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1 Introduction 

This chapter briefly introduces the research field of polyplex-based nucleic acid delivery 

to tumors. It does not aim to cover the entire scientific area but serves to contextualize 

the data presented in this thesis.  

 

1.1 Nucleic acid-based therapeutics: an overview 

Nucleic acids have emerged as a revolutionary class of therapeutic agents, providing 

innovative approaches for treating diseases such as genetic disorders, cancers, and viral 

infections—many of which were once considered ‘undruggable’. Unlike conventional 

therapies that primarily target proteins and often yield only transient therapeutic effects, 

nucleic acid-based therapeutics act at the molecular level by modulating the expression 

of disease-associated genes through mechanisms such as gene replacement, repair, or 

downregulation. By directly targeting the underlying causes of these diseases, nucleic 

acid-based therapies offer the potential for more durable therapeutic outcomes and, in 

some instances, even curative interventions. 

The concept of using nucleic acids as therapeutic agents was first proposed in the early 

1970s when Friedmann and Roblin introduced the groundbreaking idea that gene 

therapy could be employed to treat human genetic diseases [1]. This vision came to 

fruition several decades later with the approval of Glybera in 2012 [2]. Glybera, which 

uses an adeno-associated virus (AAV) vector encoding for lipoprotein lipase (LPL), 

became the first nucleic acid-based product to receive marketing authorization from the 

European Commission (EC). Since then, the field has seen remarkable growth, with 

more than 32 gene therapeutics and 34 RNA-based therapeutics currently approved 

globally and over 4000 in development [2].  

Therapeutic nucleic acids used in gene and RNA therapies encompass a diverse range 

of molecules, including plasmid DNA (pDNA), messenger RNA (mRNA), small interfering 

RNA (siRNA), guide RNA (gRNA), and antisense oligonucleotides (ASOs). The choice 

of a specific nucleic acid for therapeutic application depends on the underlying disease 

mechanism and the intended therapeutic strategy—whether to restore, enhance, or 

suppress gene function. 

 

1.2 siRNA therapeutics: advancements and mechanisms 

siRNA has emerged as a vital therapeutic tool for addressing diseases caused by the 

overexpression of specific genes. As of today, six siRNA-based therapies have been 
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authorized for clinical use by both the U.S. Food and Drug Administration (FDA) and the 

EC: Patisiran, Givosiran, Lumasiran, Inclisiran, Vutrisiran, and Nedosiran [2]. These 

therapeutics leverage the ability of siRNA to downregulate gene expression through the 

RNA interference (RNAi) pathway, a mechanism first discovered in 1998 [3, 4].  

Upon delivery to the cytosol of a target cell, siRNA—a double-stranded molecule typically 

21 nucleotides in length—integrates into the RNA-induced silencing complex (RISC). 

The siRNA duplex is unwound within RISC, and the passenger (sense) strand is 

discarded. The remaining guide (antisense) strand then directs RISC to complementary 

sequences within the disease-associated mRNA. Argonaute-2, a key protein of RISC, 

subsequently catalyzes the cleavage of the target mRNA [5-7], thereby suppressing 

protein translation and mitigating the expression of the disease-related gene, as 

illustrated in Scheme 1. 

Despite the remarkable progress achieved with siRNA therapeutics, their current clinical 

application is restricted to diseases originating in the liver. This limitation highlights the 

predominant challenge of achieving efficient and targeted delivery to a broader range of 

tissues and cells. To fully unlock the therapeutic potential of siRNA and enable extension 

to a larger spectrum of diseases, overcoming these delivery barriers through innovative 

technologies is critical.  

 

1.3 Nucleic acid delivery: from viral to non-viral vectors  

In the bloodstream, unprotected nucleic acids are highly susceptible to rapid degradation 

by nucleases. Furthermore, their charge, large size, and hydrophilicity hinder their 

efficient uptake into target cells by impeding passage through the lipid bilayer of cell 

membranes. Therefore, encapsulating therapeutic nucleic acids within delivery systems 

is crucial for clinical application. These systems must protect nucleic acids from 

degradation, ensure effective delivery to target cells via the bloodstream, facilitate 

cellular uptake, and enable intracellular release of the therapeutic payload by promoting 

endosomal escape (Scheme 1). Ideally, these systems should also exhibit high 

biocompatibility and low immunogenicity.  
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Scheme 1. Schematic representation of siRNA transfection via non-viral delivery systems and 
the subsequent gene silencing mechanism. Delivery to the target cell is followed by the cellular 
uptake of delivery systems (e.g., polyplexes) via endocytosis, after which endosomal escape 
enables the release of siRNA. The guide strand of siRNA is incorporated into the RNA-induced 
silencing complex (RISC), which binds to complementary mRNA, inducing its degradation and 
suppressing gene expression. Created with BioRender.com. 
 

Historically, viral vectors have been the most widely applied delivery systems, given their 

natural ability to transport nucleic acids into host cells. Consequently, viral vectors 

currently account for most gene therapeutics that have received market approval [2, 8]. 

However, there has been a noticeable shift towards using non-viral delivery systems in 

recent years, particularly evident among approved RNA-based therapeutics [2, 9]. For 

instance, most siRNA products employ chemically modified nucleic acids conjugated 

with N-Acetyl-D-Galactosamine (GalNAc) to enhance stability and facilitate targeted 

delivery [10]. Furthermore, the encapsulation of RNA within lipid nanoparticles (LNPs) 

has proven highly effective. Notable examples include Onpattro (Patisiran), the first 

approved siRNA therapeutic for hereditary transthyretin amyloidosis [11], and the mRNA-

based COVID-19 vaccines, which have immunized millions worldwide [12-14].  

This paradigm shift towards non-viral delivery systems is primarily driven by several 

limitations of viral vectors, including immunogenicity—which precludes repeated 

dosing—limited cargo capacity, restricted cell tropism, and the complexity of production 
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and quality control. In contrast, non-viral vectors offer advantages such as higher 

encapsulation efficiency, greater adaptability, more effortless scalability, and reduced 

production costs [15]. 

Non-viral vectors can be broadly divided into two main categories: lipid-based carriers 

including lipoplexes, lipo-polyplexes, liposomes, and LNPs; and polymer-based carriers, 

such as polymeric micelles, polyplexes, and hydrogels [15-20]. While LNPs have 

demonstrated notable clinical success, as previously mentioned, each carrier type 

presents unique advantages concerning stability, encapsulation capacity, 

biocompatibility, and delivery efficiency.  

Among these non-viral delivery systems, polyplexes—nanoscale complexes formed 

through entropy-driven electrostatic interactions of polycations with anionic nucleic 

acids—are particularly valued for their high encapsulation efficiency, stability, efficient 

cellular delivery, and ability to facilitate endosomal escape. In addition, polyplexes offer 

substantial flexibility in modulating circulation time and biodistribution, as their size, 

charge, and surface properties can be readily customized.  

To optimize nucleic acid delivery using polyplexes, a variety of cationic polymers has 

been investigated, including poly-L-lysine (PLL) [21-23], polyethylenimine (PEI) [24-27], 

poly-N-oligoethylenimino-aspartamides [28], methacrylates [29-31], dendrimers [32-34], 

and, as utilized in this thesis, sequenced-defined artificial oligoaminoamide (OAA) 

peptides [35-38].  

 

1.4 Design of oligoaminoamide-based polyplexes for nucleic acid delivery 

Sequence-defined OAAs are synthesized using standard solid phase supported 

synthesis (SPSS). This precise method enables the generation of OAA libraries with 

diverse structural topologies by combining natural and artificial amino acids, such as the 

cationizable polyaminoamide motif succinoyl tetraethylene pentamine (Stp) [36].  

Since polyplex-based nucleic acid delivery does not adhere to a “one-size-fits-all” 

approach, carriers must be designed to meet the specific requirements of each payload 

type and application. By modifying the amino acid sequence, key polyplex properties—

such as stability, encapsulation capacity, cellular uptake, and endosomal escape 

efficiency—can be systematically refined for optimal performance.  

Polyplex stability is crucial for effective nucleic acid delivery to cells, with the choice of 

stabilization strategies varying based on the specific nucleic acid type. For instance, 

cationizable hydrophilic structures are particularly effective in promoting pDNA 

compaction and delivery, while siRNA delivery benefits from stabilizing elements such 
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as lipidic residues (e.g., oleic acid), tyrosines, and disulfide-forming cysteines, which 

enhance structural integrity and functionality [19, 35, 39-44].  

Polyplex stability is also highly dependent on the nitrogen-to-phosphate (N/P) ratio, 

which represents the ratio of protonatable amines (N) in the carrier to phosphate groups 

(P) in the nucleic acid. Positively charged (cationic) polyplexes, achieved at higher N/P 

ratios, are generally preferred as they ensure complete cargo encapsulation, enhance 

particle stability, and facilitate cellular uptake through electrostatic interactions with the 

negatively charged cell membrane [45-47].  

In addition to stability, the intracellular release of the nucleic acid payload is essential for 

achieving therapeutic efficacy. OAA carriers can address this challenge by incorporating 

buffering elements, such as the polyaminoamide motif Stp or imidazole-containing 

histidines (with a pKa of 6)  [41, 48]. While the buffering amines remain unprotonated at 

physiological pH, they become protonated in the acidic environment of late endosomes 

(pH 5.5). This protonation facilitates endosomal escape via mechanisms such as the 

proton sponge effect or membrane destabilization by the polycations [49], ultimately 

releasing the cargo into the cytosol.  

Optimizing OAA-based polyplexes requires a thorough understanding of structure-

activity relationships. Despite significant advancements in the field, systematic in vitro 

and in vivo screenings of OAA libraries remain crucial for identifying carriers suited to 

specific therapeutic applications. However, recent progress in methodologies, such as 

Design of Experiments (DoE) and in silico approaches leveraging artificial intelligence, 

has the potential to streamline and accelerate the complex optimization process, 

providing powerful tools that may support researchers in the future [50-52].  

 

1.5 Optimizing siRNA polyplexes for tumor therapy 

Cancer remains a significant global health challenge and is one of the leading causes of 

mortality worldwide [53-56]. Despite advancements in treatment, conventional 

therapies—such as radiotherapy, surgery, and chemotherapy—often fail to provide 

definitive cures and are frequently associated with severe side effects. In recent years, 

nucleic acid therapeutics, particularly siRNA, have emerged as a promising alternative 

due to their ability to target and modulate tumor-promoting gene expression specifically. 

However, the clinical application of these therapeutics is still limited by the challenges 

associated with their efficient delivery to tumor cells.  

Given the necessity of systemic administration, tumor-targeted siRNA therapeutics must 

navigate several biological obstacles, including circulation in the bloodstream, 
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interactions with blood components, binding to and penetrating tumor endothelial cells 

(TECs), migrating through the extracellular matrix (ECM), and ultimately being taken up 

by tumor cells. One promising approach to address these challenges is the 

encapsulation of siRNA into polyplexes with engineered surface modifications for 

shielding and targeting.  

Shielding strategies aim to neutralize the positive surface charge of polyplexes, reducing 

undesirable interactions in the bloodstream, non-specific cellular uptake, rapid clearance 

by the reticuloendothelial system (RES), and associated toxicity [26, 57-59]. By 

prolonging circulation time, shielding also facilitates polyplex accumulation in the tumor 

vasculature, which serves as a critical entry point into the tumor microenvironment. 

Additionally, modifications related to shielding—such as alterations in surface charge 

and particle size—have enhanced polyplex penetration through the dense and 

heterogeneous ECM that separates tumor cells from the vasculature [60, 61].  

Various molecules have been investigated for shielding purposes, including the widely 

used polymer polyethylene glycol (PEG) [26, 62-64] and polyanions such as hyaluronic 

acid (HA), poly-L-aspartate, poly-L-glutamate, and polyacrylate [65-69]. 

In addition to shielding, targeting strategies—either active or passive—can enhance the 

delivery efficiency of polyplexes by increasing tumor specificity. Passive targeting 

leverages the enhanced permeability and retention (EPR) effect, allowing polyplexes 

with optimized physicochemical properties and prolonged circulation to extravasate 

through the characteristic leaky tumor vasculature into the ECM [70-74]. Conversely, 

active targeting involves functionalizing the polyplex surface with ligands such as 

peptides [75, 76], antibodies [77, 78], proteins [23, 79], or carbohydrates [80-82] that 

selectively bind to receptors overexpressed on cancer cells or TECs.  

The formulation development of shielded and targeted polyplexes is a complex process 

that requires meticulous optimization to overcome the various in vivo barriers. A key 

challenge in this process is the accurate evaluation of polyplex formulations in vitro, as 

currently available in vitro models often fail to mimic the dynamic and multifactorial nature 

of in vivo conditions [65, 83, 84]. While specific factors, such as blood-polyplex 

interactions, can be studied in vitro, a holistic assessment of polyplex performance still 

necessitates testing in living organisms. Although in silico modeling techniques are 

increasingly utilized to predict the in vivo behavior of optimized formulations [85], these 

approaches are not yet fully capable of capturing the complexity of biological systems 

and, therefore, cannot entirely replace animal models. Consequently, while 

advancements in in vitro and in silico approaches contribute to developing polyplex 
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formulations, comprehensive in vivo testing remains essential for ensuring the 

successful implementation of nucleic acid delivery strategies.  

 

1.6 Aim of the thesis 

Nucleic acid-based therapeutics have markedly advanced modern medicine, offering 

innovative treatment strategies for diseases that were previously challenging to manage. 

Among these, small interfering RNA (siRNA) has emerged as a potential modality in 

tumor therapy due to its capacity to selectively target and modulate the expression of 

tumor-promoting genes. However, despite advancements in delivery systems, the 

clinical translation of siRNA therapeutics remains hindered by substantial challenges in 

achieving efficient and tumor-specific delivery.  

Polyplexes, promising non-viral nucleic acid carriers known for their stability, high 

encapsulation efficiency, and endosomal escape capability, still face limitations in vivo. 

In particular, their positive surface charge, while beneficial for nucleic acid complexation 

and cellular uptake, can also trigger immune system activation, toxicity, and non-specific 

accumulation. To overcome these limitations, developing strategies for surface shielding 

and ligand modification is essential to enhance the targeted delivery of polyplexes and 

thereby enable the clinical application of siRNA in tumor therapy.  

 

The aim of this thesis was to enhance the systemic delivery of OAA-based siRNA 

polyplexes to tumors by implementing strategies for both shielding and targeting. 

Building on prior successful studies, hyaluronic acid (HA), an endogenous polyanion, 

was chosen as the shielding agent. The cationic core polyplexes were to be ionically 

coated with HA to mitigate key delivery obstacles. The HA coating was expected to mask 

the positive surface charge of polyplexes, thereby reducing non-specific interactions in 

the bloodstream, preventing rapid clearance, prolonging circulation, and minimizing 

potential toxicity. Furthermore, HA was to function as a targeting ligand due to its binding 

affinity for CD44, a receptor commonly overexpressed on cancer cells and tumor 

endothelial cells (TECs).  

The initial objective was to develop the ionic HA coating by systematically varying the 

HA-to-polyplex ratio. Physicochemical parameters, including particle size, siRNA 

compaction, and zeta potential, were to be analyzed to identify the optimal ratio of HA 

disaccharide units per Stp.  

After selecting an optimal HA unit/Stp ratio, the HA-coated polyplexes were to be 

functionalized with a secondary targeting ligand to further enhance tumor-specific 
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accumulation. For this purpose, cyclic RGDfK (cRGD), a peptide with high affinity for 

integrin αvβ3—another receptor commonly overexpressed on TECs—was to be utilized. 

To facilitate the conjugation of cRGD to the HA coating via strain-promoted alkyne-azide 

cycloaddition (SPAAC), HA was to be modified with dibenzocyclooctyne (DBCO) 

moieties. Correspondingly, the targeting ligand was to be equipped with a terminal azide, 

either directly or via a short PEG spacer, to improve its presentation on the polyplex 

surface. HA modified only with azido-PEG was to serve as a negative control in all 

experiments.  

The newly developed HA- and cRGD-modified polyplexes were to be characterized in 

dynamic light scattering (DLS) and gel shift studies to assess whether the additional 

ligand modification affected their physicochemical properties.  

Subsequently, a series of in vitro studies were to be conducted. These studies aimed to 

evaluate cell association, uptake, gene silencing efficiency, endocytosis pathways, and 

cytotoxicity across multiple cell lines, focusing on assessing potential shielding and 

targeting effects.  

To evaluate the integrity and functionality of the HA- and cRGD-modified polyplexes 

under physiological conditions, further physicochemical and in vitro studies were to be 

performed following prolonged incubation in full serum. These studies were to assess 

particle size, siRNA compaction, and transfection efficiency. In addition, fluorescence 

cross-correlation spectroscopy was to be employed to confirm the stable association of 

the ionic HA coating with the polyplex during serum incubation. 

Finally, in collaboration with veterinarians of our research group, the HA- and cRGD-

functionalized polyplexes were to be evaluated in vivo in a Neuro2A tumor-bearing 

mouse model, again focusing on potential shielding and targeting effects. First, Cy7-

labeled polyplexes were to be injected intravenously to assess the biodistribution of the 

various formulations. Following this, the in vivo gene silencing efficiency of the 

systemically administered shielded and targeted polyplexes, encapsulating siEG5, was 

to be assessed in tumors.  
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2.1 Abstract 

The current medical reality of cancer gene therapy is reflected by more than ten 

approved products on the global market, including oncolytic and other viral vectors and 

CAR T-cells as ex vivo gene-modified cell therapeutics. The development of synthetic 

antitumoral nucleic acid therapeutics has been proceeding at a lower but steady pace, 

fueled by a plethora of alternative nucleic acid platforms (from various antisense 

oligonucleotides, siRNA, microRNA, lncRNA, sgRNA, to larger mRNA and DNA) and 

several classes of physical and chemical delivery technologies. This review summarizes 

the challenges and strategies for tumor-targeted nucleic acid delivery. Focusing primarily 

on polyplexes (polycation complexes) as nanocarriers, delivery options across multiple 

barriers into tumor cells are illustrated. 

 

2.2 Introduction  

Nucleic acid therapy is an exciting novel approach for cancer therapy and a promising 

alternative to the common tumor treatment regimen. Irradiation, surgery, and 

chemotherapy come along with severe side effects due to a lack of specificity towards 

tumor cells, or reduced efficacy due to development of chemoresistance. As cancer 

remains one of the deadliest diseases worldwide [55, 56], finding efficient, selective, and 

non-toxic drugs or drug combinations is of great interest. Nucleic acid therapies are 

expected to meet this challenge enabling specific modification of gene expression in 

tumor cells. Using viral vectors, several cancer gene therapies have reached the medical 

market (Gendicine in 2004, Oncorine in 2005, Imlygic in 2015, Delytact in 2021). In 

addition, between 2017 and 2021 six CAR T-cell products (Kymriah, Yescarta, Tecartus, 

Breyanzi, Abecma, Relma-cel) have been approved as most successful representatives 

of ex vivo cancer gene therapeutics [87]. The lower gene transfer efficacy of nonviral 

approaches hampered their clinical development into in vivo cancer gene therapies. 

Early research with plasmid DNA (pDNA) focused on the delivery of antitumoral or 

immunostimulatory genes and cancer vaccinations [88]. Subsequently, the clinical 

research focus shifted towards the delivery of short interfering RNA (siRNA), a short 

double-stranded RNA that can knock down tumor-promoting gene expression through 

sequence-specific degradation of messenger RNA (mRNA). Antitumoral effects of single 

or combinations of siRNAs have preclinically proven the effectiveness, and first clinical 

studies have been conducted [89-91]. Outside the cancer area, the first siRNAs have 

already been approved for genetic diseases that can be ameliorated by gene silencing 

in hepatocytes. Patisiran is the first siRNA drug on market formulated into lipid 
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nanoparticles (LNPs), followed by Givosiran, Lumasiran and Inclisiran, which are tri-

GalNAc (N-Acetylgalactosamine) conjugates of chemically stabilized siRNAs [11, 92, 

93]. Most recently other RNA formats, including messenger RNA (mRNA) [94-96] or 

CRISPR Cas9/single guide RNA (sgRNA) [97-99], have entered the therapeutic area. 

The world-wide use of Comirnaty and Moderna COVID-19 mRNA LNP vaccines proved 

their potency for vaccination [100-102] and paved the way also for cancer mRNA 

vaccines and related immunotherapies [103, 104]. Although the abovementioned 

therapeutic achievements sound very promising, they are primarily based on well-

established technologies for ex vivo, local, or hepatic nucleic acid transfer. 

Intravenous delivery of nucleic acid-based drugs to tumors remains challenging. Trying 

to meet the needs, in the last three decades a multitude of non-viral nucleic acid carriers 

have been developed, dividable into two major groups – lipid-based and polymer-based 

carrier systems [20]. Lipid based carriers include lipoplexes [88, 105-108], lipo-

polyplexes [109, 110] and the now medically established class of LNPs [11, 97, 111]. 

Polymer-based carriers [19, 112-116] include polymeric micelles/polyplexes and 

hydrogels [18]. In this report, we summarize the continuous evolution of polyplexes for 

tumor-targeted nucleic acid delivery. Polyplexes consist of anionic nucleic acid 

complexed with cationic polymers by electrostatic and other interactions into spherical, 

often positively charged nanoparticles. A variety of cationic polymers have been 

investigated for this purpose, including poly-L-lysine (PLL) derivatives [21-23], 

polyethylenimine (PEI) and derivatives [24-27], poly-N-oligoethylenimino-aspartamides 

[28], methacrylates [29-31], dendrimers [32-34] and, in our recent own work, synthetic 

amino ethylene-based peptide-like sequences [35-38]. For a detailed description of 

polyplexes the reader is referred to other published work [19, 114-116]. Unmodified 

polyplexes are prone to interactions with blood components and tend to accumulate in 

tissues non-specifically. Consequently, functionalizing polyplexes with targeting and 

shielding moieties is essential to increase tumor accumulation, eliminate adverse effects 

and reduce required therapeutic doses. An ideal polyplex will provide the right balance 

between preferential nanoparticle size of 20-200 nm, stability and circulation in blood, 

protection of nucleic acid against degradation, extravasation, and specific uptake into 

target cells, and facilitating endosomal escape with release of cargo at the proper 

intracellular location. Most importantly, biocompatibility and absence of toxicity must 

always be maintained. Here we review current strategies along the delivery path of a 

polyplex from its intravenous injection to the tumor, pointing out the extracellular and 

intracellular barriers, possibilities to overcome them, potential targeting approaches and 

required polyplex specifications for every step of delivery.  



Targeting nucleic acid-based therapeutics to tumors: challenges and strategies for polyplexes 

 
18 

2.3 Overview of barriers  

Nucleic acid delivery is a versatile process involving many limiting extracellular and 

intracellular barriers, ranging from the macroscopic patient level to the microscopic tissue 

level to the nanoscopic organelle and supramolecular level (Figure 1). DNA/RNA 

nanoagents must comprise special features to overcome all of these hurdles [117], 

optionally in a dynamic pre-programmed fashion as stimuli-responsive nanorobots [118-

120]. When polyplexes are first injected to blood, ideally intravenously, they are rapidly 

distributed to the body through blood vessels, where they are confronted by prevailing 

blood conditions and components. While circulating in the bloodstream, polyplexes will 

eventually flow through tumor vasculature where they must cross the lining tumor 

endothelial cells to enter tumor tissue.  

 

Figure 1. Extra- and intracellular obstacles for systemically applied polyplexes. In the blood 
stream, systemically applied polyplexes may be opsonized by blood components and/or proteins 
forming a biomolecular/protein corona (A). The protein corona may alter the delivery efficiency of 
polyplexes by masking targeting ligands or by hampering endosomal escape. Interaction of 
polyplexes with blood cells, especially erythrocytes (B), may lead to the formation of aggregates 
which can cause severe toxicity. The mononuclear phagocyte system (C) may eliminate 
polyplexes from the blood stream and the recognition by immune cells (D) may lead to the 
induction of immune reactions. To deliver nucleic acids to tumor cells, intravenously applied 
polyplexes must extravasate from tumor vasculature (E), penetrate the tumor extracellular matrix 
(F), bind to the tumor cell and be internalized via endocytosis (G), and finally escape the 
endosome and release the cargo to the proper intracellular compartment (H). Created with 
BioRender.com. 
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After extravasation, polyplexes face the extracellular matrix (ECM) of tumors, which 

surrounds and connects tumor cells and tumor vasculature. Penetration deep into the 

ECM is necessary to reach the tumor cell membrane, where active uptake via 

endocytosis and encapsulation into endosomes is initiated upon arrival. Endosomal 

escape, one of the most critical processes in nucleic acid delivery, is the major strategy 

after internalization to avoid endo/lysosomal degradation or recycling back to the cell 

membrane. Polyplexes must support the release of their nucleic acid cargo at the proper 

intracellular compartment in functional form. In doing so, siRNA and mRNA should 

remain in the cytosol, pDNA, splicing-modulating oligonucleotides or genome-editing 

RNPs (ribonucleoproteins) must enter the nucleus. Taken together, numerous limiting 

barriers on the way to the tumor cell may hamper nucleic acid delivery, yet some tumor-

specific distinct characteristics provide unique favorable delivery options which 

polyplexes can be addressed to for specific cancer targeting.  

 

2.4 Blood circulation and protein corona 

When a polyplex upon injection enters the blood stream (Figure 1), it is confronted by 

enzymes, plasma proteins, the reticuloendothelial system (RES), phagocytic cells and 

many other components present in blood [26, 62, 84, 121]. Polyplexes are rapidly 

opsonized by layers of these proteins. Such a protein corona can alter polyplex 

characteristics [84], it may enhance or reduce subsequent interactions such as cell 

binding, cellular uptake, and transport (Figure 1) [84, 122, 123]. The protein composition 

can vary depending on the physicochemical properties, the material, and the surface 

charge of a polyplex, but also on the physiological environment and the duration of 

exposure. In the worst case opsonization by negatively charged plasma proteins such 

as IgM, fibrinogen, fibronectin or complement C3, may lead to formation of aggregates. 

Moreover, cationic polyplexes may even lead to aggregation of erythrocytes [26]. Such 

corona-coated nanoparticles and aggregates are recognized by the innate immune 

system resulting in rapid elimination by the mononuclear phagocyte system (MPS). 

Importantly, aggregates are also prone to induce severe toxic effects by accumulating in 

small lung capillaries [124].  

To reduce these unwelcome interactions with blood components and to stay invisible for 

eliminating factors, cationic charges on polyplex surfaces can be shielded with 

hydrophilic ‘stealthing’ polymers. The most common and widely used shielding agent is 

polyethylene glycol (PEG) [26, 62, 125], but other hydrophilic polymers such as 

hyaluronic acid (HA) [66, 126, 127] have also shown good shielding effects . In addition 
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to the reduction of toxic side effects, shielding prolongs blood circulation time which 

positively affects nucleic acid delivery. Unfortunately, shielding cationic charges may also 

weaken polyplex interaction with tumor cell surfaces, which reduces uptake into tumor 

cells. This is known as the ‘PEG-dilemma’ [128]. Insertion of pH-responsive linkers 

between polyplexes and their hydrophilic shielding polymers is one of the options to 

circumvent this issue. As soon as the shielded polyplex enters the slightly acidic 

conditions of the ECM, the shielding agent is shed from the polyplex surface revealing 

the cationic charges [129-131]. Although surface shielding can reduce protein corona 

formation, it cannot completely avoid it. In some cases this might even be favorable [132].  

 

2.5 Vascular barrier  

2.5.1 Mechanisms of extravasation 

The tumor vessel wall, lined with tumor endothelial cells (EC) on the luminal side, 

represents the first biological barrier that polyplexes must overcome to reach the tumor. 

Due to their large size and hydrophilic surface charge, polyplexes cannot simply cross 

the vessel wall by diffusion like small molecule drugs. Basically, two options exist for 

extravasation, either through inter-endothelial junctions or via transcellular transport 

mechanisms. Both of these pathways can be further subclassified, including a distinction 

between active and passive transport processes. Although investigations have been 

ongoing for several decades, the exact extravasation mechanisms of nanoparticles are 

still not fully understood and may differ for various tumors and patients. Multiple reliable 

mechanistic models have been presented over the past years and are under continuous 

refinement (Figure 2) [45-47, 70-74, 123, 125, 133-141]. The polyplex type and its 

physicochemical properties, including size, charge, shielding, and surface modifications 

(e.g., targeting ligands), but also the type and stage of tumor is expected to have a large 

impact. For tumors within the brain, which is additionally protected by the tight blood-

brain barrier (BBB), transcellular transport mechanisms across the tightly arranged brain 

endothelial lining is required for polyplex delivery, unless the blood-brain tumor barrier 

(BBTB) is leaky as in high-grade gliomas and brain metastases [142].  
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Figure 2. Mechanisms of extravasation. A, EPR effect/passive targeting; B, positive charge 
dependent attachment to tumor vessels; C, endothelial binding and extravasation of cationic 
PEG-coated nanoparticles; D, endothelial binding and extravasation of cationic HA-shielded 
polyplexes; E, vascular bursts via dynamic vents; F, active trans-cellular transport via caveolae-
mediated transcytosis; G, H, active transfer across BBB / BBTB (G, adsorption-mediated 
transcytosis; H, receptor- and carrier-mediated transcytosis). Created with BioRender.com. 
 
 

2.5.1.1 EPR effect/passive targeting (Figure 2A) 

Tumor tissue, including its surrounding environment and supplying vasculature, is 

different from normal tissue. To list some examples, there are differences in the type and 

number of receptors on cell surfaces, pH and composition of the interstitial space and 

the architecture of vasculature. Because of rapid angiogenesis, tumor blood vessels 

contain large interendothelial junctions and discontinuous or absent basement 

membranes. These properties make tumor vasculature leaky, allowing plasma proteins 

and other blood components to access the interstitial space passively through diffusion 

or convection [70, 125]. 

Researchers recognized this as an excellent opportunity to target nanoparticles 

specifically to tumors and thereby increase their delivery efficiency. In pioneering work in 

1986, Maeda et al. [74] reported passive nanoparticle accumulation in tumors. They 

discovered that SMANCS, conjugates of the polymer polystyrene-co-maleic acid (SMA) 

with neocarzinostatin (NCS), accumulated selectively in breast cancer tissue, while 

normal tissues were not penetrated. This early work also proved that conjugating low 

molecular weight drugs to a polymer considerably increased in vivo half-life and passive 

accumulation in human solid tumors. This effect requires an extended circulation of 

macromolecular conjugates or nanoparticles; its foundation was shown to be the leaky, 
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hyperpermeable architecture of tumor vasculature in combination with poor lymphatic 

drainage in tumors, which in combination leads to increased accumulation of 

nanoparticles specifically in tumors. These findings were also confirmed independently 

by Jain et al. and others [70-73]. The effect was named the Enhanced Permeation and 

Retention (EPR) effect and since then is considered the basis for passive tumor 

targeting. Ongoing investigations of the EPR effect revealed that passive targeting is 

dependent on several criteria and cannot be applied universally. The EPR effect is limited 

to polymers and nanoparticles within the size range from as small as 4 nm / 15-70 kDa 

to as large as about 400 nm. Smaller polymers diffuse in and out of tumors freely without 

accumulating and are cleared by the kidney, while larger nanoparticles are not able to 

cross the vessel wall due to the limited junction size. Blood circulation of a minimum of 

three hours, which can be achieved by surface shielding, is an essential requirement to 

permit nanoparticles to circulate tumor vasculature several times before extravasation 

[125, 135]. Apart from nanocarrier characteristics, tumor properties such as tumor type, 

tumor stage and the degree of vascularization were shown to influence polyplex 

accumulation via passive targeting [71], which can even differ in two patients with the 

same tumor type [71]. Now, >35 years after its discovery, the EPR effect remains the 

fundamental strategy for macromolecular tumor targeting [133, 134, 143, 144]. Research 

on the EPR effect is continuing and recent innovative strategies such as the use of 

ultrasound or hyperthermia, or applications using bubble liposomes to further improve 

passive targeting are being explored [135, 136]. 

