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1. Introduction 

This chapter provides a brief introduction into the research field of molecular gene therapeutics and 
associated delivery strategies. It is not considered to be a complete review of the whole scientific area. 

1.1. Overview of Gene Therapy 

Gene therapy stands as a revolutionary approach in modern medicine, offering potential cures 

for a range of genetic disorders [1]. Its conceptual roots trace back to the early 20th century [2], 

but it wasn't until the latter half of the century that the field began to take shape [3]. The emerge 

of recombinant DNA technology in the 1970s laid the groundwork, providing tools to modify 

genetic material [3]. The first official gene therapy trial was conducted in 1990 on a four-year-

old girl suffering from adenosine deaminase deficiency (ADA-SCID), a rare genetic disorder 

[4]. This landmark trial opened the door for further exploration and development in the field 

leading to the approval of currently > 32 gene therapies and > 28 RNA therapies as medical 

drugs [5]. 

Over the decades, gene therapy has evolved significantly, driven by advancements in 

understanding genetic diseases, the human genome, and the development of sophisticated 

delivery systems [6-8]. Initially, the focus was on monogenic diseases – disorders caused by a 

defect in a single gene [9]. However, as knowledge expanded, the scope of gene therapy 

extended to more complex conditions, including cancer, cardiovascular diseases, and 

neurodegenerative disorders [1, 9, 10]. 

Two key methodologies have emerged in gene therapy: gene addition and gene editing. Gene 

addition involves inserting a functional gene into a patient's cells to compensate for a non-

functional or missing gene [11]. This method gained early traction and continues to be widely 

used. However, new gene editing technologies, such as the clustered regularly interspaced short 

palindromic repeats (CRISPR/Cas9) system, have revolutionized the field [12]. Unlike gene 

addition, gene editing allows for direct modification of the patient's genetic material, offering 

more precision and potentially permanent solutions to genetic disorders [13]. 

Despite these advances, intracellular delivery of the therapeutic cargo for gene therapy remains 

a challenge. Viral vectors, which use viruses to deliver therapeutic genes, have been the 

mainstay due to their efficiency in gene transfer [14]. However, they pose risks such as immune 

reactions and insertional mutagenesis [14-16]. Non-viral methods, while safer, have struggled 

with issues of efficiency and targeted delivery. This dilemma has driven research and innovation 

to develop safer and more effective delivery systems [10, 16-19]. 
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The turn of the century saw gene therapy gaining momentum with several landmark approvals. 

In 2012, Glybera became the first gene therapy approved in the European Union for the 

treatment of lipoprotein lipase deficiency [20]. This was followed by a wave of approvals across 

the globe, including Luxturna for inherited retinal disease [21], Zolgensma for spinal muscular 

atrophy [22], and several CAR-T cell therapies for cancer [23]. These successes confirmed gene 

therapy as a viable treatment option and opened up ways to cure previously untreatable diseases. 

In recent years, gene therapy has entered a prolific phase, characterized by rapid advancements 

in technology and a growing pipeline of therapies in clinical trials [5]. The emergence of novel 

platforms, such as mRNA vaccines, has further expanded the potential applications of gene 

therapy [19, 24]. As we move forward, ethical considerations, regulatory frameworks, and 

access to these therapies remain key areas of focus[25-27]. 

The field of gene therapy stands on the brink of a new era, where once incurable genetic diseases 

could become a thing of the past. With continuous research, refinement of techniques, and 

collaboration across scientific disciplines, gene therapy promises to be a cornerstone in the 

future of personalized medicine. 

1.2. Importance and Potential of Gene Therapy 

At current >32 gene therapies and >28 RNA therapies have been approved as medical drugs 

[5]. Gene therapy represents a paradigm shift from symptomatic treatment to addressing the 

root cause of diseases at the molecular level [28]. This approach has profound implications for 

a wide range of genetic disorders, many of which were previously considered untreatable. 

1.2.1. Therapeutic Potential 

Gene therapy's primary advantage lies in its potential to provide lasting cures. Unlike traditional 

treatments that manage symptoms or slow disease progression, gene therapy aims to correct the 

underlying genetic defect causing the disease [28]. This therapeutic approach is particularly 

significant for monogenic disorders, where a single gene anomaly can lead to severe health 

issues [9]. By correcting or compensating for these genetic defects, gene therapy can potentially 

offer a one-time, enduring solution. 

1.2.2. Diseases Targeted 

The spectrum of diseases targeted by gene therapy is expansive and continually growing. 

Initially focused on hereditary diseases like cystic fibrosis, hemophilia, and sickle cell anemia, 

the scope has broadened to include cancers, cardiovascular diseases, and neurodegenerative 
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disorders like Alzheimer’s and Parkinson's disease [9, 29, 30]. In cancer treatment, for example, 

gene therapy is used to modify patients' immune cells to attack malignant cells – a technique 

central to CAR-T cell therapies [23]. For genetic disorders, the ability to directly modify or 

replace faulty genes offers hope for diseases that were once deemed incurable [12, 13]. 

1.2.3. Impact on Modern Medicine 

The impact of gene therapy on modern medicine is multi-faceted. It is driving the shift towards 

personalized medicine, where treatments are tailored to the individual’s genetic makeup, 

enhancing efficacy and minimizing side effects [31, 32]. This approach is a significant departure 

from the one-size-fits-all strategy of conventional medicine [33]. Furthermore, gene therapy's 

success in rare genetic disorders has provided a blueprint for tackling common diseases with 

genetic components. Its integration into clinical practice is also prompting advancements in 

diagnostics and genetic screening, enabling earlier intervention and more precise treatments [6, 

32]. 

1.2.4. Future Perspectives 

The future of gene therapy is incredibly promising. As research continues and technologies like 

CRISPR/Cas9 advance, the precision, safety, and efficiency of gene therapies are expected to 

improve [34]. This progress will likely expand the range of treatable diseases and make gene 

therapies more accessible and cost-effective. Moreover, the successful application of mRNA 

vaccine technology in combating the COVID-19 pandemic has underlined the potential of gene-

based therapies, potentially accelerating their development and approval [24, 35]. 

