and ELS measurements of pDNA polyplexes. Polyplexes were formed with different 

LAF-Stp carriers at the indicated N/P ratios and a pCMVLuc concentration of 10 µg mL-1 (n=3, mean ± 

SD) and evaluated by A) DLS- measurements for determination of Z-average and PDI and B) ELS 

measurements to determine zeta potential. 

 

 

mRNA. The whole set of xenopeptides was also evaluated regarding its ability to form mRNA 

polyplexes (Figure 4.4). In previous studies, 1611 and 1621 proved to form stable and 

reproducible particles at N/P 18.(162) For the new disulfide and C6C4 spacer analogs, N/P 12 
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was also evaluated (Figure 4.4 A, B). The 12Oc-U1-1:2 analogs, 1821 (ssbb) and 1822 (C6C4), 

formed stable mRNA particles already at N/P 12, with positive zeta potential of 15-18 mV.  

 

 

Figure 4.4. Physico-chemical characterization of mRNA polyplexes. Polyplexes were formed with 
different LAF-Stp carriers at the indicated N/P ratios and an mRNA concentration of 12.5 µg mL-1 (n=3, 
mean ± SD) and evaluated by A) DLS measurements for determination of Z-average and PDI and B) 
ELS measurements to determine zeta potential. C) Agarose gel shift assay of mRNA polyplexes. The 
experimental results were kindly provided by Sophie Thalmayr (Pharmaceutical Biotechnology, LMU 
Munich). 
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Comparable to the original structure 1621, the 8Oc-B2-1:4-analogs formed nanosized 

polyplexes at N/P ≥ 18, except for the mono-ssbb analog 1791 which was unable to generate 

stable mRNA polyplexes at any N/P ratio. This observation was confirmed by an agarose gel 

shift assay, where free mRNA was detected for formulation with 1791, but not for other LAF-

carriers (Figure 4.4 C). The corresponding C6C4 spacer analog 1793 showed no aggregation 

at N/P ≥ 18. All 8Oc-B2-2:4 carriers of the 1730 series formed desirable mRNA nanoparticles 

at N/P 12, which were smaller in size than 1621. 

4.4.2.2 Nucleic acid binding ability  

The ability of the carriers to condense pDNA and mRNA was determined under standard 

polyplex formation conditions after 40 min of incubation, as well as under reductive conditions 

assessing polyplex instability after forced disulfide degradation upon incubation with GSH for 

90 min at 37 °C (Figure 4.5, Figure 4.6, Figure 4.7). To exclude possible polyplex instability 

as a result of treatment conditions, a second control group was included without reductive 

environment. 

pDNA. The compaction ability was determined by an ethidium bromide (EtBr) exclusion assay 

and agarose gel shift assay (Figure 4.5). A pre-experiment confirmed absence of disturbing 

effects like potential DNA degradation as a result of the treatment conditions (37 °C for 90 min, 

+/- 10 mM GSH) on free DNA (Figure 4.6). Under standard conditions, all polyplex 

formulations showed favorable DNA compaction ability under non-reductive conditions, with 

Figure 4.5. DNA compaction ability and cargo release of LAF-Stp carriers before and after GSH 

treatment. A) Ethidium bromide assay pf pDNA polyplexes formed with the indicated carriers at N/P 18. 

The carriers were incubated with GSH (blue) or with HBG (dark grey) for 90 min at 37°C prior to EtBr 

assay or incubated in absence of GSH for 40 min at RT (light grey). The fluorescence intensity of EtBr 

correlates with the amount of free and non-compacted pDNA, as pDNA only in this state is accessible 

for EtBr intercalation. 100% EtBr fluorescence refers to the fluorescence of free pDNA without carrier in 

the same concentration as used for polyplex formation. B-D) DNA compaction and release ability of 

polyplexes formed at N/P 18 was determined in an agarose gel shift assay (1% w/v agarose) after 90 

min incubation at 37°C under reducing (+) and non-reducing (-) conditions. Lanes ‘C’ refer to standard 

control polyplexes without preincubation at 37°C. 
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less than 20% of free DNA detected (Figure 4.5A). In the case of 1730 (two Stp units), 

compaction was even stronger than for 1621 (one Stp unit). After exposure to a reducing 

environment (10 mM GSH, 90 min, 37 °C), decompaction of DNA was detected exclusively for 

disulfide-containing analogs, while no effect on DNA compaction was observed for non-

reducible xenopeptides. This was found for all reducible analogs of the 1621 B2 bundle series 

(mono-disulfide 1791, bis-disulfide 1792), 1730 B2 bundle series (1823 and 1824), and the U-

shape disulfide analog 1821.  

 

Figure 4.6. Calibration curve for EtBr assay. Free DNA was incubated either for 40 min at RT in HBG 

(Ctrl) or for 90 min at 37°C with or without GSH (+/- GSH), before addition of ethidium bromide and 

subsequent measurement.  

Agarose gel shift assays (Figure 4.5 B-D) were performed to confirm the findings of the 

ethidium bromide exclusion assay. For 12Oc-U1-1:2 polyplexes, original 1611 polyplexes 

showed a minor release of DNA, but like polyplexes of the C6C4 spacer analog 1822, were not 

affected by reductive GSH. In contrast, the disulfide analog 1821 showed GSH-dependent 

destabilization of polyplexes (Figure 4.5 B). DNA release was also observed for all disulfide 

containing B2 bundle xenopeptides after exposure to reductive environment. This effect was 

stronger for bis-disulfide analogs 1792 and 1824 than mono-disulfide analogs (Figure 4.5 

C, D). It has to be noted that the gel shift assay indicates free pDNA that is not enclosed into 

nanoparticles. In contrast the EtBr assay detects also barely compacted pDNA by intercalation 

of the dye also in loose particles.  

mRNA. Encapsulation efficiency (ee) of mRNA polyplexes was determined via RiboGreen 

assay for a selected set of 1621 and the bis-modified analogs 1792 (ssbb2) and 1794 ((C6C4)2) 

at N/P 24 (Figure 4.7). Under standard conditions, the ee for all tested formulations was >85%, 

in case of 1621 and 1792 even >90%. Subsequent to incubation with the reductive GSH for 

90 min at 37 °C, ee of the disulfide-containing analog 1792 was about 30% reduced, verifying 

polyplex destabilization under bioreducible conditions, while ee of non-reducible analogs, 1621 

and 1794, remained unchanged. 
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Figure 4.7. Encapsulation efficiency of mRNA polyplexes formed with different LAF-Stp carriers at 

N/P 24 and a Luc-mRNA concentration of 12.5 μg mL-1 (n=2). Besides the control group (40 min at RT 

in absence of GSH), stressed polyplexes (90 min at 37°C +/- GSH) were evaluated. Fluorescence of free 

mRNA interacting with RiboGreen reagent in intact polyplexes in comparison to polyplexes treated with 

1% Triton X-100 and 250 IU mL-1 heparin. The encapsulation efficiency was determined by Sophie 
Thalmayr (Pharmaceutical Biotechnology, LMU Munich). 

 

4.4.3 Biological and transfection activity 

4.4.3.1 Erythrocyte leakage assay 

Carriers 1611 and 1621 display favorable pH-dependent lytic activity at pH 6.5 and 5.5 

mimicking different stages of endosomal uptake, which is considered to enhance endosomal 

escape into cytosol resulting in high transfection efficacy.(162) Significant lytic activities at pH 

7.4, however, may also explain cytotoxicity due to undesired membrane damage.(153, 167) 

By incorporating biodegradable disulfides that are reduced by the high cytosolic GSH levels, 

lytic activity after endosomal release should be attenuated. Erythrocyte leakage assays are 

displayed in Figure 4.8. In case of the 1611 series, the additional spacing, either by the 

disulfide or the non-reducible spacer dimer, had only a minor impact on lytic potential under 

standard conditions, regardless of a larger hydrophobic domain in the oligomer. For the 1621 

series, an increase of lytic potential under standard conditions was observed for the bis-

analogs (1792 and 1794) over 1621, probably due to a significant increase of the hydrophobic 

ratio by the additional building blocks (both, ssbb and C6C4), but limited to pH 6.5 and 5.5. 

Comparable observations were made for 1730, promoting again a stronger lytic activity for the 

bis-analogs. In a direct comparison of the bundle structures, the B2-2:4 1730 series showed 

about 30% increase in lytic activity over 1621 series, despite the less lipophilic Stp/LAF ratio 

of 2:4 instead of 1:4. However, the negative charge of erythrocyte membranes must be noted, 

where cationic amphiphiles display advantageous leakage effects.(153, 540, 541) Similar 

tendencies as the increase of lytic activity at pH 6.5 among the modified, both reducible and 

non-reducible LAF carriers, were observed also for the B2-2:4 series. These findings are 

consistent with our previous work investigating the lytic activity of different U-shapes, where 

not only an increase of the lipidic domain, but also the amount of Stp caused an increase of 
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lytic activity (U1-1:2 < U1-2:2 < U1-2:4). In the case of disulfide-containing structures, the lytic 

activity was abolished after reductive cleavage by incubation with GSH for 90 minutes. This 

effect might have positive consequences on biocompatibility at later time points beyond entry. 

 

 

Figure 4.8. Lytic potential of free LAF xenopeptides evaluated in an erythrocyte leakage assay (n = 4; 

mean ± SD) at a concentration of 1.25 μM LAF carrier at three different physiological relevant pH values 

(pH 7.4, 6.5, 5.5). GSH treated xenopeptides were incubated with 10 mM GSH in PBS adjusted to the 

indicated pH at 37 °C for 90 min. PBS-treated erythrocytes were set to 0% lytic activity. 1% Triton X-100 

served as positive control and was set to 100% lytic potential. 

4.4.3.2 pDNA and mRNA transfection efficacy 

The novel xenopeptides of the 1611, 1621 and 1730 series were screened as pDNA and mRNA 

polyplexes in luciferase expression assays. The cervix carcinoma cell line HeLa, known to 

possess high intracellular concentrations of glutathione,(528) was selected as first cell line of 

choice to evaluate the transfection efficiency and biocompatibility of the reducible and non-

reducible carriers (Figure 4.9). Similar as outlined for the physico-chemical properties, 
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demands on the xenopeptide carrier differ significantly between pDNA transfer (Figure 4.9 A, 

B) and mRNA transfer (Figure 4.9 C, D). In the current work, with the 8Oc-B2-2 : 4 bundle 

structure 1730 a superior pDNA carrier was identified, whereas 1730 cannot meet the known 

high mRNA transfection efficiency of 8Oc-B2-1 : 4 bundle structure 1621. 