 

2.5.1.2 Charge dependent extravasation (Figure 2B-D) 

Another extravasation mechanism was discovered by both Thurston et al. and Dellian et 

al., who observed cationic molecules to specifically attach to tumor vasculature via 

negatively charged glycoproteins on the luminal side of tumor endothelium [45-47]. 

Thurston and coworkers demonstrated that increasing cationic surface charges (from 10 

to 50 mol%) enhances (in this case doubles) accumulation in tumors. Tumor specificity 

was proven by a 15-33-fold increased uptake of cationic liposomes into angiogenic 

endothelial cells compared to healthy endothelial cells. Internalization of cationic 

molecules occurs mainly via clathrin-mediated endocytosis after active attachment to 

tumor endothelium, and less via leaky vasculature [46, 145]. Moreover, cationic 

molecules were shown to extravasate faster than their anionic or neutral counterparts 

[47], due to the negatively charged glycocalyx that forms an electrostatic barrier for 

anionic nanoparticles [45]. In more recent work, Wang et al. compared PEGylated 

cationic, anionic, and neutral nanoparticles for tumor accumulation, penetration, and 
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antitumor efficacy in different tumor models (Figure 2C). Although the cationic 

nanoparticles were slightly inferior regarding blood circulation time and tumor 

accumulation, they were significantly more effective in tumor penetration and inhibiting 

tumor growth. Overall, cationic nanoparticles have proven superior tumor accumulation 

and antitumor efficacy in comparison to their neutral or anionic analogues [45, 46, 123]. 

In recent work by our own group, Luo et al. demonstrated enhanced in vivo tumor 

accumulation and gene silencing of cationic HA-shielded polyplexes compared to 

analogous negatively charged HA polyplexes (Figure 2D) [40]. Rapid polyplex 

attachment to tumor endothelial cells within five minutes after polyplex application was 

observed via 3D confocal microscopy. However, cationic charge alone did not lead to the 

anticipated fast attachment, HA-coating was an additional requirement. Although HA was 

primarily used as a shielding agent, it is also a ligand to the CD44 receptor, widely 

expressed on tumor and tumor endothelial cells. The combination of cationic charge, 

shielding and receptor-ligand interaction most probably led to the observed tumor 

accumulation. Despite cationic nanoparticles being superior in tumor accumulation and 

growth inhibition, they have some limitations compared to neutral and anionic 

nanoparticles (as discussed in Section 3) [117, 146]. Their high zeta potential makes 

them subject to toxicity, liver accumulation and rapid plasma clearance [146]. However, 

these limitations can efficiently be compensated by shielding the cationic charges with 

hydrophilic polymers such as PEG [123]. 

 

2.5.1.3 Vascular bursts (Figure 2E) 

An alternative, versatile and transient permeation route for molecules was recently 

discovered by the group of Kataoka [147]. Vascular bursts are dynamic vents, different 

from static pores, that open and close intermittently up to 10 hours after drug injection 

and thereby enhance blood vessel permeability for nanoparticles. The vents, with an 

estimated size of ~600nm, are frequently found in the tumor periphery and less in healthy 

blood vessels. By following a library of different particles (dextran, polymeric 

nanoparticles, liposomes, and microspheres) covering a wide range of sizes with 

intravital confocal laser scanning microscopy, Igarashi et al. demonstrated that vascular 

bursts especially enhance nanoparticle delivery for molecules smaller than 300 nm, 

independent of their material [147]. Moreover, transport of antibodies, platelets and in 

some cases molecules with sizes up to 1µm was demonstrated [148]. Although the exact 

mechanisms are still unknown and more investigation is needed, vascular bursts may 

provide a suitable, targetable pathway to increase nanoparticle extravasation. 
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2.5.1.4 Active transcellular transport (Figure 2F)  

Active transport via caveolae-mediated transcytosis was reported for the plasma protein 

albumin in early pioneering work by Schnitzer [137]. The glycoprotein gp60, expressed 

by endothelial cells, was identified as the specific binding domain that can initiate the 

active transport process upon binding of albumin. This mechanism has successfully 

been translated to a number albumin-based nanoparticles for tumor therapy to enhance 

their efficacy [149]. Another option to initiate active transport through tumor endothelium 

is to directly target caveolae. Oh et al. generated an antibody (mAnnA1) that specifically 

recognizes the caveolae protein annexin A1, a protein expressed selectively in tumor 

caveolae, but not by normal cells, and therefore allows specific tumor penetration [138]. 

In vitro and in vivo studies demonstrated rapid attachment and active caveolae-based 

uptake of antibody labelled molecules, dependent on both annexin A1 and caveolin 1 

proteins [149]. Evidence that active transport may play a role in tumor accumulation of 

nanoparticles was given by Sindhwani et al. who reported that 97% of nanoparticles in 

their study entered tumors via an active process through tumor endothelial cells [150]. 

 

2.5.1.5 Transfer across BBB / BBTB (Figure 2G-H) 

Targeting brain tumors for gene therapy requires special considerations. As the most 

critical system in our body, the central nervous system (CNS) is strictly regulated by the 

BBB. The BBB represents the boundary between blood circulation and neural tissue and 

is responsible for nutritional supply and homeostasis of the brain and protects it from 

toxins. It consists of a single layer of brain capillary endothelial cells (BCECs), thoroughly 

sealed by tight junctions, a continuous basement membrane and surrounding astrocyte 

end feet and pericytes (Figure 3) [151, 152]. Due to its structure and function, only small 

lipophilic molecules <500 Da are capable of diffusing across the BBB [153]. All other 

substances, including hormones and nutrients, are dependent on selective carriers and 

receptors that initiate active transport across the BCECs. Moreover, efflux pumps (e.g., 

MDR (multi-drug resistant protein) or P-gp (P-glycoprotein)) eliminate potentially harmful 

substances such waste or drug products from the CNS via outward directed transport. 

In high-grade gliomas and brain metastases the BBTB can be leaky [142] and different 

from healthy BBB. Nevertheless, the BBTB presents an additional barrier for systemic 

treatment of brain tumors, most importantly gliomas, the most common and aggressive 

form of brain cancer [154]. Since active transport across BCECs is the preferential route 

for nanoparticle drugs into the CNS, research has focused on specifically targeting these 

active transport mechanisms to exploit them for drug delivery. There are three possible 

endocytosis pathways through which macromolecules can enter the CNS: 1) via carrier 
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mediated transcytosis (CMT), 2) via adsorptive-mediated transcytosis (AMT) or 3) via 

receptor-mediated transcytosis (RMT) [155]. All three pathways have been investigated 

for their ability to transport therapeutic nucleic acid polyplexes. 

 

 
Figure 3. The BBB: structure and possible transport pathways. a, overview of cell types involved 
in the formation of the highly regulated BBB in a cross-section schematic; b, possible trans- and 
paracellular transport pathways for molecules across the BBB. Reproduced without changes from 
Jamieson, J.J., Searson, P.C., Gerecht, S., J Biol Eng, 11, 2017, ref. [151]. Licensed under a 
Creative Commons Attribution (CC BY) license. Copyright 2017 The Authors.   
 
 

2.5.2 Active targeting of tumor vasculature  

Functionalizing a polyplex with targeting ligands enables, after blood circulation, specific 

binding to tumor vasculature which ideally initiates its uptake via an active transcytosis 

pathway [137]. Enhanced attraction to tumor vasculature reduces non-specific 

accumulation in healthy tissue and thereby lowers the risk for side-effects and reduces 

required therapeutic doses. Equipping polyplexes with ligands for active targeting is 

especially suitable in cases where passive accumulation is unlikely or not sufficient such 

as in particular tumor types lacking fenestrations and leaky vasculature (e.g., pancreatic 

ductal adenocarcinoma) [156], or for short circulating polyplexes, respectively, as 

accumulation via the EPR effect takes time [157]. Research has identified multiple 

receptors overexpressed specifically on tumor vasculature, many of them being involved 

in tumor angiogenesis, tumor progression and metastasis. Often, receptors are 

expressed by both tumor cells and tumor endothelial cells, providing corresponding 

ligands with dual-targeting capabilities (see Section 6 for targeting of tumor cells). 

Receptor-ligand interactions may initiate endocytosis of bound molecules. Utilizing this 

mechanism for polyplexes has shown enhanced transcellular transport and tumor 

accumulation compared to non-targeted polyplexes. Investigated ligands include 

proteins, peptides and antibodies that are often derived from naturally occuring 

http://creativecommons.org/licenses/by/4.0/
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substances or fragments of such, peptide sequences identified via phage display, or 

recombinant antibodies (see Table 1).   

 
Table 1. Receptors and ligands for targeted delivery of nucleic acid polyplexes to tumor 
vasculature. 

Receptor Ligand Polyplex/Cargo Major Findings Ref. 

Integrin 
av𝛃3 

RGD 

Oligolysine/pDNA 
Integrin dependent 10-fold enhanced 

uptake,100-fold increased transfection 
[158] 

PEI/pDNA 

Replacement of aspartic acid by glutamic 

acid (RGE) reduced transfection 

efficiency, proving integrin dependent 

internalization 

[159] 

PEG-PEI/siRNA 

Selective tumor uptake, targeting 

enhanced inhibition of protein 

expression, tumor angiogenesis and 
growth rate 

[160] 

cRGD 

PEG-ECO/siRNA 

PEG-ECO/ 

miR-200c 

Gene silencing, therapeutic efficacy, 

suppressed tumor growth (see Section 

7/Table 4) 

[161] 

[162] 

[163] 

PEG-PAsp(DET)/ 

pDNA 

Adding the targeting ligand restored 

transfection efficiency that was lost by 

removing free cationic polymers 

[164] 

PEG-PAsp(DET)/ 
pDNA 

Enhanced PEG shielding prolonged 

blood circulation; cRGD improved tumor 
accumulation and tumor growth 

suppression 

[165] 

NRP-1 iRGD PMDM/siRNA 

Conjugation of iRGD to non-charged 

polyplexes enhanced tumor penetration 

and cellular uptake in vitro and in vivo 

[166] 
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Lyp-1 TPN/siRNA 

Treatment of tumor bearing mice with 

Lyp-1 targeted polyplexes supressed 

growth and improved survival 

[167] 

KHHK HK/pDNA Gene delivery was mediated by NRP-1 [168] 

CD13 
(amino-
pepti-
dase N) 

NGR PEG-PEI/DNA 

Targeting resulted in increased tumor-
specific gene expression; competition 

with free ligand led to loss of transfection 

efficiency 

[169] 

cNGR PEG-PEI/pDNA 

Enhanced tumor specific and 

aminopeptidase dependent gene delivery 

mediated by cNGR 

[170] 

Unknown APRPG PEG-PEI/siRNA Tumor growth inhibition by VEGF siRNA [171] 

Abbreviations: NRP-1, neuropilin-1; PEI, polyethylenimine; PEG, polyethylene glycole; ECO, 

(1-aminoethyl)- iminobis[N-oleicylcysteinyl-1-aminoethyl)propionamide]; PAsp(DET), poly(N′-
[N-(2-aminoethyl)-2-aminoethyl]aspartamide); PMDM, mal-PEGMA-b-PDPA-b-PDMA; TPN, 

tumor-penetrating nanocomplex; HK, histidine-lysine 

 

Integrin avβ3, closely associated to cell proliferation, metastasis, and cell survival of 

many cancers, is one of the best known and investigated receptors overexpressed on 

tumors and tumor endothelial cells. It is not surprising that scientists have identified 

integrins as ideal receptors for targeting tumor therapeutics to enhance their delivery and 

therapeutic efficacy [172-177]. 

In a phage display study, Ruoslahti et al. identified the peptide sequence arginine-

glycine-aspartic acid (RGD) as the specific integrin binding motif [172]. RGD-presenting 

molecules specifically bind to integrin expressing tumor endothelium (and tumor cells) 

and initiate endocytosis [159].  Depending on the ligand density, exposure time and 

RGD-molecule concentration uptake kinetics may vary [178, 179]. Moreover, the RGD 

peptide structure (i.e., linear or cyclic form) influences integrin specificity and 

internalization rates. For RGD, the constrained cyclic peptide has been found superior 

[179]. Since its identification, RGD peptides have been used to target nucleic acid loaded 

polyplexes to tumors. Early integrin targeting approaches for DNA delivery were 

investigated by conjugating RGD to oligolysine [158] and polyethylenimine (PEI)-based 
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polyplexes [159]. RGD-targeted PEG-PEI polyplexes for siRNA delivery followed later 

[160]. 

More sophisticated cationic polymers for targeted siRNA delivery were recently 

developed by the group of Zheng-Rong Lu. The amino lipid ECO ((1-aminoethyl)-

iminobis[N-oleicylcysteinyl-1-aminoethyl)propionamide]) was conjugated to cyclic RGD 

via a PEG spacer to deliver multiple types of siRNA (siDANCR, sib3) and miRNA 

(miR200c) to triple-negative breast cancer (TNBC) xenograft bearing mice, in all cases 

leading to effective tumor growth inhibition [161-163]. High efficiency of RGD as a tumor 

targeting ligand was also proven in work by Kataoka et al., who demonstrated that RGD 

is even capable of restoring transfection efficiency that was initially lost due to the 

removal of free cationic polymers from a polyplex formulation [164, 165]. 

Although RGD-functionalized polyplexes demonstrated enhanced attachment to tumor 

vasculature, extravasation and especially deep penetration into tumor parenchyma 

against the elavted interstitial pressure in tumors remains challenging. In a later, further 

phage display screening by Ruoslahti et al., searching for novel peptides that bind to 

tumor vasculature led to the discovery of a RGD peptide derivative [180, 181]. The cyclic 

tumor-homing peptide iRGD (internalizing RGD), containing the distinct R/KXXR/K motif, 

can bind and activate the Neuropilin-1 (NRP-1) receptor, but only if the relevant motif is 

presented at the c-terminal end of the peptide (= C-end Rule) [182]. Tumor-homing of 

iRGD occurs is a three-step process in which the integrated RGD sequence first 

mediates binding to integrins, which is then followed by a proteolytic cleavage of the 

peptide, leading to the loss of affinity to integrins and revealing of the terminal R/KXXR/K 

motif, which finally enables binding to NRP-1 and the initiation of transcytosis. In contrast 

to RGD, which primarily accumulates in and around tumor blood vessels, iRGD can 

penetrate extensively into tumor interstitium and spread within the tumor more effectively 

[180]. Consequently, iRGD and other tumor-homing peptides containing CendR 

sequences such as iNGR [183-185], LyP-1 [186], F3 [187] or CGKRK [188] have been 

conjugated to antitumoral drugs to enhance their efficacy [180, 189-192]. For instance, 

pH-sensitive siRNA polyplexes were targeted with covalently bound iRGD to lung 

carcinoma cells, resulting in effective intratumoral delivery and gene silencing [166]. A 

special characteristic of iRGD is that it does not necessarily require covalent conjugation, 

co-administration with the drug carrier molecule facilitates tumor delivery in equal 

manner [156]. A different tumor-penetrating peptide targeting NRP-1, namely Lyp-1, was 

used to deliver siRNA polyplexes to ovarian tumor-bearing mice and thereby reduce 

tumor growth and enhance survival time [167]. Lyp-1, also containing the CendR motif, 

binds to p32, a mitochondrial protein expressed by tumor endothelium [186]. Mixson and 
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colleagues designed linear and branched HK (histidine-lysine) peptides for pDNA 

delivery [168]. Such HK peptides share the common -KXXK- (CendR) sequence with 

tumor penetrating peptides, enabling binding to NRP-1 and subsequent transendothelial 

transport of targeted polyplexes. 

Two further options to target tumor vasculature for nucleic acid delivery are conjugating 

the peptidic ligands APRPG (Ala-Pro-Arg-Pro-Gly) or NGR (Asn-Gly-Arg) [193] to 

polyplexes. APRPG, also a tumor-homing peptide that was found by Oku et al. via phage 

display specifically binds to tumor neovasculature, but not to tumor cells or healthy cells 

[194]. APRPG targeted PEI-PEG-APRPG/siRNA polyplexes, but also other antitumoral 

drugs [171, 195-197] achieve superior therapeutic efficacy compared to their non-

targeted equivalents. 

 

2.5.3 Active targeting of the Blood-Brain-Barrier (BBB) and Blood-Brain-Tumor-

Barrier (BBTB) 

To systemically treat brain cancer with nucleic acid therapeutics, it is inevitable to 

conquer the BBB/BBTB. To increase neural tissue accumulation and augment 

therapeutic efficacy, research has concentrated on active targeting of the three 

endocytosis pathways CMT, AMT and RMT (compare Figure 3) using optimized, 

surface-modified polyplexes. A selection of examples is listed in Table 2. 

 
Table 2. Targeted nucleic acid polyplexes to enhance transport across the BBB/BBTB 

Receptor/ 
Target 

Ligands 
Polyplex/ 
Cargo 

Major Findings Ref. 

TfR 

Tf 
PEG-

PAMAM/pDNA 

Tf increased uptake compared to 

unmodified PAMAM polyplexes; 

polyplex concentration dependent 

cellular uptake; efficient non-invasive 

gene delivery to the brain 

[198] 

T7 
PEG-

DGL/pDNA 

T7-polyplexes showed enhanced gene 

silencing compared to unmodified 

polyplexes and did not compete with 
transferrin 

[199] 
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LfR Lf DAB/pDNA 

Lactoferrin enhanced gene expression 

in the brain and reduced expression in 

other major organs 

[200] 

AChR 

RVG RVG9R/siRNA 
RVG9R polyplexes exhibited specific 
gene silencing in the brain after i.v. 

injection  

[201] 

RVG29 
PEG-

PAMAM/pDNA 

Uptake into BCEC through clathrin- and 

caveolae dependent endocytosis which 

could be inhibited by free RVG29 and 

GABA, but not by nAchR: RVG29 

uptake depends on GABA and AChR 

[202] 

RVG SSPEI/miRNA 

RVG is capable of transporting miRNA 

to the brain in vivo; RVG polyplexes 
showed less toxicity; mannitol 

(disruptance of BBB) further enhanced 

transfection  

[203] 

RVG29 
RVG29-

9R/pDNA 

Efficient brain accumulation and reporter 

gene expression after intravenous 

application 

[204] 

RVG 
PEG-

PIC/siRNA 

Proof of brain targeting ability of RVG-

PICs; enhanced gene silencing 

efficiency  

[205] 

LRP1 ANG-2 

PEG-

PAMAM/pDNA 

LRP1-mediated endocytosis is the main 

transport mechanism; targeted 

polyplexes exhibited increased brain 

accumulation and gene expression 

compared to untargeted polyplexes 

[206] 

PEG-

PAMAM/pDNA 

Cellular internalization through 

endo/lysosomal pathway; increased 

survival time of treated mice 

[207] 

Angiopep-
PEG-oligomer/ 

siRNA 

Efficient gene silencing both in glioma 
cells and in a glioma tumor model after 

systemic administration 

[208] 
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ANG-2 

(TG1) 
PF14/siRNA 

Conjugating the CPP-siRNA carrier to 

TG1 (hexaglutamated ANG-2) led to 

two-fold increase in gene silencing  

[209] 

AMT  

Trans-
cytosis 
mechanism 
unknown 

CPP LNP 
PEG-

DGL/pDNA  

LNP targeted polyplexes induced strong 
apoptosis at the tumor site and 

increased survival time 

[210] 

CPP TAT 
TAT-

(LLHH)3/pDNA 

Clathrin- and caveolin-mediated 

endocytosis and macropinocytosis; 

enhanced transfection and gene 

expression in vitro and in the brain of 

zebrafish 

[211] 

GLUT1  

(CMT) 
Glucose PEG-PLL/ASO 

Endocytosis of GLUT1 during a fasting 

period can be exploited to enhance 
brain delivery of glucose-coated 

polyplexes; efficient accumulation in the 

brain 1h after i.v. administration along 

with significant knockdown of long non-

coding RNA 

[212] 

Abbreviations: TfR, transferrin receptor; LfR, lactoferrin receptor; AChR, acetylcholin receptor; 

LRP-1, low-density lipoprotein receptor-related protein; Tf, transferrin; Lf, lactoferrin; ANG, 

angiopep; PAMAM, polyamidoamine; DGL, dendrigraft poly-l-lysine; DAB, 3-diaminobutyric 
polypropylenimine; RVG9R, RVG-arginine nonamer; PIC, polyion complex; PF14, CPP 

PepFect 14; LLHH, endosomal escape segment; LNP = nuclear translocation signal sequence 

of the LIM Kinase 2 protein; ASO, antisense oligonucleotide 

 

2.5.3.1 CMT (Figure 2H) 

Hormones, carbohydrates, amino acids, and other nutrients traverse the BBB via carrier-

mediated transcytosis. As glucose is the brain’s main energy source, the glucose 

transporter GLUT1 is one of the most abundant carriers on the BBB, expressed on both 

the apical and basal side of BCECs [213] and on glioma cells [214]. In standard function, 

GLUT acts as passive carrier translocating the small glucose cargo across the cell 

membrane into the cytosol. Although adding carbohydrate ligands to nanoparticles has 

provided GLUT1-mediated brain targeting potential [215-218], transcytosis and 

accumulation levels were mostly limited [219] and less encouraging for nucleic acid 

based therapeutics. However, Kataoka et al. recently developed a strategy to efficiently 
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transport glucose-modified polyplexes to the brain [80]. In a period of fasting, GLUT1 

receptors are transported from the apical to the basal side of BCECs through 

endo/exocytosis mechanisms as a measure of glycaemic control. Hence, by actively 

targeting GLUT1 during a fasting period, this mechanism can be exploited to transport 

carrier-bound glycosylated polyplexes across the BBB. Although this mechanism has not 

specifically been used to deliver antitumoral nucleic acid to the brain, the capability of 

GLUT1-mediated endocytosis for gene therapy was recently proven by successful CNS 

delivery of PEG-PLL polyplexes carrying antisense oligonucleotides to treat central 

nervous disorders [212].  

 

2.5.3.2 AMT (Figure 2G) 

AMT is an energy-, receptor- and transporter-independent pathway across the BBB that 

is activated either by cell-penetrating peptides (CPPs) or cationic molecules [220] 

through their electrostatic interactions with BCEC membranes. However, the exact 

mechanisms of AMT remain unclear [221, 222].  

CPPs are short amphipathic or cationic peptides of less than 30 amino acid residues 

with high capacity to cross the BBB without inducing cytolytic effects [222]. Hence, CPPs 

have been used to enhance brain accumulation of multiple antitumoral drugs [209, 210, 

221, 223-225]. Recently, Wang et al. designed peptide-based vectors consisting of an 

endosomal escape segment ((LLHH)3) and TAT, a cationic CPP derived from HIV, to 

compact pDNA into polyplexes and to trigger their transport across the BBB via clathrin- 

and caveolin-mediated endocytosis and macropinocytosis for glioma treatment [211]. 

The AMT-mediating carrier-peptides demonstrated high transfection efficiency and 

specificity with low cytotoxicity proven in both an in vitro BBB model and in the brain of 

zebrafish. Beside CPPs, glycosylated amphipathic peptides have shown the capability 

to increase accumulation of nanoparticles in the CNS. Tosi et al. conjugated g7, a 

glucosylated heptapeptide, to the surface of nanoparticulate carriers which achieved 

enhanced brain delivery and sustained release of the encapsulated drug. Although the 

exact mechanisms of the enhanced, g7-mediated brain accumulation were unknown, a 

similar mechanism as the one used by the parent opioid peptides was suggested, which 

cross the BBB via AMT due to their amphipathic and helical structure [226]. Nonetheless, 

other endocytosis routes such as carrier-mediated endocytosis via GLUT1, mediated by 

the incorporated glucose residue in g7, are conceivable. 
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2.5.3.3 RMT (Figure 2G) 

RMT presents the third and most frequently targeted route across the BBB/BBTB for 

glioma therapeutics. To target RMT, polyplexes are equipped with ligands that are 

capable of initiating active transcytosis mechanisms through their specific binding to 

receptors expressed on BCECs. Receptors that have been targeted for this purpose 

include the transferrin (Tf) receptor (TfR), folate receptor, LDL (low density lipoprotein) 

receptor (LDLR), insulin receptor (IR), lactoferrin receptor, glutathione receptor and 

diphteria toxin receptor [152, 222, 227, 228]. Among these, the TfR belongs to the 

receptors that have attracted most attention for BBB targeting. Its physiologic function is 

to transport transferrin-bound iron, an essential molecule for DNA synthesis, cell division 

and cellular metabolism [229], across the BBB via RMT [230, 231]. A detailed overview 

of the TfR functions and structure is described elsewhere [232-234]. To benefit from this 

physiologic function for cancer therapy, nanoparticles have been functionalized with TfR-

selective ligands such as the natural serum protein Tf, artificial peptides targeting either 

Tf (Tf2, T10) [235, 236] or the TfR [237-240], or monoclonal antibodies [232, 241-246]. 

Monoclonal antibodies and artificial peptides, which were identified via phage display or 

via in silico simulations [235, 240], were found to have the great advantage not to 

interfere with free serum Tf due to their distinct binding sites. Independent of the ligand, 

TfR-targeted nanoparticles have demonstrated enhanced, concentration dependent 

transport across the BBB via clathrin- and caveolin-mediated endocytosis. Compared to 

untargeted nanoparticles, this resulted in increased drug accumulation within the brain 

[198, 235, 247-250]. In vivo studies investigating Tf- and T7- modified polyplexes, T7 

being an artificial TfR targeting peptide derived from phage display [240], revealed a 

more than two-fold increase in gene delivery and gene silencing, respectively, proving 

the superiority of targeted polyplexes in systemic applications [198, 199]. Nevertheless, 

standard peptides like T7 are often subject to proteolytic degradation and their targeting 

ability directly correlates with their stability in serum. Thus, Prades et al. synthesized 

optimized enantio and retro-enantio proteolysis-resistant peptide ligands made of (D)-

amino acids. These novel products demonstrated enhanced permeability across the 

BBB and higher accumulation in the CNS compared to their parental peptide. Moreover, 

especially the retro-enantio derivative showed advanced properties to transport small, 

medium sized and large cargo across the BBB, demonstrating its potential for brain 

cancer treatment [238].  

To create an affinity of intravenously injected nanoparticles to the TfR and thereby 

increase transcytosis across the BBB, Santi et al. developed a strategy to generate an 

artificial Tf protein corona. For this purpose a peptide ligand (Tf2)  with specific affinity for 
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free serum transferrin was designed [235]. Later on, applying the same decapeptide 

(then called T10), the group of Huang applied this strategy for Tf opsonized doxorubicin-

loaded COF (covalent organic framework) nanoparticles. Overall, Tf enhanced transport 

across the BBB and significantly increased survival times of glioma bearing mice [236].  

Lactoferrin, another member of the iron-transporting transferrin family, has also exhibited 

the ability to increase polyplex transport across the BBB. Somani et al. functionalized 

polyplexes with the lactoferrin ligand to specifically target the lactoferrin receptor, a low-

density lipoprotein receptor-related protein (LRP) that is also overexpressed on the BBB. 

The targeted polyplexes demonstrated a two-fold increase in cellular uptake in vitro and 

a more than six-fold increase in gene expression in the brain after intravenous injection. 

Moreover, Somani et al. could show that gene expression mediated by lactoferrin-

polyplexes was limited to the brain without unspecific expression in all other major organs 

[251].  

RVG is a short peptide derived from rabies virus glycoprotein that specifically binds to 

acetylcholine and as later discovered to GABA receptors [202], both expressed by 

neuronal cells. Targeting nucleic acids and polyplexes with RVG has been reported to 

enhance brain accumulation and gene expression compared to unmodified equivalents 

[201-205].  

Angiopep-2 (ANG-2) is a further peptide with great BBB targeting and penetration ability 

that has reached clinical evaluation for the treatment of gliomas [252]. The angiopep 

series of peptides that were detected by sequence alignment of aprotinin with other 

human proteins containing a Kunitz domain [253] interact with LRP1 (low-density 

lipoprotein receptor-related peptide), a member of the low-density lipoprotein receptor 

(LDLR) family [253, 254]. ANG-2 has been used to transport peptides [255], small 

molecule drugs [256-259], and nucleic acid delivery systems [207, 260-262]. This 

resulted in BBB penetration ability, accumulation and retention in glioblastoma and, most 

importantly, growth inhibition and survival benefits. ANG-2 functionalized polyplexes 

exhibited specific internalization via LRP1-induced clathrin- and caveolin-mediated 

endocytosis [206]. Enhanced gene silencing and survival rates of treated tumor-bearing 

mice proved ANG-2 to be a favorable targeting ligand for systemically administered 

polyplexes [207-209].  

As a consequence to successful BBB targeting with angiopeps, novel ligands for LRP1 

were investigated to further increase brain accumulation of functionalized nanoparticles. 

L57 was identified as the first artificial LRP1 ligand that showed enhanced cellular uptake 

and BBB permeability accompanied by stability in mouse plasma [263, 264]. The peptide 

L57 actively targets the cluster 4 of LRP1 although it does not show homology with 
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angiopeps [263]. In a recent study Rodrigues et al. investigated cellular uptake and 

cytotoxicity of L57 compared to angiopep-7 (A7) and octaarginine (R8), which are both 

peptides known for their capability to cross the BBB. L57 showed enhanced, 

concentration dependent cellular uptake and higher biocompatibility compared to A7 and 

R8. Hence, L57 may present a potenital novel targeting ligand to improve brain 

accumulation in vivo [264]. The identification of L57 also demonstrated that active 

targeting of a specific receptor may be enhanced by identifying novel artificial peptide-

based ligands. 

Overall, several BBB-targeted polyplexes have shown great potential for systemic brain 

tumor therapy with reduced toxicity and side effects. Classical approaches for brain 

tumor gene therapy involve either local injection or disturbing the BBB’s integrity with 

physical or chemical stimuli [265-267], which both have high risks and potential severe 

side-effects. With progress in BBB-targeting, systemic administration of gene 

therapeutics is made possible which will ideally avoid invasive classical approaches in 

future.  

 

2.6 Tumor microenvironment and stroma  

When nanoparticles extravasate from tumor vasculature they reach the tumor stroma, 

the connecting tissue between tumor cells, lymphatic vessels, and tumor vasculature. 

Hence, before nanoparticles may perform their therapeutic effect in tumor cells, they 

must overcome the tumor interstitial space. The tumor stroma (Figure 4) strongly differs 

from the stroma in normal tissues [268] regarding its structure, composition, stiffness, 

interstitial fluid pressure (IFP) and its pH, which is slightly shifted towards acidic 

conditions [269] – altogether forming a physical barrier that hinders nanoparticle 

penetration deep into the tumor [270]. 