In summary, gene therapy holds transformative potential for modern medicine. Its ability to 

directly address genetic anomalies offers a new horizon in treating a wide array of diseases, 

fundamentally changing our approach to healthcare and disease management. As research and 

clinical trials continue to advance, gene therapy bares the potential to become an integral part 

of medical treatment, offering hope to millions affected by genetic disorders. 
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1.3. Delivery Systems for Different Nucleic Acid and Gene Therapeutics 

A major obstacle in the implementation of gene therapeutics is the insufficient delivery to the 

intracellular site of action. Among other factors, poor biodistribution, rapid degradation of the 

macromolecular drug in the body, suboptimal pharmacokinetics, toxicity, and insufficient 

specificity for the targeted tissue impeded their widespread clinical application [36]. Hence, the 

development of efficient delivery systems are crucial for guaranteeing the effectiveness of the 

therapeutic payload, reducing undesired side effects, and improving patient adherence [37]. The 

delivery system must be capable of navigating through both external and internal cellular 

barriers, protect its cargo from nuclease in the bloodstream, improve and facilitate its cellular 

uptake, and ensure its release from endosomes after entering the cell [10, 16, 38]. 

Amongst other methods, nanocarriers, an enormous and diverse group of nanoparticles, have 

been employed to transport therapeutic agents to specific targets [16, 39]. Those nanocarriers 

can be categorized into viral and non-viral vectors [16, 40]. Each type has its advantages and 

drawbacks [41]. By biological evolution, viruses have optimized their strategies to meet 

dynamic and bioresponsive requirements for successful nucleic acid delivery into the host cell. 

Due to their superior in vivo potency, viral vectors such as AAV pioneered the development of 

novel in vivo gene therapies [42]. Viruses known for their effective DNA transfection 

capabilities, including lentiviruses, retroviruses, adenoviruses, parvoviruses, and adeno-

associated viruses, have been utilized in the treatment of conditions like HIV, cancer, and 

muscular dystrophy [14]. However, despite achieving high transfection efficiencies, viral 

vectors face limitations such as rapid clearance due to generation of neutralizing antibodies or 

pre-existing antibodies against the vector, limited vector size capacity (usually below 7 kb), 

challenges in large-scale production and possible side effects like severe immune responses or 

insertional mutagenesis [16, 40]. Despite these issues, viral vectors are frequently used in 

research, as well as in vaccine development and gene therapy trials, due to their high 

transfection efficiency and known cell targeting abilities [14, 35, 43, 44]. Nevertheless, the use 

of viral delivery systems presents a significant risk of severe adverse reactions, including 

treatment-induced leukemia and deaths caused by the treatment [45, 46]. In contrast to viral 

vectors, non-viral carriers exhibit lower immunogenicity, have the potential to deliver larger 

genetic payloads, can be produced at large scale and in precise form allowing flexible 

optimization for different cargo properties [42]. Therefore, in the following section non-viral 

delivery systems are described in more detail. 
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1.3.1. Non-Viral Delivery Systems for Nucleic Acid and Gene Therapeutics 

Inspired by their viral counterparts, a range of strategies for creating virus-like synthetic carriers 

has been explored in the field of non-viral nanocarriers. These carriers incorporate various 

domains designed to mimic the efficient and dynamic delivery process characteristic of viral 

infections [47-50]. The exploration has included a diverse array of materials, ranging from 

biodegradable polymers like dendrimers [51], polylactic acid (PLA) [52], polyethyleneimine 

(PEI) [52, 53], and chitosan (CS) [54], to various nanoparticles including liposomes [55], gold 

[56], mesoporous silica [57], lipid nanoparticle (LNP) [18, 58], and carbon nanotubes [59, 60]. 

Continuously developing synthetic, non-viral nucleic acid delivery for over five decades finally 

resulted in the recent global medical impact of lipid nanoparticles (LNPs) in SARSCoV2 

mRNA vaccines [24]. Additionally, LNPs as hepatocyte-targeted siRNA drug Onpattro for 

treatment of hereditary transthyretin amyloidosis were approved [61]. 

Cationic transfection reagents have been explored for over the past decades offering a promising 

route in search of a safer alternative for viral gene delivery systems. Several breakthrough 

developments were triggered by the identification of distinct biological extra- and intracellular 

delivery barriers and the rapid progress in macromolecular chemistry as much as our 

continuously increasing understanding interactions of cationic lipid as well as cationic polymer 

with negatively charged nucleic acids [17, 38, 62-66]. Polyplexes are based on the condensation 

of negatively charged nucleic acids by electrostatic attraction with polycationic condensing 

compounds [38, 67, 68]. Formation of lipid nanoparticles (LNP) however, is only partly 

contributed to electrostatic interactions. Hydrophobic lipid-lipid associations, co-assembly of 

cationic or ionizable lipids into polycationic lipid micelles and liposomal structure, result in 

incorporation and encapsulation of the nucleic acid cargo. Therefore, the size of nucleic acid 

cargo is less influential [17]. The resulting compact particles protect the nucleic acid and also 

improve the uptake into the cells. Numerous cationic compounds have been used for 

formulating nucleic acids into complexes. Ideally, the cationic carrier will carry out multiple 

tasks (Figure 1) which include compacting nucleic acids into particles that can migrate to the 

target tissue, shielding the particles against degradation and undesired interactions, and 

enhancing cell binding and intracellular delivery into cytoplasm and the nucleus.  

An array of novel nucleic acid entities initially focusing on plasmid DNA (pDNA)-based gene 

therapy, a series of novel therapeutic nucleic acid entities such as stabilized messenger RNA 

(mRNA), chemically modified small interfering RNA (siRNA) and micro RNA (miRNA), 

splice-modifying oligonucleotides, or CRISPR/Cas9 and single guide RNA (sgRNA) for 



INTRODUCTION 

 6 

genome modification have entered research and clinical evaluation [69]. Recent experience 

indicates that different macromolecular cargos may require different tailor-made carriers based 

on their different biophysical characteristics, distinct intracellular target sites and mode of 

action (Figure 1) [17, 70-72]. In practical terms, a classical polymer itself is unable to carry out 

all these tasks [73].  

Figure 1. Barriers for in vivo delivery of nonviral, nanocarrier-based nucleic acid therapeutics. After successful formulation of nucleic 
acid cargo into nanoparticles e.g. polyplexes or LNPs, stability during transport and storage until their administration must be ensured. Once 
in the bloodstream, nanoparticles need to withstand nonspecific biodistribution, rapid excretion, enzymatic degradation, and clearance by 
immune cells. Optimally, nanocarriers shield their cargo against degradation and undesired interactions, enabling migration to the target tissue, 
enhancing cell binding and uptake to the cytoplasm. After reaching the cell, endosomal escape needs to be facilitated followed by release of 
the cargo from the formulation at its respected target site. Different intracellular pathways for productive delivery of pDNA, mRNA, siRNA, 
and Cas9 RNP are represented. Figure was created using BioRender.com.  
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Additional functional domains must be integrated into the formulation. Advantageously, 

polymers can be chemically linked to molecules such as cell targeting ligands, including 

proteins (antibodies, growth factors) and small molecules (carbohydrates, peptides, vitamins). 