 

Figure 4.9. In vitro screening of the library of LAF–Stp xenopeptides applied in pDNA polyplexes (A and 

B) or mRNA polyplexes (C and D) on HeLa cells. pDNA polyplexes were formed at N/P 18 and mRNA 

polyplexes were formed at N/P 18 (12Oc-U1-1 : 2 carriers), N/P 24 (8Oc-B2-1 : 4 carriers) and N/P 12 

(8Oc-B2-2 : 4 carriers). LPEI polyplexes were formed at N/P 6 and succPEI polyplexes were formed at 

w/w ratio 4. Polyplexes were transfected at the indicated nucleic acid doses per well. (A and C) 

Transfection efficiency determined by luciferase expression assay after 24 hours of incubation (n = 3 ± 

SD). (B and D) Cell viability measured by CellTiter Glo® assay in relation to control wells treated with 

HBG (n = 3 ± SD). The biological evaluation of mRNA polyplexes was kindly performed by Sophie 

Thalmayr (Pharmaceutical Biotechnology, LMU Munich) 

pDNA. pCMVLuc polyplexes were formed at N/P 18, since at this ratio all carriers form stable, 

nano-sized polyplexes (Figure 4.3), and tested in 200 ng high and 50 ng low pDNA doses on 

HeLa cells (Figure 4.9 A, B). The ‘gold standard’ for pDNA transfections, LPEI (189, 522), was 

included for comparison and mediated the expected high luciferase gene expression, but at 

the high dose only. At this dose, no toxicity was observed. The standard U1-shape 1611 shows 

similar high transfection levels at both high and low dose. Metabolic activity of 1611 polyplexes, 

as determined by CellTiter Glo® assay, however, was significantly reduced (Figure 4.9 B) but 

could be recovered to >80% relative metabolic activity with the novel reducible and non-

reducible spacer xenopeptide analogs (1821 and 1822, respectively) while maintaining high 
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transfection efficacy at both dose levels. In fact, the bioreducible carrier 1821 mediated a 11.6-

fold higher gene transfer than LPEI at the same dose. The 1611 series was also screened for 

transfecting N2a cells as well as Huh7 cells at 200 ng pDNA dose (Figure 4.10). Here, neither 

standard 1611 nor the novel analogs did considerably affect metabolic activity of cells, and the 

1611 series mediated a transfection activity outperforming LPEI by 5- to ∼100-fold. The novel 

8Oc-B2-2 : 4 carrier 1730 exceeded the transfection efficiency of both LPEI and 1621 on all 

investigated cell lines (HeLa, Figure 4.9; N2a and Huh7 cells, Figure 4.10). Furthermore, 1730 

reaches or even exceeds transfection efficiencies of 1611 polyplexes. The disulfide-spacer 

analogs (1823 and 1824) loose transfection activity on HeLa cells, whereas the non-reducible 

spacer analogs (1825 and 1826) display activity similar as 1730. Spacer effects are less 

pronounced in the other cell lines (Figure 4.10). The 1621 series was least suitable for pDNA 

apart from standard 1621, which however displayed cytotoxicity. Analogs with disulfide or non-

reducible spacer improved metabolic activity at the expense of reduced pDNA transfection 

efficiency (Figure 4.9 B and Figure 4.10 D).  

 

Figure 4.10. In vitro screening of pDNA polyplexes containing LAF-Stp oligomers. Polyplexes were 
formed with the carriers of the library formed at N/P 18 on N2a cells (A and B; 10,000 cells/well) and 
Huh7 cells (C and D; 8000 cells/well). As control, LPEI (at N/P 6) was transfected. All polyplexes 
contained 200 ng pDNA per well. Transfection efficiency was determined by luciferase expression assay 
and cell viability was determined by CellTiter Glo® assay (n=3 +SD), both after 24 hours of incubation. 
Experiments to evaluate transfection activity and cell viability of Huh7 cells were performed by Eric 
Weidinger (Pharmaceutical biotechnology, LMU Munich). 
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mRNA. Carrier demands were significantly different for mRNA delivery. The novel carriers 

were tested at the low doses of 63 ng or 16 ng FLuc mRNA. SuccPEI was used as established 

positive control(70, 517) also including a higher, non-toxic 250 ng mRNA dose.  

 

Figure 4.11 In vitro screening of mRNA polyplexes containing LAF-Stp oligomers of the library. The 

polyplexes were formed at N/P 18 (12Oc-U1-1:2 carriers), N/P 24 (8Oc-B2-1:4 carriers) and N/P 12 

(8Oc-B2-2:4 carriers) containing 63 ng mRNA per well or with succPEI (w/w ratio 4) containing either 

250 ng or 63 ng mRNA per well and transfected to N2a and (A and B; 10,000 cells/well) and Huh7 cells 

(C and D; 8000 cells/well). Transfection efficiency was determined by luciferase expression assay and 

cell viability was measured by CellTiter Glo® assay (n=3 +SD), both after 24 hours of incubation. The 

data were kindly provided by Sophie Thalmayr and Eric Weidinger (Pharmaceutical biotechnology, LMU 

Munich). 

The carriers 1611 (12Oc-U1-1 : 2) and 1621 (8Oc-B2-1 : 4) had outstanding potential for the 

delivery of mRNA at low and ultra-low doses, with RLU values greater than 109 on N2a and 

Huh7 cells (Figure 4.11), consistent with previous findings,(162) whereas 1730 (B2-2 : 4) 

showed slightly reduced mRNA transfection efficacies along all cell lines. Luciferase 

expression was diminished after modification of the 12Oc-U1-1 : 2 1611 carrier with both, 

reducible and non-reducible building blocks on HeLa and N2a cells (Figure 4.9 C and Figure 

4.11 A, B), probably as a consequence of the enhanced spacing between the LAF residues 

and Stp domain. For transfections to Huh7 cells, the non-reducible spacer was beneficial 

(Figure 4.10 B and Figure 4.11 D). Even though the modifications had beneficial effects on 

cell viability of HeLa cells, the disulfide xenopeptide 1821 and the non-reducible analog 1822 

was not or less suitable for mRNA delivery (Figure 4.9 C, D and Figure 4.11 A). In sharp 

contrast, regarding the B2 bundles, the 8Oc-B2-1 : 4 1621 series showed overall favorable 

mRNA transfection efficiency compared to 8Oc-B2-2 : 4 1730 series, making 1621 and its 
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analogs the most promising candidates for mRNA delivery in this study (Figure 4.9 C and 

Figure 4.11 A, C). As observed also for pDNA polyplexes, luciferase activity of 1791 (B2-1 : 4-

ssbb) was substantially reduced, but for 1792 (B2-1 : 4-ssbb2) transfection efficacy was high 

both on HeLa as well as N2a cells (Figure 4.9 C and Figure 4.11 A, C). The C6C4 spacer 

analogs of the bundles were comparable to the disulfide analogs; dose reduction to 16 ng 

mRNA per well had no large impact on transfection efficacy on HeLa cells. Relative metabolic 

activity (Figure 4.9 D) was improved for disulfide- and also non-reducible spacer analogs over 

1621 on HeLa and Huh7 cells (Figure 4.9 D and Figure 4.11 D). The mRNA transfection 

efficiency of 1730 was lower than 1621 across all cell lines, and additional spacing, either by 

disulfide or non-reducible spacer, leads to slight decrease of transfection efficacy. The 

disulfide-oligomers 1823 and 1824 showed reduced cytotoxicity against HeLa over both, 

original 1730 and non-reducible spacer-analogs 1825 and 1826. Overall, less effects on 

metabolic activity were observed than for pDNA polyplexes, which might be due to overall 

lower doses of mRNA.  

In summary, the particular characteristics of each cell line influenced both transfection 

efficiency and metabolic activity of cells. The reducible and non-reducible analogs of 1611 

(12Oc-U1-1 : 2) and 1730 (8Oc-B2-2 : 4) were identified as promising candidates for efficient 

pDNA delivery with improved metabolic cell activity. In case of mRNA, 1792 and 1794, the bis-

modified analogs to 1621, were defined as encouraging oligomers with improved cell viability. 

A strong benefit of the disulfide spacer was most clearly found on HeLa cells, which are known 

for their high intracellular GSH levels. In the case of Huh7 and N2a cells other intracellular 

mechanisms causing or preventing cytotoxicity may apply which are independent of 

bioreduction. This hypothesis is further stressed by the positive impact of the non-reducible 

spacers on both transfection efficacy and cell viability.  

 

4.4.3.3 Transfections of human colon carcinoma cells 

Human colorectal carcinoma cell lines (COGA) had been established in a previous clinically 

approved study from human tumors, cultivated to low passage numbers and characterized in 

detail.(536) They show high level of similarity to their original cancers, resembling in key 

characteristics such as phenotype and marker expression. For this reason, they represent 

suitable cell materials for evaluating non-viral carriers for gene therapy of colon cancer. Two 

types of COGA cells were used in the present study, both expressing epithelial markers CK8, 

CK19 and CK20 and having tumorigenic properties. COGA-2 represents poorly differentiated 

cells with a ‘rounded-up’ morphology, lacking E-cadherin at plasma membrane and epithelial 

adherent junctions, containing p53 and K-ras mutations, and activated Wnt-signaling/nuclear 

β-catenin. COGA-12 cells accumulate in a ‘piled-up’ morphology, express E-cadherin 

displayed at plasma membrane, lacking p53 and K-ras mutations or activated Wnt signaling. 
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Optimized lipo-polyplexes containing a mixture of PEI and cationic lipids have been previously 

reported to be effective for gene transfer to COGA cells.(542) Thus, our LAF–Stp xenopeptides 

presenting amphiphilic, double pH-responsive characteristics combining the benefits of the 

former carrier systems were hypothesized as promising gene transfer agents for COGA cells. 

In fact, using the best performing carriers from previous screening we were able to achieve 

efficient transfection both with pDNA (Figure 4.12 A) and mRNA (Figure 4.12 B).  