Large parts of the tumor stroma are comprised of the ECM, which consists of collagen, 

hyaluronic acid, elastin fibers, proteoglycans and glycosaminoglycans which form a 

dense cross-linked network [271]. The increased density of the ECM, which is mainly 

due to higher amounts of collagen, is one of the main barriers that hinder nanoparticle 

diffusion across tumor tissue. Thus, the capability of nanoparticles to penetrate the dense 

ECM is highly dependent on their size, charge, and shape [272, 273]. Kataoka et al. 

demonstrated that smaller, 30nm sized nanoparticles exhibited higher tumor penetration 

ability than their larger 100nm sized equivalents [61]. 
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Figure 4. Structural and cellular changes in the tumor microenvironment (TME)/stroma. In 
comparison to healthy tissue (a), the structure and composition of the TME (b) is highly 
disorganized. Due to pro- and antiangiogenic factors tumors exhibit reduced, abnormal 
vascularization and leaky blood vessels. In combination with decreased lymphatic drainage, this 
leads to increased interstitial fluid pressure (IFP). The tumor extracellular matrix (ECM) exhibits 
increased density due to a high deposition of collagen. Tumor secreted molecules (not shown) 
recruit mesenchymal stem cells (MSC) and cancer associated fibroblasts (CAF), secreted 
cytokines attract activated T cells and myeloid cells to the TME. The high IFP, the increased ECM 
density and the reduced vascularization hinder tumor penetration of recruited cells (and 
nanoparticles). Reprinted with permission from Springer Nature, Nature Reviews Immunology, 
ref. [268]. Copyright 2015 Nature Publishing Group.  
 

Due to the large proportion of anionic polymers (hyaluronan and collagen) in the ECM, 

diffusion of charged nanoparticles is additionally hampered through electrostatic 

attraction and repulsion [60, 269]. Therefore, to shield surface charges of cationic 

nanoparticles from unspecific interactions with the ECM by PEGylation or other means 

is a necessary measure to increase their travelling distance through stroma [274, 275]. 

Alongside the ECM, the tumor microenvironment (TME) consists of a heterogenous 

composition of stromal cells, including cancer-associated fibroblasts (CAFs), blood- and 

lymphatic endothelial cells, pericytes, mesenchymal cells and immune cells [268, 276]. 

Among these, CAFs play a major role in tumor progression by secreting growth factors 

like VEGF (vascular endothelial growth factor), EGF (epidermal growth factor), and other 

cytokines and by initiating remodeling of the ECM [268]. The elevated number of 

macrophages in TME are known to facilitate tumor progression by creating an 

immunosuppressive environment. Kircheis et al. reported that high tumor infiltration 
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through tumor-associated macrophages (TAM) in certain solid tumor types can lead to 

the elimination of administered pDNA polyplexes, resulting in reduced gene expression 

[277]. 

Nanoparticle penetration into tumors is additionally impeded by the elevated interstitial 

fluid pressure within tumor tissue. Increased IFP is caused by a combination of a) rapidly 

proliferating tumor cells in a limited space, b) replaced lymphatic vessels (through rapidly 

proliferating cells) causing reduced lymphatic drainage and c) leaky tumor vasculature 

with enhanced permeability [269]. Apart from hindering nanoparticle penetration into 

tumor tissue, high interstitial fluid pressure can reduce nanoparticle extravasation or 

even cause outward directed flow back into tumor vasculature.  

To enhance nanoparticle penetration, despite the unfavorable conditions of the tumor 

stroma, diverse strategies have been developed. The main focus has been on adapting 

the physicochemical properties of nanoparticles, including their size, charge, and surface 

modifications to the conditions in the TME. A promising strategy was the introduction of 

size-switching nanoparticles. As diffusion across the dense ECM network preferably 

requires small sized nanoparticles, but larger nanoparticles are favorable in systemic 

applications to prolong blood circulation and avoid rapid renal filtration, size-switching 

nanoparticles allow ideal nanoparticle sizes for both situations. To induce size-switching, 

various trigger mechanisms have been investigated, including endogenous stimuli, 

matrix metalloproteases and light (reviewed by Zhang et al. [278] and Sun et al. [279]).  

Functionalizing nanoparticle surfaces with tumor penetrating peptides presents a second 

strategy for optimizing nanoparticles to enhance their tumor penetration capability. iRGD, 

a ligand for the neuropilin-1 receptor that has demonstrated the ability to increase 

extravasation of nanoparticles from tumor vasculature (compare Section 4.2) has also 

been found to significantly increase the tumor penetration of functionalized 

nanoparticles. Sugahara et al. demonstrated that iRGD-functionalized nanoparticles 

increased drug delivery to tumor cells more than tenfold compared to unmodified 

nanoparticles [180].  

Recently, Liu et al. demonstrated that tumor penetration and distribution of nanoparticles 

is not limited to diffusion but can also be achieved via an active trans-cell transportation 

process [139]. Cationic charges on nanoparticles were shown to initiate caveolae-

mediated endocytosis and transcytosis in tumor cells, enabling uniform distribution 

throughout tumor tissue [280]. To avoid adverse effects through positively charged 

nanoparticles in blood circulation, Zhou et al. conjugated enzyme-cleavable γ-glutamyl 

camptothecin-polymers to nanoparticle surfaces, which enabled site specific 

presentation of the required cationic charges. Only when the nanoparticles entered the 
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tumor stroma the γ-glutamyl transpeptidase overexpressed on cell membranes cleaved 

the γ-glutamyl moieties and exposed the cationic charges [280].  

As an alternative to nanoparticle functionalization, modulation of the TME presents an 

encouraging strategy to restore normal-tissue conditions and thereby increase tumor 

penetration of nanoparticles. Degradation of the dense tumor ECM was achieved by 

treating tumors with bacterial collagenases or the hormone relaxin. The degradation of 

the ECM network led to significantly increased diffusion rates of investigated molecules 

[281, 282]. Alternatively, degrading enzymes have been directly conjugated to 

nanoparticle surfaces to enable in vivo applications. Nanoparticles with conjugated 

hyaluronan exhibited increased tumor penetration ability and, moreover, led to an 

enhanced vessel density and perfusion in the treated tumor [283, 284]. Restoring normal 

vascularization and tissue perfusion was also achieved by both antiVEGF2 [285] and 

anti-TGF-b antibodies [286], which also significantly improved tumor penetration of 

nanoparticles [286]. 

In summary, the tumor stroma represents an additional barrier for tumor therapeutics 

and requires special consideration in nanoparticle drug design. Several strategies to 

overcome and modulate the tumor stroma have been investigated, however, more 

research is required to further enhance efficacy and to fully understand the limiting 

factors. Moreover, when developing strategies to enhance tumor penetration, one must 

consider that different tumor types and stages exhibit distinct stroma compositions and 

characteristics, which may demand distinct solutions [281].  

 

2.7 Tumor cell targeting  

Abundant efforts to enhance the efficacy of nucleic acid polyplexes for antitumoral 

therapy have focused on active tumor cell targeting. Once polyplexes have reached the 

tumor cell, they must cross the cell membrane to exert their activity (Figure 5). 

For a macromolecule or nanoparticle, the most common way to enter the cell is via active 

endocytosis, which can be triggered by the interaction of a polyplex with the plasma 

membrane. Therefore, active targeting of polyplexes through surface modification with 

ligands that exhibit high affinity to tumor cell receptors can increase the internalization 

rate and specificity. The interaction of conjugated ligands and cellular receptors 

subsequently may initiate polyplex internalization via clathrin- or caveolae-mediated 

endocytosis [110, 287-289]. 
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Figure 5. Tumor-targeted polyplexes: Cellular uptake and intracellular barriers. (a) active 
receptor targeting, (b) receptor-mediated endocytosis, (c) proton-sponge effect (in the 
case of PEI-polyplexes), (d) endosomal membrane disruption, (e) endosomal escape, 
(f) nuclear entry, (g) cytosolic cargo release. Created with BioRender.com. 
 

Over the past decades it has been the objective to identify suitable receptors that 

efficiently initiate such a cellular uptake (Table 3). Research has led to the identification 

of multiple ligand types with high receptor affinity and optimized structures for high quality 

formulations. In the following, a selection of these receptors and ligands is presented. 

 
 
Table 3. Targeted tumor cell receptors for polyplex delivery 

Receptor Ligand Polyplex/cargo Major findings Refs. 

TfR 

 

 

 

 

 

 

Tf 

 

PLL/pDNA 

First targeted polyplexes for gene 
delivery to tumor cells via receptor-

mediated uptake; PLL polyplexes 

required addition of endosomolytic agent 

[23, 

290-

292] 

PEI/pDNA 

Endosomolytic agents are not strictly 

required for high transfection efficiency; 

in vivo tumor targeted gene transfer 

[293, 

294] 

PEG-PEI/pDNA 

PEGylation of Tf polyplexes influenced 

biodistribution, toxicity and in vivo gene 

transfer 

[26, 

295] 
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PEG-PEI/pDNA 

Targeted polyplexes delivering TNF-α 

inhibited tumor growth in all investigated 

tumor lines without toxicity 

[296, 

297] 

OEI-HD/siRNA 
Efficient siRNA mediated gene silencing 
and reduction of tumor growth without 

signs of toxicity 

[298] 

CDP/pDNA 

Monofunctionalized transferrin 

conjugates maintained high receptor 

binding affinity 

[299] 

CDP/siRNA 

TfR-mediated endocytosis enhanced 

therapeutic efficacy; absence of 

abnormalities in major organs after 

systemic administration in xenograft 
mice 

[300] 

CDP/siRNA 

No signs of toxicity after repeated 

systemic administration to non-human 

primates 

[301] 

CDP/siRNA 

RNAi-mediated gene silencing in tumor 

after systemic administration in a Phase 

I study in melanoma patients 

[302, 

303] 

OAA/pDNA 

Histidines in the formulation were 

required for endosomal escape; post-
functionalized polyplexes exhibited 

highest transfection efficiency 

[304] 

Lipo-

OAA/siRNA 

TfR specific cellular uptake; further 

optimization required for systemic 

delivery 

[305] 

reTfR 
PEG-Lipo-OAA/ 

pDNA or siRNA 

Retro-enantio peptides proved efficient 

pDNA and siRNA delivery to tumor cells   
[75] 

EGFR 
MAb 

B4G7 
PLL/pDNA 

Gene delivery to EGFR overexpressing 

cells via receptor-mediated endocytosis 
[306] 
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EGF 

PLL/pDNA 

The ratio of polyplex components and 

EGF-ligands were critical for efficient 

gene delivery 

[307] 

PEG-PEI/DNA 

EGF-modified PEGylated polyplexes 
were 10-100 fold more efficient than 

polyplexes without EGF 

[308] 

EGFR-mediated cellular uptake allowed 

high specific in vivo gene expression in 

tumors 

[309] 

Cellular uptake and gene expression 

depend on tumor vascularization and 

macrophage infiltration 

[277] 

PEG-PEI/PolyIC 

Effective treatment of gliomas, breast 

cancer and adenocarcinomas in 
xenograft mice 

[310] 

EGF vs. 

GE11 

PEG-PEI/pDNA 

PEG-PEI 

EGFR specific targeting and gene 
transfer by both EGF and GE11; uptake 

kinetics depend on the type of ligand; 

EGF activates EGFR, GE11 does not 

[311] 

[312] 

GE11 

PEG-PEI/polyIC 

Free GE11 does not exhibit strong 

affinity to EGFR, but conjugation to 

PEG-PEI strongly increases it, similar 

transfection efficiency as EGF 

polyplexes 

[313] 

PEG-Lipo-
OAA/siRNA and 

miRNA 

Ligand-dependent gene silencing and 

tumor growth inhibition 
[314] 

PEG-PEI/pDNA 
Tumor specific accumulation and 

reduction of tumor growth 
[27] 
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PEG-lipo-

OAA/siRNA + 

MTX 

EGFR-targeted polyplexes enhanced 

anti-tumoral activity  
[315] 

PEG-lipo-

OAA(454)/pDNA 

Post-integration of bivalent GE11 ligand 
exhibited superior gene delivery ability 

to monovalent ligand 

[316] 

PEG-lipo-

OAA/siRNA + 

pretubulysin 

EGFR-targeted polyplexes enhanced 

anti-tumoral activity; co-delivery of 

siRNA + pretubulysin resulted in 

superior antitumoral activity 

[317] 

PEG-lipo-

OAA/siRNA 

Bivalently superior to monovalently 

attached ligands  
[318] 

FR Folate 

PLL/ODNs 

Targeting enhanced down-regulation of 

gene expression and inhibition of tumor 
cell proliferation 

[319] 

PLL/pDNA 

Folate-dependent internalization via 

endo/lysosomal pathway; chloroquine 

required for endosomal escape 

[320] 

PEG-PLL/pDNA 

pDNA content, size, surface charge, 

PEG-spacer length and polyplex 

concentration influenced cellular uptake; 

uptake was saturable 

[321] 

PEG-PEI/pDNA 
FR-mediated uptake; targeting 
increased transfection efficiency and 

reduced toxicity 

[322] 
[323] 

OAA/siRNA 

Small (≈6nm) siRNA nanoplexes; 

integrated endosomolytic agent 

required; gene silencing in vitro and 

after i.t. injection of targeted polyplexes  

[324] 

HP-β-CD-PEI/ 

siRNA + DOX 

Targeting reduced gene expression and 

enhanced apoptosis and therapeutic 

efficacy 

[325] 
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PEI-PCL-

PEG/siRNA 

Targeted polyplexes exhibited less 

toxicity and increased gene knock-down; 

high stability in vivo, efficient tumor 
accumulation and gene silencing  

[326] 

TCP/siRNA 

Targeting increased transfection 

efficiency; Inf7 as endosomolytic agent 

necessary 

[327] 

TLPs /siRNA 

Targeting enhanced transfection 

efficiency; tyrosine and oleic acid 

containing lipo-oligomer was found the 

best performer and capable of 

endosomal escape 

[328] 

Lipo-oligomer/ 

siRNA 

Bivalent ligands with bioreducible linkers 
(for disessembly in reductiv cytosol 

conditions)  

[157] 

PDP/shRNA + 

DOX 

Targeted polyplexes showed superior 

antitumor efficacy in vitro and in vivo; 

co-delivery enhanced therapeutic 

efficacy through synergistic effects 

[329] 

PPFR/siRNA 

In vitro and in vivo efficient cellular 

uptake and gene silencing, more 

efficient than comercial transfection 
agents 

[330] 

PEI/TMC-

SH/pDNA 

Folate targeting enhanced transfection 

of multifunctional ternary polyplexes; 

enhanced endosomal escape due to pH-

sensitive bonds and effective redox-

responsive release of pDNA  

[331] 

NFP/siRNA 
Targeting enhanced gene silencing and 

antitumor effects 
[332] 

Integrins cRGD  PEG-PLL/pDNA cRGD led to rapid (3h) accumulation in 

the perinuclear region of tumor cells and 

[333] 
[334] 
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to efficient gene silencing by caveolae-

mediated endocytosis 

RGD PEG-PEI/siRNA RGD-mediated in vivo siRNA delivery [160] 

OA3 
OA3-

TL16 
Antibody 

PEG-PEI/pDNA 
Antibody-modified polyplexes showed 
tumor specificity and low toxicity in vitro 

[335] 

HER2/ 
neu 

Anti-

HER2 

Antibody 

PEI/pDNA 
Targeted polyplexes achieved HER2-

specific gene transfer 
[336] 

PEI/pDNA 

Antibody-mediated gene delivery was 

proven by comparing HER2/neu positive 

and negative cell lines 

[337] 

PLI/siRNA 

Herceptin led to significant increase in 

transfection, mRNA down-regulation, 

cancer cell apoptosis and therapeutic 
efficacy in vitro and in vivo  

[338] 

PEI-PEG/pDNA 
Effective targeting of HER2/neu led to 

increased cancer cell death 
[339] 

MSLN 
antiMSLN 

scFv  

LGA-PEI/miRNA 

and pDNA 

Antibody conjugation increased binding 

affinity, internalization into PC cells, and 

miRNA/pDNA delivery efficiency  

[340] 

c-Met cMBP2  OAA-PEG/DNA 

Targeted polplexes showed high 

efficacy, stability in serum and tumor 

specificity in vivo; implementation of 

histidines promoted endosomal escape 

[48] 

CD44  

+ HER2 

HA + 

HER2 

antibody 

PLL/siRNA 

Additive effects of two ligands; uptake 

via both CD44- and HER2- receptor-

mediated endocytosis 

[341] 

CD44 HA 
Lipo-

OAA/siRNA 

HA for both shielding and targeting; only 

cationic and HA-modified polyplexes 

exhibited rapid cellular attachment and 

efficient gene silencing 

[40] 
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GRP40 LA LA-CCD/siRNA 

LA for both shielding and targeting; 

specific targeting, enhanced gene 

silencing, low cytotoxicity 

[342] 

Abbreviations: TfR, transferrin receptor; EGFR, epidermal growth factor receptor; FR, folate 
receptor; MSLN, mesothelin; PLL, poly-L-lysine; PEG, polyethylene glycol; PEI, 

polyethylenimine; OEI, oligoethylenimine; CDP, β-cyclodextrin polymers; OAA, 

oligoaminoamide; reTfR, retro-enantio transferin receptor targeting peptide; EGF, epithelial 
growth factor; PolyIC, polyinosine/cytosine; miRNA, microRNA; ODN, oligodeoxynucleotides; 

HP-β-CD-PEI, hydroxypropyl-β-cyclodextrin; MTX, methotrexate; PCL, polycaprolactone; TCP, 

targeted combinatorial polyplex; TLP, targeted lipoplexes; PDP, pullulan-desoxycholic acid-
PEI; shRNA, short hairpin RNA; PPFR, poly(citric acid)-polymine-folic acid-rhodamine B; TMC-

SH, thiolated trimethylated chitosan; NFP, FA-N-Ac-L-Leu-PEI; SPPP, N-succinimidyl-3-(2-

pyridyldithio)proprionate; SMCC, N-succinimidyl-4-(maleimidomethyl)-cyclohexan-

carboxylate; IBFP, 3-(2-(2-(vinylsulfonyl)ethylthio)ethyl)quinazoline-2,4(1H,3H)-dione; PLI, 

mPEG-b-PLL-g-(ss-lPEI); LGA, lactic-co-glycolic acid; CCD, cyclic PAsp(-N=C-PEG)-PCys-

PAsp(DETA); HA, hyaluronic acid; LA, lauric acid 

 

2.7.1 Transferrin receptor 

The transferrin receptor (TfR, CD71), which is overexpressed on most tumor cells [343], 

was the first tumor cell receptor to be targeted by polyplexes for gene therapy. The PLL 

based polyplexes were conjugated to the serum protein Tf to target the TfR and increase 

polyplex accumulation via receptor-mediated endocytosis [23, 290]. Since then, the TfR 

has been used to deliver various cargos selectively to tumors in preclinical and clinical 

studies [303, 343-346]. Modifying the PLL polyplexes with Tf led to significantly 

enhanced gene delivery and expression compared to unmodified polyplexes while 

maintaining high cell viability post-transfection [23]. Due to its great potential for nucleic 

acid delivery, Tf was also used to enhance delivery of the next polyplex generation, which 

was based on the cationic polymer PEI [293, 295-298]. The advantage of PEI-based 

polyplexes, in contrast to PLL, was that they did not require the inclusion of 

endosomolytic agents to achieve high gene expression levels [293]. When polyplexes 

are internalized via transferrin-receptor mediated endocytosis, they accumulate in cell 

internal endosomes. Endosomolytic agents such as chloroquine or peptides including 

influenza HA-2 N-terminus or melittin aid polyplexes to escape these endosomes to 

avoid degradation in lysosomes or recycling to cell surface, and to deliver the 

encapsulated cargo to the cytosol or nucleus. PEI, as opposed to PLL, is not completely 
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protonated at physiologic pH (only 1/6 of amino nitrogens) enabling it to act as a proton 

sponge in the acidic conditions of endosomes, with its protonation leading to chloride 

influx, osmotic swelling and ultimately, rupture of the endosomal membrane (Figure 5).  

Transferrin-conjugation to PEI-polyplexes enabled a 10-100-fold increase of gene 

transfer intratumorally. For systemic applications, shielding of polyplexes with either 

sufficient density of Tf [294] or PEG [45, 264] was inevitable to avoid toxicity through 

aggregation and accumulation in lung, liver, and spleen, and to enable tumor gene 

transfer. Systemic application of transferrin-modified PEG-PEI/pDNA polyplexes into 

xenograft mice bearing different types of tumors led to preferential gene expression in 

tumors and upon TNF-α gene delivery an inhibition of tumor growth [296, 297]. 

Conjugating Tf to oligoethylenimine (OEI)-based polyplexes later enabled systemic 

delivery of siRNA to tumors, which led to efficient gene silencing and reduction of tumor 

growth without any signs of toxicity [298]. The capability of Tf to specifically deliver pDNA 

and siRNA polyplexes to tumors in systemic applications and its value for tumor 

treatment was emphasized in a series of preclinical and clinical studies with cyclodextrin-

oligocation-based carriers. These multifunctional carriers were developed by Davis et al. 

to further enhance biocompatibility in systemic applications for siRNA and pDNA delivery, 

while maintaining the targeting efficiency mediated by Tf ligands [299-301, 303]. The 

cationic residue was designed to compact nucleic acid, while the cyclodextrin motifs 

served as an anchor for adamantyl-PEG-Tf ligands. The efficiency of this TfR-targeted 

polyplex regarding gene silencing/gene delivery after systemic administration was 

evaluated in mice, non-human primates and later in a Phase I clinical trial in humans 

[299-303].  

Conjugation of Tf also increased efficacy of novel oligoaminoamide (OAA)-based 

delivery systems for pDNA and siRNA in vitro and in vivo. OAAs are low molecular weight 

precise sequence-defined oligocations based on amino ethylene, the favorable domain 

in PEI that enables nucleic acid complexation and endosomal buffering [35, 36]. Solid-

phase assisted synthesis (SPSS) was utilized to develop OAAs by combining artificial 

oligoamino acids, natural a-amino acids, and fatty acid residues. This resulted in a 

variety of topological structures allowing stepwise optimization for nucleic acid binding, 

extracellular stability, transfection efficiency, cell tolerability, and endosomal escape and 

cytosolic nucleic acid release capability [39, 48]. Compared to previous formulations and 

unmodified polyplexes, TfR-mediated endocytosis of Tf-PEG-OAA polyplexes achieved 

an up to a 100-fold increase in gene expression [304]. 80% gene silencing and reduced 

tumor growth were achieved by repeated systemic applications of Tf post-functionalized 

PEG-OAA/siRNA polyplexes, without inducing toxic effects or causing significant 
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changes in blood parameters [305]. However, the large size of the Tf protein (80kDa), in 

combination with the PEG spacer, shielded the OAA/siRNA polyplexes in such a way 

that its endosomal escape capability was hampered, leading to the requirement of an 

additionally incorporated endosomal release agent [305].  

To optimize polyplex formulations and to further enhance their binding affinity to the TfR 

the incorporation of artificial ligands as an alternative to the natural serum protein 

transferrin was investigated. Smaller synthetic peptides enable precise, sequence-

defined, and high-quality pharmaceutical grade formulations, which presents a challenge 

for the serum protein Tf. Lee et al. identified synthetic TfR-specific targeting peptides via 

phage display, which have also been used to target the BBB (compare Section 4.3). The 

peptidic ligands exhibited similar affinity to the TfR as serum Tf, but avoided their 

competition by attaching to distinct binding sites [240]. Peptide-based ligands may be 

subject to rapid degradation by proteolytic enzymes, which led to the development of 

protease-resistant TfR ligands containing all amino acids in D-configuration and in 

reversed order [238, 347]. The efficacy of one of these peptides, reTfR (H-

pwvpswmpprht-NH2), was also proven for both siRNA and pDNA delivery in a study by 

Benli-Hoppe et al., who post-functionalized lipo-OAA polyplexes with the protease 

resistant bivalent reTfR peptide via a PEG spacer and thereby achieved efficient gene 

silencing and gene delivery via receptor mediated endocytosis in different cell lines [75]. 

 

2.7.2 Epidermal growth factor receptor 

The epidermal growth factor receptor (EGFR) represents another receptor 

overexpressed on tumor cells that has long been in the focus of research. Like the TfR, 

the EGFR has been targeted by multiple ligand-functionalized polyplexes to initiate their 

endocytosis [348, 349]. The first approach to deliver pDNA to EGFR expressing cells in 

1994 was to conjugate a monoclonal anti-EGFR antibody to PLL-based polyplexes for 

uptake via receptor mediated endocytosis [306]. Similar results were subsequently 

obtained by conjugating the natural epithelial growth factor (EGF), a 53- amino acid 

polypeptide, to polyplexes [307, 350]. Here, EGFR-mediated uptake was shown to be 

dependent on the number of EGF-ligands presented on the polyplex surface. Moreover, 

the study exhibited that EGF leads to an increase in polyplex size, which may influence 

its physicochemical properties [307]. The efficiency of EGF as a targeting ligand for 

tumor treatment was demonstrated by the efficient gene delivery in vitro and in vivo to 

multiple tumor types [277, 308-310]. Depending on the transfected cell line EGF-

conjugation led to an 10-100-fold increase in transfection efficiency of PEG-shielded 
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PEI/DNA polyplexes compared to polyplexes lacking EGF [308]. Furthermore, 

pronounced tumor accumulation of PEG-PEI/DNA polyplexes was also observed after 

intravenous injection into xenograft mice [277, 309]. As an alternative to the natural EGF 

peptide, phage display revealed the short EGFR specific targeting peptide GE11 [351]. 

A comparison of gene delivery efficiency of PEG-PEI/pDNA polyplexes functionalized 

with either EGF or GE11 via live-cell imaging demonstrated that the two ligands use 

distinct internalization pathways [312]. EGF-functionalized polyplexes were internalized 

via an accelerated EGFR-mediated endocytosis pathway within minutes, while GE11 

promoted clathrin-dependent uptake with much slower kinetics and independent of 

EGFR activation [312]. Thus, accumulation of the majority of EGF polyplexes occurred 

within ten minutes after application, whereas it took GE11-modified polyplexes four hours 

to achieve similar intracellular concentrations. Nevertheless, both ligands accomplished 

comparable transfection efficiency. A possible advantage of GE11 might be a missing 

EGFR activation as it circumvents the induction of cell proliferation and mitotic activity of 

targeted tumor cells. In addition, the activation of EGFR through EGF exhibited a 

reduction of EGFR expression on cell surfaces for four hours after its administration 

[311]. Although the affinity of free GE11 is less pronounced than the affinity of free EGF 

to the EGFR, GE11-conjugated polyplexes achieved similar antitumor effects as 

corresponding EGF polyplexes [313]. Compared to polyplexes without targeting ligands, 

conjugation of GE11 to siRNA and miRNA polyplexes has shown EGFR-mediated 

cellular internalization, gene silencing and increased antitumoral effects, proving its 

potential for RNAi-based therapeutics [314, 315, 317, 318]. In later studies with lipo-OAA 

based polyplexes a comparison of different GE11 ligands with varying linkers revealed 

the superiority of bivalently over monovalently attached ligands [316, 318]. Finally, 

significant tumor specific accumulation and reduced tumor growth after intravenous 

injections of therapeutic PEG-PEI/pDNA polyplexes proved the potential of the GE11 

ligand for systemic tumor therapy [27].  

 

2.7.3 Folate receptor 

The folate receptor (FR) is a receptor overexpressed on tumor cells to cover its increased 

requirement of folate/folic acid (FA), an essential vitamin for the proliferation and 

metabolism of cells [352]. The high affinity of folic acid to its receptor has been employed 

to enhance the efficacy of cancer therapeutics [352, 353]. Conjugated to polyplexes, folic 

acid has achieved enhanced accumulation of both RNAi (siRNA, antisense 

oligonucleotides and shRNA) [157, 319, 323-330] and DNA [320-322] therapeutics in 
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tumor cells. Early FR-targeted PLL-based DNA polyplexes exhibited a 6-fold higher gene 

expression than polyplexes without folate [320]. Their uptake was evidently mediated by 

the folate receptor and followed a lysosomal pathway, shown by the requirement of 

chloroquine for endo/lysosomal escape [320]. Although polyplexes attached to the folate 

receptor, uptake of free folic acid was not inhibited [319]. Leamon et al. demonstrated 

that folate-receptor mediated endocytosis is a concentration dependent and saturable 

process, which can be blocked by free excess ligands [321]. The study also 

demonstrated that transfection efficiency of folic acid-targeted polyplexes was 

dependent on the spatial distance between the ligand and the polyplex. Moreover, a 

favorable biocompatibility of the targeted polyplexes was proven through high cell 

viability after polyplex exposure [321]. Folate-receptor mediated endocytosis was proven 

for FA-modified PEI- and OAA-based polyplexes via competition assays, near-infrared 

fluorescence imaging and immuno-TEM measurements [322, 324, 328]. Both PEI- and 

OAA- based FA-modified polyplexes were superior to non-FA corresponding polyplexes 

regarding their transfection efficiency [322]. FR targeting has predominantly been 

applied for siRNA delivery. Targeted siRNA (and shRNA) polyplexes have exhibited 

higher gene silencing specifically in FR-positive tumors both in vitro and in vivo compared 

to polyplexes lacking a folic acid residue [323-327, 329, 330]. Furthermore, accumulation 

in other tissues could not be observed for FA-polyplexes [324] and their cytotoxicity was 

reduced compared to non-FA-polyplexes [326]. Ternary PEG-PCL (polycaprolactone)-

PEI polyplexes exhibited a decreased zeta potential as a result of FA conjugation [326]. 

This contributed to in vivo stability and prolonged blood circulation, which together with 

the targeting ligand led to a recovery of 17% of the i.v. injected siRNA dose per gram in 

the tumor 24 hours after injection [326]. Approximately 65% gene silencing and reduced 

tumor proliferation were demonstrated by Lee et al. and Klein et al., who thus confirmed 

the efficacy of folic acid-modified siRNA polyplexes for systemic tumor treatment [157, 

327, 328]. For this achievement, Klein et al. observed that bivalently attached ligands 

were superior to monovalent ligands, corresponding to observations that were also made 

for the GE11 ligand [157, 316, 318]. 

 

2.7.4 Integrin avβ3 

As presented in Section 2.4.3, the receptor integrin avβ3 is known to be expressed 

predominantly on tumor vasculature. Hence, research has mainly focused on targeting 

the active integrin-mediated endocytosis pathway to increase tumor accumulation. 

However, integrins are also expressed by numerous tumor cells, providing the earlier 
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presented RGD-targeted polyplexes with dual-targeting capabilities. Therefore, integrin 

targeting will not be discussed here in detail. Nonetheless, research on integrin targeting 

has exhibited that RGD-functionalization of polyplexes does not only affect tumor 

accumulation and cellular internalization, but also the intracellular trafficking 

mechanisms. Kataoka et al. observed that RGD polyplexes preferentially accumulate in 

the perinuclear region of cells within three hours after incubation, which could not be 

observed for unmodified polyplexes [333, 334]. Confocal laser scanning microscopy 

revealed that this was due to the distinct internalization pathways of the two polyplex 

types: RGD-polyplexes were internalized via caveolae-mediated endocytosis, while 

polyplexes lacking the RGD ligand were internalized via clathrin-mediated endocytosis 

which resulted in the endo/lysosomal degenerative pathway [334]. This explained that 

RGD polyplexes demonstrated enhanced transfection efficiency, compared to 

untargeted polyplexes, in integrin positive cells, but not in integrin negative cells [333, 

334].  