Various polymer-ligand gene delivery systems have been demonstrated to facilitate receptor-

cell mediated delivery into cultured cells. Targeted delivery to the lung, the liver, or tumors has 

been achieved in experimental trials, either by localized or systemic application. pH dependent 

polycations such as polyethylene imine (PEI) and its derivates have shown great potential in 

both in vitro and in vivo applications [53, 74-76]. To further finetune the advantageous 

properties of PEI, our working group led by Prof. Dr. Ernst Wagner (Chair of Pharmaceutical 

Biotechnology; LMU, Munich) utilized artificial oligoamino acids such as succinoyl 

tetraethylene pentamine (Stp) in solid-phase assisted peptide synthesis (SPPS). Small libraries 

of sequence-defined artificial oligoaminoamide (OAA) peptides were created and assessed 

[77]. These libraries of sequence defined xenopeptides also encompassed supplementary 

hydrophilic or lipophilic elements and residues, along with diverse topologies derived from 

branching points [77, 78]. Different tailor-made carriers were designed distinct for distinct 

nucleic acid cargos and their respective intracellular target sites and mode of action [17, 70, 71, 

79, 80]. Whilst purely hydrophilic cationizable domains with optional polyethylene glycol 

(PEG) shielding and receptor targeting segments were proven effective for plasmid DNA 

(pDNA) polyplexes [81, 82] the incorporation of lipidic residues and additional stabilization 

measures were found crucial for stable polyplex formation with much smaller double stranded 

siRNA (small-interfering RNA) [83, 84]. Lipid-containing T-shaped oligoaminoamides (lipo-

OAAs) were identified as efficacious carriers for intracellular Cas9 protein/sgRNA RNP 

delivery and gene disruption wherein the type of contained fatty acid, exhibited a crucial effect 

on the knock out efficiency [85-87]. The challenge of balancing stability and cargo release in 

mRNA polyplexes was effectively addressed by incorporating a bioreducible disulfide bond 

between the cationizable hydrophilic polycationic backbone and the hydrophobic domain for 

dynamic mRNA release upon the reductive removal of the fatty acids in the cytosol [79].	

In our recent work we combined our established cationizable synthetic amino acid units i.e. 

succinoyl tetraethylene pentamine (Stp) with new novel cationizable apolar residues. These lipo 

amino fatty acids (LAF) exhibit a pH dependent switch of polarity allowing a dynamic and 

reversible cationization, applied to both hydrophilic and lipophilic regions. This facilitates the 

dynamic binding, protection, and release of the cargo nucleic acid and induces host/endosomal 

membrane destabilization using both cationic and lipidic mechanisms. Even at a fraction of 
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previously tested doses, these new carriers for pDNA, mRNA, and siRNA delivery surpassed 

the efficiencies of preceding carrier generations several hundred times. Notably, these new 

carriers demonstrated exceptional in vivo performance delivering mRNA with fast kinetics, 

whether used as polyplexes or as ionizable compounds in LNP formulations [88, 89].  

In this thesis these novel LAF lipo-xenopeptides were evaluated for formulation of 

Cas9 mRNA/sgRNA polyplexes or LNPs and their application for genome editing in vitro and 

in vivo. 

1.4. Different Nucleic Acid and Gene Therapeutic Cargos 

Continuous advancements are being made in identifying novel delivery systems and therapeutic 

agents. Initially, gene transfer research primarily utilized DNA viruses like adenovirus, 

adenovirus-associated virus, and herpes simplex virus, each carrying its specific type of genetic 

material, in gene therapy trials [14]. 

1.4.1. Plasmid DNA (pDNA)  

As small, circular, double-stranded DNA molecules, plasmids are naturally occurring elements 

in bacterial cells, but their application extends far beyond their biological origins [90]. The 

properties of pDNA – including its size, structural configuration, easy and cheap production, 

and modifiability – make it a valuable tool in gene therapy [91].  

It can be engineered to include various regulatory elements that control the expression of the 

therapeutic gene. Typically ranging from 1-1000 kilobase pairs (kbp), these molecules are large 

enough to carry significant genetic payloads, including not only therapeutic genes but also 

necessary regulatory sequences [90-92]. Plasmids usually consist of a multiple cloning site, 

where the foreign gene is inserted, a polyadenylation site, regulating gene transcription and 

time of gene expression, a promotor sequence and origin of replication site [93]. Additional 

antibiotic resistence genes enable positive selection of clones, hence facilitates the production 

of pDNA. Since several studies revealed improved transfection efficiencies when decreasing 

the plasmid size, resistance markers are removed in so-called miniplasmids [91, 94]. The 

circular nature of pDNA contributes to its stability within host cells, aiding the persistence of 

the therapeutic gene. 

Despite these advantageous properties, pDNA’s relatively large size compared to other nucleic 

acid therapies poses difficulties in cellular uptake and nuclear entry. Nuclear import of the 

pDNA must occur for transcription before translation into desired proteins. Therefore, delivery 
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of the pDNA into the cytosol doesn’t result in protein expression in non-dividing cells [95]. 

Overcoming these barriers requires innovative delivery systems capable of protecting the 

pDNA from degradation, facilitating its entry into the cell, and ensuring its transport to the 

nucleus where gene expression is initiated [10, 17]. Furthermore, insertional mutagenesis can 

lead to integration of the pDNA into the host's genome. This integration may cause malfunction 

of genes by changing the transcription, regulation, or coding sequences. Such alterations can be 

carcinogenic, particularly if they result in the deactivation of tumor suppressor genes or the 

activation of oncogenes [96]. Additionally, recognition of unmethylated cytosine-phosphate-

guanine (CpG) dinucleotides in bacterial DNA by mammalian Toll-like-receptor 9 (TLR9) can 

cause transgene silencing but also immune response [91, 97]. 