 

Figure 4.12. Transfections of LAF carriers on Coga-2 and Coga-12 colon carcinoma cells. (A) Luciferase 

gene expression of colon carcinoma cells at 24 hours after transfection of pDNA polyplexes (n = 3, mean 

+ SD). The polyplexes were formed at N/P 18 and contained 50 ng pDNA per well with a concentration 

of 10 μg mL−1 pDNA. As control, LPEI polyplexes (N/P 6) were used. (B) Luciferase gene expression of 

colon carcinoma cells at 24 hours after transfection of mRNA polyplexes (n = 3, mean + SD). The cells 

were treated with polyplexes formed at N/P 18 (12Oc-U1-1 : 2) or N/P 24 (8Oc-B2-1 : 4) containing 31 ng 

mRNA per well with a concentration of 12.5 μg mL−1. As control, succPEI (w/w ratio 4) was used. (C) 

Relative metabolic activity of Coga-2 and Coga-12 cells treated with pDNA- (left) or mRNA-polyplexes 

(right) at 24 hours after transfection determined by CellTiter Glo® assay (n = 3). The experiments were 

performed by Sophie Thalmayr and Miriam Höhn (Pharmaceutical biotechnology, LMU Munich). 
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The LAF carriers outperformed LPEI/pDNA and succPEI/mRNA polyplexes, respectively, on 

both cell lines up to >100-fold (Figure 4.12). Only COGA-2 but not COGA-12 cells displayed 

significantly reduced metabolic activity upon transfection with the xenopeptides 1611, 1621 

and 1730 lacking inserted spacers. Importantly, similar as observed with HeLa cells, spacer-

modified xenopeptides improved metabolic activity profiles. 

4.4.4 Cellular mechanisms of transfection 

4.4.4.1 Cellular association and GFP expression 

HeLa cells were treated with the top performing mRNA polyplexes from the initial screening 

(1621, 1792 and 1794). Cellular association and uptake, as well as transfection efficacy were 

evaluated by flow cytometer analysis at indicated time points between 30 min and 48 hours 

after polyplex treatment (Figure 4.13 A, B). Cell association of polyplexes containing Cy5-

labelled mRNA was detected for over 60% of the cells for 1621 and 1792 within just 30 min, 

while 1794 demonstrated slower cell association and uptake kinetics. Once an almost 

complete cell association and uptake was achieved, both non-reducible LAF-carriers, 1621 

and 1794, maintained a high level of Cy5-positive cells, whereas the ratio decreased for 1792, 

indicating the degradation of the bioreducible carrier, polyplex dissociation and the then more 

exposed Cy5-labeled mRNA cargo. 

The kinetics of the cell association and uptake showed a strong correlation with the expression 

of GFP. After polyplex treatment, 1621 showed a rapid increase in GFP-expression, with 100% 

GFP-positive cells after 4 hours. Although the modified analogs exhibited moderately delayed 

(1792) or slow (1794). GFP-expression kinetics, both ultimately generated GFP-fluorescence 

in approx. 90% of the cells at 24 hours after transfection. Regarding 1792, GFP expression 

was found to decrease at 48 hours, providing further support for the previous findings of the 

cell association study. 

 



4  Modulating efficacy and cytotoxicity of lipoamino fatty acid nucleic acid carriers by disulfide or hydrophobic spacers 

125 

 

Figure 4.13. Mechanistic studies. (A and B) Flow cytometry analysis of HeLa cells treated with mRNA 

polyplexes. The polyplexes were formed with the indicated xenopeptides and 100 ng per well of cargo 

containing Cy5-Luc mRNA (20% (w/w)) and GFP-mRNA (80% (w/w)) with an N/P ratio of 24 

(12.5 μg mL−1 total mRNA) and transfected to 18 000 HeLa cells per well. Cells were analyzed by flow 

cytometry at the indicated time points. (A) Cell association and cellular uptake of mRNA polyplexes by 

HeLa cells presented by Cy5-positive cells. (B) GFP expression as measure of transfection efficacy. (C) 

Endosomal disruption evaluated in HeLa-Gal8-mRuby cells treated with mRNA polyplexes formed with 

the indicated xenopeptide in comparison to succPEI (w/w 4) at a mRNA dose of 47 ng at 4 hours after 

transfection by confocal laser scanning microscopy (CLSM). Redistribution of cytosolic Gal8-mRuby 

fluorescence (green) from cytosol (see HBG control) to an intracellular punctuate vesicle pattern 

represents endosomal membrane disruption. The experimental data were kindly provided by Sophie 

Thalmayr, Eric Weidinger and Miriam Höhn (Pharmaceutical biotechnology, LMU Munich). 

4.4.4.2 Galectin-8 assay monitoring endosomal destabilization 

Confocal laser scanning microscopy of HeLa-Gal8-mRuby cells(154, 534, 535) revealed an 

enhanced endosomolytic activity of 1621 and 1792 over succPEI and 1794 mRNA polyplexes 

(Figure 4.13 C and Figure 4.14). This was indicated by the punctuate green fluorescent 

pattern of the galectin-8 mRuby fusion protein, which is caused by the interaction of Gal8 with 

galactans presented on the inside of disrupted endosomal membranes. The signal increased 

from 2 hours to 4 hours post transfection, especially for LAF carriers 1621 and 1792, as cellular 

trafficking and endosomal release progressed. Without treatment, Gal8-mRuby cannot contact 

intravesicular galactans and is evenly distributed within the cytosol (compare HBG buffer 

control). The overlay of Cy5 mRNA and Gal8 signals further reveals high endosomal uptake of 

1621 and 1792 polyplexes at a low mRNA dose of 47 ng. A weaker Cy5 mRNA signal was 

detected by CLSM for succPEI and 1794 mRNA polyplexes. Nevertheless, flow cytometry 

demonstrated that over 80% of HeLa cells were Cy5-positive after treatment with only 10% 
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were GFP positive after 4 hours, supporting the observation of a retarded 1794 polyplex 

uptake. 

 

Figure 4.14. Endosomal disruption evaluated in HeLa-Gal8-mRuby cells treated with mRNA-polyplexes 

formed with the indicated LAF-oligomers in comparison to succPEI (w/w 4) at an mRNA dose of 47 ng 

at 2 hours after transfection by confocal laser scanning microscopy (CLSM). Punctuate redistribution of 

cytosolic Gal8–mRuby fluorescence (green) represents endosomal membrane disruption. The 

experimental data were kindly provided by Sophie Thalmayr and Miriam Höhn (Pharmaceutical 

biotechnology, LMU Munich). 

 

4.4.4.3 Bafilomycin A1 assay addressing the role of endosomal acidification 

In addition to the mechanistic studies investigating the kinetics of cellular uptake and gene 

transfer activity, transfection efficiency was tested in the presence of bafilomycin A1 (BafA1) 

(Table 4.3 and Figure 4.15). BafA1 prevents the acidification during endosomal maturation by 

inhibiting the endo/lysosomal vacuolar-type H+-ATPase, which can lead to decreased 

endosomal escape and transfection efficiency. Previous studies have shown that LAF carriers 

with a higher Stp content and certain topologies, especially U-shapes, are more dependent on 

acidification to achieve high transfection levels.(107, 162)  

Table 4.3. Effect of bafilomycin A1 on transfection efficiency. 

Cargo Carrier [ID] Dosis [ng] 
Fold decrease  
-BafA1/+BafA1 

mRNA 

succPEI 250 156 

1621 

63 

1 

1792 39 

1794 11 

pDNA 

LPEI 200 2384 

1611 

100 

3 

1821 502 

1822 12 

1730 

100 

324 

1824 122 

1826 39 
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HeLa cells were pre-incubated with BafA1 30 min prior to polyplex treatment and transfected with the indicated 

LAF-Stp polyplexes (mRNA: LAF polyplexes at N/P 24, succPEI w/w 4; pDNA: LAF polyplexes at N/P 18, LPEI N/P 

6). Luciferase activity of cells treated with mRNA polyplexes was determined at 4 hours after transfection. pDNA 

polyplexes were allowed to incubate for further 20 h in BafA1-free medium (after 4 hours incubation with BafA1) 

before read-out by luciferase expression assay. The fold decrease of relative light units detected in cells treated with 

BafA1 compared to cells without BafA1 treatment was calculated. 

 

This was confirmed by the present work, where the B2-2 : 4 bundle 1730 showed high 

sensitivity to BafA1, with a 324-fold decreased gene transfer activity in presence of BafA1, 

whereas 1621 (B2-1 : 4) was independent of the pH value. This observation is in accordance 

with the results of the erythrocyte leakage assay, where the lytic activity of B2-2 : 4 carriers was 

also strongly pH dependent (compare Figure 4.8). 1730 has a stronger interaction and 

consequently denser compaction of DNA than 1621, due to the additional protonatable Stp unit 

(as supported by the EtBr exclusion assay, Figure 4.5). This, in turn, leads to a greater 

dependence on lower pH values for xenopeptide solubilization and efficient release of the 

cargo. In accordance with the lytic potential towards erythrocytes, the analogs of 1730 were 

less sensitive to BafA1. 1611 polyplexes were moderately dependent of endosomal 

acidification (3-fold inhibition by bafilomycin), as previously observed also in other cell 

lines(162). 1611 and 1621 spacer analogs, however, were more dependent on endosomal 

acidification, especially the disulfide-containing xenopeptides (39- and 502-fold inhibition by 

bafilomycin). 

 

 

Figure 4.15. Luciferase expression of 5000 HeLa cells/well treated with the indicated polyplexes in 

absence or presence of Bafilomycin A1 (BafA1) for evaluation of the influence of endosomal acidification 

on transfection efficiency. The cells were transfected with mRNA or pDNA polyplexes in the presence 

of 200 nM BafA1. A) The mRNA polyplexes were formed with LAF-carriers of the 8Oc-B2-1:4 topology 

(1621 – original, 1792 – disulfide, 1794 – spacer) at N/P 24 containing 31 ng Luc-mRNA per well, 

compared to succPEI (w/w 4, 250 ng mRNA) and incubated for 4 hours in presence of BafA1. Read-out 

after 4 h via luciferase expression assay (n = 3; mean ± SD). B) pDNA polyplexes were formed with the 

carriers of either 12Oc-U1-1:2 (1611 – original, 1821 – disulfide, 1822 – spacer) or 8Oc-B2-2:4 (1730 – 

original, 1824 – disulfide, 1826 – spacer) topology at N/P 18 containing 100 ng pDNA, compared to LPEI 

(N/P 6, 200 ng). The polyplexes were incubated on the cells in presence of BafA1 for 4 h, followed by 

medium change and further 20 h of incubation before readout via luciferase expression assay. 