 

2.7.5 Antibodies 

An alternative approach to active tumor receptor targeting, instead of using natural or 

synthetic receptor-ligands, has been the usage of receptor-directed monoclonal 

antibodies which enables targeting to a tumor specific surface antigen. PEG-PEI 

polyplexes that were functionalized with the antigen binding fragment of OV-TL16, an 

antibody directed to the surface antigen OA3, which is expressed by many human 

ovarian carcinoma cell lines, exhibited a 6-fold increased binding affinity and an up to 

80-fold higher gene expression compared to untargeted polyplexes. The antibody led to 

a specific transfection of OA3 expressing cells, while it did not influence polyplex stability 

[335]. An antibody that has attracted much attention in the past years is trastuzumab, an 

HER2/neu specific monoclonal antibody, directed to the human endothelial growth 

receptor (HER2/neu) that is overexpressed on many tumor cells, but especially plays a 

role in breast and ovarian cancer. Depending on the ligand : PEI ratio, trastuzumab 

enhanced HER2/neu-specific transfection efficiency of PEI polyplexes up to 20-fold, 

which was maintained in serum containing medium and was in line with increased 

number of cell deaths triggered by induced gene expression [336, 337, 339]. Li et al. 

applied HER2 antibodies to siRNA polyplexes and demonstrated high transfection 

efficiency to HER2 positive cell lines in vitro and in vivo leading to enhanced gene 

silencing, tumor cell apoptosis, and therapeutic efficacy while containing low cytotoxicity 

[338]. Recently, two different antibodies, either a single-chain variable fragment antibody 
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(scFv) against mesothelin (MSLN), a biomarker for pancreatic cancer, or an anti-EGFR 

antibody (Cetuximab), were conjugated to polyplexes based on lactic-co-glycolic acid-

polyethylenimine (LGA-PEI). This antibody-polyplex construct confirmed the capability 

of antibodies by significantly increasing binding affinity and internalization into tumor cells 

and enabling the efficient delivery of miRNA and pDNA therapeutics [340]. 

 

2.7.6 c-Met 

The c-Met proto-oncogene, the receptor for the hepatocyte growth factor, is another 

receptor overexpressed by many tumor cells and was first used for non-viral tumor-

targeted gene delivery by Kos et al. [48]. The c-Met specific peptide ligand cMBP2, which 

was identified earlier via phage display, was conjugated to shielded OAA-based 

polyplexes. The targeted polyplexes achieved enhanced cellular uptake and gene 

transfer compared to non-targeted polyplexes specifically in c-Met expressing tumors in 

vitro and in vivo. 

 

2.7.7 Anionic polymers 

Anionic polymers such as HA present an option to both shield cationic surface charges 

and target polyplexes at once. HA, when used for targeting, acts as a ligand for the CD44 

receptor, an adhesion molecule that is expressed on many tumor and tumor endothelial 

cells, where CD44 activation promotes angiogenic processes [242, 354]. HA modification 

has shown to enhance the delivery of siRNA polyplexes to CD44 overexpressing cells 

[40, 66, 355] and to improve therapeutic efficacy of antitumoral nanoparticles through 

CD44 specific targeting [355-358]. In a recent study by Liu et al. lauric acid (LA) was 

incorporated into an anionic polymer used to coat positively charged polyplexes to, firstly, 

reduce the zeta potential of siRNA polyplexes and to achieve prolonged blood circulation 

and reduced cytotoxicity [342]. Secondly, specific targeting and efficient growth inhibition 

of tumor cells overexpressing the fatty acid receptor GRP40 was achieved through LA-

mediated active targeting [342].  

 

2.7.8 Dual targeting 

To further enhance transfection efficiency dual-targeting approaches have been 

investigated. Nie et al. combined the targeting peptide B6, a ligand that was identified 

via phage display, and the peptide RGD for integrin targeting on the surface of PEG-PEI 

polyplexes. Both ligands exhibited specific binding to their receptors. A clear synergistic 
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effect of the both ligands could be observed, resulting in a higher transfection efficiency 

than corresponding single-targeted polyplexes. This derived from the utilized biphasic 

mechanism in which cell binding was predominantly mediated by integrins, while cellular 

uptake was initiated by other receptors [359]. In a recent study by Kim et al., HA and an 

anti-HER2 antibody were combined to enhance siRNA delivery with anionic PLL 

nanoparticles. These dual-targeted carriers were also superior to single-targeted 

equivalents, mediated through both CD44 and HER2 receptor-mediated endocytosis. 

Moreover, the dual-targeted nanoparticles exhibited enhanced biostability due to a 

reduced accessibility for degradative enzymes [341].  

Taken together, the past decades have revealed numerous receptors with high potential 

to enhance polyplex activity in tumor cells via receptor-mediated endocytosis. For this 

purpose, natural peptides and proteins, synthetic peptides, monoclonal antibodies, and 

anionic polymers have been conjugated to polyplexes; these have been investigated 

regarding their optimal ligand/polyplex ratios, their biocompatibility and their influence on 

biophysical properties. The combination of more than one ligand may provide synergistic 

dual targeting or cascade targeting effects.  

 

2.8 Molecular therapeutic strategies 

Achieving high antitumor efficacy of nucleic acid-based therapeutics comprises both 

efficient delivery to tumor cells and the therapeutic potency of a nucleic acid to interfere 

with tumor growth and eliminate the treated tumor. Instead of only affecting survival of 

the transfected tumor cells, strategies focusing on broader regional antitumoral effects 

(via paracrine and other by-stander actions) or even systemic effects such as triggered 

antitumoral immunity, are preferred. Technically, nucleic acid therapy may occur on 

different levels of endogenous gene expression (Figure 6), for example by re-introducing 

tumor suppressing genes, by silencing or knocking down tumor-promoting genes, or by 

modulating the tumor microenvironment by stimulating antitumoral immune cells or 

suppressing protumoral angiogenesis and other tumor-promoting cells. Table 4 provides 

selected examples of nucleic acid cargos (pDNA, siRNA, microRNA and other RNA 

types) introduced as polyplexes to act at the different antitumoral molecular biology 

levels. 
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Figure 6. Nucleic acid-based therapeutic strategies acting on different levels of the gene 
expression cascade. The delivery of exogenous DNA and mRNA enables expression of 
therapeutic genes, peptides, and proteins. The Cas9/sgRNA system enables gene editing of 
endogenous DNA (delivery of Cas9 DNA, mRNA, or protein and sgRNA to the nucleus). The 
expression of specific genes may be suppressed by introduction of antisense oligonucleotides 
(ASO), double-stranded RNA (dsRNA), short-hairpin RNA (shRNA), short interfering RNA (siRNA) 
or microRNA (miRNA). polyIC (double-stranded RNA), RIG-I agonists, or CpG oligonucleotides 
induce endosomal (TLRs) or cytosolic (MDA-5, RIG-I) immunostimulation. Created with 
BioRender.com. 
 
 
 
Table 4. Molecular therapeutic strategies 

Therapeutic 
nucleic acid 

Mechanism of 
action 

Polyplex Major findings Refs. 

 pTNF-a 

 

Enhanced tumor 

accumulation, 

induction of tumor 

necrosis, tumor 

regression by 

affecting 
vascularization 

(Tf-PEI)/ 
pDNA 

Tumor necrosis and inhibited 

tumor growth in all tested cell 

lines (N2A, MethA, M-3); 
complete tumor regression in a 

MethA model; no systemic 

toxicity  

[296] 

G3-HD-

OEI/DNA 

LPEI-PEG-

GE11/pDNA 

+ doxorubicin 

pDNA delivery with polyplexes 

increased TNF-a mRNA 

expression in liver and tumor; 

TNF-a enhanced antitumoral 

activity of doxorubicin 

[360] 
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pEGFP-
hTRAIL 

Induction of 

apoptosis 

specifically in 

tumor cells 

ANG-

CLP/PTX/ 

pDNA 

+ paclitaxel 

Efficient co-delivery of pDNA 

and paclitaxel; combination 

therapy showed improved 
antitumor effect and prolonged 

survival time of U87 MG glioma 

bearing mice 

[262] 

DGL-choline/ 
pDNA + 

doxorubicin 

Enhanced apoptosis in targeted 
tumor cells  

[361] 

pING4  

Tumor growth 
supression and 

induction of 

apoptosis 

DGL-PEG-

LNP/pDNA 

ING4 expression led to 

increased apoptosis in gliomas 
and longest survival time of 

treated mice compared to 

control groups 

[210] 

I6P7 peptide 

inhibits tumor 

growth by 

blocking IL-6/ 

JAK/STAT  

I6P7-Stp-

His/pDNA 

Combination of pING4 delivery 

and IL-6 receptor blocking 

significantly prolonged survival 

time of U87 tumor bearing mice 

[362] 

pNIS 

Therapeutic 

radioiodide 

accumulation in 

tumors; non-

invasive imaging 

of carrier 
distribution and 

functional gene 

expression 

cMBP2-PEG-

Stp/pDNA 

NIS expressed in Huh7 cells led 
to high radioiodide 

accumulation; three cycles of 

pNIS-polyplex and 131I 

application led to reduced tumor 

growth and prolonged survival 

time 

[37] 

LPEI-PEG-

GE11/pDNA 

Systemic treatment of 

spontaneous PDAC mice; 131I 
administration reduced tumor 

growth; NIS expression was 

sufficient to achieve high 

radioiodide accumulation for 

imaging and therapeutic effect  

[27] 
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LPEI-PEG-

GE11 + 

LPEI-PEG-
cMBP2/ 

pDNA 

Dual-targeting enabled pNIS 

delivery to different tumors with 

varying receptor expression and 
achieved higher tumor specific 

NIS expression levels than 

single-targeted polyplexes 

[363] 

Lipo-OAA-

PEG24-

GE11/pDNA 

EGFR-dependent gene 

expression, radioiodide 

accumulation, tumor growth 

reduction and prolonged survival 

of treated glioblastoma 
xenograft mice 

[364] 

plncRNA 
MEG3 

Inhibition of tumor 

growth, induction 

of apoptosis 

PAMAM-

PEG-EpDT3/ 

pDNA 

lncRNA MEG3 expression 

inhibited tumor growth; targeted 

lncRNA MEG3-polyplexes 

achieved highest tumor 

suppression effect; no toxicity 

[365] 

RAF-1 
siRNA 

RAF-1 silencing 
leads to tumor cell 

apoptosis  

HK/siRNA 

Raf-1 siRNA reduced tumor 
vascularization and size (by > 

50%) after intratumoral injection 

in tumor bearing mice 

[366] 

EWS-FLI1 
siRNA 

Silencing to 

suppress tumor 

proliferation 

Tf-PEG-

CDP/siRNA 

Silencing of EWS-FLI1 inhibited 

tumor growth in a murine model 

of metastatic Ewing’s sarcoma; 

targeted delivery for therapeutic 
efficacy 

[300] 

PTN siRNA 
Down-regulation 

of PTN to inhibit 

tumor growth 

PEI/siRNA 

Intraperitoneal or subcutaneous 

administration led to reduction of 

PTN levels in tumor cells and 

inhibited tumor growth; 

intracranial delivery resulted in 

antitumoral effects 

[367] 
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RRM2 
siRNA 

Inhibition of 
RRM2 has 

antiproliferative 

effects in tumor 

cells  

Tf-PEG-

CDP/siRNA 

Multiple systemic doses showed 

no severe toxicity or immune 

responses in non-human 
primates, demonstrating the 

safety of the formulation 

[301] 

[368] 

Reduction of RRM2 mRNA and 

protein compared to pre-dosing 

tissue in a Phase I study; 

specific gene inhibition 

demonstrated 

[303] 

DANCR 
siRNA 

Antitumoral 
silencing of 

lncRNA DANCR  

RGD-PEG-
ECO/ 

siDANCR 

80-90% DANCR knockdown in 

vivo reduced TNBC progression, 
invasion, and regression; 

DANCR is involved in multiple 

molecular pathways 

[162] 

PD-L1 
siRNA 

Blocking 

interaction of PD-

L1 with its 

receptor PD-1 

POP 

micelles/ 

siRNA + PDT 

POP micelles induced PD-L1 

knockdown and ROS 

production, stimulating immune 

responses; combined PD-L1 

knockdown and PDT reduced 

tumor growth  

[369] 

β-3 integrin 
siRNA 

Blocking integrin 

β-3 supresses 

TGF-β mediated 

EMT/ invasion 

ECO-PEG-

RGD/siRNA 

Effective silencing of β3-integrin 

reduces TGF- β mediated EMT 

and invasion in vitro; 

intravenous injection eased 

primary tumor burden and 

inhibited metastasis of TNBC 

[161] 

PLK1 + 
VEGFR2 
siRNA 

Inhibit tumor 
growth and 

reduce tumor 

vascularization 

Angiopep-3I-

NM/siRNA 

Tumor growth reduction and 

prolonged survival time by PLK1 
and VEGFR2 knockdown; 

reduced vascularization of 

glioma, extensive necrosis and 

apoptosis within an orthotopic 

glioma mouse model 

[370] 
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miR-145 

miR-33a 
miRNA 

replacement to 

achieve 
proapoptotic and 

antiproliferative 

effects 

PEI/miRNA 

Systemic or local application of 

miRNAs exhibited antitumor 

effects in mouse xenograft 

tumors; miR-145 delivery led to 

knockdown of c-Myc and ERK5; 

miR-33a reduced Pim-1 

expression 

[371] 

miR-200c 
RGD-PEG-

ECO/ miR-
200c 

Systemic administration to mice 

bearing orthotopic TNBC 

significantly reduced tumor 

progression and altered the 
TME by reducing extradomain B 

fibronectin expression without 

toxic side effects 

[163] 

polyIC 

Activation of 

multiple cell killing 

mechanisms + 

bystander effect 

Melittin-PEI-

PEG-
EGF/polyIC 

polyIC induced rapid apoptosis 

of glioblastoma cells, secretion 

of cytokines and bystander 

effects; complete regression of 
intracranial tumors, breast 

cancer and adenocarcinoma 

xenografts 

[310] 

Melittin-PEI-

PEG-

EGF/polyIC 

+ PBMCs 

Intravenous application of polyIC 

+ intraperitoneal PBMCs into 

tumor bearing mice with 

disseminated tumors completely 
cured mice; neighboring EGFR-

negative cells were killed 

through a strong bystander 

effect; immune cells significantly 

homed to tumor  

[372] 

LPEI-

PEG2kDa-

EGF/polyIC 

Increased therapeutic efficacy in 

vitro compared to previous 

formulation (Shir et al., 2011); 

efficacy of polyIC polyplexes 
correlated with glioma cell 

[373] 
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EGFR levels; well-tolerated, 

repeated intravenous injection 

reduced tumor growth in A431 
tumor bearing mice 

PEI-PEG-

GE11/polyIC 

Strong antitumor effect in vivo 

and prolonged survival time 

compared to untreated mice 

(U87 orthotopic model) after 

intratumoral injection 

[313] 

sFlt-1 mRNA 

prevents VEGF 

binding to its 

receptor, inducing 
anti-angiogenicity  

PEG-

PAsp(TEP)-
Chol/mRNA 

Efficient mRNA expression 

resulting in significantly reduced 

tumor growth; cholesterol-
stabilized polyplexes were 

required  

[374] 

Abbreviations: NIS, sodium iodide symporter; ING4, inhibitor of growth protein 4; RRM2, M2 

subunit of ribonucleotide reductase; PDT, photodynamic immunotherapy; POP micelles, 

PDPA−OEI-C14−PPa; PBMCs, peripheral blood mononuclear cells; MRMI, magnetic 

resonance molecular imaging; PTN, pleiotrophin; DGL, dendrigraft-poly-L-lysine; sFLT-1, fms-

like tyrosine kinase 1; EpDT3, aptamer targeting EpCAM 

 

2.8.1 Therapeutic pDNA polyplexes 

The delivery of DNA to tumors is the most obvious strategy to introduce therapeutic 

genes or replace malfunctioning tumor suppressor genes. Hence, multiple types of pDNA 

have been intensively investigated for their ability to inhibit tumor growth. The delivery of 

pDNA encoding for TNF-a (pTNF-a), a cytokine that mediates many antitumor 

mechanisms, has exhibited great potential for tumor treatment [296, 360]. In tumors, 

TNF-a induces necrosis, inflammatory processes, and enhanced vasculature 

permeability, which allows immune cells, but also therapeutic drugs, to extravasate into 

the tumor. The systemic therapeutic application of TNF-a protein is hampered by its 

severe systemic toxicity, which requires specific targeting to tumors cells. Thus, TfR- and 

EGFR-targeted polyplexes encapsulating TNF-a expressing pDNA were developed to 

allow tumor-specific expression and paracrine activity of the cytokine [296, 360]. The 

targeted polyplexes led to sustained intratumoral TNF-a expression 48-72 hours after 

transfection in murine tumor models, resulting in efficient tumor necrosis, growth 
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reduction, and in some cases even complete tumor regression [296, 360]. The extent of 

therapeutic efficacy was tumor-type dependent, with tumor necrosis and tumor 

regressions demonstrated in one model, and retardation of tumor growth in several 

models [296, 360]. Moreover, Su et al. could show that chemotherapeutic drugs such as 

liposomal doxorubicin (DOX) could benefit from pTNF-a pre-treatment through the 

cytokine-mediated enhanced vascular permeability, achieving a more than 35-fold 

increase in DOX accumulation and its resulting antitumor efficacy [360].  

pTRAIL, encoding for the cytokine ‘tumor necrosis factor-related apoptosis inducing 

ligand’ has likewise been delivered to tumors via targeted polyplexes, leading to 

distinctive antitumor effects caused by induced apoptotic mechanisms [262]. However, 

a drawback of pTRAIL is that tumors may gain resistance against the cytokine. Thus, 

Sun et al. and Li et al. used paclitaxel and doxorubicin, respectively, to enhance the 

tumor’s sensitivity towards the chemokine and overcome potential resistance. In vivo 

trials with both combination therapies led to increased apoptosis, reduced tumor growth, 

and prolonged survival time of glioma xenograft bearing mice compared to single-

therapeutic treated mice [262, 361]. 

pING4, a pDNA encoding for the inhibitor of growth protein 4, has also exhibited strong 

suppression of tumor growth and significantly prolonged survival time of glioma tumor 

models [210, 362]. The antitumor efficacy of ING4 is based on the regulation of multiple 

pathways essential for oncogenesis and tumor proliferation, including DNA repair, 

angiogenesis, migration, and transcriptional regulation [375]. Moreover, ING4 has the 

ability to induce apoptosis by activating a cascade reaction of the mitochondria-induced 

apoptotic pathway [375]. To increase the pDNA delivery efficiency, BBB penetration and 

efficacy for glioma treatment, polyplexes were actively targeted with I6P7, a ligand for the 

IL-6 receptor which is overexpressed on the BBB and on glioma cells. Wang et al. 

revealed that the peptide ligand significantly contributed to tumor cell apoptosis. In 

addition to enhanced pING4 accumulation in glioma cells, I6P7 was able to block the IL-

6 mediated JAK/STAT tumor growth pathway. Thus, the I6P7-pING4 polyplex exhibited 

significantly enhanced antitumor efficacy and prolonged survival times in treated mice 

compared to untargeted pING4 polyplexes [362]. 

The sodium iodide symporter (NIS) represents a well-characterized theranostic tool that 

has proven its capacity to specifically accumulate diagnostic (123I) or therapeutic 

radioiodide (131I) in tumors. Various carriers including c-MET- and EGFR- targeted 

oligoaminoamide-based polyplexes [27, 37, 363, 364] have proven their ability to deliver 

NIS encoding pDNA to different non-thyroidal tumor models [37]. Diagnostic imaging 

allows detailed investigation of the distribution of NIS gene expression by the extent of 
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iodide accumulation for dosimetric calculations via non-invasive imaging through 123I-

scintigraphy and 124I-/18F-tetrafluoroborate positron emission tomography. Tumor therapy 

benefits from the strong bystander effects mediated by b-emitter 131I, which expands its 

toxic effects to neighboring tumor cells. The delivery of NIS pDNA with targeted 

polyplexes and therapeutic iodide accumulation in murine hepatocellular [37], pancreatic 

[27] and glioma tumor models [364] resulted in significantly reduced tumor growth and 

in most cases prolonged survival time of treated mice [37, 364]. In an Huh7 tumor mouse 

model, treated by intravenous application with cMBP2-functionalized pNIS polyplexes, 
123I gamma camera imaging revealed tumor specific radioiodide accumulation and a 2-

fold increase in survival time of pNIS and 131I treated mice compared to the untreated 

groups. To overcome potential limitations through heterogenous receptor expression on 

tumor cells and to increase targeting efficiency, dual-targeting strategies with cMBP2 and 

GE11 ligands have proven to be beneficial [363]. The dual-targeted polyplexes achieved 

enhanced reduction of tumor growth and prolonged survival time of a treated mice in 

comparison to the previous single-targeted pNIS polyplexes [363].  

Nucleic acid-based cancer vaccines present another type of antitumoral gene therapy 

[344, 376]. Schreiber et al. applied γ-irradiated melanoma cells, ex vivo transfected with 

a human interleukin-2 (IL-2) construct via Tf-pLys targeted transferrinfection as vaccine 

in a clinical phase I study with patients suffering from advanced stage IV melanoma. This 

gene-modified irradiated vaccine was able to secrete immunostimulatory IL-2 to trigger 

anti-melanoma immune responses, as demonstrated in preclinical models [377] and 

patients. Several patients showed periods of stabilized tumor sizes and regression of 

single metastases. Also, the mean survival time of patients was increased, 

demonstrating that nucleic acid-based tumor vaccines may bring benefits for certain 

patients possibly at earlier tumor stages.  

pDNA transfection was also used to express non-coding RNAs. The long noncoding RNA 

(lncRNA) MEG3 has been proven to be closely related to tumorigenesis as it is 

expressed by most normal cells, but scarcely found in tumor cells. Tai et al. recently 

developed a pMEG3 polyplex targeting the epithelial adhesion molecule EpCAM. For 

targeting the RNA aptamer EpDT3 was applied as ligand. The expressed lncRNA 

exhibited the capacity to induce apoptosis, reduce proliferation and inhibit DNA synthesis 

of tumor cells [365]. In vivo, systemically administered pMEG3 polyplexes achieved a 

60% reduced tumor size without showing systemic toxicity [365].  
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2.8.2 Therapeutic siRNA polyplexes 

siRNA represents a class of gene therapeutics suitable for efficient silencing of tumor-

promoting genes. Hence, identification of one or several target mRNAs who function for 

tumor growth, invasion, and metastasis is critical for tumor regression. As the site of 

siRNA action is the cytosol and not the nucleus, its anti-tumor effects are more potent 

but commonly transient. Nevertheless, this makes it a safer potential therapeutic 

compared to possible genomic interventions of pDNA or genome editing strategies. 

Multiple siRNA polyplex formulations directed towards tumor promoting mRNAs have 

exhibited significant antitumor effects in various tumor types such as breast cancer [366], 

gliomas [300], and sarcomas [367]. siRAF-1, directed towards mRNA encoding for a 

cytosolic serine-threonine kinase, siEWS-FLI1 [300], against a chimeric fusion protein 

found in Ewing’s sarcoma, and siPTN [367], against the cytokine pleiotrophin which is 

especially expressed in brain cancer, are just a few of the investigated siRNAs that have 

exhibited strong tumor reduction, prolonged survival time and no toxicity after their 

systemic, polyplex encapsulated application into murine tumor models [366].  

siRRM2 was applied by Heidel et al. as a therapeutic siRNA with the capacity to suppress 

mRNA expression and inhibit tumor growth [368], which was later investigated in a phase 

I clinical study [303]. RRM2, a ribonucleotide reductase, is an enzyme essential for the 

production of nucleotides. Hence, RRM2 is a rate-limiting factor for DNA replication and 

presents a potential target to inhibit tumor growth. To enhance delivery of siRRM2, a 

cyclodextrin-based and Tf-targeted polyplex-system was employed, whose safety and 

efficacy in systemic applications was confirmed in vivo in mice and in non-human 

primates [301]. The subsequent phase I clinical study clearly exhibited siRRM2-mediated 

downregulation of the RRM2 enzyme evidently caused by a site-specific mRNA cleavage 

that lasted for several weeks after application. 

Long noncoding RNAs (lncRNAs) may play a role in multiple oncogenic processes. The 

lncRNA DANCR (differentiation antagonizing non-coding RNA) regulates the 

proliferation and progression of various tumor types. Through its influence on tumor 

development and its well-defined spatial and temporal expression, DANCR presents an 

ideal target for siRNA-based tumor therapy. siDANCR, encapsulated into ECO-PEG-

cRGD polyplexes, has been investigated for its antitumor effect in triple-negative breast 

cancer (TNBC) [162]. In vitro, siDANCR achieved 80-90% knockdown, resulting in 

decreased proliferation, invasion, migration, and survival of treated cells. Subsequent 

studies in a murine TNBC model exhibited the same oncogenic activities leading to 

significant tumor regression and prolonged survival times. The same setting, applying 

ECO-PEG-cRGD/siRNA polyplexes to TNBC xenograft mice, was employed to 
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investigate the efficacy of siβ3, an siRNA designed to suppress the expression of integrin 

β3 in tumors. siβ3 exhibited the ability to successfully reduce tumor growth, through the 

inhibition of TGF-β-mediated EMT (epithelial-mesenchymal transition), as well as 

invasion and metastasis [161]. 

To further increase antitumor efficacy, siRNA-mediated tumor therapy has also been 

combined with photodynamic therapy (PDT). PDT induces cytotoxic reactive oxygen 

species (ROS), generated in the presence of photosensitizers, molecular oxygen, and 

laser light. Subsequent ROS mediated antitumor immune responses are based on 

several mechanisms, including the upregulation and secretion of cytokines, and 

facilitating antigen expression to T-lymphocytes. Tumors may develop resistance against 

immune therapy, mediated by the immune checkpoint molecules ‘programmed cell death 

receptor 1’ (PC-1) and its ligand ‘programmed death ligand 1’ (PD-L1). Hence, Wang et 

al. developed an acid-cleavable micelloplex that induced ROS production upon PDT and 

prevented immune resistance through siPD-1-PD-L1-mediated mRNA degradation. The 

systemically applied micelloplexes achieved reduced tumor growth and metastasis in a 

murine tumor model, achieved through the synergistic effects of PDT, which initiated the 

secretion of cytokines, and the siRNA, which inhibited the interaction of PD-1 with its 

ligand and thereby prevented immune resistance towards PDT [369]. 

ROS may not only induce immune reactions but can also be applied to destabilize ROS-

responsive nanomedicines. Zheng et al. designed an angiopep-functionalized, stabilized 

carrier for the co-delivery of siPLK1 (polo-like kinase 1) and siVEGFR (vascular 

endothelial growth factor receptor) to specifically target and treat well-vascularized 

glioblastomas. Intravenous injection of the angiopep-functionalized siRNA polyplex 

efficiently silenced PLK1 and VEGFR mRNA in glioblastoma cells, which resulted in 

tumor necrosis, reduced vascularization and ultimately in reduced tumor growth and 

prolonged survival time of an orthotopic glioma mouse model [370].  

Taken together, siRNA has proven its potential to inhibit tumor growth in systemic 

applications. Combination therapies combining several antitumoral siRNA targets 

optionally with standard chemotherapeutic might provide an encouraging avenue against 

chemoresistance of cancer. 

 

2.8.3 Therapeutic miRNA polyplexes 

Apart from siRNA, RNA interference may also be induced by micro RNAs (miRNAs), 17-

25 nucleotide short RNAs that are closely related to siRNA regarding their structure and 

mRNA-silencing mechanism. However, in contrast to siRNAs, miRNAs occur naturally 
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and often play a role in the regulation of tumorigenic processes such as tumor invasion, 

metastasis, and therapeutic resistance. Moreover, miRNA-mRNA binding is commonly 

not completely complementary but mediated by a 2-8 nucleotide seed-sequence within 

the miRNA. In many cases this only leads to translation inhibition and less to mRNA 

degradation. Although siRNA may lead to more efficient knockdown due to its capacity 

to induce degradation, miRNA has the advantage that its limited binding sequence length 

allows regulation of more than 100 mRNAs per miRNA molecule.  

miR-145 and miR-33a are such natural occurring miRNAs and their presence in cells 

correlates with proapoptotic and antiproliferative effects. The lack of miR-145 and miR-

33a in many tumors leads to the expression of their regulated oncogenes c-Myc and 

ERK5, and Pim-1, respectively. Therefore, Ibrahim et al. investigated the replacement of 

miR-145 and miR-33a with systemically injected PEI polyplexes to restore the miRNA-

mediated antitumor effects. Polyplex administration achieved specific downregulation of 

the target mRNA and significantly reduced tumor growth at high biocompatibility.  

miR-200c is a well-investigated miRNA whose reduced expression in many tumors has 

effects on EMT, cell motility, apoptosis resistance, and multi-drug resistance. In TNBC, 

miR-200c expression levels are closely related to the survival rates of patients [163]. 

Z.R. Lu et al., who had already successfully delivered the structural related siRNA to 

TNBC tumor models, investigated the effects of miR-200c delivery to mice bearing 

orthotopic breast cancer. Systemically delivered miR-200c polyplexes demonstrated the 

ability to reduce tumor progression and proliferation without signs of toxic effects. 

Moreover, monitoring the tumor response with non-invasive magnetic resonance 

molecular imaging (MRMI) and immunohistochemistry revealed that miR-200c altered 

the TME by reducing extradomain B fibronectin expression.  

 

2.8.4 Other therapeutic RNA polyplexes 

mRNA delivery has attracted attention as a strategy to introduce therapeutic peptides 

[374], proteins [378] or antibodies [379] to tumors. Compared to DNA, mRNA has the 

advantage that it circumvents insertional mutagenesis and can be applied to non-dividing 

cells. Compared to direct peptide and protein delivery, mRNA has a more sustainable 

effect. However, the delivery of single-stranded mRNA to tumor cells is hampered by its 

instability in blood circulation, requiring stable carriers to protect it from enzymatic 

degradation.  

Nonetheless, first systemically applied mRNA formulations have achieved antitumor 

effects related to their successful intracellular translation. Uchida et al. achieved high 
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mRNA transfection efficiency in vivo using a PEG-polyaspartate carrier, stabilized with 

cholesterol. Treatment of pancreatic cancer with an mRNA encoding for the anti-

angiogenic peptide ‘fms-like tyrosine kinase 1’ (sFlt-1), a soluble receptor for VEGF, was 

investigated. sFlt-1 inhibits VEGF binding to its cellular receptor (VEGFR), which in the 

study led to a decreased vascular density, revealed by immunohistological staining, and 

which consequently led to a remarkable inhibition of tumor growth [374].  

Outside the class of polyplexes, the great potential of therapeutic mRNA was recently 

demonstrated by its use as LNP (lipid nanoparticle)-based mRNA vaccines in the 

COVID-19 pandemic. The fast development of mRNA-based vaccines was in part due 

to a long-term program focusing on the development of patient-specific cancer 

vaccination, where mRNA that is designed based on the patient-specific tumor RNA 

transcriptome is applied to trigger specific antitumor immunity [103, 104, 380, 381]. 

Alternative immunological strategies employed for cancer treatment include direct 

intratumoral application of immunostimulatory nucleic acids, including Toll-like receptor 

(TLR) or retinoic acid-inducible gene I (RIG-I) oligonucleotide agonists [382]. Virus-

infected cells frequently express double-stranded RNA that activate pro-apoptotic 

processes such as the regulation pro-apoptotic protein expression and the secretion of 

cytokines. For example, polyIC (polyinosinic : polycytidylic acid) is a synthetic double-

stranded RNA that has been used to initiate cell-killing mechanisms in tumor cells. 

Moreover, the delivery of polyIC polyplexes has exhibited a strong bystander effect 

mediated by its induced secretion of cytokines [372]. The efficacy of polyIC polyplexes 

to treat tumors has been confirmed by several in vivo studies. The administration of 

EGFR-targeted polyplexes with the immunostimulatory RNA has achieved significant 

antitumor effects after intracranial administration to gliomas and systemic administration 

to other EGFR positive tumors, resulting in reduced tumor sizes and prolonged survival 

times of treated mice [310, 313, 372, 373]. 