1.4.2. Messenger RNA (mRNA)  

All genetic information originates from genomic DNA. Serving as template for all proteins 

expressed in a eukaryotic organism, DNA is transcribed into RNA, which then undergoes 

translation to form proteins [98]. RNA-polymerase II transcribes DNA into precursor 

messenger RNA (pre-mRNA), a process governed by transcription factors, promoters, 

enhancers, and silencers. Concurrent with the production of pre-mRNA, it is subjected to three 

primary processing stages resulting in mature messenger RNA (mature mRNA) [99]. First, 

5’ capping with methylated guanosine (m7G) provides protection from exonuclease 

degradation, facilitates transport to the cytosol and assists in the recognition and binding of 

eukaryotic initiation factor 4E (eIF4E) during the process of translation [99-101]. Secondly, 

splicing by precise excision of the introns interspersing the exons of the pre-mRNA, a vital step 

in diversifying the proteome of eukaryotic organisms [102]. The mature mRNA consists of 

joined exons only. The endonucleolytic cleavage approximately 10-30 nucleotides downstream 

a specific signal sequence followed by polyadenylation of the 3’ end of the RNA is the last step 

finalizing the RNA processing [101]. The long chain of adenine nucleotides (poly-A tail) at the 

3’ end increases enzymatic stability of the mRNA, regulates translation efficiency and defines 

the half-life of mature mRNA [103]. 

The advancement of in vitro transcription (IVT) techniques has led to the rise of synthetic 

mRNA as a new category in gene therapy. Successful intracellular delivery of mRNA enables 

the cytosolic expression of essentially any desired therapeutic protein (e.g., restoration of 

function for monogenic diseases, growth factors, therapeutic antibodies, antigens in vaccines), 

preserving the post-translational modifications of the encoded proteins innate to the host cell. 

Custom designed IVT mRNA presents an alternative for the challenging formulation and 
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delivery of protein-based drugs. In contrast to pDNA-based approaches, the delivery into the 

nucleus is not required, thus avoiding the hazard of insertional mutagenesis and reducing the 

cellular barriers for delivery. Nevertheless, the hydroxyl group in 2’ position of the pentose ring 

in RNA makes it less stable and more reactive as deoxyribose containing DNA [104]. 

Integration of a 5’ cap and 3’ poly-A tail in in vitro transcribed (IVT) mRNA mimics natural 

eukaryotic mRNA, increasing its enzymatic stability, regulating translation efficiency, and 

enhancing protein expression [103, 105]. Further stabilization of the mRNA was achieved by 

the introduction of phosphorothioate modifications especially into the 5’ untranslated mRNA 

sequence demonstrating increased protein translation and up to 22-fold higher protein 

expression [106].  

Recognition of endocytosed IVT mRNA by various endosomal innate immune receptors, 

including TLR3, TLR7, and TLR8, as well as cytoplasmic proteins like melanoma 

differentiation-associated protein 5 (MDA5) and retinoic acid inducible gene I protein (RIG-I) 

can trigger immune responses and potentially hinder the functionality of the mRNA [19, 107, 

108]. Immunogenicity might be beneficial for immunotherapeutic vaccination, however, for 

non-immunotherapy related applications, it is disadvantageous since the induced immune 

responses can slow down the translation of mRNA, promote RNA degradation, and impede 

repeated application, as in RNA-mediated protein replacement therapy [19, 107, 109]. 

Nucleotide modifications such as 2-thiouridine (s2U), 5-methyluridine (m5U), pseudouridine 

(Ψ), N1-methylpseudouridine (m1Ψ), 5-methylcytidine (m5C), 5-hydroxymethylcytosine 

(5hmC), and N6-methyladenosine (N6mA) can be incorporated to obtain a reduced 

immunogenicity and prolonged stability of the mRNA (Figure 2) [19, 110, 111]. Additionally, 

immunogenicity could be reduced by sequence-engineered unmodified mRNA and mRNA 

purification by denaturing high-performance liquid chromatography (dHPLC) [112, 113]. Thus, 

depending on the application, production of encoded protein may be transient or also persistent 

for a prolonged period of time. 
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Figure 2. Nucleotide modifications in IVT mRNA. m5U: 5-methyluridine; mo5U: 5-methoxyuridine; s2U: 2-thiouridine; Ψ: pseudouridine; 
m1 Ψ: N1-methylpseudouridine; m5C: 5-methycytidine; 5hmC: 5-hydroxymethylcytosine; N6mA: N6-methyladenosine 

Up to now, both in clinical and early-stage trials, mRNA vaccines have shown a promising 

safety profile and the ability to stimulate an immune response against various diseases, 

including rabies [114], respiratory syncytial virus (RSV) [115], prostate cancer [116], and non-

small cell lung cancer [117]. A phase 3 study is underway, combining cancer immunotherapy 

with the humanized antibody pembrolizumab and a novel personalized mRNA cancer vaccine 

that encodes up to 34 patient-specific tumor neoantigens. This study is testing the combination 

as an adjuvant therapy for patients with resected high-risk melanoma [31, 118]. A new use of 

mRNA technology has been identified in transforming various human cell types into RNA-

induced pluripotent stem cells (RiPSCs). Additionally, this approach has been utilized in tissue 

engineering to direct differentiation of RiPSCs into fully developed muscle cells. [111].  

A great breakthrough in mRNA therapeutics was achieved when two SARSCoV2 mRNA 

vaccines using lipid nanoparticles (LNPs) obtained their conditional marketing authorization as 

a result of the COVID-19 pandemic [24, 119].  

  

m5U

O

OHOH

O

NH

O

ON

H3C

mo5U

O

OHOH

O

NH

O

ON

O
H3C

s2U

O

OHOH

O

NH

O

SN

Ψ

O

OHOH

O

HN NH

O

O

m1Ψ

O

OHOH

O

N NH

O

O

H3C

m5C

O

OHOH

O

NH

NH2

ON

H3C

5hmC

O

OHOH

O

NH

NH2

ON

N6mA

O

OHOH

O

N

NN

N

NH
H3COH



INTRODUCTION 

 12 

1.4.3. Other RNA Cargos 

The above-mentioned cargos serve to substitute absent or faulty proteins, either by direct 

replacement or by introducing their templates in the form of mRNA or pDNA. In numerous 

diseases, including cancers, various genetic disorders, and viral infections, the expression of 

certain genes can actually cause the disease. By influencing the genomic template or the 

subsequent processes through various adjustments at the mRNA biosynthesis level and the 

following translation stage these diseases can be directly addressed and treated. Therefore, in 

medical treatments, genome editing via nucleases like the RNA-guided CRISPR/Cas9 system, 

natural microRNA (miRNA), artificially created short interfering RNA (siRNA), or antisense 

oligonucleotides (ASOs) are used [16, 38]. 

siRNA and miRNA both operate by the RNA interference (RNAi) mechanism. Forming an 

RNA-induced silencing complex (RISC) with nucleotide sequences complementary to the 

target mRNA, they prevent the expression of targeted genes by cleavage of the mRNA (for 

siRNA) or repression of translation (for miRNA). Consequently, specific inhibition of gene 

expression at the posttranscriptional level without risk of insertional mutagenesis to the host 

genome can be achieved, presenting a safe alternative for gene therapeutic approaches.  