Significance levels: ns p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. The bafilomycin 

assay was kindly performed by Sophie Thalmayr (Pharmaceutical biotechnology, LMU Munich). 
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4.4.5 Investigations on cell viability and proliferation 

Preceding screening experiments revealed that the outstanding potential of LAF–Stp carriers 

is often associated with reduced metabolic activity of transfected cells. While cells treated with 

HBG and LPEI exhibited unaltered cell proliferation, those transfected with polyplexes of the 

original xenopeptides 1611 and 1621 demonstrated a reduced confluency after a 24-hour 

incubation period (Figure 4.16). In contrast, cells treated with disulfide spacer-containing 

xenopeptide polyplexes showed similar confluency as the non-toxic controls HBG and LPEI, 

supporting favorable effects of the biodegradable carriers, which became only moderately 

evident by the metabolic activity assay thus far. In addition to the initial evaluation of cell 

viability with the results gleaned from CellTiter-Glo® assays, supplementary assays were 

performed to develop a deeper understanding about the influence of the LAF–Stp 

xenopeptides on cell viability. 

 

Figure 4.16. Microscopic pictures of HeLa cells at 24 hours after transfection with pDNA- and mRNA-

polyplexes in comparison to controls. DNA-polyplexes were formed with the indicated carriers at N/P 18 

for LAF-polyplexes and N/P 6 for LPEI (100 ng pDNA/well) and mRNA-polyplexes were formed at N/P 

24 for LAF-polyplexes and w/w 4 for succPEI (63 ng mRNA/well). Cells were covered with DMEM low 

glucose medium. 

4.4.5.1 LDH release assay 

While the CellTiter Glo® assay detects metabolically active cells by ATP-dependent formation 

of oxyluciferin, the LDH release assay is based on colorimetric quantification of lactate 

dehydrogenase (LDH), a cytosolic enzyme that is released upon impairment of cellular 

membrane integrity into the surrounding medium. Membrane damage was indicated by the 

appearance of cellular debris 24 hours after polyplex treatment in connection with reduced 

confluency during microscopic examination in case of the original xenopeptide structures 
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(Figure 4.15). To perceive insights in time-dependent dynamics of plasma membrane 

disruption following polyplex transfection, LDH release assays were conducted at multiple time 

points including 8, 12, 16 and 24 hours after transfection (Figure 4.17). 

Intriguingly, no LDH release was detected at 8 hours, suggesting that the carriers do not induce 

immediate membrane damage upon cellular exposure, or shortly after endosomal escape 

which started after about 4 hours, as indicated by CLSM analysis (Figure 4.13 C). For 12Oc-

U1-1 : 2-pDNA polyplexes lacking bio-degradable domains, i.e., 1611 and the spacer analog 

1822, LDH release became detectable at 12 hours after transfection. While LDH release 

continued to rise for 1611 up to the 24 hours-mark, cells treated with the 1822 (12Oc-U1-1 : 2-

spacer) exhibited a decline after reaching a peak at 16 hours. In contrast, for the bio-reducible 

polyplexes formed with 1821, no release of LDH was prompted, emphasizing the beneficial 

effect of the disulfide spacer (Figure 4.17 A). For the 8Oc-B2-2 : 4 analogs, LDH release was 

absent in case of the disulfide analog 1824, but to some extent measurable for polyplexes with 

the non-reducible 1730 and 1826 xenopeptides after 24 hours post-transfection (Figure 

4.17 B). Notably, cells treated with mRNA polyplexes of the 1621 series demonstrated an LDH 

release profile comparable to those transfected with the structurally similar 1730 series, even 

though they delivered different cargo molecules. Within the 1621 series, the original 

xenopeptide exhibited the highest LDH release, and modification with disulfide spacers led to 

a moderate reduction in cytotoxicity, while the non-reducible spacer displayed no membrane 

damage at all (Figure 4.17 C). These findings support prior observations derived from the 

CellTiter-Glo® assay. By the LDH release assay, a disulfide dependent benefit on cell viability 

became evident at least for cells treated with pDNA polyplexes. Additionally, cell viability was 

improved for spacer-modified carriers in mRNA polyplexes, irrespective of reducible or non-

reducible chemistry. 
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Figure 4.17. LDH release after transfection of HeLa cells with pDNA polyplexes (12Oc-U1-1 : 2 and 8Oc-

B2-2 : 4 series) formed at N/P 18 at a dose of 100 ng pDNA per well (A and B) and with mRNA polyplexes 

(8Oc-B2-1 : 4 analogs) formed at N/P 24 at a mRNA dose of 63 ng per well (C). LDH release was detected 

at 8, 12, 16 and 24 hours after transfection by an enzymatic reaction with iodonitrotetrazoliumchlorid 

leading to formation a purple formazan product. Each polyplex was transfected as triplicate. Absorbance 

of the formazan product was determined at 490 nm. LDH release was calculated in relation to cells 

treated with lysis buffer (representing maximum LDH release). This experiment was performed in 

collaboration with Sophie Thalmayr (Pharmaceutical biotechnology, LMU Munich) 

 

4.4.5.2 Cell proliferation after polyplex treatment 

As the microscopic images recorded at 24 hours after polyplex treatment and the selected cell 

viability assays (CellTiter Glo® and LDH release assay) have demonstrated a positive 

influence of the disulfide and hydrophobic spacer xenopeptides on cell viability, the cells were 

further analyzed by monitoring the cell growth.  



4  Modulating efficacy and cytotoxicity of lipoamino fatty acid nucleic acid carriers by disulfide or hydrophobic spacers 

131 

 

Figure 4.18. Cell proliferation after polyplex treatment. A) Time-dependent monitoring of cell growth 

using Cell Watcher M (PHIO Scientific, Munich, Germany) over 48 hours after transfection of polyplexes. 

12Oc-U1-1:2 and 8Oc-B2-2:4: pDNA polyplexes at N/P 18, 8Oc-B2-1:4: mRNA polyplexes at N/P 24. 

Confluency of cells was determined automatically every 30 minutes. Black: HBG control; blue: original 

xenopeptide; orange: disulfide-spacer; green: non-reducible spacer xenopeptide. B) Flow cytometer 

analysis of HeLa cells at 24 hours after transfection. Cells were treated with pDNA-polyplexes formed 

with analogs of 12Oc-U1-1:2 topology or 8Oc-B2-2:4 carriers at N/P 18 or mRNA polyplexes formed with 

8Oc-B2-1:4 carriers at N/P 24. HeLa cells were analyzed for a constant time of 60 seconds and a flow 

rate of 170 µL min-1. Only DAPI-negative cells were counted. C) and D) Annexin/PI assay on HeLa cells 

(40,000 cells/well in a 24-well plate) at 24 hours after treatment with pDNA polyplexes formed with either 

12Oc-U1-1:2-analogs or 8Oc-B2-2:4-analogs at N/P 18 in comparison to HBG-buffer treated cells (pDNA 

dose = 125 ng/well) or mRNA polyplexes formed with 8Oc-B2-1:4-analogs at N/P 24 in comparison to 

HBG-buffer treated cells (mRNA dose = 78 ng/well). C) Overview of the complete data set. D) Exemplarily 

dot plot of selected data set of 12Oc-U1-1:2 polyplexes at a pDNA dose of 125 ng/well. The experiments 

were conducted in collaboration with Sophie Thalmayr and Eric Weidinger (Pharmaceutical 

biotechnology, LMU Munich). 

First, for a detailed investigation of the cell proliferation subsequent to transfection, the cells 

were monitored in a time-resolved manner using a Cell Watcher Instrument (Figure 4.18 A). 

For the 1611 series, decline of cell growth was observed beginning 6 hours after transfection, 

whereas the 1821 and 1822 showed confluency curves similar to HBG-treated cells. In case 
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of the bundle structures, cells treated with polyplexes consisting of the original xenopeptides 

complexed with either pDNA (8Oc-B2-2 : 4) or mRNA (8Oc-B2-1 : 4), cell growth was inhibited 

as observed by an about 8 to 20 hours shifted increase in confluency after transfection. This 

finding supports the hypothesis that toxicity occurs not directly upon polyplex exposure but 

after internalization and probably endosomal escape, starting after 4 hours incubation for 1621 

and 1792. The xenopeptide spacer analogs of 1621 showed also a decelerated, almost 

stagnated cell proliferation. Overall, the proliferation of cells incubated with pDNA polyplexes 

formed with disulfide-analogs of either 8Oc-B2-2 : 4 or 12Oc-U1-1 : 2 occurred in a similar 

manner as HBG-treated control cells with a constant increase. An exception is the 1792 mRNA 

polyplex (8Oc-B2-1 : 4-ssbb2), which, in contrast to other disulfide analogs, showed a decrease 

in confluence at 8 hours post transfection, but recovered after 16 hours, highlighting the results 

of the LDH assay.  

Second, at 24 hours after transfection, viable cells were counted by flow cytometry (Figure 

4.18 B). The analysis revealed an about three to four-fold increase of healthy cells for disulfide-

spacer xenopeptide pDNA polyplexes formed with 12Oc-U1-1 : 2 or 8Oc-B2-2 : 4 carriers. For 

mRNA polyplexes, an about 10-fold increase in number of healthy cells was found upon 

transfection with 1792 (8Oc-B2-1 : 4-ssbb2). In all cases, a slight increase (approx. 2-fold) of 

viable cell numbers was detected for non-reducible spacer xenopeptide analogs of each 

topology, independent of the nucleic acid cargo. 