The recent global use of mRNA therapeutics has also attracted attention for their 

application as gene editing tools, as illustrated by the first clinical in vivo studies using 

CRISPR Cas9 mRNA/sgRNA LNPs [97]. As a possible alternative to gene knock down 

by RNA interference, genome editing by the CRISPR Cas9/sgRNA has been introduced 

as potential tool in anticancer therapy [383-386]. From technology perspective, different 

formats, Cas9 pDNA versus Cas9 mRNA versus Cas9 RNPs, can be delivered [99]. 

pDNA encoding CRISPR Cas9 and the sgRNA targeting the oncogene survivin has been 

delivered by heparin/ethanolamine-modified poly(glycidyl methacrylate) polyplexes to 

treat orthotopic HCC (hepatocellular carcinoma) in mice via tail vein injection, and 

achieved anti-tumor effects [384]. The therapeutic efficacy of gene editing tools to treat 
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tumors has mainly been demonstrated using other delivery systems than polyplexes, 

especially LNPs. The delivery of Cas9 mRNA and sgRNAs against PLK1 (sgPLK1-

cLNPs) through intracerebral injection into orthotopic glioblastoma enabled up to 70% 

gene editing, tumor cell apoptosis, 50% tumor growth inhibition and 30% improved 

survival. Intraperitoneal administration of EGFR-targeted sgPLK1-cLNPs enabled up to 

80% gene editing in an ovarian tumor mouse model, linked with tumor growth inhibition 

and increased survival of mice [385]. Polymer-formulated CRISPR/Cas9-based RNPs 

containing a combination of sgRNAs enhanced tumor accumulation after intravenous 

application and efficient gene editing in targeted tumor cells. A combination of sgRNAs 

that targets STAT3 and RUNX1 led to effective growth inhibition of a heterogeneous 

tumor responsive to either STAT3 or RUNX1 knock-out [386].  

Taken together, nucleic acid-based tumor therapy has the potential to treat cancer by 

targeting gene expression at different levels. To develop such potent therapeutics, it is 

required to understand tumor biology and to identify tumor-essential genes, whose 

expression or suppression are related to tumorigenesis. 

 

2.9 Conclusion 

Systemic delivery of nucleic acid-based polyplexes to tumors is a complex procedure 

facing multiple extra- and intracellular barriers, all requiring specific polyplex 

modifications. Stability in blood circulation, formation of protein corona, extravasation, 

penetration of tumor stroma, tumor specific cellular uptake, endosomal escape, cargo 

release and finally therapeutic efficacy of the nucleic acid sums up the aspects which 

require most consideration when developing nucleic acid-based therapeutics. Polyplex 

modifications may have conflicting effects: cationic surface charges for enhanced cellular 

uptake may lead to severe side-effects, PEGylation against unspecific interactions may 

reduce cellular internalization, and high polyplex stability may reduce intracellular nucleic 

acid release. Here, finding the right balance may be the key for highly efficient 

polyplexes. Stimuli-responsive formulations with size-switching or charge-switching 

capacity may present solutions to meet the distinct barrier demands. Moreover, every 

barrier but also every tumor type and stage due to their distinct morphologies may require 

specific adaptions. Variations in degree of vascularization, leakiness of tumor blood 

vessels or composition and density of stroma influence polyplex capacity to penetrate 

tumor tissue. Regarding the increasing number of preclinical and clinical studies and 

market products, nucleic acid-based therapeutics are steadily being implemented as a 

new platform for cancer treatment.  
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3.1 Abstract 

Efficient delivery of siRNA-based polyplexes to tumors remains a major challenge. 

Nonspecific interactions in the bloodstream, limited circulation time, and non-targeted 

biodistribution hamper sufficient tumor accumulation. To address these challenges, we 

developed an ionic hyaluronic acid (HA) coating to shield sequence-defined 

oligoaminoamide-based polyplexes. This coating should shield the positive polyplex 

surface charge, thus reducing nonspecific interactions and enhancing serum stability. 

Additionally, we modified the HA coating with the cyclic RGDfK (cRGD) peptide to 

specifically target tumor endothelial cells (TECs). Optionally, a polyethylene glycol (PEG) 

spacer was also introduced to improve ligand presentation on the polyplex surface. The 

HA-coated polyplexes exhibited favorable physicochemical properties including a 

negative zeta potential and effective siRNA retention within the polyplex, which was not 

adversely affected by PEG and cRGD modification. In vitro analyses revealed that these 

polyplexes not only enhanced tumor cell association and preserved the high transfection 

efficiency of plain cationic polyplexes but also exhibited coating-dependent cellular 

internalization, as evidenced by a competitive inhibition experiment. Even in the 

presence of serum, the HA-coated polyplexes encapsulated siRNA effectively, exhibited 

suitable particle sizes and maintained a high gene silencing efficiency. In vivo studies 

involving intravenous administration into Neuro2a tumor-bearing mice showed that the 

HA-coating, particularly when modified with PEG or cRGD, significantly increased the 

tumor accumulation of polyplexes. HA-PEG-cRGD shielded polyplexes exhibited 

significantly enhanced in vivo gene silencing in tumors compared with plain polyplexes. 

Collectively, our results indicate a superior performance of HA-coated polyplexes in 

terms of stability and cellular uptake, both in vitro and in vivo.  

 

3.2 Introduction 

Small interfering RNA (siRNA) is an emerging class of gene therapeutics with the 

potential to reversibly silence target genes in a sequence-specific manner through RNA 

interference (RNAi). This capability has led to the development of several siRNA-based 

therapeutics on the market and numerous further candidates in clinical trials [2, 388-

390]. These therapeutics offer novel treatment options for genetic conditions primarily 

originating in the liver, which were previously difficult to manage. However, despite 

decades of research in the field, the bottleneck in the development of novel siRNA 

therapeutics remains efficient delivery to tissues beyond liver hepatocytes. One of the 

most compelling applications for siRNA therapeutics is in tumor therapy, where siRNA 



Ionic coating of siRNA polyplexes with cRGD–PEG–hyaluronic acid to modulate serum stability and in vivo performance 

 
69 

would down-regulate genes related to tumor survival and proliferation. Compared to 

traditional chemotherapeutics, siRNA-based tumor therapy could reduce the side effects 

associated with chemotherapy due to its specific mechanism of action, degrading only 

the targeted mRNA, thus decreasing the likelihood of off-target effects. 

For effective tumor delivery, siRNA must be administered intravenously, making the use 

of protective measures such as chemical modifications or nanocarriers essential [86, 90, 

391-397], as unprotected siRNA is rapidly degraded and eliminated from the 

bloodstream. Encapsulation of siRNA into polyplexes–cationic nanocomplexes formed 

by spontaneous electrostatic interactions between cationic carriers and anionic nucleic 

acids–is a widely applied strategy to provide for extracellular stability, delivery, 

intracellular release, and high transfection efficiency [19, 115, 398-401]. However, the 

challenge associated with these positively charged nanoparticles is their pronounced 

propensity to interact with blood proteins, leading to inflammatory and innate immune 

responses and resulting in in vivo toxicities [26, 57, 62, 121]. Furthermore, the cationic 

surface charge of polyplexes promotes nonspecific electrostatic adherence to negatively 

charged cell membranes, which leads to unintended tissue accumulation rather than 

targeted delivery. 

A favorable strategy to mitigate these adverse effects and to prolong blood circulation 

involves employing hydrophilic agents such as polyethylene glycol (PEG) and other 

hydrophilic macromolecules [26, 131, 402-404], such as coating with artificial [405-407] 

or natural polyanions like hyaluronic acid (HA) [66, 126, 127] to shield the positive 

surface charge. Due to the beneficial characteristics of HA, including its high 

biocompatibility and biodegradability, and its lower immunogenicity compared to PEG, 

this endogenous biopolymer has frequently been applied in nanoparticle design [66, 67, 

126, 355, 408]. However, its application in tumor delivery remains underexplored. 

Besides its potential for shielding, HA acts as a targeting ligand through its binding 

capacity to the CD44 receptor, which is commonly overexpressed on tumor and tumor 

endothelial cells (TECs) [354, 409]. Additionally, the presence of hydroxyl, carboxyl, and 

N-acetyl groups in each disaccharide unit provides several options for chemical 

modifications of the polyanion. 

In our previous work, we designed covalently HA-coated polyplexes for siRNA delivery 

to tumors [40]. We demonstrated that cationic polyplexes formed with a cationizable 

sequence-defined lipo-oligoaminoamide (OAA), when covalently coated with HA, 

showed significantly increased in vivo gene silencing in tumor-bearing mice compared 

to their non-coated equivalent. Given that anionic nanoparticles have commonly proven 

to reduce serum protein adsorption [410], which improves its performance in blood 
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circulation and facilitates diffusion through the anionic network in the tumor extracellular 

matrix (ECM) [269, 411], in the current work, we aimed to develop an ionic HA coating 

resulting in negatively charged siRNA polyplexes. Based on encouraging previous work 

[66, 126, 127], we hypothesize that ionically coated polyplexes remain structurally intact 

even if the weakly-bound HA partly detaches with time.  

Because the well-shielded anionic HA polyplexes may hamper tumor accumulation due 

to the loss of TEC-adhesive positive surface charge, we tuned the HA coating with 

additional targeting entities. For this, we chose the peptide-ligand cyclic RGDfK (cRGD), 

which has been shown to enhance tumor delivery in various settings by targeting integrin 

αvβ3 [86, 172-177]. The integrin αvβ3 receptor is widely expressed in TECs due to its 

significant role in cell proliferation, metastasis and cell survival. TECs are an ideal target 

for enhancing tumor accumulation, as they represent the first barrier for tumor-directed 

polyplexes circulating in the bloodstream. For ligand attachment, we utilized HA modified 

with DBCO linkage modules (HA-DBCO) to enable facile click chemistry with azido-

functionalized targeting ligands (cRGD or PEG–cRGD) through copper-free strain-

promoted alkyne–azide cycloaddition (SPAAC) [412].  

In this study, we aimed to develop anionic HA-coated siRNA polyplexes to enhance in 

vivo compatibility, blood circulation, and stability compared to their plain cationic 

counterparts. Additionally, tuning the ionic HA coating with the targeting peptide-ligand 

cRGD without or with a short PEG spacer aimed to improve TEC adherence, thereby 

enhancing in vivo tumor accumulation and gene silencing efficiency. During 

development, we first established colloidally stable anionic HA-coated polyplexes by 

varying the HA to polyplex ratio. Subsequently, these polyplexes were further 

functionalized with the targeting ligand cRGD by applying covalently coupled HA–cRGD 

or HA–PEG–cRGD conjugates for ionic coating. Physicochemical evaluations 

demonstrated that ligand modification did not significantly alter the polyplex 

characteristics. After confirming consistently high efficiency of both non-coated and HA-

coated formulations in cell culture studies, we validated the functionality and stability of 

these polyplexes after serum incubation by fluorescence (cross-) correlation 

spectroscopy (FCS/FCCS). Subsequent in vivo studies in Neuro2a tumor-bearing mice 

revealed a clear beneficial effect of the HA coating in tumor biodistribution and gene 

silencing.  
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3.3 Materials and Methods 

3.3.1 Materials 

2-Chlorotrityl resin, Fmoc- α-amino acids, N,N-dimethylformamide (DMF), 

dichloromethane (DCM), N,N-diisopropylethylamine (DIPEA), trifluoroacetic acid (TFA), 

and N-methyl-2-pyrrolidone (NMP) were purchased from Iris biotech (Marktredewitz, 

Germany). 1-Hydroxybenzotriazole (HOBt), triisopropylsilane (TIS), 

dibenzocyclooctyne-amine (DBCO-amine), dimethyl sulfoxide (DMSO), benzotriazole-1-

yl-oxy-trispyrrolidino-phosphonium hexafluorophosphate (PyBOP) and oleic acid were 

bought from Sigma Aldrich (Munich, Germany). Fmoc-Stp(Boc)3-OH was synthesized in-

house according to published protocols [413]. Hyaluronic acid (HA20K; average 

molecular weight 38 kDa) was obtained from Lifecore Biomedical (Chaska, USA). 

Polypropylene syringe microreactors for peptide synthesis were purchased from 

MultiSynTech (Witten, Germany). Control siRNA (siCtrl) [5´-

AuGuAuuGGccuGuAuuAGdTsdT-3´ (sense); 5´-CuAAuAcAGGCcAAuAcAUdTsdT-

3´(antisense)], eGFP-targeted siRNA (siGFP) [5´-AuAucAuGGccGAcAAGcdTsdT-3´ 

(sense); 5´-UGCUUGUCGGCcAUGAuAUdTsdT-3´ (antisense)], EG5-targeted siRNA 

(siEG5) [5´-ucGAGAAucuAAAcuAAcudTsdT-3´(sense); 5´-

AGUuAGUUuAGAUUCUCGAdTsdT-3´ (antisense)], Cy5-labeled siRNA (Cy5-siAHA1) 

[5´-(Cy5)(NHC6)GGAuGAAGuGGAGAuuAGudTsdT-3´ (sense); 5´-

ACuAAUCUCcACUUcAUCCdTsdT-3´ (antisense)], and Cy7-labeled siRNA (Cy7-

siAHA1) [5´-(Cy7)(NHC6)GGAuGAAGuGGAGAuuAGudTsdT-3´ (sense); 5´-

ACuAAUCUCcACUUcAUCCdTsdT-3´ (antisense)] were provided by Roche Kulmbach 

GmbH (now Axolabs GmbH, Kulmbach, Germany). Atto565-labeled siRNA [5´-

(Atto565)AUGUAUUGGCCUGUAUUAGdTsdT-3´ (sense); 5´-

CUAAUACAGGCCAAUACAUdTsdT-3´ (antisense)] was purchased from biomers.net 

GmbH (Ulm, Germany) and VEGFR-2-targeted siRNA (siVEGFR-2, ON-TARGETPlus 

SMARTpool siRNA) from Dharmacon. The cell culture medium, fetal bovine serum 

(FBS), trypsin/EDTA, β-mercaptoethanol, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-

tetrazolium bromide (MTT), antibiotics (penicillin/streptomycin), paraformaldehyde 

(PFA), 4’-6-diamidino-2-phenylindole (DAPI), adenosine 5′-triphosphate, and coenzyme 

A were obtained from Sigma Aldrich (Munich, Germany). Rhodamine-phalloidin 

(Invitrogen) was obtained from Thermo Fisher Scientific (Schwerte, Germany), tissue 

culture test plates were obtained from TPP (Trasadingen, Switzerland), and cell culture 

flasks and pipettes were obtained from Sarstedt (Nümbrecht, Germany). All other cell 

culture consumables were obtained from Faust Lab Science (Klettgau, Germany). 
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HEPES was purchased from Biomol GmbH (Hamburg, Germany), glucose 

monohydrate, agarose (NEEO Ultraquality) and GelRed were purchased from VWR 

(Darmstadt, Germany), and disodium ethylenediaminetetraacetic acid (EDTA) was 

purchased from Merck (Darmstadt, Germany). Cell culture lysis buffer and D-luciferin 

sodium salt were obtained from Promega (Mannheim, Germany). cRGDfK-PEG1K-N3 

was purchased from KamulinBiotechco.ltd (Xi’an City, China), N3-PEG1K-OH from Otto 

Nordwald GmbH (Hamburg, Germany), and Atto643-N3 from ATTO-TEC GmbH (Siegen, 

Germany). All further reagents were purchased from Sigma-Aldrich (Munich, Germany), 

Iris Biotech (Marktredewitz, Germany), Merck (Darmstadt, Germany), or AppliChem 

(Darmstadt, Germany). 

 

3.3.2 Methods 

3.3.2.1 Synthesis of lipo-oligoaminoamide 1670 

The lipo-OAA 1670 (see Scheme 1A) was synthesized using standard Fmoc-based 

solid-phase supported synthesis in syringe reactors, following protocols analogous to 

previously reported methods [35, 40, 157, 414, 415]. The synthesis consisted of four 

main steps: loading, coupling, deprotection, and cleavage from the resin. A cysteine-

loaded chlorotrityl chloride resin served as a solid support for synthesizing the backbone, 

utilizing a Syro Wave synthesizer (Biotage, Uppsala, Sweden) with microwave 

assistance. The side chain was subsequently coupled manually. Due to the presence of 

oleic acid in the side chain, the cleavage from the resin was performed using an 

optimized protocol, involving incubation of the resin for 30 min with TFA-TIS-H2O 

95:2.5:2.5 (10 mL/g resin, cooled to 4°C prior to addition), followed by immediate 

precipitation in 40 mL of precooled methyl tert-butyl ether (MTBE)-n-hexane (1:1) [415].  

 

3.3.2.2 Synthesis of DBCO-modified hyaluronic acid 

HA (38 kDa hyaluronic acid, 1 equiv, 0.025 mmol monomers, 5 mg), NHS (N-

hydroxysuccinimide, 5 equiv, 0.06 mmol, 6.9 mg), and EDC (3-

(ethyliminomethylenamino)-N,N,-dimethylpropan-1-amine, 5 equiv, 0.06 mmol, 11.5 mg) 

were dissolved in 1.2 mL of activation buffer (0.1 M TES, 2-[[1,3-dihydroxy-2-

(hydroxymethyl)propan-2-yl]amino]ethanesulfonic acid) and incubated for 2 h at RT 

while shaking (700 rpm). Subsequently, 1 equiv of DBCO-amine (0.024 mmol, 6.63 mg) 

solved in 0.4 mL DMF was added to the reaction mixture, and the pH was adjusted to 7 

using NaOH (1 M). After continuous shaking for 18 h at RT, the resulting HA-DBCO was 

purified by dialysis against deionized water using a 3500 Da cutoff membrane. The 
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product was then lyophilized, and the degree of DBCO substitution was analyzed using 

UV-vis spectroscopy at 308 nm (e = 12,000 M–1 cm–1) and confirmed by the 1H NMR 

spectrum.  

 

3.3.2.3 Synthesis of N3-cRGDfK  

The linear precursor structure H2N-DfK(N₃)-RG-OH was synthesized using standard 

manual 9-fluorenyl-methoxycarbonyl solid-phase peptide synthesis (SPPS) on an L-Gly-

OH-preloaded 2-chlorotrityl resin (loading: 0.22 mmol/g) using the following Fmoc-

protected amino acids: Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Lys(N3)-OH, Fmoc-D-Phe-OH, and 

Fmoc-Asp(OtBu)-OH [76].To preserve the side chain protecting groups, the peptide was 

cleaved under mild conditions conducting a DCM/TFA solution (99/1, v/v) for 30 min at 

RT. Subsequently, the solvent was evaporated under reduced pressure. Additionally, 

toluene was added to prevent the concentration of TFA from increasing within the mixture 

upon evaporation. The resulting residue was dried under high vacuum (HV). 

The linear peptide was cyclized by forming an amide bond between the N-terminal amino 

group of aspartic acid and the C-terminal carboxyl group of glycine. This was achieved 

by dissolving the linear precursor in DCM, followed by the addition of PyBOP (4 eq), 

HOBt (4 equiv), and DIPEA (8 equiv). The reaction mixture was stirred at RT for 3 days. 

The resulting cyclic ligand, with side chain protecting groups, was purified by using 

reverse-phase high-performance liquid chromatography (RP-HPLC) with a Symmetry 

C18 column and subsequently freeze-dried. The identity of the purified cyclic ligand was 

confirmed using matrix-assisted laser desorption/ionization-time of flight mass 

spectrometry (MALDI-TOF-MS). 

The side chain-protecting groups were removed by adding a TFA/H₂O/TIS (95/2.5/2.5, 

v/v/v) solution for 90 min at RT. The cleavage solution was then evaporated under 

reduced pressure with toluene, and the residue was dried under HV. The residue was 

dissolved in ethanol and water, and dialyzed (100–500 Da MWCO, Carl Roth) against 

water for 24 h at 4°C to purify the cyclic ligand. The final product was characterized by 

MALDI-TOF-MS. Synthesis was kindly performed by Johanna Seidl (Pharmaceutical 

Biotechnology, LMU Munich). 

 

3.3.2.4 Preparation of HA-ligand conjugates 

HA-DBCO and the respective azido ligand (N3-cRGDfK, N3-PEG1K-OH, N3-PEG1K-

cRGDfK) were mixed in an Eppendorf tube and incubated for a minimum of 4 h with 

constant shaking (700 rpm) at RT. The amount of azido ligand was calculated based on 
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the DBCO substitution degree on HA, with a 20% excess added to ensure complete 

DBCO functionalization. The resulting HA-ligand conjugates (HA-cRGDfK, HA-PEG1K, 

HA-PEG1K-cRGDfK) were dialyzed against purified water using a 14 kDa cutoff 

membrane, followed by lyophilization. Complete reaction of all DBCO groups was 

verified through UV-vis spectroscopy at 308 nm.  

 

3.3.2.5 siRNA polyplex formation  

Oligoaminoamides (OAA) and siRNA were each diluted to 30% of the final polyplex 

volume using 20 mM HEPES buffered 5% glucose, pH 7.4 (HBG). Equal volumes of the 

diluted siRNA and OAA solutions were then mixed at a nitrogen-to-phosphate (N/P) ratio 

of 12, considering only protonatable amines for the N/P calculation (see Scheme 1A). 

This mixture constituted 60% of the total polyplex volume.  The solutions were mixed by 

rapidly pipetting up and down, and the resulting core-polyplexes were incubated for 40 

min at RT to allow self-assembly through electrostatic interactions and disulfide bridge 

formation.  

For HA coating, the coating agent (either unmodified HA or HA-ligand conjugate) was 

diluted in HBG to 40% of the final polyplex volume. The core polyplex (60 % of final 

volume) was then added to the HA solution, mixed carefully through pipetting, and 

incubated for 10 min at RT (see Scheme 1B). The HA amount was calculated using a 

ratio of 3 HA units per Stp. Each HA unit corresponds to one disaccharide repeat unit 

bearing a single negative charge from its carboxy group, while each Stp unit contains 

one positive charge, contributed by one of its three protonatable amines, which is 

protonated at pH 7.4. For plain cationic polyplexes, the core polyplex was mixed with an 

equivalent volume of HBG instead of the HA solution.  

 

3.3.2.6 Agarose gel shift assay 

A 2.5% agarose gel was prepared by dissolving agarose in TBE buffer (10.8 g of Trizma 

base, 5.5 g of boric acid, 0.75 g of disodium EDTA, 1 L of water). After the mixture cooled 

to approximately 50 °C, GelRed (1/1000 (v/v); Biotum, Heyward, USA) was added to the 

gel mixture, which was then transferred to the electrophoresis chamber. Formulations 

containing 500 ng of siRNA were prepared in 20 µL of HBG (25 ng/µL) and supplemented 

with 4 µL loading buffer (6 mL of glycerol, 1.2 mL of 0.5 M EDTA, 0.02 g of bromophenol 

blue, 2.8 mL of H2O). The formulations were then pipetted into the gel pockets, and 

electrophoresis was conducted for 1 h at 100 V.  
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3.3.2.7 Particle size and Zeta potential 

For dynamic and electrophoretic light scattering (DLS and ELS) measurements, a 

Zetasizer Nano ZS with backscatter detection (Malvern Instruments, Worcestershire, 

UK) was used. Twenty µL of polyplexes were prepared containing the indicated amount 

of siRNA. Before measurement, formulations were diluted with 60 µL HBG and 

transferred to a folded capillary cell (DTS 1070) for particle size and polydispersity index 

(PDI) analysis with the settings as follows: 30 s equilibration time, temperature 25 °C, 

refractive index 1.330, viscosity 0.8872 mPa* s. Each sample was measured three times 

with six subruns. For zeta potential measurements, the sample was further diluted with 

700 µL of 20 mM HEPES. Measurement parameters were identical to those used for size 

and PDI determination, with an increased equilibration time of 60 s. Each sample was 

measured 3 times with 15 subruns lasting 10 s. The zeta potential was calculated by 

using the Smoluchowski equation. All values (size, PDI, and zeta potential) were 

displayed as the mean ± SD out of these measurements. 

 

3.3.2.8 Cell culture  

The human cervix carcinoma KB (wt) and KB eGFP/Luc cells, which stably express the 

eGFPLuc fusion gene, were used for evaluating the gene silencing effect of siRNA 

polyplexes, as well as the murine neuroblastoma cells Neuro2a, were cultivated in 

DMEM low glucose (1 g/L glucose). The human prostate cancer reporter cells DU (wt) 

and DU145 eGFP/Luc, which also stably express the eGFPLuc fusion gene, were 

cultivated in RPMI 1640 medium. The murine brain endothelial cells bEnd.3 were grown 

in DMEM (4.5 g/L glucose). All media were supplemented with 10% (v/v) FBS and 

antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin). Cells were kept in an 

incubator at 37°C with 5% CO2 and a relative humidity of 95%.  

 

3.3.2.9 Cell association by flow cytometry 

DU145 and KB cells were seeded in 96-well plates at a density of 5000 cells/well and 

cultivated for 24 h prior to transfection. Cells were transfected with polyplexes containing 

20% Cy5-labeled and 80% unlabeled siRNA at a dose of 62.5 ng/well and incubated at 

37°C for time periods ranging from 0.5 to 48 h. Cells treated with HBG served as a 

negative control. After incubation, cells were washed twice with PBS and were then 

collected through trypsinization and resuspension in flow cytometry buffer (PBS 

containing 10% FBS) supplemented with 1 ng/µL DAPI viability dye. The analysis was 

conducted on viable cells using a CytoFLEX S flow cytometer (Beckman, USA). Cy5-
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labeled cells were counted through excitation at 635 nm and detection at 665 nm. The 

results were evaluated with FlowJo 7.6.5 software (Ashland, Oregon, USA). Cell 

association was quantified as the percentage of Cy5-positive cells and mean 

fluorescence intensity (MFI), and presented as the mean of triplicate wells ± SD.  

 

3.3.2.10 Endocytosis inhibition assay 

KB cells were seeded in 96-well plates at a density of 10,000 cells/well and cultivated for 

24 h prior to treatment. The medium was then replaced with 100 µL of serum-free 

medium containing various inhibitors (sucrose 450 mM, amiloride 1 mM, nystatin 54 µM) 

and incubated for 1 h at 37°C. Subsequently, the medium was replaced with 95 µL of 

fresh medium including 10% FBS and 5 µL of HBG buffer containing polyplexes at a 

dose of 125 ng siRNA (20% spiked with Cy5-labeled siRNA). Polyplexes were incubated 

on the cells for 4 h at 37°C. HBG-treated cells served as a negative control. After 

incubation, the cells were treated with heparin and incubated for 15 min on ice. Finally, 

the cells were collected, and the mean fluorescence intensity (MFI) was measured by 

using a flow cytometer following the standard protocol for assessing cell association. 

 

3.3.2.11 Cell internalization by confocal laser scanning microscopy 

DU145 cells were seeded in 8-well Ibidi µ-slides (Ibidi GmbH, Germany) at a density of 

20,000 cells per well. After 24 h, polyplexes containing 20% Cy5-labeled siRNA were 

transfected for 48 h at 37°C at a dose of 62.5 ng of siRNA per well. After incubation, the 

cells were washed twice with PBS and fixed with 4% (w/v) paraformaldehyde (PFA) for 

30 min. After re-washing, the actin skeletons were stained with rhodamine-phalloidin (1 

µg/mL, Invitrogen) for 1 h, followed by cell nuclei staining with DAPI (1 µg/mL, Sigma-

Aldrich) for 20 min. Afterward, cells were rewashed, and wells were filled with PBS for 

imaging. The images were captured by M. Höhn (Pharmaceutical Biotechnology, LMU 

Munich) with a Leica-TCS-SP8 confocal microscope with HC PL APO 63 x 1.4 objective 

(Germany) using Leica LAS X software.  

 

3.3.2.12 Reporter gene silencing study by luciferase assay 

Cells expressing the eGFP/Luc reporter gene were seeded in 96-well plates at a density 

of 5000 cells/well and incubated in 100 µl of a medium containing 10% FBS at 37°C for 

24 h prior to the experiment. Cells were transfected with polyplexes at two different doses 

(62.5 and 250 ng siRNA), containing either siCtrl (control siRNA) or siGFP (GFP-targeted 

siRNA). After incubation for 48 h at 37 °C, cells were lysed using 100 µL of 0.5× lysis 
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buffer, followed by 1h of incubation at RT. The luciferase activity of 35 µL of the cell 

lysates was measured with a Centro LB 960 plate reader luminometer (Berthold 

Technologies, Bad Wildbad, Germany) using LAR buffer (20 mM glycylglycine, 1 mM 

MgCl2, 0.1 mM EDTA, 3.3 mM dithiothreitol (DTT), 0.55 mM adenosine 5’-triphosphate 

(ATP), 0.27 mM coenzyme A, pH 8-8.5) supplemented with 5% (v/v) luciferin solution (10 

mM luciferin, 29.4 mM glycylglycerine). The relative light units (RLUs) of samples were 

calculated as the percentage of HBG-treated control cells, and the luciferase activity of 

the eGFP/Luc fusion protein was presented as the mean of triplicate wells ± SD.  

 

3.3.2.13 Receptor gene silencing study by flow cytometry 

Murine brain endothelial (bEnd.3) cells were seeded in 48-well plates at a density of 

10,000 cells per well and incubated for 24 h prior to transfection. Polyplexes containing 

VEGFR-2-targeted siRNA (siVEGFR-2) were then prepared and transfected at a dose of 

500 ng of siRNA/well. The cells were incubated with the polyplexes for 48 h at 37°C. 

Afterward, cells were washed with PBS, harvested and incubated in flow cytometry buffer 

containing PE-Vio-conjugated VEGFR-2 mAb for 30 min on ice and in the dark. 

Subsequently, cells were washed twice, resuspended in flow cytometry buffer containing 

0.1% Sytox Blue viability dye (Invitrogen), and acquired by flow cytometry (MACSQuant 

Analyzer 10, Miltenyi Biotec, Germany). The data was analyzed using FlowJo Software 

(version 10.1) to determine MFI values. An isotope matched mAb (IgG1, REA293, and 

Miltenyi Biotec) served as a control to set the threshold. The data are presented as 

means of duplicate wells ± SD (relative to the HBG control group). The experiment was 

kindly performed in collaboration with M. Yazdi (Pharmaceutical Biotechnology, LMU 

Munich) and Dr. A. Bashiri Dezfouli (Department of Otorhinolaryngology, TUM Munich). 

 

3.3.2.14 Cell viability study by MTT assay 

KB and DU145 cells were seeded in 96-well plates at a density of 5000 cells/well and 

incubated in 100 µL of a medium containing 10% FBS at 37 °C for 24 h prior to the 

experiment. Polyplexes containing siCtrl were transfected in triplicate at doses of 250 

and 62.5 ng of siRNA per well. HBG-treated cells served as a negative control. After 48 

h of incubation at 37 °C, 10 µL MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium 

bromide, 5 mg/mL) were added to each well and incubated for an additional 2 h at 37 

°C. Subsequently, the supernatant was removed, and the cells were frozen at -80°C 

overnight. To dissolve the crystals, 100 µL of DMSO was added to each well and the 

plates were kept at 37 °C for 30 min while shaking. The purple formazan product was 
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quantified by a microplate reader (Tecan, Switzerland) at 530 nm with a background 

correction at 630 nm. The relative cell viability was calculated as a percentage of HBG-

treated control wells (100%) and is presented as the mean of triplicate wells (± SD).  