Additionally, antisense oligonucleotides (ASOs) can be employed to precisely target the 

splicing process in mRNA processing. Utilizing ASOs alters the splicing pattern, thereby 

reinstating the expression of a functional gene. Given that numerous acquired and inherited 

diseases result from genomic mutations that cause splicing irregularities, modulating splicing 

represents a hopeful strategy for treating such diseases [120-122].  

Advancements in siRNA and antisense oligonucleotides (ASO) therapeutics have resulted in 

the discovery of several chemical alterations to RNA. These modifications include carbohydrate 

modifications like 2′ O-methyl RNA (2′OMe RNA) and 2′-deoxy-2′-fluoro-RNA (2′F RNA) as 

much as chemical modification of the phosphate backbone reduce susceptibility to nucleases in 

blood and cells, hence, significantly enhance the effectiveness of gene suppression after in vivo 

administration [123-125].  

The CRISPR/Cas9 system, a complex of the RNA-guided endonuclease Cas9 and a single guide 

RNA (sgRNA) enables precision genome editing [126]. If not introduced by pDNA encoding 

for the whole CRISPR/Cas9 system, the Cas9 nuclease is either introduced directly as protein 

of as its approximately 4,500 nucleotide (nt) long mRNA blueprint. As the other key component 

of the system, the considerably smaller sgRNA, approximately 100 nucleotides in size, can be 
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generated by IVT or solid-phase synthesis. In vitro transcription (IVT) is a popular method for 

synthesizing single-guide RNA (sgRNA) due to its affordability, high yield, and easy 

implementation. However, sgRNA produced through IVT encounters challenges similar to 

those seen with IVT-generated mRNA products like poor stability and immune responses 

making it unfavorable for in vivo usage [127-129]. Despite being more cost intensive, 

chemically synthesized sgRNA allows site-specific incorporation of modified nucleotides 

enabling effective in vivo application [125].  

 

Figure 3. Schematic structures of different oligonucleotide analogues. RNA: Ribonucleic acid; 2-OMe RNA:2-O-methyl RNA; 2-F RNA: 
2-fluoro RNA; LNA: locked nucleic acid;PS RNA: phosphorothioate RNA; PA RNA: phosphonoacetate RNA; PSA RNA: 
thiophosphonoacetate RNA 

Building on the finding in siRNA and ASO modifications, various chemically modified 

nucleotides including have been identified to enhance the enzymatic stability, specificity, 

editing efficiency as much as to minimize off-target effects and immunogenicity could be 

reduced [125, 130-133] (Figure 3). Nevertheless, chemical modifications can also hamper the 

biological activity of therapeutic RNAs e.g. by inhibiting interaction of Cas9 with sgRNA 

making a sequence specific modification crucial for their effectiveness [125, 133].  

Optimization of the RNA chemistry for enhanced stability was the basis for the design and 

finally the approval of five siRNA [5, 134], eleven ASO [5, 135, 136] and in late 2023 the first 

approval of the first ex vivo CRISPR/Cas9 application for treatment of sickle cell anemia [137, 

138].  
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1.4.4. Protein 

Proteins are incredibly diverse and essential macromolecules in our bodies as they serve as 

catalysts, form part of membrane structures like receptors and channels, provide structural 

support both inside and outside cells, and are crucial for transporting molecules within cells and 

across different organs [139]. Any malfunction in proteins, whether due to errors in translation, 

post-translational modifications, damage, or altered with expression levels, often results in 

various diseases [140-142]. Starting with the first approval of a recombinant protein, Humulin 

(Insulin) [143], by the FDA in 1982, numerous therapeutic peptides and proteins have received 

drug approval [144, 145]. However, like nucleic acids, these therapeutic proteins and peptides 

face challenges in entering cells and depend on receptor-mediated uptake. Many recombinant 

proteins, like monoclonal antibodies and growth factors, do have external receptors, enabling 

them to target molecules inside cells would expand their therapeutic potential [146]. 

As an alternative to pDNA and mRNA methods that modify or substitute proteins within target 

cells, directly introducing proteins into cells is the most straight forward approach. Protein 

delivery bypasses the steps of transcription and translation, offering faster action due to 

skipping these processes. This approach also allows for more precise control over the duration 

and intensity of protein expression, enhancing the therapy's effectiveness [147]. However, 

delivering proteins directly is challenging because of their large size, varied surface charge 

distribution, and complex tertiary and quaternary structures. These factors make proteins 

unstable and susceptible to denaturation, degradation, and aggregation. Therefore, development 

of appropriate carriers that effectively handle these issues is a crucial yet very complex task 

[86, 147]. 
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1.5. The CRISPR/Cas9 System as a Genome Editing Tool 

Revolutionary advances in precise genome modifying nucleases such as zinc finger nucleases 

(ZFN), transcription activator-like effector nucleases (TALEN), or CRISPR-associated protein 

9 (Cas9) have initiated new era for gene editing [73, 148]. The CRISPR/Cas9 system, in 

particular, is seen as an exceptionally promising method for gene editing due to its 

straightforward and efficient design. The CRISPR/Cas9 system consisting of the RNA-guided 

endonuclease Cas9 and a single guide RNA (sgRNA), recognizes the targeted DNA sequence 

adjacent to a protospacer-adjacent motif (PAM) through Watson–Crick base pairing [12, 126, 

149]. This interaction leads to the creation of double-stranded DNA breaks (DSBs). These 

breaks are then repaired by the cell's natural mechanisms, including homology-directed repair 

(HDR) and nonhomologous end-joining (NHEJ) (Figure 4) [12, 150, 151].  

 

Figure 4. Mechanisms of CRISPR/Cas9 genome editing. Two main repair mechanisms after Cas9-induced double strand break of genomic 
DNA: Error prone non-homologous end-joining (NHEJ) can cause random deletion or insertion of nucleotide. In the presence of an donor 
DNA template with homologous arms a defined sequence can be inserted to the gene by homologous directed repair (HDR).Figure was created 
with BioRender.com. 