4.4.5.3 Influence of xenopeptide spacers on apoptotic pathways 

The results of the experiments monitoring cell proliferation indicated a spacer-dependent 

influence on cell growth after polyplex treatment. An annexin V/propidium iodide assay was 

performed to gain additional insights in the pathway causing reduced cell viability of the non-

reducible (both, spacer-modified and unmodified) LAF–Stp polyplexes (Figure 4.18 B, C and 

Figure 4.19). The assay revealed (slightly) increased ratio of late apoptotic or necrotic cells at 

24 hours after treatment with standard LAF–Stp xenopeptide polyplexes independent of the 

nucleic acid payload, but stronger promoted for xenopeptides with bundle topology, as 

determined by flow cytometry analysis at a constant cell count. An increase of apoptotic cells 

might be traced back to mitochondrial damage caused by the original xenopeptide carriers 

which subsequently initiates signaling cascades resulting in apoptosis. The bioreducible 

xenopeptides, in contrast, showed largely improved biocompatibility with a maximum of 10% 

of apoptotic or necrotic cells for HeLa cells treated with pDNA polyplexes and less than 15% 

for mRNA-treated cells. This further highlights the beneficial effect of GSH-induced 

biodegradability of the disulfide-spacer carriers.  
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Figure 4.19. Annexin V/propidium iodide assay. Dot plots of flow cytometer analysis of HeLa cells 

(40,000 cells/well in a 24-well plate) at 4 and 24 hours, respectively after treatment with pDNA polyplexes 

formed with either 12Oc-U1-1:2-analogs or 8Oc-B2-2:4-analogs at N/P 18 in comparison to HBG-buffer 

treated cells (125 ng DNA per well) or mRNA polyplexes formed with 8Oc-B2-1:4-analogs at N/P 24 in 

comparison to HBG-buffer treated cells (78 ng mRNA per well). The experiment was performed together 

with Eric Weidinger (Pharmaceutical biotechnology, LMU Munich).  
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4.5 Conclusions 

Three different classes of LAF–Stp xenopeptides with proven high efficacy for either pDNA or 

mRNA delivery were further optimized by inserting bioreducible disulfide spacers and isosteric 

non-reducible spacers. Interestingly, both types of linkages were found to be effective in 

modulating transfection efficacy and cellular metabolic responses. The initial physico-chemical 

and biological screening highlighted the differing demands of either pDNA or mRNA cargo on 

the xenopeptide Stp/LAF ratio, sequence and topology for polyplex performance. The potency 

of xenopeptides and their effects on cellular metabolic activity were also found to strongly 

depend on the selected cell lines. Favorable individual xenopeptide/nucleic acid cargo/target 

cell combinations were identified for five different cancer cell lines, including low passage 

number human colorectal carcinoma cells. In some cases, high transfection efficacy was 

strictly coupled with cytotoxicity at higher dose; modifications relieving toxicity also abolished 

potency of transfection, suggesting an underlying toxic delivery mechanism. In other cases, 

inserted spacers improved metabolic cell activity but also maintained or even improved 

transfection activity. Closer analysis revealed topology-dependent differences between 

unmodified and spacer-modified carriers regarding cellular association, uptake, dependence 

on endosomal acidification, and expression kinetics. Spacer xenopeptide based polyplexes 

showed reduced post-transfection cell membrane damage as detected by LDH release 

assays. Time-resolved cell growth monitoring detected post-transfection inhibition of cellular 

proliferation with original LAF xenopeptides and apoptotic events that could be attenuated by 

spacer integration. Thus, this study gained insights in mechanisms of potent LAF–Stp 

xenopeptide carriers and options for improving their biocompatibility, thereby paving the way 

for the development of safe and effective nucleic acid delivery systems. 
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5 Summary 

During the last decades, nucleic acid-based therapies have entered numerous fields of 

therapeutic applications. While viral vectors have traditionally been favored for their high 

transfection efficacy, nonviral vectors are increasingly explored and gaining importance due to 

their improved safety profiles and reduced immunogenicity. However, several challenges in 

efficient delivery remain which include particle stability, cellular uptake, endosomal escape and 

cargo release. To address these challenges, sophisticated strategies have been developed to 

enhance the efficacy and specificity of therapeutic cargo delivery. Continuous optimization, 

achieved by ‘chemical evolution’ of synthetic carriers, is crucial in refining the carrier systems, 

focusing on enhancing both their efficacy and safety for clinical applications. 

 

In the first part of this thesis a modular carrier system was evaluated for its potential to be 

functionalized with complex carbohydrate-based targeting ligands. The study also focused on 

the influence of two polyplex modification strategies on particle formation and biological activity.  

A suitable OAA for pDNA delivery was selected from a small library of six ‘four-arm’ carriers, 

each synthesized by solid phase assisted synthesis tailored for pDNA delivery. The carriers 

featured structural variations, including azido-lysines to allow carrier modification by alkyne-

bearing glyco-ligands via SPAAC. One carrier, featuring repeated alternating motifs of Stp and 

histidine exhibited favorable characteristics for pDNA delivery, as demonstrated in vitro across 

various cell lines and was subsequently selected as suitable candidate for functionalization 

with DBCO-equipped ligands. 

Two approaches for polyplex modification – pre- and post-functionalization – were evaluated 

using PEGn-DBCO ligands with varying PEG lengths (n = 12, 24, 48, or 96). Physicochemical 

and in vitro analyses revealed that both the PEG length and the chosen polyplex modification 

strategy had significant influence on the physicochemical properties and biological 

performance of the shielded carriers. Pre-PEGylation with PEG length 24 reduced 

transfection efficacy by minimizing the ability to interact with cell membranes as a consequence 

of shielding the positive surface charge and thereby reducing electrostatic interactions. 

However, this strategy positively influenced polyplex formation by maintaining small particle 

sizes and preventing aggregation, while the zeta potential was strongly decreased. 

Leveraging the modular nature of the azido-functionalized carrier system, which allows for the 

attachment of various ligands, the selected carrier was further decorated with either GalNAc 

or mannose ligands containing a PEG24 shielding domain by using the pre-functionalization 

approach. This carrier modification was intended to facilitate receptor-mediated delivery of 

pDNA polyplexes to lectin-presenting cells, specifically targeting hepatocarcinoma cell lines 
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HepG2 and Huh7, which express ASGPR, and the dendritic-like cell line DC2.4, which 

expresses mannose receptors.  

Functionalization with GalNAc enhanced the transfection efficacy compared to the shielded 

polyplexes, a result attributed to the presence of the ligand and the positive surface charge of 

the particles. Kinetic studies showed accelerated uptake by receptor-positive hepatocytes, 

while receptor-negative cells did not exhibit this enhancement. An inhibition assay using 

asialofetuin, a natural competitor, confirmed the involvement of ASGPR in the uptake of 

GalNAc-functionalized polyplexes. This receptor-mediated uptake was specific to the GalNAc-

decorated particles, as neither unmodified nor shielded polyplexes showed similar involvement 

of the receptor. 

The mannose-modified polyplexes showed a significantly improved cellular uptake and gene 

expression compared to their unmodified and shielded counterparts. This effect was 

particularly pronounced in polyplexes with a high degree of functionalization. However, the 

uptake of these mannose-modified polyplexes appeared to be mediated by multiple 

internalization pathways, including nonspecific endocytosis. This conclusion was supported by 

the observation that inhibition with the receptor-specific competitor mannan only minimally 

affected cellular uptake, indicating that also mannose-independent mechanisms contribute to 

polyplex internalization beyond receptor-specific pathways.  

These findings demonstrate that the polyplex modification strategies, effectively influence 

particle formation and biological activity. More specifically pre-functionalization with GalNAc 

and mannose ligands could be used to achieve targeted and enhanced gene delivery. 

 

The second part of this thesis aimed for improving the cellular tolerability of highly potent 

carriers for pDNA and mRNA delivery comprised of LAF-Stp xenopeptides. This was achieved 

by incorporating either reducible disulfide building blocks or hydrophobic, non-reducible 

spacers of the same length at precise positions within the carrier molecules. 

The strategy was applied to LAF-Stp xenopeptides of different topologies, which have shown 

to be favorable for either pDNA or mRNA transfection activity in previous studies. However, in 

some cases, their high transfection efficacy was intrinsically linked cytotoxicity at elevated 

doses. Physicochemical characterization identified suitable LAF-Stp xenopeptide/cargo 

combinations and optimum N/P ratios for particle formation, proving once more the individual 

requirements of each cargo. Furthermore, GSH-dependent disulfide cleavage was detected 

for bioreducible carriers. In the case of polyplexes, this feature enabled reduction cargo 

release, as determined by suitable assays. In addition to that, the lytic activity of the carriers 

alone was modulated by spacer insertion and abolished for the reducible spacers after GSH 

treatment.  
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The biological activity of the modified carriers was assessed in vitro using five different cancer 

cell lines. The transfection potency and the cellular tolerability towards the polyplexes were 

found to be highly cell line-dependent. The use of disulfide modified xenopeptides have shown 

to improve metabolic activity and reduce cellular membrane disruption after transfection, but 

also non-reducible spacers had an influence on transfection activity and cell viability. Additional 

mechanistic studies were performed aiming to elucidate underlying mechanisms promoting 

reduced cell viability. These analyses indicated a decelerated cellular processing of the spacer-

modified polyplexes. The cellular uptake, endosomal release as well as expression kinetics 

were observed to be slowed down in comparison to the original xenopeptide carriers. At the 

same time, it became apparent that the slower kinetics of the spacer modified polyplexes 

supported cell proliferation similar to untreated or buffer-treated cells and prevented apoptotic 

events.  

The incorporation of reducible disulfide and non-reducible hydrophobic spacers into LAF-Stp 

xenopeptide carriers was found to successfully improve cellular tolerability by reducing 

cytotoxicity while maintaining transfection efficacy. These modifications demonstrated that 

carrier optimization, in this case accomplished by spacer integration, can effectively balance 

transfection efficiency with enhanced biocompatibility. 
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6 Appendix 

6.1 Analytical Data 

6.1.1 Analytical data of the azido 4-arm library 

573: AK[HK(H-(Stp-H)3-C)2]2 

Calculated molecular weight (MW in Da): 6611.00 

 

RP-HPLC Chromatogram of OAA 573 [ACN/H2O with 0.1% TFA, 95/5 (v/v) – 0/100 (v/v) in 20 min] over 
20 min at 25°C. 

 
1H-NMR spectrum of OAA 573 in D2O. 