 

3.3.2.15 Serum stability of polyplexes 

For assessing polyplex stability in 90% fetal bovine serum (FBS), polyplexes were 

prepared at the in vivo relevant concentration of 1.5 µg of siRNA in 10 µL HBG (150 

ng/µL). These polyplexes were diluted with 90 µL of 100% FBS to achieve a final 

concentration of 15 ng of siRNA/µL and 90% FBS, followed by incubation at 37 °C for 2 

h. Analogously, polyplexes were also diluted and incubated in HBG as a control. The 

samples were subsequently used to assess siRNA compaction via agarose gel 

electrophoresis, size distribution via DLS, and transfection efficiency via a luciferase 

reporter gene silencing assay. For agarose gel electrophoresis, 20 µL of the diluted 

samples (containing 300 ng siRNA) was used. For size distribution measurements, 20 

µL of the diluted samples was further diluted with 60 µL HBG to a final volume of 80 µL 

and transferred to a folded capillary cell. Measurement parameters were identical to 

standard size and PDI measurements. To assess transfection efficiency, cells were 

treated with the serum and HBG-diluted polyplexes at a dose of 62.5 ng of siRNA. 

Further procedures were also identical to our previously reported gene silencing studies.  

 

3.3.2.16 Fluorescence (Cross-)Correlation Spectroscopy (FCS, FCCS) 

Fluorescently labeled non-coated and HA-coated polyplexes were prepared at a siRNA 

concentration of 150 ng/µL. 2.5% of the total siRNA was composed of ATTO565-labeled 

siRNA (1:1 molar ratio of dye per siRNA). The HA coating incorporated 0.5% ATTO643-

labeled HA molecules, leading to double-labeled HA-coated polyplexes. The labeling of 

HA was performed by coupling azido-functionalized ATTO643 to HA-DBCO through 

SPAAC, followed by dialysis and lyophilization. A HA-DBCO batch containing 1 DBCO 

module per HA molecule was used for coupling, leading to a 1:1 molar ratio of dye per 

HA molecule. Before the measurements, the labeled polyplexes were diluted 1:10 in 

either HBG or FBS (heat inactivated, non-USA origin, Sigma Aldrich, Germany) and 25 

µL of each sample was measured in an 8-well LabTek I slide (VWR). Freely diffusing 

ATTO565 and ATTO643 as well as freely diffusing labeled siRNA and HA were used as 

controls. The FCS measurements were performed by I. Gialdini (Department of 

Chemistry, LMU Munich) on an in-house-built laser scanning confocal microscope 

described elsewhere [416]. Alignment of the setup was routinely checked by measuring 
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a 10 nM mixture of ATTO565-COOH and ATTO655-COOH in dPBS (Gibco). The 

experiments were performed with a 60× water immersion objective (Plan Apo 60x WI/NA 

1.27, Nikon). A 560 nm pulsed diode laser (LDH-P-FA-560, PicoQuant) was used for the 

excitation of ATTO565-labeled siRNA and polyplexes, and a 635 nm pulsed diode laser 

(LDH-P-C-635M, PicoQuant) was used for ATTO643-labeled HA and polyplexes. The 

power of both lasers was set as 1.2 µW before the objective, the pulse repetition rate 

was 25 MHz, and the red laser was electronically delayed by ~17 ns to achieve pulsed 

interleaved excitation (PIE) [417] and thus minimize the spectral cross-talk. The 

fluorescence emission was recorded for 10-15 min by two avalanche photodiode 

detectors (SPCM-AQR-14, PerkinElmer, after a 595/50 bandpass emission filter for 

ATTO565 and Count® Single Photon Counting Module, Laser Components after 635 nm 

long-pass emission filter for ATTO643). The excitation and emission were synchronized 

via time-correlated single-photon-counting electronics (TCSPC cards, Becker SPC-150 

and Hickl). PIE analysis in MATLAB (PAM) [418] was used for the analyses of the FCS 

data. Depending on the sample, the autocorrelation functions (ACFs) were fit with a 

model containing up to three diffusional components. Assuming a 3D Gaussian focus 

shape, the ACF is given by 
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Eqn [1] 

 

with τ being the time lag of the correlation, Di the diffusion coefficient of the species i, 

and ωr and ωz the lateral and axial focus sizes, respectively. For a 3D Gaussian shape, 

the geometric factor γ is 2−3/2. Ai is the relative amplitude of the corresponding 

fluorescence species within the observation volume. Ai is equal to the particle number Ni 

only if all of the components have equal brightnesses. With this model, the molecular 

brightness is equal to the fluorescence intensity divided by the sum of the values of Ni. 

If the brightnesses are not equal, to make an accurate quantification of Ni, the relative 

brightness of each species should be included in the analyses [419]. In the case of the 

cross-correlation analysis, the fluorescence cross-correlation function (CCF) is given by  
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where AYR is related to the fraction of double-labeled particles and AYT and ART represent 

the total number of yellow-labeled and red-labeled particles respectively.  

 

3.3.2.17 In vitro confocal imaging of single particles and colocalization analyses 

Similarly to the FCS experiments, labeled non-coated and HA-coated polyplexes were 

diluted 1:10 in HBG or FBS and imaged in LabTek I slides by I. Gialdini (Department of 

Chemistry, LMU Munich) on the same home-built LSCM instrument [416]. For each 

sample, a movie consisting of 100–200 frames (300 × 300 pixels, 100 × 100 µm) was 

acquired at a frame time of 1 s. Image postprocessing and colocalization analyses were 

performed in Fiji software (version 2.14.0/1.54f) [420] with a self-written semiautomated 

macro. Briefly, each movie was background subtracted and the analysis was performed 

on every 20th frame: knowing that the diffusion time of the polyplexes is on the order of 

a few milliseconds, this ensures that the same particle is not counted twice. The 

segmentation of the particles and the colocalization analyses were performed with DiAna 

[421], a plugin of ImageJ that evaluates the overlap between objects of two different 

channels. The integrated density of each analyzed particle was also retrieved as an 

output of the colocalization analysis with DiAna.  

  

3.3.2.18 Animal experiments 

All animal experiments were performed according to the guidelines of the German 

Animal Welfare Act and were approved by the animal experiments ethical committee of 

the Government of Upper Bavaria, Germany (accreditation number Gz. ROB-55.2-

2532.Vet_02-19-20). For both the ex vivo biodistribution study and the in vivo EG5 

silencing study, female NMRI-nu (nu/nu) mice (Janvier, Le Genest-Saint-Isl, France) 

were used. The mice were housed in isolated vented cages under pathogen-free 

conditions with a 12 h light/dark cycle and free access to water and food ad libitum and 

were acclimated for at least 7 days prior to experiments. Animals were injected with 1 × 

106 Neuro2a murine neuroblastoma cells subcutaneously for both the ex vivo 

biodistribution study, and the in vivo EG5 silencing study. The tumor volume was 

measured by a caliper and calculated as [0.5 × (longest diameter) × (shortest diameter)2].  
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3.3.2.19 Ex vivo biodistribution study 

When tumors reached a volume of 250–500 mm3, polyplexes containing siCtrl, spiked 

with 50% of Cy7-labeled siRNA (Cy7-siAHA1), were prepared in 200 µL of HBG and 

injected intravenously via the tail vein to NMRI-nu (nu/nu) mice (6–8 weeks of age, n = 

4) at a dose of 30 µg siRNA per mouse. After one h, the mice were euthanized by cervical 

dislocation, and their organs and tumors were harvested for near-infrared (NIR) ex vivo 

imaging using an in vivo optical imaging system (IVIS spectrum, Xenogen, USA). For 

image evaluation, the fluorescence signal efficiency was analyzed after equalizing the 

color bar scales using Living Image Software 3.2 (Caliper Life Sciences, Hopkinton, MA, 

USA). The injection, euthanasia, and harvesting of organs was kindly performed by the 

veterinarians of our research group, J. Pöhmerer (Pharmaceutical Biotechnology, LMU 

Munich) and M. Yazdi (Pharmaceutical Biotechnology, LMU Munich). 

 

3.3.2.20 Gene silencing of siEG5 in vivo 

Once tumor sizes reached 250–500 mm3, polyplexes containing either 50 µg of siEG5 

or siCtrl were prepared in 250 µl of HBG and injected intravenously via the tail vein into 

mice (n=5). A second injection was administered after 24 h. After 48 h, the mice were 

euthanized, and the tumors were harvested and homogenized. Total mRNA was 

extracted from the tumors using the peqGOLD total RNA Kit (VWR, Leuven, Belgium), 

and cDNA was synthesized using the qScript cDNA synthesis Kit (Quantabio, Beverly, 

USA), both according to the manufacturers’ protocols. Quantitative RT-PCR was 

performed in triplicate on a LightCycler 480 system (Roche, Mannheim, Germany) using 

TaqMan probes and Master Mix for gene expression assays (ThermoFisher Scientific, 

Waltham, MA, USA), with GAPDH as a housekeeping gene. The sample composition 

was as follows: 5 µL of Master Mix, 0.5 µL of probe, 4.5 µL of 1:10 diluted cDNA. Results 

were analyzed by the ΔCT method. CT values of GAPDH were subtracted from CT values 

of EG5, and the resulting ΔCT values were calculated as percentage relative to ΔCT 

from HBG-treated mice. The injection, euthanasia, and harvesting of tumors was kindly 

performed by the veterinarians of our research group, J. Pöhmerer (Pharmaceutical 

Biotechnology, LMU Munich) and M. Yazdi (Pharmaceutical Biotechnology, LMU 

Munich). 

 

3.3.2.21 Statistical Analysis 

Results are presented as mean values (arithmetic mean) of triplicate unless otherwise 

specified. Error bars display the standard deviation (SD). Statistical analysis of results 
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(mean ± SD) was evaluated by one-way ANOVA, and the Šidák multiple comparison test. 

Calculations and graphical presentations were performed with GraphPad Prism version 

10.0.3. (GraphPad Software Inc.). ns (not statistically significant) p > 0.05; * p ≤ 0.05; ** 

p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. 

 

3.4 Results and Discussion 

3.4.1 Design of a tunable ionic HA coating for siRNA polyplexes 

When injected intravenously, cationic polyplexes are prone to various electrostatic 

interactions with biological components, including nonspecific adherence to cell 

membranes, the formation of a protein corona, and opsonization. Consequently, cationic 

polyplexes often accumulate nonspecifically, have an altered chemical identity, and tend 

to be rapidly cleared from the bloodstream through the reticuloendothelial system (RES). 

Thus, the circulation time and potential therapeutic efficacy are substantially reduced. 

To address these challenges, we aimed to develop an ionic HA coating strategy to shield 

polyplexes from undesired interactions by switching the polyplex surface charge from 

positive to negative. Additionally, we incorporated a TEC-targeting ligand into the HA-

coating to achieve tumor specific accumulation and compensate for the reduced intrinsic 

cell adhesion capacity of polyplexes resulting from charge reversal.  

For the development of the multifunctional HA-coating, we utilized siRNA polyplexes 

based on cationizable lipo-OAA ID#1670 (Scheme 1A). Lipo-OAA 1670 was synthesized 

using solid-phase supported synthesis (SPSS), building on a previous similar T-shaped 

OAA which had been identified as an effective carrier for in vivo siRNA delivery [40]. 

Lipo-OAA 1670 features a symmetric cationic backbone with terminal cysteines, followed 

by three tyrosines, alternating histidines and succinoyltetraethylenepentamines (Stp), 

and a central branching lysine, which carries the lipidic branch with two oleic acids 

(Scheme 1A). The disulfide-forming cysteines, the tyrosine tripeptides and a terminal 

leucine enhance polyplex stability, while the imidazole containing histidines have proven 

to be beneficial for endosomal escape [19, 42-44].  

The initial development step of the ionic coating focused on determining the optimal HA 

amount per polyplex to achieve the desired size, polydispersity, and negative zeta 

potential. For this, 1670/siRNA core polyplexes were first prepared through turbulent 

mixing of equal volumes OAA 1670 and siRNA at a N/P ratio of 12, followed by a 40 min 

incubation at room temperature (RT) (Scheme 1A). These core polyplexes were then 

combined with varying quantities of HA, enabling anionic HA to form an electrostatic 

coating around the cationic core polyplex (Scheme 1B). HA quantities were calculated 
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as HA disaccharide repeat units per Stp, which represents one negative charge (one 

carboxy group of disaccharide repeat unit) per positive charge (one protonated amine of 

Stp at pH 7.4) and ranged from 0 to 3.5 HA units/Stp.  

 

 
A) Core polyplexes are prepared through turbulent mixing of equal volumes siRNA (1) and T-
shape oligoaminoamide ID#1670 at N/P 12 (2) and incubation at room temperature (RT) for 40 
minutes. B) For HA-coating, the core polyplex is subsequently added to the hyaluronic acid 
solution (3) and incubated for further 10 minutes to allow formation of the ionic HA coating, 
reversing the polyplex surface charge from positive to negative. For coating, either unmodified 
HA, HA-cRGD or HA-PEG1K-cRGD are used (n = 100 disaccharid repeat units in 38 kDa HA) and 
the amount of HA is calculated as 3 HA disaccharide repeat units/Stp. In the OAA backbone the 
following amino acids are incorporated: L, leucin; C, cysteine; Y, tyrosine; H, histidine; Stp, 
succinoyl tetraethylene pentamine; K, lysine. 

Scheme 1. Preparation of HA-coated polyplexes.  
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DLS and ELS measurements were used to analyze the size (Z-Ave), polydispersity index 

(PDI), and zeta potential of the coated polyplexes (Figure 1A). Zeta potential inversion 

from positive to negative charge occurred through a minimum of 1 HA unit/Stp, but more 

than 2 HA units/Stp were needed to achieve optimal sizes (< 300 nm) and PDIs (< 0.2). 

Besides polyplex size and charge, the ability to quantitatively encapsulate the nucleic 

acid is of utmost importance for high efficacy. An agarose gel electrophoresis indicated 

that siRNA was completely complexed regardless of the utilized HA ratio, as evidenced 

by the absence of bands at the level of the control sample containing only free siRNA 

(Figure 1C). The electrophoresis data also suggest that the anionic coating does not 

compete with the nucleic acid for binding to the cationic carrier peptide. For further 

investigations, a ratio of 3 HA units/Stp was determined to be suitable for ionic coating 

of polyplexes, resulting in hydrodynamic diameters below 300 nm, low PDI values, 

negative zeta potentials of less than -20 mV, and complete siRNA entrapment.  

In the next step, the ionic HA coating was modified with the cyclic RGDfK (cRGD) 

peptide, a ligand that targets the tumor endothelial cell receptor integrin αvβ3 and was 

selected based on its previous success in tumor-targeted polyplexes [160-163, 422-424]. 

Functionalizing HA with the targeting ligand rather than the polyplex itself was intended 

to simplify and accelerate preparation of the multifunctional polyplexes by allowing the 

addition of both the shielding and targeting agent in a single formulation step. To 

incorporate the targeting ligands into the HA, we first modified HA with DBCO units as 

linkage modules, as described in our previous work [40]. 11–13% of carboxylic acids in 

HA were modified, as confirmed by UV-vis and 1H-NMR data (Figures S3 and S4).   

To enable conjugation of cRGD to HA-DBCO via copper-free click chemistry, we utilized 

targeting ligands functionalized with a terminal azido group (Schemes 1B and S1). We 

compared two strategies for azido-cRGD coupling: (1) direct coupling of N3–cRGD to 

HA–DBCO or (2) coupling via a PEG1K spacer: N3–PEG1K–cRGD. While the PEG-spacer 

may sterically hinder CD44 targeting through HA, we hypothesize that the hydrophilic 

spacer supports cRGD presentation on the polyplex surface, reducing internal hiding, 

compensates for the hydrophobicity of the DBCO linkage module, and potentially adds 

an additional shielding component. As a control, N3–PEG1K was tested equivalently in all 

studies to distinguish it from unspecific effects through the spacer.   

For preparation of the click chemistry-coupled HA-ligand conjugates (HA–cRGD, HA–

PEG1K–cRGD, and the control HA–PEG1K), HA–DBCO and an excess of the respective 

azido ligand (1.2 equiv ligand per DBCO [mol/mol]) were incubated for at least 4 h at RT 

while shaking. Afterward, the conjugates were dialyzed against deionized water for 

purification and lyophilized. UV-vis data confirmed the quantitative reaction of all DBCO 
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units, as the absorption at the characteristic wavelength for DBCO (308 nm) decreased 

to 0 (Figure S4). An overview of the final HA and cRGD molar ratios used for polyplex 

formation is provided in Table S4.  

 

Figure 1. Physicochemical evaluation of HA-coated polyplexes. (A, B) Polyplex sizes (z-average 
by intensity) and polydispersity index (PDI) were determined through dynamic light scattering 
(DLS) (n = 3, mean ± SD), and zeta potential values were determined through electrophoretic 
laser light scattering (ELS) (n=3, mean ± SD). Polyplexes were prepared in HBG at a N/P ratio of 
12 containing 500 ng siRNA in a total volume of 20 µL. (A) Coating of polyplexes with increasing 
amounts of HA units/Stp in comparison to non-coated polyplexes (0 HA units/Stp). (B) Coating of 
polyplexes with unmodified HA (3HA), 3HA–cRGD, 3HA–PEG and 3HA–PEG–cRGD at a ratio of 
3 HA units/Stp in comparison to unmodified polyplexes (0 HA units/Stp). (C) siRNA compaction 
of non-coated and HA-coated polyplexes was determined through agarose gel electrophoresis.  
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Subsequently, core polyplexes were coated with either unmodified HA or the novel 

coating conjugates HA–cRGD, HA–PEG, and HA–PEG–cRGD at the established ratio 

of 3 HA units/Stp (coatings hereafter referred to as 3HA, 3HA–cRGD, 3HA–PEG, and 

3HA–PEG–cRGD). Evaluation of physicochemical characteristics was performed using 

DLS, ELS and an agarose gel shift assay (Figure 1B). The data indicated that HA 

modification with azido ligands did not notably alter the size, PDI, or zeta potential 

compared to polyplexes coated with unmodified HA. Furthermore, agarose gel 

electrophoresis demonstrated complete siRNA compaction for all tested formulations 

(Figure 1C).  

In summary, the presented physicochemical data indicate that we successfully 

developed an ionic HA coating functionalized with the targeting ligand cRGD, which 

enables charge inversion of polyplexes while maintaining suitable sizes, PDIs, and 

siRNA encapsulation ability.  
 

3.4.2 Cell association and gene silencing efficiency of HA-coated polyplexes 

Knowing that cellular internalization is a crucial prerequisite for polyplex efficacy, our 

initial investigations in cell culture focused on evaluating cell association of the novel HA- 

and cRGD-modified polyplexes with an integrin αvβ3 and CD44 expressing cell line, 

specifically the human prostate cancer cells DU145 [425, 426]. The cells were seeded 

at a density of 5000 cells per well and transfected with polyplexes at a dose of 62.5 ng 

of siRNA, of which 20% were spiked with Cy5-labeled siRNA. Cell association was 

evaluated using flow cytometry after different incubation periods ranging from 30 min to 

48 h at 37 °C. A range of time points was selected to capture the maximum association 

of each formulation, considering the possible varying kinetics of the different polyplexes. 

Over the first 24 h following transfection, the cell association of 3HA-coated polyplexes 

was highest, followed by non-coated polyplexes (Figure 2A). These formulations 

reached maximum cell association after 24 h, while the MFI continued to increase for 

3HA–cRGD, 3HA–PEG, and 3HA–PEG–cRGD polyplexes. After 48 h, 3HA–cRGD 

polyplexes demonstrated the highest overall cell association, followed by 3HA–PEG–

cRGD, 3HA, 3HA–PEG, and non-coated polyplexes.  

To further confirm cellular uptake, we performed complementary CLSM after 48 h in 

DU145 cells using the same formulations and siRNA dose. The images verified that 

internalization of all formulations occurred after 48 h, eliminating the possibility that 

polyplexes were solely adhering to the outer cell membrane surface (Figures 2B and 
S5).  
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Figure 2. Cell association and cell internalization of HA-coated polyplexes. Non-coated and HA-
coated polyplexes containing 20% Cy5-labeled siRNA were transfected in the human prostate 
cancer cells DU145 at a dose of 62.5 ng of siRNA (5000 cells/well). (A) Cell association was 
evaluated after different time periods (0.5, 2, 4, 8, 24, 48 h) via flow cytometry. The data are 
presented as mean fluorescence intensity of Cy5-signal per cell (mean ± SD, n = 3). HBG-treated 
cells were used as a negative control. (B) Cell internalization of Cy5-labeled polyplexes (red) was 
imaged by M. Höhn (Pharmaceutical Biotechnology, LMU Munich) using confocal laser scanning 
microscopy (CLSM) after 48 h of incubation on DU145 cells. The actin skeletons were stained 
with rhodamine-phalloidin (green) and nuclei with DAPI (blue). The scale bar is 50 µm. Images of 
each layer (before merge) are presented in Figure S6.  
 

The average percentage of Cy5-positive DU145 cells was also evaluated, revealing no 

significant differences among the tested formulations. All achieved more than 90% Cy5-

positive cells at all time points (Figure S6). This analysis was extended to a second 

integrin αvβ3- and CD44-expressing cell line, human cervix carcinoma (KB) cells [425, 

426], which consistently showed over 95% Cy5-positivity across all formulations and time 

points (Figure S6).  

Cellular uptake was further evaluated in KB cells (Figure S7A), along with an 

endocytosis inhibition assay to investigate the mechanisms underlying polyplex 

internalization (Figure S7B). After incubating the different formulations with the cells for 
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4 h, 3HA polyplexes exhibited the highest cellular uptake, followed by 3HA–cRGD and 

non-coated polyplexes. The PEG-containing formulations 3HA–PEG and 3HA–PEG–

cRGD showed lower overall MFI values, likely due to the shielding properties of PEG. 

However, 3HA–PEG–cRGD outperformed 3HA–PEG, suggesting a cRGD-mediated 

targeting effect. 

The endocytosis inhibition assay (Figure S7B) revealed clathrin-mediated endocytosis 

(inhibited by sucrose) and macropinocytosis (inhibited by amiloride) as prominent uptake 

pathways for non-coated, cationic polyplexes. In contrast, all HA-coated anionic 

formulations were only partly inhibited by the macropinocytosis inhibitor, with clathrin-

mediated endocytosis presenting the main uptake route. This pathway was dominant for 

the 3HA–cRGD–coated polyplexes. Caveolae-mediated endocytosis (inhibited by 

nystatin) contributed to the uptake of 3HA–PEG-coated polyplexes only but the 

contribution was reduced for the other four formulations.  

Taken together, in DU145 cells, all formulations exhibited similar high cell association 

which increase with time. At 24 h high Cy5-positivity was found for all formulations, 

similar as observed for KB cells. Evaluating uptake in KB cells at a medium 4 h time point 

suitable for observing differences, the HA coating enhanced, and the HA–PEG coated 

formulation reduced uptake compared with non-coated nanoparticles. Importantly, 

incorporation of cRGD significantly enhanced the uptake in the 3HA–PEG–cRGD 

formulation. Combined with the finding of a primarily clathrin-coated endocytosis and 

reduced macropinocytosis pathway, data are consistent with receptor-mediated uptake 

(by either cRGD or HA) and optional PEG shielding.  

 

Next, we assessed gene silencing efficiency of the non-coated and HA-coated 

polyplexes by conducting a luciferase reporter assay in DU145 eGFP/Luc and KB 

eGFP/Luc reporter cell lines, which stably express the eGFP-Luciferase reporter gene. 

Cells were seeded at a density of 5000 cells per well and treated with both high (250 

ng/well) and low (62.5 ng/well) doses of siRNA. In comparison to our previous work, 

where typically 500 ng of siRNA per well was used for transfections [40, 157], we utilized 

lower doses to discern differences between our novel formulations. A previously 

conducted dose titration with non-coated polyplexes confirmed sufficiently high gene 

silencing even at 1/8 of the former standard dose (Figure S8). For each formulation, 

both siCtrl and siGFP containing polyplexes were prepared and transfected to distinguish 

specific gene silencing (siGFP) from non-specific effects (siCtrl). Luciferase activity of 

the transfected reporter cells was measured 48 hours post-transfection after the addition 

of luciferin. Gene silencing efficiency was calculated as the difference between non-
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specific gene silencing of siCtrl-containing polyplexes and specific gene silencing of 

siGFP-polyplexes. A summary of the exact calculated efficiencies is provided in Tables 
S1 and S2 for comparison. 

In both DU145 and KB eGFP/Luc cells, all tested formulations achieved significant gene 

silencing at both high and low siRNA doses (Figure 3A). Transfections with 250 ng of 

siRNA per well resulted in indistinguishable gene silencing efficiencies for all formulations 

in both cell lines, exceeding 50%-60% specific gene silencing in DU145 eGFP/Luc cells, 

and more than 70% in KB eGFP/Luc cells. Transfections with the lower dose (62.5 ng) 

siRNA revealed formulation- and cell line-dependent differences in polyplex efficiency. In 

DU145 cells, transfection efficiency remained high at over 60% for all formulations, with 

no significant differences, consistent with the observed cell association. In contrast, in 

KB eGFP/Luc cells, the gene silencing efficiency decreased by 10% to 40% compared 

to the high dose, depending on the transfected formulation. The transfection efficiency 

of 3HA, 3HA–cRGD, and 3HA–PEG–cRGD coated polyplexes outperformed both the 

non-coated and the well-shielded 3HA–PEG coated polyplexes, resulting in the following 

ranking sorted by gene silencing efficiency: 3HA-cRGD > 3HA > 3HA-PEG-cRGD > non-

coated > 3HA-PEG. The higher gene silencing efficiency of HA-coated polyplexes, and 

the pronounced difference in efficiency between 3HA–PEG- (40%) and 3HA–PEG–

cRGD- (56%) coated polyplexes, suggest that both the HA- coating and the modification 

with the ligand cRGD affect functional activity. These data are also consistent with the 

cellular uptake study in most aspects, where 3HA and 3HA–cRGD polyplexes 

outperformed non-coated polyplexes, and a ligand effect was observed when comparing 

3HA–PEG with 3HA–PEG–cRGD polyplexes.  

As our intention was to enhance in vivo efficacy by improving polyplex adherence to 

TECs, in addition to improving biocompatibility through HA shielding, we evaluated the 

transfection capacity of all formulations in a subsequent functional assay in the 

endothelial cell line bEnd.3. Polyplexes containing siVEGFR-2 were prepared and 

transfected at a dose of 500 ng of siRNA per 10,000 cells, corresponding to the high-

dose conditions used in the previous gene silencing studies (250 ng per 5000 cells). The 

murine brain endothelial cell line bEnd.3 was selected due to its expression of the integrin 

αvβ3 receptor and VEGFR-2 [76]. After 48 h of incubation, VEGFR-2 knockdown 

efficiency was assessed using a labeled VEGFR-2 monoclonal antibody (mAb) and flow 

cytometry. HBG-treated cells, showing the baseline VEGFR-2 expression, were used to 

calculate the MFI fold change of VEGFR-positive cells treated with HA-coated and non-

coated polyplexes. Polyplexes coated with 3HA–cRGD and 3HA–PEG–cRGD were also 

prepared containing siCtrl to exclude non-specific gene silencing.  
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Figure 3. In vitro evaluation of HA-coated polyplexes.  (A) Gene silencing efficiency of non-coated 
(0 HA/Stp) and HA-coated polyplexes (coated with unmodified HA, HA–cRGD, HA–PEG or HA–
PEG–cRGD) was assessed in the reporter cell lines DU145 eGFP/Luc and KB eGFP/Luc. 
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Polyplexes were prepared containing siGFP (siRNA silencing enhanced green fluorescent protein 
expression) and siCtrl (control siRNA) at both high (250 ng) and low (62.5 ng) siRNA doses (5000 
cells/well). After 48 h of incubation, luciferase activity of the eGFP-luciferase (eGFPLuc) fusion 
protein was evaluated. The luciferase activity is expressed as percentage relative to that of HBG-
treated cells (mean ± SD, n = 3). B) Expression of VEGFR-2 in murine brain endothelial bEnd.3 
cells was quantified by flow cytometry after 48 h of exposure to non-coated and coated polyplexes 
containing 500 ng of siVEGFR-2 (per 10,000 cells). 3HA–cRGD and 3HA–PEG–cRGD polyplexes 
containing siCtrl were used as a negative control. MFI fold change of positive cells was calculated 
relative to the respective values of HBG-treated cells (mean ± SD, n = 3). Statistical significancy 
was determined as ns p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001 (ordinary 
one-way ANOVA, Šidák multiple compaison test; GraphPad Prism 10.0.3). The experiment was 
performed in collaboration with M. Yazdi (Pharmaceutical Biotechnology, LMU Munich) and Dr. A. 
Bashiri Dezfouli (Department of Otorhinolaryngology, TUM Munich). (C) Metabolic activity of 
DU145 and KB cells incubated with non-coated and HA-coated polyplexes containing high (250 
ng) and low (62.5 ng) doses of siRNA for 48 h was measured via the MTT assay. Cell viability 
was calculated as percentage of HBG-treated cells (mean ± SD, n = 3). (D) Gene silencing 
efficiency of non-coated and HA-coated polyplexes in the presence of excess coating agent for 
competition was evaluated in the reporter cell line DU145 eGFP/Luc by measuring luciferase 
activity. Cells were preincubated with a 50-fold excess of HA coatings for 45 min at 37 °C prior to 
transfection with polyplexes containing 62.5 ng of siGFP, or siCtrl as a negative control (per 5000 
cells). Luciferase activity was measured after 48 h of incubation of polyplexes on the cells in the 
continued presence of the competitors and was calculated as percentage relative to that of HBG-
treated cells (mean ± SD, n = 3). As a positive control, all formulations were also transfected 
without a competitor (gray bars). Non-coated polyplexes were coincubated with all HA-coating 
types to exclude unspecific competition (colored bars). 3HA-polyplexes were only coincubated 
with unmodified HA (blue bars), whereas polyplexes coated with 3HA–cRGD, 3HA–PEG, and 
3HA–PEG–cRGD were transfected in the continued presence of both the respective HA-coating 
types [HA–cRGD (green), HA–PEG (light pink), and HA–PEG–cRGD (pink) and unmodified HA 
(blue)].  
 

The results were generally consistent with those from the luciferase reporter gene 

silencing assay, aligning with certain findings from both the studies in DU145 and KB 

eGFP/Luc reporter cells, while also revealing some differences. Overall, all formulations, 

except for 3HA–PEG polyplexes, achieved significant VEGFR-2 silencing (Figure 3B). 

Non-coated, 3HA- and 3HA–cRGD-polyplexes demonstrated the highest gene silencing 

efficiency, followed by 3HA–PEG–cRGD polyplexes. The enhanced efficiency of 3HA–

PEG–cRGD polyplexes compared with 3HA-PEG polyplexes, as shown in the luciferase 

assay in KB eGFP/Luc cells, indicated that the ligand cRGD contributes to polyplex 

efficacy. In contrast to KB cells, but consistent with results from DU145 cells, non-coated 

polyplexes exhibited similar efficiency to HA-coated polyplexes. Overall, this 

complementary functional study confirmed the internalization and efficacy of the HA- and 

cRGD-modified polyplexes in endothelial cells.  

Beyond polyplex functionality, the in vitro gene silencing studies demonstrated low non-

specific side effects, indicating high biocompatibility of all formulations. This finding was 

corroborated by a subsequent MTT assay, which measured the metabolic activity of cells 

treated with high and low doses of the non-coated and coated polyplexes after 48 h 

(Figure 3C). Metabolic activity remained high for all formulations in both cell lines, with 
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minor cell line dependent differences, consistent with the luciferase reporter assay data. 

In DU145 cells, a slight decrease in cell viability was observed for 3HA- and 3HA–cRGD– 

coated polyplexes after transfection with 250 ng of siRNA, though cell survival was still 

adequate. At the low dose, all formulations maintained the same high cell viability. In KB 

cells, transfection with either high or low doses of siRNA resulted in only marginal 

differences in metabolic activity, with nearly 100% cell viability observed for all 

formulations. 