Direct re-ligation of the cleavage site by NHEJ is an error prone mechanism leading to random 

insertions and deletions of nucleotides (indels), which result in disruption of the translational 

reading frame and target gene knock out. In the presence of a single or double stranded DNA 

template with homologous flanks to the target sequence, homology-directed repair (HDR) 

facilitates precise repair and integration of a specific DNA sequence, which is placed between 

homology arms at the site of cleavage [151]. The absence of secure and effective delivery 

systems has impeded the widespread adoption of CRISPR technology and its successful 
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implementation. Therefore, it is of major priority to develop efficient and safe CRISPR/Cas9 

delivery technologies to enable efficient genome engineering [12, 17, 149]. 

Unlike conventional gene therapy for genetic diseases, which necessitates lifelong expression 

of therapeutic genes, the short-term and transient expression of genome-modifying nucleases is 

advantageous. Off-target effects and insertional mutagenesis can result from prolonged 

expression of the CRISPR components after viral delivery [34]. Additionally, immune response 

towards the viral vector can lead to significantly reduced CRISPR efficacy and potential 

immunotoxicity, eliminating the possibility of repeated dosing[34, 152]. Therefore, nonviral 

delivery systems provide a safer alternative to viral delivery systems, avoiding undesired 

complications caused by prolonged expression of the nucleases [153].  

1.5.1. Delivery formats of CRISPR/Cas9 

Constructs encoding the nuclease and sgRNA in a single DNA plasmid, mRNA encoding Cas9 

nuclease plus additional sgRNA, or direct delivery of the recombinant Cas9 protein with sgRNA 

as RNP formulation have been utilized [34, 153]. Understanding the distinct physical and 

physiological characteristics of each format is essential to evaluate their impact on the Cas9 

mechanism and choosing the most suitable format for practical use. A key difference among 

these formats is their stability. Consisting of circular and double stranded DNA, Cas9 plasmid 

DNA (Cas9 pDNA) has a lower reactivity than RNA based formats, is not susceptible to 

exonucleases and is not prone to denaturation as protein. Therefore, it is the most stable of the 

three formats. While Cas9 mRNA is less stable than Cas9 pDNA, its stability can be enhanced 

through chemical modifications to the nucleotides, as previously mentioned.  

While Cas9 pDNA and mRNA formats contain only one type of biomolecule, Cas9 RNPs 

consist of the complex of both Cas9 protein and sgRNA. This composition makes Cas9 RNPs 

vulnerable to degradation by both proteases and RNases, potentially rendering them the most 

unstable format. Additionally, the Cas9 protein might lack resistance to organic solvents or low 

pH and can be easily denatured. An instance of this is seen when Cas9 RNP undergoes 

denaturation in acidic citrate buffer at pH 4.0, a condition commonly used for formulating 

nucleic acid-loaded LNPs [34]. 

Another clear distinction lies in different intracellular target sites. As previously mentioned, the 

nuclear entry of pDNA is necessary. On the other hand, Cas9 mRNA only needs to be 

transported to the cytoplasm, where it can start being translated right away. Nevertheless, in 

both scenarios, the RNP complex must be formed with sgRNA once the Cas9 protein is 
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synthesized, leading to an inherent delay between intracellular availability of the protein and 

RNA components. Therefore, delivering pre-formed functional RNPs represents the most 

straightforward approach to cellular genome editing, and is widely regarded as the most 

effective method [153]. 

The period that intracellular components persist depends on how stable the genetic 'blueprints' 

are and how quickly the encoded protein breaks down. In genome editing, CRISPR/Cas 

elements are only briefly needed to make the desired genomic changes. Keeping them in the 

cell longer than necessary is not ideal, as it can increase the chances of unintended genetic 

alterations. Therefore, it's important to precisely manage the CRISPR/Cas system's availability 

and ensure its degradation or inactivation once the target modification is achieved. Cas9 RNP 

and mRNA, known for their faster degradation in target cells, offer a transient exposure of the 

cell's genome to active Cas9 proteins, thus lowering the likelihood of off-target editing events. 

However, longer gene expression after application of pDNA constructs, may increase off-target 

effects [153, 154]. 

 

Figure 5. Comparison of different delivery formats for the CRISPR/Cas9 system. Drawbacks of each format are pointed out in red. Figure was 
created with BioRender.com 
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In addition to their stability and functionality, safety is a primary concern, particularly for 

potential in vivo applications. As previously mentioned, the spontaneous integration of Cas9 

plasmid DNA into the host genome could result in dangerous insertional mutagenesis. 

Moreover, continuous expression of Cas9 might cause unintended off-target effects and trigger 

immune responses via the major histocompatibility complex (MHC) class I pathway [155]. 

Additionally, the primary form of immune response generated by these three formats varies. 

Cas9 plasmid DNA (pDNA) and mRNA primarily initiate innate immune responses through 

the activation of Toll-like receptors (TLRs), whereas Cas9 ribonucleoprotein (RNP) can induce 

adaptive immune reactions. Recent research has shown that antibodies and T cells against Cas9 

already exist, likely as a result of previous bacterial infections [153, 155, 156]. IgG antibodies 

against Cas9 could be detected in 58 % and anti-Cas9 T cells were found in 68 % of human 

adults [155]. 

While Cas9 mRNA and RNP offer benefits in editing efficiency and safety, their production is 

more expensive compared to pDNA. As mentioned before simple design, production, and 

scaling of pDNA makes it more cost effective. Producing pure active Cas9 proteins, however, 

involves a lengthy and intricate process. Among other critical steps, this includes isolation the 

protein from bacterial cultures, its purification, and ensuring proper storage of this labile protein 

product [153]. In conclusion, each of the respective CRISPR/Cas9 systems has unique 

characteristics in terms of its physical and chemical properties, stability, mechanisms of action, 

safety, and manufacturing processes. Figure 5 summarized differences and individual 

characteristics of each delivery format.  

The clinical application of nucleic acid-based therapeutics is currently more advanced than the 

intracellular delivery of proteins. This is clearly evidenced by the recent achievements in 

siRNA-based drugs and mRNA vaccines [24, 61, 136]. Therefore, this thesis focuses on the 

development of nanoparticles for non-viral delivery for mRNA based CRISPR/Cas9 gene 

editing. 
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1.6. Aim of the Thesis 

The CRISPR/Cas9 technology has revolutionized the field of gene editing, offering a powerful 

tool for precisely modifying the genome. Its simple design presents a highly promising 

approach to genome editing [12, 34]. Different delivery formats comprising viral and non-viral 

vectors, as well as different CRISPR/Cas9 formats such as Cas9 plasmid DNA, 

Cas9 mRNA/sgRNA and Cas9/sgRNA ribonucleoprotein (RNP) can be selected. Unlike 

conventional gene therapy for genetic diseases, which often requires lifelong expression of 

therapeutic genes, the short-term and transient expression of genome-modifying nucleases 

presents an advantage. Therefore, non-viral RNA-based delivery of the nuclease minimizes the 

risk of insertional mutagenesis and off-target effects. The absence of safe and effective delivery 

systems, however, has impeded the widespread adoption of CRISPR technology and its 

successful implementation. Additionally, effectively delivering the CRISPR components to 

extrahepatic tissue remains a challenge.  