δ (ppm) = 1.0-1.5 (m, 21 H, βH alanine, βγδH lysine), 2.3-2.6 (m, 48 H, -CO-CH2-CH2-CO- succinic acid), 2.8-3.6 
(m, 242 H, -CH2- tepa, βH cysteine, βH histidine, εH lysine), 4.0-4.3 (m, 8 H, αH alanine, αH cysteine, αH lysine), 
4.4-4.7 (m, 18H, αH histidine), 4.79 (s, HDO), 7.2-7.4 (m, 18H, imidazole), 8.4-8.7 (d, 18H, imidazole). 
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1463: A-K-[H-K-(H-Stp)3-C-K(N3)]2]2 

Calculated molecular weight (MW in Da): 7227.68 

 
RP-HPLC Chromatogram of OAA 1463 [ACN/H2O with 0.1% TFA, 95/5 (v/v) – 0/100 (v/v)] over 20 min 
at 25°C. 

 
1H-NMR spectrum of OAA 1463 in D2O. 

δ (ppm) = 0.5-1 (m, 3H, βH alanine), 1.0-2.0 (m, 42 H, βγδH lysine), 2.3-2.6 (m, 48 H, -CO-CH2-CH2-CO- succinic 
acid), 2.8-3.6 (m, 250 H, -CH2- tepa, βH cysteine, βH histidine, εH lysine), 4.0-4.3 (m, 12H, αH alanine, αH cysteine, 
αH lysine), 4.4-4.7 (m, 18H, αH histidine), 4.79 (s, HDO), 7.2-7.5 (m, 18H, imidazole), 8.5-8.7 (d, 18H, imidazole). 
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1479: A-K-[H-K-(H-Stp)3-Y3-C-K(N3)]2]2 

Calculated molecular weight (MW in Da): 9185.76 

 

RP-HPLC Chromatogram of OAA 1479 [ACN/H2O with 0.1% TFA, 95/5 (v/v) – 0/100 (v/v)] over 20 min 
at 25°C.  

 
1H-NMR spectrum of OAA 1479 in D2O. 

δ (ppm) =0.5-1 (m, 3H, βH alanine), 1.0-1.5 (m, 42 H, βγδH lysine), 2.3-2.6 (m, 48 H, -CO-CH2-CH2-CO- succinic 
acid), 3.2-3.6 (m, 274 H, -CH2- tepa, βH cysteine, βH tyrosine, βH histidine, εH lysine), 4.0-4.3 (m, 12 H, αH alanine, 
αH cysteine, αH lysine), 4.5-4.7 (m, 30H, αH histidine, αH tyrosine), 4.79 (s, HDO)), 6.6-6.9 (m, 24H, benzene), 
7.0-7.2 (m, 24H, imidazole), 6.9-7.5 (m, 18H, imidazole), 8.4-8.7 (m, 18H, imidazole). 
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1482: A-K-[H-K-(H-Stp)3-W3-C-K(N3))2]2 

Calculated molecular weight (MW in Da): 9462.20 

 

RP-HPLC Chromatogram of OAA 1482 [ACN/H2O with 0.1% TFA, 95/5 (v/v) – 0/100 (v/v)] over 20 min 
at 25°C. 

 
1H-NMR spectrum of OAA 1482 in D2O. 

δ (ppm):0.5-1 (m, 3H, βH alanine), 1.0-1.5 (m, 42 H, βγδH lysine), 2.3-2.6 (m, 48 H, -CO-CH2-CH2-CO- succinic 
acid), 3.0-3.5 (m, 274 H, -CH2- tepa, βH cysteine, βH tyrosine, βH histidine, βH tryptophan, εH lysine,), 4.2-4.4 (m, 
24 H, αH alanine, αH cysteine, αH lysine), 4.4-4.7 (m, 30H, αH histidine, αH indole), 4.79 (s, HDO), 6.6-7.5 (m, 78 
H, indole, imidazole), 8.4-8.7 (d, 18H, imidazole). 
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1494: A-K-[H-K-(H-Stp-W)3-C-K(N3))2]2 

Calculated molecular weight (MW in Da): 9460.18 

 

RP-HPLC Chromatogram of OAA 1494 [ACN/H2O with 0.1% TFA, 95/5 (v/v) – 0/100 (v/v)] over 20 min 
at 25°C.  

 
1H-NMR spectrum of OAA 1494 in D2O. 

δ (ppm) =0.5-1 (m, 3H, βH alanine), 1.0-2.0 (m, 42 H, βγδH lysine), 2.3-2.6 (m, 48 H, -CO-CH2-CH2-CO- succinic 
acid), 3.0-3.6 (m, 274 H, -CH2- tepa, βH cysteine, βH tyrosine, βH histidine, βH tryptophan, εH lysine,), 3.8-4.2 (m, 
24 H, αH alanine, αH cysteine, αH lysine), 4.4-4.7 (m, 30H, αH histidine, αH indole), 4.79 (s, HDO), 7.0-7.7 (m, 60 
H, indole), 7.4-7.6 (m, 18H, imidazole), 8.4-8.7 (d, 18H, imidazole).  
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1493: A-K-[H-K-(H-Stp-R)3-C-K(N3))2]2 

Calculated molecular weight (MW in Da): 9131.97 

 

RP-HPLC Chromatogram of OAA 1493 [ACN/H2O with 0.1% TFA, 95/5 (v/v) – 0/100 (v/v)] over 20 min 
at 25°C. 

 
1H-NMR spectrum of OAA 1493 in D2O. 

δ (ppm) =0.5-1 (m, 3H, βH alanine), 1.0-1.9 (m, 90 H, βγδH lysine, β-γ-arginine), 2.3-2.7 (m, 48 H, -CO-CH2-CH2-
CO- succinic acid), 2.8-3.7 (m, 274 H, -CH2- tepa, βH cysteine, βH tyrosine, βH histidine, βH tryptophan, εH lysine,), 
4.0-4.3 (m, 24 H, αH alanine, αH cysteine, αH lysine), 4.5-4.7 (m, 18H, αH histidine), 4.79 (s, HDO), 7.3-7.5 (m, 
18H, imidazole), 8.8-8.7 (d, 18H, imidazole). 
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1495: A-K-[H-K-(H-Stp)3-R3-C-K(N3))2]2 

Calculated molecular weight (MW in Da): 9101.91 

 

RP-HPLC Chromatogram of OAA 1495 [ACN/H2O with 0.1% TFA, 95/5 (v/v) – 0/100 (v/v)] over 20 min 
at 25°C.  

 
1H-NMR spectrum of OAA 1495 in D2O. 

δ (ppm) =0.5-1 (m, 3H, βH alanine), 1.0-2.0 (m, 90 H, βγδH lysine, βγ arginine), 2.3-2.6 (m, 48 H, -CO-CH2-CH2-
CO- succinic acid), 3.0-3.6 (m, 274 H, -CH2- tepa, βH cysteine, βH tyrosine, βH histidine, βH tryptophan, εH lysine), 
3.8-4.3 (m, 24 H, αH alanine, αH cysteine, αH lysine), 4.5-4.7 (m, 18H, αH histidine), 4.79 (s, HDO), 6.9-7.5 (m, 
18H, imidazole), 8.4-8.7 (d, 18H, imidazole). 
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6.1.2 Analytical data of the PEGn-DBCO shielding agents 

PEG12-DBCO 

 

RP-UPLC chromatogram of PEG12-DBCO from 95/5 to 5/95 (v/v) H2O/ACN + 0.1% formic acid in 8 min 
at 25°C. 

 
MALDI-TOF spectrum of PEG12-DBCO. MW [Da] calc. [M+Na]+ 955.08; found 952.87. 
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PEG24-DBCO  

 

 

RP-UPLC chromatogram of PEG24-DBCO from 95/5 to 5/95 (v/v) H2O/ACN + 0.1% formic acid in 8 min 
at 25°C.  

 
MALDI-TOF spectrum of PEG24-DBCO. MW [Da] calc. [M+Na]+ 1483.72; found 1481.49. 
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PEG48-DBCO 

 

 

RP-UPLC chromatogram of PEG48-DBCO from 95/5 to 5/95 (v/v) H2O/ACN + 0.1% formic acid in 8 min 
at 25°C. 

 

 
MALDI-TOF spectrum of PEG48-DBCO. MW [Da] calc. [M+Na]+ 2612.07; found 2605.78. 
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PEG96-DBCO 

 

 

RP-UPLC chromatogram of PEG96-DBCO from 95/5 to 5/95 (v/v) H2O/ACN + 0.1% formic acid in 8 min 
at 25°C. 

 

 
MALDI-TOF spectrum of PEG96-DBCO. MW [Da] calc. [M+Na]+ 4868.77; found 4858.49. 
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6.1.3 Analytical data of the carbohydrate-PEG24-DBCO ligands 

6.1.3.1  (GalNAc)3-PEG24-DBCO 

(GalNAc)3-amine 

 

 

 

 

RP-HPLC Chromatogram of (GalNAc)3-TDS3-amine [ACN/H2O with 0.1% TFA, 95/5 (v/v) – 0/100 (v/v)] 
over 20 min at 25°C. 
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MALDI-TOF spectrum of (GalNAc)3-TDS3-amine. MW [Da] calc. [M+Cl]- 1717.792; found: 1718.041. 

Note: The second peak at 1515.994 Da refers to [M–carbohydrate+Cl]-, which represents most presumably an 
artefact of the ionization process as the UPLC chromatogram confirms high purity of the product. Thus, this peak 
can be neglected.  

 
1H-NMR spectrum of (GalNAc)3-TDS3-amine in D2O. 

1H NMR (300 MHz, D2O): δ 8.04 – 7.97 (m, 3H, triazole), 4.67 (s, 6H, triazole linker), 4.16 – 4.01 (m, 6H, triazole 
linker), 3.97 – 3.84 (m, 6H, H5 and H4 GalNAc), 3.77 (dd, J = 11.0, 3.2 Hz, 3H, H2 GalNAc), 3.70 – 3.63 (m, 7H, 
carbohydrate), 3.56 – 3.26 (m, 27H, TDS backbone, carbohydrate), 3.01 (t, J = 7.0 Hz, 6H, TDS linker), 2.80 (t, J = 
7.0 Hz, 6H, TDS linker), 2.53 – 2.38 (m, 12H, succinyl), 1.97 (s, 9H, acetyl). 
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(GalNAc)3-PEG24-DBCO 

 

 

RP-UPLC chromatogram of (GalNAc)3-PEG24-DBCO from 95/5 to 5/95 (v/v) H2O/ACN + 0.1% formic 
acid in 8 min at 25°C. 