To further investigate the role of the specific coating types in the internalization process 

and functionality, gene silencing of the polyplexes was assessed in the presence of 

competitive inhibitors. DU145 GFP/Luc cells were chosen as the representative cell line 

due to their consistent gene silencing efficiency across all formulations in previous 

experiments, allowing for clearer detection of differences when competitors were 

introduced. Prior to transfection, cells were preincubated for 45 min at 37 °C with a 50-

fold excess of the respective coating agent, including both the specific coating agents 

and unmodified HA to differentiate from HA-dependent uptake mechanisms. Following 

preincubation, cells were transfected with 62.5 ng of siRNA per 5000 cells and incubated 

for 48 h in the continued presence of the competitor. Non-coated polyplexes were 

coincubated with all coating types as a control to identify nonspecific effects, while coated 

polyplexes were only coincubated with the specific coating agent and unmodified HA. 

Gene silencing was assessed by measuring luciferase activity and comparing it to cells 

transfected with the same formulation, but without a competitor (Figure 3D).  

Gene silencing efficiency of non-coated polyplexes remained unaffected by the presence 

of any competitor. Only the competing coatings HA–cRGD and HA–PEG–cRGD induced 

minor nonspecific gene silencing, which was considered when comparing gene silencing 

efficiencies of coated polyplexes and is likely attributable to the high concentration used. 

Similarly, 3HA-coated polyplexes did not show reduced gene silencing activity in the 

presence of excess unmodified HA, which suggests that CD44-mediated interactions are 

not the primary mechanism of internalization of these formulations. In contrast, 3HA–

cRGD, 3HA–PEG, and 3HA–PEG–cRGD polyplexes exhibited a more than 3-fold 

reduction in gene silencing when cotreated with the respective coating agent but not with 

unmodified HA. We primarily attribute the inhibition observed with cRGD-containing 

formulations to a ligand-mediated effect. This interpretation is supported by the finding 

that 3HA–cRGD polyplexes exhibit competitive interactions with HA–cRGD but not with 

unmodified HA.   

While achieving sufficient cell uptake and gene silencing is necessary for ensuring the 

functionality of polyplexes, these requirements are still not sufficient regarding in vivo 
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performance after intravenous injection. In vivo functionality relies on numerous 

unpredictable factors, such as polyplex stability in serum, blood circulation time, 

physicochemical characteristics, and the behavior in the presence of a protein corona, 

none of which can be fully replicated in vitro [84, 427]. To partially address this, serum 

studies were conducted to evaluate the in vivo compatibility of HA-coated polyplexes, 

which will be discussed in the following section. Nevertheless, the low cytotoxicity 

observed at both high and low doses in cell culture indicates that all formulations are 

suitable candidates for in vivo testing without concern.  

 

3.4.3 Physicochemical characteristics and functionality of HA-coated polyplexes 

after serum incubation 

Aiming at improving stability and efficacy upon in vivo application, we investigated the 

ionically HA-coated polyplexes under conditions that partially mimic the in vivo 

environment. This involved assessing siRNA compaction, polyplex size, gene silencing 

efficiency, and the intactness of ionic HA-coating after dilution in fetal bovine serum 

(FBS). Polyplexes were prepared at a concentration of 150 ng/µL, which was selected 

for its relevance to following in vivo studies, and subsequently diluted 1:10 in FBS to 

achieve a final serum concentration of 90%. The polyplexes were then incubated for two 

h at 37 °C while being shaken to replicate shear stress experienced during intravenous 

injection and blood circulation.  

To evaluate siRNA condensation of the non-coated and HA-coated polyplexes 

postserum incubation, an agarose gel shift assay was performed with 20 µL of the FBS-

diluted samples, containing 300 ng of siRNA (Figure 4A). siRNA release was assessed 

by comparison with the control samples containing the same amount of free siRNA, and 

siRNA release was subsequently calculated using ImageJ software. To differentiate 

between serum and dilution effects, 1:10 dilutions were also performed with HBG, 

followed by incubation at 37 °C for 2 h. After HBG dilution, all formulations retained most 

of the siRNA, although minor release occurred. This release is likely attributable to the 

effects of dilution, incubation, or shaking, as our previous gel shift assays without these 

effects showed that siRNA was fully compacted (Figure 1C). The release of siRNA was 

negligible for non-coated and 3HA-polyplexes but was more pronounced for 3HA-cRGD, 

3HA-PEG, and 3HA-PEG-cRGD polyplexes. However, upon serum dilution, non-coated 

and 3HA-polyplexes exhibited increased siRNA release, showing up to 40% of the 

initially encapsulated dose becoming free siRNA. In contrast, polyplexes coated with 

3HA–cRGD, 3HA–PEG, and 3HA–PEG–cRGD maintained their siRNA compaction 
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capacity even after dilution in FBS. Notably, formulations incorporating PEG spacers 

exhibited the lowest siRNA release after FBS dilution. Although the formulations 

containing cRGD- and PEG-modified HA demonstrated the highest overall stability in 

serum, all formulations retained substantial amounts of siRNA after being diluted in FBS 

and incubated for 2 h.  

Figure 4. Serum compatibility of HA-coated polyplexes. Polyplexes were prepared at a 
concentration of 150 ng/µL and diluted 1:10 in HBG or fetal bovine serum (FBS; final FBS 
concentration: 90%), followed by an incubation for 2 h at 37 °C while shaking. (A) Stability of non-
coated and coated polyplexes was determined by an agarose gel electrophoresis. Twenty µL of 
the diluted samples (containing 300 ng of siRNA) was evaluated. As a positive control, a sample 
containing 300 ng of free siRNA was used. siRNA release was determined using the ImageJ 
software and was calculated as a percentage of the positive control (% free siRNA). (B) 
Hydrodynamic diameters of non-coated and coated polyplexes after 1:10 dilution in HBG and 
FBS were determined by DLS measurements (mean ± SD, n = 3). (C) Gene silencing efficiency 
of FBS-diluted polyplexes at a dose of 62.5 ng of siRNA per well. Luciferase activity was 
measured after a 48 h exposure of polyplexes to the reporter cell line DU145 eGFP/Luc and was 
calculated as the percentage to the activity of HBG-treated cells. Polyplexes prepared with siCtrl 
served as a negative control.  
 

The impact of serum incubation on the hydrodynamic size of the polyplexes was 

subsequently assessed using DLS measurements. Samples were diluted in both FBS 

and HBG and incubated at 37 °C for 2 h, as in the gel electrophoresis study. Dilution in 

HBG did not considerably alter the polyplex size compared to previous measurements 

(Figure 4B). In contrast, serum incubation resulted in an increase in size for all 
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formulations, likely due to the formation of a protein corona, as noted in other studies 

[428]. The smallest size increase was observed for polyplexes coated with cRGD- and 

PEG-modified HA, followed by those coated with unmodified HA. Non-coated polyplexes 

exhibited the largest percentage increase in size (Figure 4B and S9).  

Following the evaluation of physicochemical characteristics, the functionality of all 

formulations postserum incubation was evaluated in DU145 eGFP/Luc cells. After serum 

dilution and incubation for 2 h at 37 °C, cells were transfected with non-coated or HA-

coated polyplexes at a dose of 62.5 ng of siRNA. Gene silencing was effective across all 

formulations, exceeding 80%, and comparable to results obtained under standard 

transfection conditions (Figure 4C and Table S3). HA-coated polyplexes exhibited up to 

10% higher gene silencing efficiency compared to non-coated polyplexes, consistent 

with their superior performance in the previous gel shift assay and DLS study.  

 

To confirm the retention and functionality of the HA-coating postserum incubation, 

fluorescence correlation and cross-correlation spectroscopy (FCS and FCCS) 

experiments were employed. FCS examines the intensity fluctuations caused by the 

diffusion of fluorescently labeled particles through a small observation volume (~ 1 

femtoliter) [429]. The intensity fluctuations are analyzed via a temporal autocorrelation 

function (ACF), the decay of which is related to the diffusion constant of the present 

fluorescent species. A slower diffusion, caused for instance by a larger molecular size, 

higher viscosity of the medium or interaction between two or more molecules, will result 

in a shift of the ACF toward longer time scales. FCCS is the two-color extension of FCS, 

in which the correlated fluctuations of two differently labeled species are examined 

simultaneously. In this case, the intensity fluctuations in two detection channels are 

analyzed via the temporal cross-correlation function (CCF)[430]. If the two species 

interact, i.e. they diffuse together through the observation volume, the fluorescence 

fluctuations in both channels will be coordinated and a cross-correlation signal will be 

present. The higher the amplitude of the CCF, with respect to the amplitude of the ACFs, 

the higher the number of double-labeled complexes diffusing in solution.  

For the F(C)CS measurements, the polyplexes were prepared with a mixture of 

unlabeled siRNA spiked with 2.5% ATTO565-labeled siRNA (siRNA-ATTO565). The HA-

coated polyplexes were prepared with a mixture of labeled and nonlabeled HA. For 

labeling, an equimolar amount of siRNA-ATTO565 and ATTO643-labeled HA (HA-

ATTO643) was used and the remainder of HA needed for coating the particles was 

unlabeled. Electrostatic coating of polyplexes with unmodified HA only was evaluated as 

a representative coat for all tested HA- derivatives. Given that only around 11% of the 
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carboxylic acids of the polyanionic HA are optionally modified with cRGD and/or small 

amounts of PEG, this is unlikely to reduce the electrostatic interaction with the polyplex. 

As in the before mentioned serum studies, non-coated and 3HA-coated polyplexes were 

diluted 1:10 in HBG and FBS and incubated for two h at 37 °C while shaking. FCCS 

measurements were conducted before and after the 2 h incubation.   

Right after dilution, as expected, the double-labeled HA-coated polyplexes showed 

cross-correlation in both HBG and FBS (Figure 5A) indicating that the labeled siRNA 

and HA are complexed in the polyplexes. Interestingly, after two h in FBS, a cross-

correlation signal appeared also for the non-coated polyplexes. As the non-coated 

polyplexes do not contain any red labels, the cross-correlation is attributed to 

autofluorescence of the serum itself. FBS alone shows measurable fluctuations as 

observed in the ACFs but exhibits no cross-correlation amplitude (Figure S10A). The 

positive cross-correlation amplitude observed with the polyplexes suggests that a serum 

induced protein corona is probably forming around the non-coated particles. For the HA-

coated polyplexes, the highest cross-correlation amplitude was recorded under HBG 

conditions, as expected, indicating a high efficiency of coating. In serum, before and after 

incubation, the amplitude of the CCF, relative to the ACF of the siRNA-ATTO565 

polyplexes, is reduced, suggesting that the number of double-labeled complexes is 

decreased. This indicates that the polyplexes are partially disassembling and/or 

releasing some HA, although a considerable number of particles are still present even 

after two h. To exclude that this effect is caused by dilution or incubation, we performed 

FCCS after two h in HBG, the result of which nicely recapitulated the initial HBG 

conditions (Figure S10B).  

To investigate whether the polyplexes are disassembling, i.e., releasing siRNA, or only 

losing the coating, i.e. releasing HA, we normalized the “yellow” and “red” ACFs to 1, 

which allows us to easily inspect the decay of each curve and thus compare the diffusion 

coefficient (D) of the observed species. The release of either siRNA (DFBS = 64 µm2/s, 

Table S4) or HA (DFBS = 20 µm2/s, Table S4) would result in the presence of a fast-

diffusing component in the ACFs. Right after dilution in FBS, the HA-coated polyplexes 

did not show siRNA release. The ACF was similar to the one measured in HBG, although 

shifted toward longer time scales, as expected due to the higher viscosity of FBS and 

the larger size of the polyplexes in serum (Figure 5B and Figure 4B). After 2 h in serum, 

only a minor release of siRNA was detected, indicating that the core polyplex is 

substantially stable. Similar results were obtained for the non-coated polyplexes (Figure 
S10C). On the other hand, the HA started to be released immediately after dilution in 

FBS, with a more significant amount released during the two h between measurements 
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(Figure 5C). Altogether, these results indicate that although some HA-coated polyplexes 

disassemble and release siRNA, the reduced cross-correlation in serum is mostly due to 

dissociation of HA rather than the release of siRNA.  

 

Figure 5. Characterization of polyplexes’ stability in HBG and serum via fluorescence (cross-) 
correlation spectroscopy. (A) Representative autocorrelation functions (ACFs, yellow and red 
curves) and cross-correlation functions (CCF, black curve) of non-coated and HA-coated 
polyplexes in HBG and FBS, before and after 2 h of incubation at 37 °C while shaking. The results 
of the FCCS experiments for two additional independent replicates, are reported in the Supporting 
Information (Tables S6 and S7). The curves depicted here are without normalization, to 
appreciate the relative CCF amplitude. To better visualize changes in the diffusion of polyplexes 
in FBS over time, the ACFs of siRNA-ATTO565 (B) and HA-ATTO643 (C) complexed into HA-
coated polyplexes were normalized to 1. The experiments were performed in collaboration with I. 
Gialdini (Department of Chemistry, LMU Munich).  
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Since an accurate quantification of the number of HA molecules per particle via FCCS is 

hindered by the high difference in brightness of the diffusing species (Tables S4–

S7)[431], we analyzed the colocalization between siRNA-ATTO565 and HA-ATTO643 at 

the single particle level to determine whether some HA molecules are still retained within 

the polyplexes (Figure 6A). For both non-coated and HA-coated polyplexes, the overall 

number of particles detected in HBG and in FBS right after dilution remains unaffected, 

albeit with a high standard deviation resulting from batch-to-batch variability. After two h 

in serum, the number of detected non-coated particles decreased to 10% of the initial 

values in FBS, while 40% of HA-coated polyplexes were still present (Figure 6B).  

 

Figure 6. Colocalization between the HA coating and siRNA-ATTO565 core polyplexes in HBG 
and FBS. (A) Representative confocal images of non-coated and HA-coated nanoparticles in 
HBG and after 2 h of incubation in serum at 37 °C with shaking. The core of the polyplex is labeled 
via internalization of siRNA-ATTO565 (cyan), and the HA is labeled with ATTO643 (magenta). 
The scale bar is 5 µm. (B) Average number of non-coated and HA-coated siRNA-ATTO565 
polyplexes detected in HBG and FBS are shown both before and after incubation. The results of 
three independent experiments are reported as mean ± SD. (C) Percentage of siRNA-ATTO565 
core polyplexes colocalizing with serum protein (non-coated polyplexes) or HA-ATTO643 (coated 
polyplexes). The results of three independent experiments are reported as mean ± SD. (D) 
Particle-wise brightness in the red channel, corresponding to the fluorescence of serum protein 
(non-coated polyplexes) or HA-ATTO643 (coated polyplexes). The integrated density (i.e. 
intensity) of each detected particle was extracted with ImageJ and plotted on a logarithmic scale. 
The violin plots were compiled from 3 independent experimental replicates. The experiments were 
performed in collaboration with I. Gialdini (Department of Chemistry, LMU Munich).  
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In HBG and right after dilution in serum, ~70% of the HA-coated particles showed 

colocalization between siRNA-ATTO565 and HA-ATTO643, indicating that, despite a 

high coating efficiency, some particles without the HA layer exist. Interestingly, after two 

h in FBS, 99% of the polyplexes showed colocalization, possibly indicating that those 

particles that were initially present in HBG without proper HA coating, are degraded by 

prolonged incubation in FBS (Figure 6C). This result suggests that not only the HA 

coating is retained on the particles even in the presence of serum, but that also the HA 

shields the polyplexes from the serum proteins and is necessary to prevent the 

degradation of the nanocarriers. Consistent with the FCCS results, the non-coated 

polyplexes were undetectable in the red channel in HBG, but some red signal was visible 

in serum. Also in this case, we attribute the signal to the autofluorescence of the FBS 

components. The percentage of detected non-coated polyplexes that colocalize with 

serum proteins increases from 4% to 47% after two h of incubation, consistent with a 

progressive development of the protein corona around non-coated polyplexes (Figure 
6C). The quantification of single-particle brightness in the red channel supported this 

observation, as the brightness increased after two hours of serum incubation (Figure 
6D). In addition, the brightness of the non-coated polyplexes remained much lower 

compared to the HA-ATTO643-coated particles. This suggests that the signal obtained 

for the non-coated particles indeed originates from FBS autofluorescence as ATTO643-

labeled particles showed higher brightness. This finding does not exclude the possibility 

of the formation of the protein corona around the HA-coated polyplexes. However, the 

higher brightness of HA-ATTO643 compared to FBS may hide the protein corona effect 

in these experiments. As a control, the single-particle brightness was also evaluated in 

the yellow channel; i.e., the brightness of siRNA-ATTO565 polyplexes was quantified. In 

this case, both non-coated and HA-coated polyplexes showed substantially unaltered 

brightness during serum incubation, indicating that the particles that remain in serum are 

intact. The HA-coated particles showed overall higher siRNA brightness than the non-

coated polyplexes, consistent with their larger diameter (Figure S11).  

Taken together, these results indicate that (i) HA-coated nanoparticles do contain siRNA 

and HA, and (ii) although some polyplexes may disassemble during incubation in serum, 

a substantial proportion of HA is retained with the particles, which improves the stability 

of the polyplexes, and potentially improves blood circulation in vivo.  

In summary, the HA-coating modulates the physicochemical properties, performance, 

and stability of polyplexes upon serum dilution. Both the gel shift assay and F(C)CS 

study confirmed the stability of the core polyplexes, with minimal siRNA release from 

both non-coated and HA-coated polyplexes after two h of exposure to serum. Notably, 
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in the gel shift assay, HA-coated polyplexes, particularly those with PEG modifications, 

showed enhanced siRNA compaction capacity in FBS. Subsequent DLS measurements 

revealed that HA-coated polyplexes experienced a smaller size increase in serum, 

indicating reduced protein corona formation. A functional assay further supported these 

observations, demonstrating that HA-coated polyplexes maintained higher gene 

silencing efficiency compared to non-coated polyplexes in DU145 eGFP/Luc cells 

following FBS dilution. Importantly, the FCCS study finally confirmed that a substantial 

portion of the ionic HA coating remained associated with the polyplexes after serum 

incubation, indicating that the beneficial effects observed with the HA formulations can 

be attributed to the coating. This implies that since the ligands are attached to the 

polyplex solely through the HA, they too remain associated, which may further contribute 

to the efficacy of the polyplexes. Overall, these findings highlight the critical role of HA- 

coating in enhancing polyplex stability and performance in serum, paving the way for 

enhanced efficacy in vivo compared to non-coated polyplexes. 

 

3.4.4 In vivo biodistribution of HA-coated polyplexes 

Analogous to the dependency of the in vitro gene silencing efficiency on cell association, 

the in vivo efficacy relies on efficient accumulation of the therapeutic at the target site. 

To this end, we assessed the biodistribution of non-coated and HA-coated polyplexes 

containing 50% Cy7-labeled siRNA. Polyplexes were prepared at a concentration of 150 

ng/µL and administered intravenously via the tail vein into Neuro2a tumor-bearing NMRI 

mice at a dose of 30 µg siRNA (n = 4). One hour postinjection, organs and tumors were 

harvested and imaged ex vivo using an IVIS imaging system (Figure 7A). The average 

fluorescence efficiency in each organ and tumor was quantified using living image 

software (Figure 7B).  

No significant changes in accumulation were visible in the brain, heart, kidneys and liver 

for any of the applied formulations. However, differences in accumulation were noted in 

the lung, spleen and tumor. In the lung, accumulation decreased in the order of non-

coated > 3HA > 3HA–cRGD > 3HA–PEG > 3HA–PEG–cRGD polyplexes (Figure 7). 

This trend suggests that increasing the shielding properties through HA coating and 

additional modifications with cRGD, PEG, or both reduces lung retention. In the spleen, 

accumulation was comparable across all formulations, with the exception of 3HA-PEG 

polyplexes, which exhibited higher spleen accumulation in comparison to all other 

formulations. Notably, the most significant observation was an increased tumor 

accumulation of specific formulations coated with HA. Polyplexes coated with 3HA-PEG-
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cRGD demonstrated significantly (*) increased tumor accumulation compared to non-

coated polyplexes (Figure 7B). Coating with unmodified 3HA also enhanced 

accumulation, although it was not statistically significant.  

 

Figure 7. Biodistribution of Cy7-labeled polyplexes in vivo. Polyplexes were prepared at a 
concentration of 150 ng/µL containing 50% Cy7-labeled siRNA and 50% unlabeled siCtrl. 
Polyplexes encapsulating 30 µg of siRNA were injected intravenously into the tail vein of Neuro2a 
tumor bearing NMRI mice. (A) Organs and tumors were imaged ex vivo with an IVIS imaging 
system one hour post injection (n = 4) of the non-coated and HA-coated polyplexes (unmodified 
HA, HA–cRGD, HA–PEG, or HA–PEG–cRGD). (B) Average efficiency in organs and tumors was 
quantified using the Living Image Software (mean ± SD, n = 4). Statistical significance was 
determined as: ns p > 0.05; * p ≤ 0.05 (ordinary one-way ANOVA, Šidák multiple comparison test; 
GraphPad Prism 10.0.3). The injections, euthanasia and organ collection were performed by the 
veterinarians of our research group, J. Pöhmerer (Pharmaceutical Biotechnology, LMU Munich) 
and M. Yazdi (Pharmaceutical Biotechnology, LMU Munich).  
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IVIS images revealed that polyplexes coated with 3HA–PEG–cRGD consistently 

increased the intensity of the Cy7 signal in the tumors of all four injected mice 

(Figure 7A). Mice treated with 3HA-polyplexes also showed observable signals in all 

tumors, though with greater variability and overall lower intensity. In contrast, 3HA–cRGD 

and 3HA–PEG polyplexes only achieved an efficiency comparable to non-coated 

polyplexes, despite some individual tumors showing enhanced accumulation.  

The finding that only 3HA–PEG–cRGD polyplexes showed significantly enhanced tumor 

accumulation suggests that HA-mediated CD44 targeting may be inhibited by DBCO- 

and ligand- modifications, as indicated by other studies [432, 433]. Therefore, 3HA–

PEG–cRGD polyplexes may achieve tumor accumulation via integrin targeting. The lack 

of accumulation of 3HA-cRGD polyplexes could be attributed to the direct conjugation of 

cRGD to HA via the hydrophobic DBCO anchor, which may compromise the ligand 

functionality. This hypothesis is supported by our initial concept that a PEG spacer might 

be necessary for effective cRGD functionality. Taken together, the biodistribution study 

indicates that certain anionic HA-coated polyplexes achieve significantly higher tumor 

accumulation compared with plain cationic polyplexes, which is crucial for enhancing 

polyplex efficacy, as assessed in the subsequent study.  

 

3.4.5 In vivo gene silencing efficiency 

After confirming tumor accumulation for specific HA-coated polyplexes, we assessed 

their in vivo gene silencing efficacy. Polyplexes were prepared at a concentration of 200 

ng/µL, containing EG5-targeted siRNA (siEG5), which silences the motor protein EG5, 

an essential protein in mitosis. Prior to administration, polyplexes were characterized via 

DLS and ELS to confirm their suitability for in vivo administration at this higher 

concentration (Figure S12). NMRI mice bearing Neuro2a tumors were injected 

intravenously into the tail vein. Each formulation containing 50 µg of siEG5 was 

administered twice, on day 1 (t 0h) and day 2 (t 24h), to ensure an effective in vivo dose. 

Tumors were harvested on day 3 (t 48h) to allow sufficient time for siRNA activity. To 

control for nonspecific gene silencing, 3HA-coated polyplexes containing 50 µg of siCtrl 

were also administered accordingly. 

Following tumor collection, total mRNA was extracted, and cDNA was synthesized using 

reverse transcriptase. Quantitative PCR (qPCR) was employed to quantify the 

expression levels of EG5 and the housekeeping gene GAPDH. The ΔCT values were 

calculated by subtracting CT values of GAPDH from those of EG5 and were normalized 

to the ΔCT of HBG-treated mice. Interestingly, the gene silencing results only partially 
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correlated with the biodistribution data. Consistent with the biodistribution study, 3HA–

PEG–cRGD polyplexes outperformed all other formulations, except for 3HA–cRGD 

polyplexes, exhibiting significantly higher gene silencing than both non-coated 

polyplexes (p ≤ 0.01; **) and the 3HA–PEG control group (p ≤ 0.0001, ****) lacking the 

targeting ligand cRGD (Figure 8).  

 

Figure 8. In vivo gene silencing efficiency of non-coated cationic and HA-coated polyplexes 
(coated with unmodified HA, HA–cRGD, HA–PEG, or HA–PEG–cRGD). Each formulation was 
prepared at a concentration of 200 ng/µL and injected intravenously into the tail vein of Neuro2a 
tumor-bearing NMRI mice at a dose of 50 µg of siEG5 (n = 5). Injections were performed twice 
for every formulation: on day 1 (t 0h) and on day 2 (t 24h); on day 3 (t 48h), mice were sacrificed. 
3HA-coated polyplexes containing siCtrl served as a negative control. For evaluation of gene 
silencing efficiency, tumors were collected after scarification. Their total mRNA was extracted and 
used for cDNA synthesis by reverse transcriptase. EG5 and GAPDH expression were quantified 
using qRCR. EG5 expression of mice was analyzed by the ΔCT method. CT values of GAPDH 
were subtracted from CT values of EG5. ΔCT values of treated animals were calculated as 
percentage of HBG-treated control animals. Statistical significance was determined as: ns p > 
0.05; * p ≤ 0.05; ** p ≤ 0.01; **** p ≤ 0.0001 (ordinary one-way ANOVA, Šidák multiple comparison 
test; GraphPad Prism 10.0.3). The injections, euthanasia and organ collection were performed by 
the veterinarians of our research group, J. Pöhmerer (Pharmaceutical Biotechnology, LMU 
Munich) and M. Yazdi (Pharmaceutical Biotechnology, LMU Munich). 
 

Additionally, 3HA-coated polyplexes showed significantly higher efficacy than plain 

polyplexes (p ≤ 0.01, *), following the same trend as observed in the biodistribution study. 

However, unlike the biodistribution results, 3HA-cRGD polyplexes also showed 

significantly increased gene silencing compared to the non-coated polyplexes, despite 
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not demonstrating increased accumulation in the biodistribution study. The EG5 gene 

silencing activity refers to all cell types within the tumor beyond the TECs. An absolute 

EG5 gene silencing of 25% reflects that achieving effective gene silencing is challenging 

as it involves multiple critical steps beyond TEC adherence, such as migration through 

the extracellular matrix (ECM), cellular uptake by tumor cells, intracellular trafficking, and 

endosomal escape [86].  

In summary, the data suggest that HA–PEG–cRGD coating significantly enhances in vivo 

gene silencing efficiency compared to non-coated or HA–PEG-coated polyplexes. The 

poor performance of the well-shielded 3HA-PEG control formulation, which lacks the 

targeting ligand, suggests that active cRGD targeting mechanisms contribute to both 

tumor accumulation and efficacy. While the HA and cRGD may facilitate initial retention 

of the polyplexes at the tumor site, HA shielding may improve biodistribution and tissue 

migration. Ultimately, both cRGD-containing formulations achieve comparable, 

significantly (p ≤ 0.01; **) better in vivo efficacy than non-coated cationic polyplexes, 

despite the discrepancy in their tumor accumulation.  

From our FCCS study, we assume that a substantial proportion of the ionic HA coating, 

which also carries the targeting ligand cRGD, remains bound to the polyplexes after 

intravenous injection, contributing to the observed beneficial effects. Reflecting on the in 

vitro results, we conclude that these data were only partially predictive of the final in vivo 

performance, consistent with findings from other studies [160]. Although uptake and 

reporter gene silencing assays indicated a general benefit of the HA coating, they did not 

allow us to clearly identify a superior in vivo formulation. In contrast to in vitro studies, 

where ligand-targeted nanoparticles can easily find and bind their cell surface receptors, 

upon intravenous delivery nanoparticles need to survive intact in the bloodstream, 

escape clearance by RES, avoid protein corona formation that may block receptor 

ligands, and need to overcome several pharmacological delivery barriers before they 

meet their cellular target. The partial in vitro - in vivo discrepancies as also observed in 

the current study highlight the need for more predictive assays for further optimization of 

tumor-targeted nanoparticles. 
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3.5 Conclusions  

siRNA therapeutics hold the potential to treat a variety of diseases, but their efficacy in 

tumor treatment is limited by challenges in effectively delivering the therapeutic agent to 

tumors. While cationic polyplexes have demonstrated high efficacy as siRNA carriers in 

vitro, their in vivo performance is compromised by their strongly positive charge. Our 

strategy employs an ionic coating with hyaluronic acid (HA) along with the incorporation 

of cRGD as a TEC-targeting ligand via a PEG spacer. Stability and functional assays 

performed after FBS dilution of polyplexes demonstrated that the HA coating is retained 

on the polyplex after prolonged exposure to serum but also that the coating conferred 

greater stability, higher transfection efficiency, and a lower increase in polyplex size. In 

vivo testing finally revealed significantly enhanced tumor accumulation and gene 

silencing of HA–PEG–cRGD coated polyplexes.  

 
 
  



Ionic coating of siRNA polyplexes with cRGD–PEG–hyaluronic acid to modulate serum stability and in vivo performance 

 
106 

Associated Content 
 
Supporting Information 
The supporting information includes analytical methods, tables with calculated gene 

silencing efficiencies, additional data obtained from FCS measurements, and relevant 

molar ratios for polyplex formation, as well as additional figures and schemes.   

 

Author Contributions 
Conceptualization, VV and EW; methodology, VV, MY, IG, JP, JS, MH; investigation, VV, 

MY, IG, JP, JS, MH; data curation, VV, IG, EW; formal analysis, VV, MY, IG, DL, EW; 

validation, VV, MY, IG, JP, JS, MH, DL, EW; visualization, VV, IG, MH, EW; writing - 

original draft, VV, IG, EW; writing - review and editing, VV, MY, IG, DL, EW; funding 

acquisition, project administration, resources, supervision, DL, EW. All authors have read 

and agreed to the submitted version of the manuscript.  

 
Conflicts of interest 
There are no conflicts to declare.  

 
Acknowledgments 
The authors thankfully acknowledge the financial support of the Deutsche 

Forschungsgemeinschaft (DFG, German Research Foundation) – Project-ID 201269156 

– SFB 1032 Projects B03 (D.C.L) and B04 (E.W.), and BMBF Cluster for Future “CNATM 

– Cluster for Nucleic Acid Therapeutics Munich” – project-ID 03ZU1201AA (E.W.). D.C.L 

acknowledges funding from the Federal Ministry of Education and Research (BMBF) and 

the Free State of Bavaria under the Excellence Strategy of the Federal Government and 

the Länder through the ONE MUNICH Project Munich Multiscale Biofabrication as well 

as financial support of the Ludwig-Maximilians-Universität München via the Department 

of Chemistry, the Center for NanoScience (CeNS) and the LMUinnovativ program 

BioImaging Network (BIN). They thank Profs. Biel and Fürst for providing the IVIS 

imaging system, Dr. Ali Bashiri Dezfouli for measuring VEGFR-2 silencing via flow 

cytometry, Melina Grau and Tobias Burghardt for MALDI-TOF measurements, and 

Wolfgang Rödl and Olga Brück for technical and organizational support. Figures were 

created in BioRender. Vetter, V. (2024) BioRender.com/k90p780 

 

  



Summary 

 
107 

4 Summary 

Over the past few decades, nucleic acid-based therapeutics have revolutionized the 

treatment of genetic disorders. Notably, this therapeutic modality also holds immense 

potential in tumor therapy, addressing the need for more targeted and effective treatment 

options. Among nucleic acid-based approaches, siRNA is particularly promising due to 

its ability to selectively silence tumor-promoting genes, enhancing therapeutic efficacy 

while minimizing the systemic side effects commonly associated with conventional 

chemotherapy. However, despite its remarkable potential, the clinical translation of 

siRNA for tumor therapy remains challenging, primarily due to difficulties in achieving 

efficient delivery to tumor cells.  