The aim of this thesis was to develop and evaluate novel non-viral delivery systems for the 

delivery of CRISPR/Cas9 gene editing components, focusing on the codelivery of Cas9 mRNA 

and sgRNA. At the core of this endeavor were our previously described pH-responsive lipo 

amino fatty acid (LAF) containing succinoyl tetraethylene pentamine (Stp) carriers. This thesis 

had to explore the biophysical and functional aspects of Cas9 nanoparticles. To identify the 

most potent carrier topologies, a variety of LAF-Stp carriers with different topologies, 

variations of LAF/Stp ratios, and LAF types were screened for their ability to compact and 

deliver Cas9 mRNA and sgRNA in form of polyplexes or LNP. The thesis also delves into the 

complexities of cell type dependent responses to these carriers. A series of in vitro experiments 

employing various cell types provided insights into how different cellular environments impact 

the nanocarriers efficacy. This aspect of the study is crucial for understanding the broader 

applicability of the developed carriers in treating a variety of genetic disorders. A subsequent 

aim was the evaluation of Cas9 polyplexes in different reporter and disease models in vitro, 

including GFP knockout and HDR mediated conversion, Pcsk9 knockouts and dystrophin gene 

editing that trigger splicing modulation.  

The last aim was the comparative in vivo assessment of the lipo-xenopeptide carriers and a 

current state-of-the-art lipid nanoparticle (LNP) formulation after local and systemic 

administration. 
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2. Materials  

This chapter has been adapted from:  

Germer J, Lessl AL, Pöhmerer J, Grau M, Weidinger E, Höhn M, Yazdi M, Cappelluti MA, 
Lombardo A, Lächelt U, Wagner E. Lipo-Xenopeptide Polyplexes for CRISPR/Cas9 Based 
Gene Editing at Ultra-Low Dose. Journal of Controlled Release  

2.1. Solvents and Reagents 

The following table summarizes the used solvents and reagents and the source of supply 

including their unique CAS number. For all experiments solvents and reagents were used in 

high quality.  

Table 1 Chemicals and solvents in alphabetical order 

Solvents and Reagents CAS number Supplier 

Agarose 9012-36-6 Sigma-Aldrich, Munich, Germany 

Ampicillin 69-53-4 Sigma-Aldrich, Munich, Germany 
Adenosine 5′-triphosphate (ATP) 
disodium salt trihydrate 51963-61-2 Sigma-Aldrich, Munich, Germany 

polyethyleneimine, branched 25 kDa 9002-98-6 Sigma-Aldrich, Munich, Germany 

Cell culture lysis buffer - Promega, Mannheim, Germany 

Coenzyme A trilithium salt 18439-24-2 Sigma-Aldrich, Munich, Germany 

Collagen A 9007-34-5 Biochrom, Germany 

Cholesterol 3483-12-3 Sigma-Aldrich, Munich, Germany 

DAPI’(4',6-Diamidino-2-phenylindol) 28718-90-3 Sigma-Aldrich, Munich, Germany 

Dimethyl sulfoxide (water free) 67-68-5 Sigma-Aldrich, Munich, Germany 

Di-tert-butyl dicarbonate 24424-99-5 Sigma-Aldrich, Munich, Germany 

D-luciferin sodium 103404-75-7 Promega, Mannheim, Germany 
DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine) 4004-05-1 Avanti Polar Lipids, Alabaster, USA 

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

160743-62-4 Avanti Polar Lipids, Alabaster, USA 

DSPC (1,2-Distearoyl-sn-glycero-3-
phosphocholine) 816-94-4 Avanti Polar Lipids, Alabaster, USA 

DTT (dithiotreitol) 3483-12-3 Sigma-Aldrich, Munich, Germany 

EDTA disodium salt dihydrate 6381-92-6 Sigma-Aldrich, Munich, Germany 

Ethanol absolute 64-17-5 VWR Int., Darmstadt, Germany 

Fetal bovine serum - Sigma-Aldrich, Munich, Germany 

Gelred® - Sigma-Aldrich, Munich, Germany 

Glucose 50-99-7  Merck, Darmstadt, Germany 

Heparin sodium salt 5000 I.U mL-1 9041-08-1 Braun SE, Melsungen,Germany 
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HEPES 7365-45-9 Biomol, Hamburg, Germany 

HBTU (Hexafluorophosphate) 94790-37-1 Multisyntech, Witten, Germany 

Hydrazine monohydrate 7803-57-8 Sigma-Aldrich, Munich, Germany 
Hydrochloric acid solution (1 M) (1 M 
HCl) 7647-01-0 Bernd Kraft, Duisburg, Germany 

Isopropanol 67-63-0 Merck, Darmstadt, Germany 

Lipofectamine™ 3000 - ThermoFisher Scientific, Schwerte, 
Germany 

LipofectamineTM MessengerMAXTM  ThermoFisher Scientific, Schwerte, 
Germany 

Millipore water - In-house purification 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyiltetrazolium bromide) 298-93-1 Sigma-Aldrich, Munich, Germany 

Nuclease-free water - Sigma-Aldrich, Munich, Germany 

Paraformaldehyde (PFA) 50-00-0 Sigma-Aldrich, Munich, Germany 

Penicillin/Streptomycin - Life Technologies, Carlsbad, USA 

peqGold 1KB DNA ladder - VWR Int., Darmstadt, Germany 

Potassium chloride 7440-09-7 Sigma-Aldrich, Munich, Germany 

Propidium iodide 9041-08-1 Sigma-Aldrich, Munich, Germany 

Rhodamine phalloidin 219920-04-4 Life Technologies, Carlsbad, USA 

RNASolv ®  R6830-02 VWR, Darmstadt Germany 

RNAlater™ Stabilization Solution AM7021 ThermoFisher Scientific, Schwerte, 
Germany 