 
MALDI-TOF spectrum of (GalNAc)3-PEG24-DBCO. MW [Da] calc. [M+H]+ 3127.521; found: 3128.055. 

Note: The second peak at 2925.256 Da refers to [M–carbohydrate]+, which represents most presumably an artefact 

of the ionization process as the UPLC chromatogram confirms high purity of the product. Thus, this peak can be 

neglected.  
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6.1.3.2 Analytical data of Gly-Ser(Man)-PEG24-DBCO 

 

 

RP-UPLC chromatogram of Gly-Ser(Man)-PEG24-DBCO from 95/5 to 5/95 (v/v) H2O/ACN + 0.1% formic 
acid in 8 min at 25°C. 

 

 

MALDI-TOF spectrum of Gly-Ser(Man)-PEG24-DBCO. MW [Da] calc. [M+H]+ 1767.025; found [M+H]+ 
1758.318. 

Note: The second peak at 1578.618 Da refers to [M–carbohydrate]+, which represents most presumably an artefact 

of the ionization process. as the UPLC chromatogram confirms high purity of the product. Thus, this peak can be 

neglected 
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6.1.4 Analytical data of building blocks 

6.1.4.1 Disulfide building block 1-(9H-fluoren-9-yl)-3,12-dioxo-2-oxa-7,8-dithia-4,11-

diazapentadecan-15-oic acid 

 

 

 

ESI-MS: calculated for C23H26N2O5S2 = 474.128; found: [M+Na]+ = 497.118 and [M-H]- = 473.121 

 

 

1HNMR (400 MHz, Methanol-d4) δH (ppm) = 7.81 (d, J = 7.5 Hz, 2H, a), 7.67 (d, J = 7.5 Hz, 2H, b), 7.41 

(d, J = 7.4 Hz, 2H, c), 7.37 – 7.28 (m, 2H, d), 4.38 (d, J = 6.9 Hz, 2H, e), 4.22 (t, J = 6.9 Hz, 1H, f), 3.46 

(dt, J = 26.6, 6.6 Hz, 4H, g, h), 2.82 (td, J = 6.8, 2.8 Hz, 4H, i), 2.60 (dd, J = 7.3, 6.1 Hz, 2H, j), 2.48 (t, 

J = 6.9 Hz, 2H, k). 
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6.1.4.2 Lipoamino fatty acid building block 8Oc 

 

 

 

Yield: 320.9 mg, 33% 

ESI-MS: calculated for C24H50NO2 [M+H]+ = 384.38361; found [M+H]+ = 384.38325 

 

 
1H NMR (400 MHz, Chloroform-d) δH (ppm) = 3.03 – 2.93 (m, 6H, f), 2.34 (t, J = 7.3 Hz, 2H, e), 1.67 (t, 

J = 14.1 Hz, 8H, c, d), 1.42 – 1.21 (m, 28H, b), 0.92 – 0.84 (m, 6H, a). 
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6.1.4.3 Lipoamino fatty acid building block 12Oc 

 

 

 

Yield: 623.7 mg, 51 %; 

1H NMR (400 MHz, Chloroform-d) δH (ppm) = 3.01 – 2.91 (m, 6H, f), 2.34 (t, J = 7.3 Hz, 2H, e), 1.66 (dt, 

J = 21.2, 7.8 Hz, 8H, c, d), 1.31 (d, J = 45.2 Hz, 42H, b), 0.91 – 0.84 (m, 6H, a). 

ESI-MS: calculated for C32H66NO2 [M+H]+ = 496.50881; found [M+H]+ = 496.51 
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6.1.5 Analytical data of LAF Stp xenopeptides 

6.1.5.1 8Oc-B2-1:4 library 

 

1791 (8Oc-B2-1:4-ssbb) 

 

 

Yield: 26.7 mg (82%) 

 

 

1H NMR (500 MHz, Methanol-d4) δH (ppm) = 4.28 (ddt, J = 19.6, 9.0, 4.0 Hz, 3H, f), 3.64 – 3.39 (m, 16H, 

h, j), 3.31 – 3.27 (m, 4H, i), 3.22 – 3.07 (m, 30H, c), 2.86 (dd, J = 7.7, 5.3 Hz, 4H, g), 2.70 – 2.48 (m, 

8H, e), 2.25 (dtd, J = 42.9, 7.4, 4.7 Hz, 8H, d), 1.80 – 1.26 (m, 154H, b), 0.96 – 0.88 (m, 24H, a). 
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MALDI-TOF-MS: calculated for C134H266N17O12S2 [M+H]+: 2370.82; found [M+H]+: 2365.02 

 

1792 (8Oc-B2-1:4-ssbb2) 

 

Yield: 18.6 mg (52%), 
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1H NMR (500 MHz, Methanol-d4) δH (ppm) = 4.28 (m, 2H, f), 4.19 (dd, J = 9.1, 5.1 Hz, 1H, f’), 3.69 – 

3.43 (m, 20H, h, j), 3.32 (m, 4H, i, overlapping signal of solvent residue), 3.22 – 3.09 (m, 30H, c), 2.89 

– 2.81 (m, 8H, g), 2.71 – 2.47 (m, 12H, e), 2.32 – 2.13 (m, 8H, d), 1.77 – 1.26 (m, 154H, b), 0.95 – 0.88 

(m, 24H, a). 

 

 

MALDI-TOF-MS: m/z calculated for C142H279N19O14S4 [M+H]+: 2604.07; found [M+H]+: 2598.83 
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1793 (8Oc-B2-1:4-spacer) 

 

Yield: 14.9 mg, 44% 

 

 

1H NMR (400 MHz, Methanol-d4) δH (ppm) = 4.33 – 4.21 (m, 3H, f), 3.63 – 3.38 (m, 12H, g, h, i), 3.31 – 

3.09 (m, 34H, c), 2.70 – 2.54 (m, 4H, e), 2.37 – 2.14 (m, 12H, d), 1.88 – 1.19 (m, 162H, b), 0.95 – 0.87 

(m, 24H, a). 
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MALDI-TOF-MS m/z calculated for C136H269N17O12 [M+H]+: 2334.11; found [M+H]+: 2329.12 

 

 

1794 (8Oc-B2-1:4-spacer2) 

 

Yield: 19.6 mg, 45% 



           6     Appendix 

161 

 

1H NMR (400 MHz, Methanol-d4) δH (ppm) = 4.31 – 4.17 (m, 3H, f), 3.77 – 3.38 (m, 16H, g, h, i), 3.30 – 

3.10 (m, 38H, c), 2.69 – 2.55 (m, 4H, e), 2.41 – 2.15 (m, 16H, d), 1.91 – 1.26 (m, 170H, b), 0.96 – 0.87 

(m, 24H, a). 

 

 

MALDI-TOF-MS m/z calculated for C146H287N19O14 [M+H]+ 2532.24; found [M+H]+ 2526.97 
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6.1.5.2 8Oc-B2-2:4 library 

 

1730 (8Oc-B2-2:4) 

 

 

 

1H NMR (400 MHz, Methanol-d4) δH
 (ppm) = 4.36 – 4.23 (m, 3H, f), 3.64 (td, J = 11.3, 4.6 Hz, 24H, g, 

h), 3.35 (m, 8H, i), 3.16 (td, J = 11.7, 10.0, 4.5 Hz, 28H, c), 2.72 – 2.57 (m, 8H, e), 2.46 – 2.13 (m, 8H, 

d), 1.83 – 1.25 (m, 154H, b), 1.00 – 0.86 (m, 24H, a). 
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MALDI-TOF-MS m/z calculated for C138H276N20O12 [M+H]+ 2408.86; found [M+H]+ 2401.93 

 

 

1823 (8Oc-B2-2:4 ssbb) 

 

 

 

Yield: 15.8 mg, 41% 

 

 



           6     Appendix 

164 

 

1H NMR (400 MHz, Methanol-d4) δH (ppm) =4.34 – 4.22 (m, 3H, f), 3.69 – 3.47 (m, 26H, h,j), 3.33 (m, 

12H, c,i, overlapping signal of solvent residue), 3.23 – 3.09 (m, 26H, c), 2.86 (t, J = 6.7 Hz, 4H, g), 2.72 

– 2.53 (m, 12H, e), 2.34 – 2.17 (m, 8H, d), 1.80 – 1.28 (m, 154H, b), 0.98 – 0.89 (m, 24H, a). 

 

 

MALDI-TOF-MS m/z calculated for C146H290N22O14S2 [M+H]+: 2641.22; found [M+H]+: 2635.71 
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1824 (8Oc-B2-2:4 -ssbb2)  

 

 

Yield: 25.6 mg, 62% 

 

 
1H NMR (500 MHz, Methanol-d4) δH (ppm) =4.33 – 4.19 (m, 3H, f), 3.70 – 3.34 (m, 40H, h, i, j), 3.24 – 

3.09 (m, 27H, c), 2.90 – 2.81 (m, 8H, g), 2.70 – 2.49 (m, 16H, e), 2.34 – 2.15 (m, 8H, d), 1.80 – 1.27 (m, 

154H, b), 0.96 – 0.89 (m, 24H, a). 
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MALDI-TOF-MS m/z calculated for C154H304N24O16S4 [M+H]+: 2874.26; found [M+H]+: 2869.157 

 

 

1825 (8Oc-B2-2:4 -spacer) 

 

Yield: 28.0 mg, 74% 
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1H NMR (400 MHz, Methanol-d4) δH (ppm) = 4.34 – 4.23 (m, 3H, f), 3.68 – 3.34 (m, 24H, g, h, i, 

overlapping signal of solvent residue), 3.32 – 3.10 (m, 42H, c, g), 2.70 – 2.54 (m, 8H, e), 2.36 – 2.18 

(m, 12H, d), 1.87 – 1.28 (m, 162H, b), 1.00 – 0.87 (m, 24H, a). 