To address these challenges, sophisticated delivery systems such as viral and non-viral 

vectors are essential to protect nucleic acids from degradation in the bloodstream and 

facilitate cellular uptake. While viral vectors currently dominate the market, there is a 

growing shift toward non-viral vectors given their advantages, including higher 

encapsulation efficiency and reduced immunogenicity. Among these, polyplexes, 

alongside lipoplexes and lipid nanoparticles (LNPs), show particular promise for siRNA 

delivery, offering high stability, efficient cellular uptake, and effective endosomal escape. 

However, their positively charged surface, while beneficial for siRNA binding and cellular 

interaction, promotes non-specific interactions in vivo, leading to immune system 

activation, reduced tumor specificity, and potential toxicity. Thus, developing strategies 

such as surface shielding and tumor-specific targeting is crucial to overcome these 

limitations and realize the full therapeutic potential of siRNA polyplexes.  

 

In this thesis, shielding and targeting strategies were developed to enhance the delivery 

of oligoaminoamide (OAA)-based siRNA polyplexes to tumor cells. For shielding, 

polyplexes were ionically coated with hyaluronic acid (HA) to mask their positive surface 

charge, thereby reducing adverse effects and extending blood circulation time. 

Additionally, the natural affinity of HA for CD44 receptors was intended to enable 

targeting of tumor endothelial cells (TECs).  

Physicochemical studies demonstrated that the HA-to-polyplex ratio significantly 

influenced key particle characteristics, particularly the surface charge, which 

progressively shifted from positive to negative with increasing HA amounts. An optimal 

ionic coating was achieved with a molar ratio of three HA disaccharide units per succinoyl 

tetraethylene pentamine (Stp), the protonatable building block of the OAA. These 3HA-

coated polyplexes exhibited favorable size, negative zeta potential, and complete siRNA 

complexation, confirmed by DLS measurements and a gel shift assay.  
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To further enhance TEC specificity, the peptide ligand cRGD, which targets integrin 

αvβ3—a receptor commonly overexpressed on TECs—was conjugated to the HA coating 

using SPAAC chemistry. This functionalization required azido modification of the cRGD 

ligand, either directly (3HA-cRGD) or via a short PEG spacer (3HA-PEG-cRGD), along 

with the incorporation of DBCO modules into HA. As a control, HA was modified with a 

PEG spacer only (3HA-PEG). Notably, functionalization with cRGD or PEG did not 

significantly alter the physicochemical properties of the polyplexes.  

In vitro studies showed that HA coating enhanced polyplex association with cells and 

improved gene silencing efficiency across various cell lines. Additional cRGD 

functionalization increased these effects under certain conditions, suggesting targeted 

delivery. This hypothesis was further explored through a competition assay, where the 

gene silencing efficiency of cRGD-functionalized polyplexes, particularly 3HA-cRGD 

polyplexes, was significantly reduced when excess coating agent was present, 

confirming receptor-mediated uptake. In contrast, non-coated and 3HA-coated 

polyplexes remained unaffected. An endocytosis inhibition assay further revealed distinct 

internalization mechanisms among the formulations. HA-coated polyplexes, especially 

3HA-cRGD polyplexes, predominantly utilized clathrin-mediated endocytosis, whereas 

non-coated polyplexes relied equally on clathrin-mediated endocytosis and 

macropinocytosis. Importantly, all formulations exhibited low cytotoxicity in vitro, as 

determined by an MTT assay. 

Experiments in the presence of serum further highlighted the advantages of HA-coated 

polyplexes under physiological conditions. Polyplexes coated with ligand-modified HA 

exhibited superior siRNA complexation. Moreover, HA coating minimized particle size 

increase in serum while preserving high transfection efficiency. Notably, fluorescence 

cross-correlation spectroscopy (FCCS) confirmed that the HA coating remained stably 

associated with the polyplexes during serum incubation, contributing directly to these 

enhanced properties. 

Ultimately, the developed shielding and targeting strategy markedly enhanced the in vivo 

performance of siRNA polyplexes. Biodistribution and gene silencing experiments 

performed in Neuro2A-tumor-bearing mice demonstrated that 3HA-PEG-cRGD-coated 

polyplexes achieved significantly higher tumor accumulation and superior gene silencing 

efficiency compared to non-coated polyplexes following systemic administration. 

 

In conclusion, these findings demonstrate that modifying polyplex surfaces with shielding 

and targeting moieties such as HA and cRGD can significantly modulate the stability, 

tumor accumulation, and gene silencing efficiency of siRNA-based therapeutics in vivo.  
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5 Appendix 

5.1 Supplementary information 

5.1.1 Analytical methods 

5.1.1.1 1H NMR spectroscopy 
1H NMR (nuclear magnetic resonance) spectra were recorded using a Bruker Avance III 

HD 400 (400 MHz). Signals were calibrated to the residual, non-deuterated signal of the 

solvent used as an internal standard (D2O 4.79 ppm). Chemical shifts (δ) were reported 

in parts per million (ppm). The spectra were analyzed using MestreNova software 

(MestReLab Research x64). Integration was performed manually.  

 

5.1.1.2 MALDI-TOF mass spectrometry 

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 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. Measurements were kindly performed by T. 

Burghardt (Pharmaceutical Biotechnology, LMU Munich) and M. Grau (Pharmaceutical 

Biotechnology, LMU Munich).  

 

5.1.1.3 Lyophilization 

Lyophilization of the synthesis products was conducted using a 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.  

 

5.1.1.4 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 the distinct 

wavelength of 308 nm for detection of DBCO units. For click reaction monitoring, both 

unfunctionalized HA-DBCO and HA-ligand conjugates were assessed. 10 mg/ml stocks 

were diluted 1:100.  
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5.1.2 Supporting tables  

Table S1. Calculated gene silencing efficiency of non-coated and HA-coated polyplexes at 
a dose of 250 ng siRNA.  

 
The cell lines DU145 eGFP/Luc and KB eGFP/Luc, which both stably express the enhanced 
green fluorescent protein-luciferase (eGFP/Luc) fusion protein, were transfected with all 
formulations at a dose of 250 ng eGFP-targeted siRNA (siGFP) and control siRNA (siCtrl). The 
data are taken from Figure 3A. The luciferase activity was calculated as percentage relative to 
HBG-treated cells (mean ± SD, n = 3). Gene silencing efficiency (%) represents the difference in 
luciferase activity of siCtrl- and siGFP-transfected cells. Statistical significance was determined 
as ns (statistically not significant) p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.  
 

 250 ng siRNA/well 

 Luciferase activity (%) Gene 
silencing 
efficiency 

(%) 

P 
value 

 siCtrl siGFP 

Formulation Mean SD Mean SD 

DU145 eGFP/Luc 

Non-coated 79,26 5,79 5,88 0,30 73,39 **** 

3HA 70,20 7,88 4,50 0,20 65,71 *** 

3HA-cRGD 53,71 7,39 5,08 0,18 48,63 *** 

3HA-PEG 76,56 1,98 8,01 0,47 68,55 **** 

3HA-PEG-
cRGD 

66,59 1,14 4,41 0,20 62,18 **** 

KB eGFP/Luc 

Non-coated 98,84 39,90 3,62 1,44 95,23 **** 

3HA 86,73 13,71 2,15 0,46 84,57 *** 

3HA-cRGD 78,77 16,93 4,32 0,98 74,45 ** 

3HA-PEG 96,07 12,84 12,64 1,08 83,42 *** 

3HA-PEG-
cRGD 

86,19 5,26 3,43 0,24 82,76 **** 
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Table S2. Calculated gene silencing efficiency of non-coated and HA-coated polyplexes at 
a dose of 62.5 ng siRNA.  

 62.5 ng siRNA/well 

 Luciferase activity (%) Gene 
silencing 
efficiency 

(%) 

P 
value 

 siCtrl siGFP 

Formulation Mean SD Mean SD 

DU145 eGFP/Luc 

Non-coated 80,27 4,70 12,82 5,48 67,45 **** 

3HA 68,10 6,10 3,66 0,74 64,44 **** 

3HA-cRGD 70,97 5,03 4,48 0,21 66,49 **** 

3HA-PEG 83,92 2,10 7,05 1,14 76,88 **** 

3HA-PEG-
cRGD 

74,60 5,30 6,85 0,53 67,75 **** 

KB eGFP/Luc 

Non-coated 91,50 2,56 40,85 12,23 50,65 * 

3HA 86,14 5,37 24,62 2,89 61,52 **** 

3HA-cRGD 79,47 10,77 13,94 0,75 65,53 *** 

3HA-PEG 94,61 0,76 54,95 5,64 39,66 *** 

3HA-PEG-
cRGD 

95,11 6,95 39,06 3,14 56,05 *** 

 
The cell lines DU145 eGFP/Luc and KB eGFP/Luc, which both stably express the eGFP/Luc 
fusion protein, were transfected with all formulations containing 62.5 ng siGFP and siCtrl. The 
data are taken from Figure 3A. The luciferase activity was calculated as percentage relative to 
HBG-treated cells (mean ± SD, n = 3). Gene silencing efficiency (%) represents the difference in 
luciferase activity of siCtrl- and siGFP-transfected cells. Statistical significance was determined 
as ns (statistically not significant) p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.   
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Table S3. Calculated gene silencing efficiency of non-coated and HA-coated polyplexes at 
a dose of 62.5 ng siRNA after 1:10 dilution in FBS. 

 
HA-coated and non-coated polyplexes were prepared at a concentration of 150 ng/µl and diluted 
1:10 with FBS. Subsequently, diluted polyplexes were incubated for 2 hours at 37°C while 
shaking. Afterwards, the cell line DU145 eGFP/Luc, which stably expresses the eGFP/Luc fusion 
protein, was transfected with the polyplexes at a dose of 62.5 ng siRNA. Polyplexes were 
prepared with both siGFP and siCtrl. The data are taken from Figure 4C. The luciferase activity 
was calculated as percentage relative to HBG-treated cells (mean ± SD, n = 3). Gene silencing 
efficiency (%) represents the difference in luciferase activity of siCtrl- and siGFP-transfected cells. 
Statistical significance was determined as ns (statistically not significant) p > 0.05; * p ≤ 0.05; ** 
p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.  
 
  

 62.5 ng siRNA/well 

 Luciferase activity (%) Gene 
silencing 
efficiency 

(%) 

P 
value 

 siCtrl siGFP 

Formulation Mean SD Mean SD 

DU145 eGFP/Luc 

Non-coated 96,56 3,22 13,41 1,52 83,15 **** 

3HA 95,42 4,29 6,75 0,29 88,67 **** 

3HA-cRGD 99,61 1,58 7,42 1,58 92,19 **** 

3HA-PEG 94,25 4,00 6,86 0,48 87,39 **** 

3HA-PEG-
cRGD 

87,40 5,97 6,25 0,34 81,15 **** 
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Table S4. FCS control measurements: values obtained from fitting the ACFs related to the 
yellow channel (i.e. with 560 nm excitation). 

 ε (kHz) A1 A2 D1 (µm2/s) D2 (µm2/s) 

FBS 0.92 1.00 - 29.51 - 

ATTO565 in HBG 4.91 1.00 - 359.95 - 

siRNA-ATTO565 in HBG 5.01 1.00 - 92.07 - 

ATTO565 in FBS 2.81 0.77 0.23 214.32 
29.51 

(fixed as FBS) 

siRNA-ATTO565 in FBS 5.45 0.56 0.44 64.16 

214.32 

(fixed as ATTO565 
in FBS) 

 
The autocorrelation function of the yellow channel (i.e. with 560 nm excitation) was analyzed 
using a one or two-component diffusion model (Eqn [1], main text). The average molecular 
brightness (ε) is reported. The parameters A1 and A2 represent the relative amplitudes of the 
species with diffusion coefficients D1 and D2 respectively. FCCS measurements were performed 
by I. Gialdini (Department of Chemistry, LMU Munich). 
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Table S5. FCS control measurements: values obtained from fitting the ACFs related to the 
red channel (i.e. with 635 nm excitation) 

 ε (kHz) A1 A2 D1 (µm2/s) D2 (µm2/s) 

FBS 1.70 1.00 - 28.28 - 

ATTO643 in HBG 8.49 1.00 - 280.78 - 

HA-ATTO643 in HBG 13.04 0.84 0.16 23.12 

280.78 

(fixed as ATTO643 in 

HBG) 

ATTO643 in FBS 8.09 0.85 0.15 221.93 
28.28 

(fixed as FBS) 

HA-ATTO643 in FBS 15.16 0.72 0.28 20.46 

221.93 

(fixed as ATTO643 in 

FBS) 

 
The autocorrelation function of the red channel (i.e. with 635 nm excitation) was analyzed using 
a one or two-component diffusion model (Eqn [1], main text). The average molecular brightness 
(ε) is reported. The parameters A1 and A2 represent the relative amplitudes of the species with 
diffusion coefficients D1 and D2 respectively. FCCS measurements were performed by I. Gialdini 
(Department of Chemistry, LMU Munich). 
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Table S6. FCS polyplexes measurements: values obtained from fitting the ACFs related to 
the yellow channel (i.e. with 560 nm excitation). 

 
Mean ε (kHz) ± 

SD 
Mean A1 ± 

SD 
Mean A2 ± 

SD 

Mean D1 
(µm2/s) ± 

SD 

Mean D2 
(µm2/s) ± SD 

Non-coated 

Polyplexes 
in HBG at 

time 0 

332.17 ± 109.34 0.99 ± 0.01 0.01 ± 0.01 2.77 ± 0.31 
92  

(fixed as 

siRNA-

ATTO565 in 

HBG) 

Non-coated 

Polyplexes 

in HBG at 

time 2h 

323.09 ± 55.55 0.97 ± 0.02 0.03 ± 0.02 2.11 ± 0.41 

Non-coated 

Polyplexes 

in FBS at 

time 0 

81.70 ± 55.55 0.98 ± 0.02 0.02 ± 0.02 1.14 ± 0.41 
64  

(fixed as 

siRNA-

ATTO565 in 

FBS) 

Non-coated 

Polyplexes 
in FBS at 

time 2h 

30.39 ± 16.39 0.88 ± 0.12 0.12 ± 0.12 0.81 ± 0.43 

HA-coated 

Polyplexes 

in HBG at 

time 0 

432.71 ± 11.55 0.97 ± 0.02 0.03 ± 0.02 1.77 ± 0.12 
92  

(fixed as 

siRNA-
ATTO565 in 

HBG) 

HA-coated 

Polyplexes 

in HBG at 

time 2h 

504.06±314.62 0.99 ± 0.02 0.01 ± 0.02 1.82 ± 0.82 

HA-coated 

Polyplexes 
149.67 ± 137.62 0.99 ± 0.01 0.01 ± 0.01 0.93 ± 0.33 64  

(fixed as 
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in FBS at 

time 0 

siRNA-

ATTO565 in 
FBS) 

HA-coated 

Polyplexes 

in FBS at 

time 2h 

42.02 ± 36.92 0.89 ± 0.07 0.11 ± 0.07 0.39 ± 0.06 

 
The autocorrelation function of the yellow channel (i.e. with 560 nm excitation) was analyzed 
using a one or two-component diffusion model (Eqn [1], main text). The average molecular 
brightness (ε) is reported. The parameters A1 and A2 represent the relative amplitudes of the 
species with diffusion coefficients D1 and D2 respectively. The reported values represent the 
mean ± SD of three independent FCS experiments. The high standard deviation is caused by the 
batch-to-batch variability, typical of polyplex preparation. FCCS measurements were performed 
by I. Gialdini (Department of Chemistry, LMU Munich).  
 

 

 
Table S7. FCS polyplexes measurements: values obtained from fitting the ACFs related to 
the red channel (i.e. with 635 nm excitation). 

 

Mean ε 

(kHz) ± 

SD 

Mean 

A1 ± 

SD 

Mean 

A2 ± 

SD 

Mean 

A3 ± 

SD 

Mean D1 

(µm2/s) ± 

SD 

Mean D2 

(µm2/s) ± 

SD 

Mean D3 

(µm2/s) ± 

SD 

Non-

coated 

Polyplexes 
in HBG at 

time 0 

0.19 ± 
0.09 

1.0 - - 
2.58 ± 
1.02 

- - 

Non-

coated 

Polyplexes 

in HBG at 
time 2h 

0.30 ± 

0.14 
1.0 - - 2.29± 1.22 - - 

Non-

coated 

Polyplexes 

in FBS at 

time 0 

3.52 ± 

1.43 

0.44 ± 

0.26 

0.56 ± 

0.26 
- 

0.95 ± 

0.08 

28.28 

(fixed as 

FBS) 

- 
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Non-

coated 
Polyplexes 

in FBS at 

time 2h 

7.10 ± 

3.61 

0.68 ± 

0.16 

0.32 ± 

0.16 
- 

0.58 ± 

0.28 
- 

HA-coated 

Polyplexes 

in HBG at 

time 0 

582.30 ± 

301.33 

0.96 ± 

0.02 

0.04 ± 

0.02 
- 

1.85 ± 

0.15 23.12 

(fixed as 
HA-

ATTO643 

in HBG) 

- 

HA-coated 

Polyplexes 

in HBG at 

time 2h 

788.23 ± 

318.76 

0.96 ± 

0.02 

0.04 ± 

0.02 
- 

1.42 ± 

0.68 
- 

HA-coated 

Polyplexes 
in FBS at 

time 0 

88.34 ± 
62.62 

0.75 ± 
0.32 

0.15 ± 
0.16 

0.13 ± 
0.13 

0.72 ± 
0.40 20.46 

(fixed as 

HA-

ATTO643 

in FBS) 

221 (Fixed 

as free 

ATTO643 

in FBS) 
HA-coated 

Polyplexes 

in FBS at 

time 2h 

51.25 ± 

21.97 

0.65 ± 

0.21 

0.25 ± 

0.03 

0.14 ± 

0.15 

0.30 ± 

0.13 

 
The autocorrelation function of the red channel (i.e. with 635 nm excitation) was analyzed using 
a one or two-component diffusion model (Eqn [1], main text). The average molecular brightness 
(ε) is reported. The parameters A1 and A2 represent the relative amplitudes of the species with 
diffusion coefficients D1 and D2 respectively. The reported values represent the mean ± SD of 
three independent FCS experiments. The high standard deviation is caused by the batch-to-batch 
variability, typical of polyplex preparation. FCCs measurements were performed by I. Gialdini 
(Department of Chemistry, LMU Munich). 
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Table S8. Overview of relevant molar ratios used for polyplex preparation.  

 mol/mol Relevant formulations 

N/P ratio 12 all 

Stp/OAA 4 all 

Protonated amines per 
Stp at pH 7.4 

1 all 

HA units/HA 38kDa 100.13 

3HA 

3HA-cRGD 
3HA-PEG 

3HA-PEG-cRGD 

HA units/Stp 3 

3HA 

3HA-cRGD 

3HA-PEG 

3HA-PEG-cRGD 

HA molecules/OAA 0.12 

3HA 

3HA-cRGD 

3HA-PEG 
3HA-PEG-cRGD 

DBCO/HA 
11-13  

(HA-DBCO batch dependent) 

3HA 

3HA-cRGD 

3HA-PEG 

3HA-PEG-cRGD 

cRGD/OAA 
1.32-1.56 

(HA-DBCO batch dependent) 

3HA-cRGD 

3HA-PEG-cRGD 

PEG/OAA 1.6-1.8 
3HA-PEG 

3HA-PEG-cRGD 
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5.1.3 Supporting figures and schemes 

 

Scheme S1. Functionalization of HA-DBCO with azido-functionalized cRGD 

Hyaluronic acid (HA) was functionalized with the targeting ligand cRGD utilizing strain-promoted 
azide-alkyne cycloaddition (SPAAC). Initially, carboxylic acids contained in the HA units were 
modified with DBCO-amine. After purification by dialysis and subsequent lyophilization, DBCO 
was quantified by UV-vis spectroscopy. In the resulting HA-DBCO approximately 13% of 
carboxylic acids were derivatized. HA-DBCO was then coupled to the cRGD-ligands cRGDfK-N3 
or cRGDfK-PEG1K-N3 overnight. Afterwards, the conjugates were dialyzed for purification, 
lyophilized, and complete DBCO reaction was monitored via UV-vis spectroscopy.  
 
 
 

Figure S1. MALDI-TOF-MS spectrum of OAA 1670. [M+H+] calculated: 4007.33. [M+H+] found: 
4002.42. Measurements were performed by T. Burghardt (Pharmaceutical Biotechnology, LMU 
Munich) and M. Grau (Pharmaceutical Biotechnology, LMU Munich). 
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Figure S2. MALDI-TOF-MS spectrum of cRGDfK-N3. [M+H+] calculated: 629.3. [M+H+] found: 
628.311. Measurements were performed by T. Burghardt (Pharmaceutical Biotechnology, LMU 
Munich) and M. Grau (Pharmaceutical Biotechnology, LMU Munich). 
 
 

 

 

 
 
Figure S3. 1H-NMR of HA-DBCO in D2O for calculation of DBCO/HA ratio. DBCO/HA ratio was 
calculated based on the integrated DBCO (∂ (ppm) = 7.07-7.45) and CH3- (∂ (ppm) = 1.99) signals.  
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Figure S4. UV-Vis wavelength scan of HA-DBCO, HA-cRGD, HA-PEG and HA-PEG-cRGD. The 
successful click chemistry reaction of HA-DBCO and N3-cRGD, N3-PEG, and N3-PEG-cRGD was 
investigated by measuring the absorbance at 308 nm. HA-DBCO showed absorbance 
proportionally to the amount of DBCO groups. Quantitative click chemistry reaction reduced 
absorbance at 308 nm due to decreased number of free DBCO groups. 
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Figure S5. CLSM images of Cy5-labeled HA-coated polyplexes in DU145 cells. Plain and HA-
coated polyplexes were prepared containing 20% Cy5-labeled siRNA and transfected in human 
prostate cancer cells DU145 at a dose of 62.5 ng siRNA (20,000 cells/well). HBG-treated cells 
were used as a negative control. Cell internalization of Cy5-labeled polyplexes (red) was imaged 
by M. Höhn (Pharmaceutical Biotechnology, LMU Munich) using confocal laser scanning 
microscopy (CLSM) after 48 hours incubation on DU145 cells. The actin skeletons were stained 
with rhodamine-phalloidin (green) and nuclei with DAPI (blue). The scale bar is 50 µm.  
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Figure S6. Percentage of Cy5-positive cells. Cell association of non-coated and HA-coated 
polyplexes containing 20% Cy5-labeled siRNA was evaluated after transfection in the human 
cervix carcinoma cells KB and human prostate cancer cells DU145 at a dose of 62.5 ng siRNA 
(5000 cells/well). Cell association was evaluated after different time periods (0.5 h, 2 h, 4 h, 8 h, 
24 h, 48 h) via flow cytometry (mean ± SD, n = 3). HBG-treated cells were used as a negative 
control. 
 

 

 

 
Figure S7. Results from a cellular uptake study (A) and endocytosis inhibition assay (B) with 
different inhibitors on KB cells. KB cells were treated with polyplexes at a dose of 125 ng siRNA 
(20% spiked with Cy5-labeled siRNA) and incubated for 4h. Before measuring the MFI of cells 
with a flow cytometer, the cells were incubated with heparin for 15 min on ice. For the inhibition 
assay (panel B), cells were treated with inhibitors for 1h at 37°C prior to transfection. The following 
inhibitors were used: sucrose 450 mM (clathrin-mediated endocytosis); nystatin 54 µM (caveolin-
mediated endocytosis); amiloride 1mM (macropinocytosis). Cellular uptake was normalized to 
cells treated without inhibitor. Statistical significance was determined as: ns p > 0.05; * p ≤ 0.05; 
** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001 (ordinary one-way ANOVA, Dunnett’s multiple 
comparisons test; GraphPad Prism 10.0.3.  
  



Appendix 

 
124 

 
Figure S8. Transfection efficiency of plain 1670-based polyplexes at different doses. KB 
eGFP/Luc cells which stably express the eGFP/Luc fusion gene were transfected with non-coated 
1670-based polyplexes at three doses of siRNA (250 ng, 125 ng, 62.5 ng). Polyplexes were 
prepared with both siGFP and also siCtrl (for identification of non-specific reduction of gene 
expression). Luciferase activity of treated cells was measured 48 hours after transfection and was 
calculated as percentage relative to HBG-treated cells (mean ± SD, n = 3). 
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Figure S9. Size distribution of polyplexes after serum dilution. A) Size distribution (size 
distribution by intensity) of non-coated and HA-coated polyplexes after dilution and incubation in 
90% FBS (left) and HBG (right) for 2 h at 37°C, determined by DLS measurements. For size 
measurement, 20 µl of the FBS- or HBG-diluted polyplexes were further diluted with 60 µl HBG 
to a final volume of 80 µl and transferred to a folded capillary cell. B) Size measurement of FBS 
alone, which was treated analogously to diluted polyplex samples before measurement.  
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Figure S10. Non-coated and HA-coated polyplex stability in HBG after two hours of incubation at 
37 °C with shaking. A) Yellow and red ACFs (in yellow and red respectively) and the CCF (black 
curve) of pure FBS alone. B) Representative ACFs (yellow and red curves) and CCF (black curve) 
of polyplexes after two hours of incubation in HBG. The results of the fit, as well as the F(C)CS 
results for two additional independent replicates, are reported in the supplementary information 
(Table S6 and S7). The curves are here depicted without normalization, to appreciate the relative 
CCF amplitude. C) Representative amplitude normalized ACFs of siRNA-ATTO565 complexed 
into non-coated polyplexes, in HBG and FBS before and after two hours of incubation. Experiment 
was performed in collaboration with I. Gialdini (Department of Chemistry, LMU Munich).  
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Figure S11. Particle-wise brightness in the yellow channel, corresponding to siRNA-ATTO565 
fluorescence in polyplexes. The integrated density of each detected particle was extracted with 
ImageJ and plotted on a logarithmic scale (see Figure 6). The violin plots were compiled from 3 
independent experimental replicates. Experiment was performed in collaboration with I. Gialdini 
(Department of Chemistry, LMU Munich). 
 
 
 

 

 

 
Figure S12. Polyplex size and zeta potential of in vivo injected polyplexes. DLS and ELS 
measurements of injected formulations in the in vivo EG5 gene silencing study.  The average 
size, polydispersity and zeta potential of polyplexes prepared at a concentration of 50 µg per 250 
µl (200 ng/µl) for the in vivo gene silencing experiment were measured just before injections.  
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5.2 Abbreviations 

°C Degree Celsius 
µg, µl Microgram(s), microliter(s) 

AAV Adeno-associated virus 

AChR Acetylcholin receptor 

ANG Angiopep 

ASO Antisense oligonucleotide 

ATTO565, ATTO643 ATTO fluorescent dyes 

bEnd.3 Murine brain endothelial cell line 
CCD Cyclic PAsp(-N=C-PEG)-PCys-PAsp(DETA) 

cDNA Complementary DNA 

CDP β-cyclodextrin 

CLSM Confocal Laser Scanning Microscopy 

COVID-19 Coronavirus disease 2019 

CPP Cell penetrating peptide 

cRGD Cyclic RGDfK 

Ctrl Control 

Cy5, Cy7 Cyanine 5, Cyanine 7 

DAB 3-diaminobutyric polypropylenimine 

DAPI 4’,6-diamidino-2-phenylindole 
DCBO Dibenzocyclooctyne 

DCM Dichloromethane 

DGL Dendrigraft poly-L-lysine 

DLS Dynamic light scattering 

DMEM Dulbecco’s Modified Eagle’s Medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DoE Design of Experiments 
DU145 Human prostate cancer cell line 

ECO (1-aminoethyl)-iminobis[N-oleicylcysteinyl-1-

aminoethyl)propionamide] 

EDTA Ethylenediaminetetraacetic acid 

eGFP Enhanced green fluorescent protein 

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptor 
ELS Electrophoretic light scattering 

FBS Fetal bovine serum 

F(C)CS Fluorescence (Cross-)Correlation Spectroscopy 

FDA U.S. Food and Drug Administration 
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Fmoc Fluorenylmethoxycarbonyl 

FR Folate receptor 

HA Hyaluronic acid 
HBG HEPES buffered glucose 

HEPES N-(2-hydroxyethyl)piperazine-N’(2-ethansulfonic acid) 

HK Histidine-lysine 

IBFP 3-(2-(2-(vinylsulfonyl)ethylthio)ethyl)quinazoline-2,4(1H,3H)-dione 

i.v. Intravenous 

KB Human cervix carcinoma cell line 

kDa Kilodalton 
LA Lauric acid 

LAR buffer Luciferase Assay Reagent buffer 

LfR Lactoferrin receptor 

LGA lactic-co-glycolic acid 

LLHH Endosomal escape segment 

LNP Lipid nanoparticle 

LNP Nuclear translocation signal sequence of the LIM Kinase 2 protein 

LRP-1 Low-density lipoprotein receptor-related protein 
Luc Luciferase 

MALDI Matrix-assisted laser desorption/ionization 

MFI Mean Fluorescent Intensity 

mg, ml Milligram(s), milliliter(s) 

miRNA Micro RNA 

mRNA Messenger RNA 

MS Mass spectrometry 

MSLN Mesothelin 
MTBE Methyl tert-butyl ether 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MTX Methotrexate 

mV Millivolt 

n Number of samples 

N/P Carrier nitrogen to nucleic acid phosphate ratio 

nm Nanometer 
NRP-1 Neuropilin-1 

ns Not significant 

nM Nanomolar 

OAA Oligoaminoamide 

OEI Oligoethylenimine 

ODN Oligodeoxynucleotides 
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OleA Oleic acid 

PAMAM Polyamidoamine 

PAsp(DET) Poly(N′-[N-(2-aminoethyl)-2-aminoethyl]aspartamide) 
PBS Phosphate buffered saline 

PCL Polycaprolactone 

PEI Polyethylenimine 

PLI mPEG-b-PLL-g-(ss-lPEI) 

PLL Poly-L-lysine 

pDNA Plasmid deoxyribonucleic acid 

PDP Pullulan-desoxycholin acid-PEI 
PEG Polyethylene glycol 

PFA Paraformaldehyde 

PF14 CPP PepFect 14 

Ph.D. Doctor of Philosophy 

PIC Polyion complex 

PMDM mal-PEGMA-b-PDPA-b-PDMA 

polyIC Polyinosine/cytosine 

PPFR poly(citric acid)-polymine-folic acid-rhodamine 
qPCR Quantitative polymerase chain reaction 

RES Reticuloendothelial system 

reTfR Retroenantio transferrin receptor targeting peptide 

RNA Ribonucleic acid 

rpm Rounds per minute 

RT Room temperature 

RVG9R RVG-arginine nonamer 

SD Standard deviation 
siRNA Small interfering RNA 

shRNA Short hairpin RNA 

SMCC N-succinimidyl-4-(maleimidomethyl)-cyclohexancarboxylate 

SPPP N-succinimidyl-3-(2-pyridyldithio)proprionate 

SPSS Solid phase supported synthesis 

Stp Succinoyltetraethylenepentaamine 

TBE Tris-boric acid EDTA buffer 
TCP Targeted combinatorial polyplex 

TFA Trifluoroacetic acid 

TIS Triisopropylsilane 

TfR Transferrin receptor 

TLP Targeted lipoplexes 

TMC-SH thiolated trimethylated chitosan 



Appendix 

 
131 

TOF Time of flight 

TPN Tumor-penetrating nanocomplex 
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