 

 

MALDI-TOF-MS m/z calculated for C148H294N22O14 [M+H]+: 2604.30; found for [M+H]+: 2599.98 
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1826 (8Oc-B2-2:4 -spacer2) 

 

Yield: 14.8 mg, 39% 

 

1H NMR (400 MHz, Methanol-d4) δH (ppm) =4.24 (td, J = 9.9, 5.6 Hz, 3H, f), 3.74 – 3.50 (m, 24H, g, h), 

3.38 – 3.33 (m, 8H, i), 3.25 – 3.05 (m, 38H, c), 2.68 – 2.53 (m, 8H, e), 2.41 – 2.15 (m, 16H, d), 1.81 – 

1.26 (m, 170H, b), 1.00 – 0.88 (m, 24H, a). 



           6     Appendix 

169 

 

MALDI-TOF-MS m/z calculated for C158H312N24O16 [M+H]+: 2802.43; found [M+H]+: 2811.569. 

 

6.1.5.3 12Oc-U1-1:2 analogs 

 

1821 (12Oc-U1-1:2-ssbb) 

 

Yield: 17.7 mg, 73% 
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1H NMR (400 MHz, Methanol-d4) δH (ppm) = 4.14 – 4.05 (m, 1H, f), 3.49 (t, J = 6.7 Hz, j), 3.44 – 3.33 

(m, 5H, f, i), 3.18 (t, J = 6.9 Hz, 4H, c), 3.00 – 2.65 (m, 32H, c, g, h), 2.49 (s, 12H, e), 2.21 (t, J = 7.4 Hz, 

4H, d), 1.90 – 1.19 (m, 112H, b), 0.94 – 0.86 (m, 12H, a). 

 

 

MALDI-TOF-MS m/z calculated for C158H312N24O16 [M+H]+: 1968.483; found [M+H]+: 1965.631 
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1822 (12Oc-U1-1:2-spacer) 

 

 

 

Yield: 15.3 mg, 52% 

 



           6     Appendix 

172 

 

1H NMR (400 MHz, Methanol-d4) δH (ppm) = 4.10 (dd, J = 8.6, 4.7 Hz, 1H, f), 3.52 – 3.33 (m, 5H, f, i), 

3.24 – 3.13 (m, 12H, c), 3.03 – 2.70 (m, 22H, g, h, c), 2.68 – 2.42 (m, 4H, e), 2.26 – 2.16 (m, 12H, d), 

1.92 – 1.23 (m, 128H, b), 0.97 – 0.87 (m, 12H, a). 

 

 

MALDI-TOF-MS m/z calculated for C108H213N15O11 [M+H]+: 1896.66; found [M+H]+: 1894.011 
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6.2 Abbreviations 

Ac acetylated 
ACN acetonitrile 
ALAS-1 aminolevulinic acid synthase 1 
ALS amyotrophic lateral sclerosis  
APC antigen-presenting cells 
ApoB apolipoprotein B 
ApoE apolipoprotein E 
ASF asialofetuin 
ASGCT American Society of Gene and Cell Therapy 
ASGPR asialo glycoprotein receptor 
ASO antisense oligonucleotide 
ASOR asialorosomucoid 
ATP adenosin triphosphate  
Au-NPs gold nanoparticles  
BafA1 bafilomycin A1 
BBB blood-brain barrier 
BCEC brain capillary endothelial cell 
Boc tert-butoxycarbonyl 
C6C4 dipeptide spacer  
CD206 mannose receptor 
CLSM confocal laser scanning microscopy 
CMT carrier-mediated transcytosis 
CNS central nervous system 
COPD chronic obstructive pulmonary disease  
COVID-19 corona virus disease 
CRD Carbohydrate recognition domain 
CRISPR clustered regularly interspaced short palindromic repeats 
CTG CellTiterGlo®  
Ctrl Control 
CuAAC Copper catalyzed alkyne-azide cycloaddition 
CuSO4 copper sulfate  
Cy5 Cyanine5 
D2O deuterated H2O 
DAD diode array detector 
DAPI 4',6-diamidino-2'-phenylindole 
DBCO dibenzocyclooctyne 
DC dendritic cell 
DCA docosanoic acid 
DCM dichlormethan 
DC-SIGN dendritic cell-specific intercellular adhesion molecule-3-grabbing non integrin 
Dde [N-(1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl)] 
DFG german research foundation 
DIC diisopropylcarbodiimide 
DIPEA N,N-diisopropylethylamine  
Dlin-MC3 DMA Dilinoleyl-methyl-4-dimethylaminobutyrate 
DLS dynamic light scattering 
DMAP 4-dimethylaminopyridine 
DMEM Dulbecco's modified Eagle medium 
DMF dimethylformamide  
DMSO dimethylsulfoxide 
DNA desoxyribonucleic acid 
DOTAP dioleoyl-3-trimethylammonium propane  
DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine 
DSPG 1,2-distearoyl-sn-glycero-3-phosphoglycerol 
EDTA ethylene diaminetetraacetic acid 
ee encapsulation efficiency 
EGFR epidermal growth factor receptor 
ELS electrophoretic light scattering 
EMA european medicine agency 
EO ethylene oxide  
eq equivalents 
ESI eletrospray ionization 
et al et alii 
EtBr ethidium bromide 
EtOAc ethyl acetate 
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EtOH ethanol 
FACS fluorescence activated cell sorting 
FBS fetal bovine serum 
FCS fetal calf serum 
FD functionalization degree 
FDA food and drug administration 
FITC fluorescein isothiocyanate 
Fmoc N(9H-fluoren-9-yl-methoxycarbonyloxy) 
GABA gamma-aminobutyric acid 
GalNAc N-acetyl galactosamine  
GFP green fluorescent protein 
GLUT1 glucose transporter 1  
Gly-Ser(Man) Glycyl serine(mannose) 
GSH glutathione 
H+-ATPase proton adenosine triphosphatase 
HA Hyaluronic acid 
HBG HEPES buffered glucose 
HCE human corneal epithelial 
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HMBA 4-(hydroxymethyl)benzoic acid 
HSC hepatic stellate cell 
i.m intramuscular 
i.v. intravenous 
IgR immunoglobin receptor 
IRBP interphotoreceptor retinoid binding protein  
KC Kupffer cell 
Kd dissociation constant  
kDa kilo Dalton  
kg kilogram 
LAF lipoamino fatty acid 
LCA Leber's congenital amaurosis 
LC-MS liquid chromatography mass spectrometry  
LDH lactate dehydrogenase 
LDL low-density lipoprotein 
LDLR low-density lipoprotein receptor 
Lf Lactoferrin 
LfR lactoferrin receptor  
LNP lipid nanoparticle 
LPEI linear PEI 
LRP1 Low density lipoprotein receptor-related protein 1 
LSEC liver sinusoidal endothelial cells  
mAB monoclonal antibody 
MALDI matrix assisted laser desorption ionization 
mbar millibar 
MeOH methanol 
MFI mean fluorescence intensity 
mg milligram 
MHz mega Hertz 
miRNA micro RNA 
mmol millimol 
mRNA messenger RNA 
MS  mass spectrometry  
MTBE methyl tertbutyl ether 
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) 
mV millivolt  
MWCO moleculare weight cut-off 
N/P nitrogen to phosphate ratio 
Na2SO4 sodium sulfate 
NaOH sodium hydroxide 
ng nanogram 
NHS N-hydroxysuccinimide 
nm nanometer 
NMR nuclear magnetic resonance 
OAA oligoaminoamide 
OD optical density 
PAMAM polyamidoamines 
PBAE poly-(ß-amino ester) 
PBS phosphate buffered saline 
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pCMVLuc encoding Photinus pyralis firefly luciferase under the control of cytomegalovirus promoter and 
enhancer 

PDI polydispersity index 
pDNA plasmid DNA 
PECAM platelet endothelial cell adhesion molecule 
PEG polyethylene glycol 
PEI polyethylene imine  
pH potentia hydrogenii 
PH1 primary hyperoxaluria 1 
pHPMA poly(N-(2-hydroxypropyl)methacrylamide 
PI propidium iodide 
pKa acid dissociation constant 
PLL poly-L-Lysine 
pM picomolar  
PMO phosphoramidate morpholino oligomer 
polyAsp(DET) poly(aspartic acid) diethylenetriamine 
pPB cyclic peptide ligand 
ppm parts per million 
PyBOP benzotriazole-1-yl-oxytrispyrrolidino phosphonium hexafluorophosphate 
rcf relative centrifugal force 
RES reticuloendothelial system 
RGD Arginine-glycine-aspartic acid 
RLU relative light units  
RMT receptor-mediated transcytosis  
RNA ribonucleic acid 
RNAi RNA interference 
RNP ribonucleoprotein 
ROS reactive oxygen species  
RPE retinal pigment endothelium 
RP-HPLC reversed phase high performance liquid chromatography  
rpm rotations per minute 
RT room temperature 
RVG rabies virus glycoprotein 
RVG29 rabies virus glycoprotein derived protein 
s.c. subcutaneous 
SARS-CoV-2 severe acute respiratory symptome coronavirus 2 
SD standard deviation 
SDTC sodium diethyl dithiocarbamate 
sgRNA single guide RNA 
shRNA short hairpin RNA 
siRNA short-interfering RNA 
SORT selective organ targeting 
SPAAC strain-promoted azide-alkyne cycloaddition  
SPPS solid phase peptide synthesis 
ssbb disulfide building block 
Stp Succinoyl tetraethylene pentamine  
succPEI succinylated PEI 
TDS triple bond diethylene triamine succinyl 
TEM transmission electron microscopy 
Tf Transferrin 
TFA trifluoro acetic acid 
TFP tetrafluorophenyl 
TfR Transferrin receptor 
THF tetrahydrofuran 
TIPS triisopropylsilane 
TOF time of flight 
TrkA tropomyosin receptor kinase A 
TTR transthyretin 
UPLC ultra performance liquid chromatography 
UV/Vis ultra violet/ visible  
v/v volume to volume ratio 
VCAM-1 vascular cell adhesion molecule-1 
VEGFR vascular endothelial growth factor receptor 
VIPER virus-inspired polymer for endosomal release  
w/w weight to weight ratio 
wt wildtype  
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