Sodium Acetate S-5889 Sigma-Aldrich, Munich, Germany 

Sodium chloride 7647-14-5 Sigma-Aldrich, Munich, Germany 

Sodium hydroxide 1310-73-2 Sigma-Aldrich, Munich, Germany 

SM-102 2089251-47-6 Biosynth Carbosynth, Berlin 
Germany 

succinic anhydride 108-30-5 Sigma-Aldrich, Munich, Germany 

Trifluoro acetic acid (TFA) 76-05-1 Iris Biotech, Marktredwitz, Germany 

Triton X-100 9036-19-5 Sigma-Aldrich, Munich, Germany 

Trypsin/EDTA 9002-07-7 PAN Biotech GmbH, Aidenbach, 
Germany 
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2.2. Buffers 

Table 2 Buffers used for experimental procedures 

Buffer Composition 

Agarose electrophoresis loading buffer 

3 mL glycerine, 1.2 mL 0.5 M EDTA solution (pH 8.0), 2.8 mL H2O, 
10 mg bromophenol blue 

HBG 20 mM HEPES, 5 % glucose, pH 7.4 

LAR buffer 20 mM glycylglycine; 1 mM MgCl2; 0.1 mM EDTA; 3.3 mM DTT; 
0.55 mM ATP; 0.27 mM coenzyme A, pH 8–8.5 

PBS buffer 136.9 M NaCl, 2.68 M KCl, 8.1 M Na2HPO4, 1.47 M KH2PO4 

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

2.3. Kits 

Table 3 Commercial kits used for experimental procedures 

Kit Catalog number Supplier 

Quant-iT™ RiboGreen RNA Assay-Kit R11490 ThermoFisher Scientific, Schwerte, Germany 

Peqlab peqGOLD, total RNA Kit 13-6834-01 VWR, Darmstadt Germany 

qScript cDNA SuperMIx 733-1177 Quantabio, Beverly. Massachusetts, USA 

qScript cDNA Synthese Kit 95047 Quantabio, Beverly. Massachusetts, USA 

QIAmp DNA Mini Kit 51306 Qiagen, Hilden, Germany 

Qiagen Plasmid Maxi Prep 12163 Qiagen, Hilden, Germany 

QIAquick PCR Purification Kit 28104 Qiagen, Hilden, Germany 

QIAquick Gel Extraction Kit 28704 Qiagen, Hilden, Germany 

2.4. Proteins 

Table 4 Proteins used for experimental procedures 

Protein Catalog number Supplier 

BsaI R3733S New England Biolabs, Ipswich, USA 

Cas9 protein - in house generation  
GoTaqR Hot Start 
polymerase M5001 New England Biolabs, Ipswich, USA 

One TaqR DNA 
Polymerase M0480X New England Biolabs, Ipswich, USA 

TaqR DNA 
polymerase M0273X New England Biolabs, Ipswich, USA 

Cas9 protein expression and purification were performed in house by Miriam Höhn (Pharmaceutical Biotechnology, LMU München) as 

previously described [85]. 
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2.5. Nucleic Acids 

2.5.1. sgRNA and single stranded DNA (ssDNA) 

Table 5 Sequences of sgRNA and ssDNA used in this research 

sgPcsk9 

(Axolabs) 

Target site / PAM CCCATACCTTGGAGCAACGG / CGG [157, 158] 

full RNA 

sequence 

5’mC*mC*mC*AUACCUUGGAGCAACGGGUUUUAGAmGmCmU
mAmGmAmAmAmUmAmGmCAAGUUAAAUAAGGCUAGUCCGU
UAUCAmAmCmUmUmGmAmAmAmAmAmGmUmGmGmCmAmC
mCmGmAmGmUmCmGmGmUmGmCmUmU*mU*mU* 3’ 

sgDMDEx23 

(IDT) 

Target site / PAM ATTTCAGGTAAGCCGAGGTT / TGG [159] 

full RNA 

sequence 

5’mA*mU*mU*UCAGGUAAGCCGAGGUUGUUUUAGAGCUAGA
AAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGA
AAAAGUGGCACCGAGUCGGUGCmU*mU*mU*U 3’ 

sgGFP 

(IDT) 

Target site / PAM GCTGAAGCACTGCACGCCGT / AGG [86] 

full RNA 

sequence 

5’ mG*mC*mU*GAAGCACUGCACGCCGUGUUUUAGAGCUAGA
AAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGA
AAAAGUGGCACCGAGUCGGUGCmU*mU*mU*U 3’ 

ssDNA 

(IDT) 
GFP to BFP 

5’G*C*CACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCA
CCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCT
GAGCCACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACAT
*G*A 3’ 

Modification pattern:  ‘m_’ = 2’-O-methyl RNA bases e.g. ‘mA’ ; ‘_*’ = phosphorothioated RNA bases e.g. ‘A*’ 

2.5.2. Messenger RNA (mRNA) 

Table 6 mRNA used in this research 

Name Encoding Supplier 

CleanCap® Cas9 mRNA (5 moU), 
Streptococcus pyogenes SF370 Cas9 protein 
(CRISPR Associated Protein 9)  

Trilink Biotechnologies,  
San Diego,USA 

CleanCap® FLuc mRNA (5moU) Firefly Luciferase 
Trilink Biotechnologies,  
San Diego,USA 

CleanCap® mCherry mRNA (5moU) mCherry 
Trilink Biotechnologies,  
San Diego,USA 

Fully substituted with 5-Methoxy-Uridine 

2.5.3. Plasmid DNA (pDNA)  

Table 7 pDNA used for experimental procedures 

Name Encoding Supplier 

pEGFP-N1 eGFP 
Clontech Laboratories now 
Takara Bio, San Jose, USA 

PB-CAG-mCherry-DMDEx23-eGFP mCherry-DMDEx23 and eGFP 
In-house generation by Anna-Lina 
Lessl (PhD student at Pharmaceutical 
Biotechnology, LMU, Munich) 
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2.5.4. PCR Primers 

Primers were provided by Eurofins (Ebersberg, Germany). 

Table 8 List of PCR primers used for this research 

Primer name Sequence 
Pcsk9 fwd 5’-GGCCCGTTAATGTTTAATCAGA-3’ 
Pcsk9 rev 5’-TTTACTTCGGAGGACACGTTTT-3’ 
mCherry-DMDex23_SpliSwi_fwd  5’-GGAGGATAACATGGCCATCA-3' 
mCherry-DMDex23_SpliSwi_rev 5’-GTCCTTCAGCTTCAGCCTCT-3' 
mCherry-DMDEx23 SpliSwi nested_fwd 5’-GGAGTTCATGCGCTTCAAGG-3' 
mCherry-DMDEx23 SpliSwi nested_rev 5’-GCCGTCCTCGAAGTTCATCA-3' 
DMD_Ex20-26 fwd  5’-CAGAATTCTGCCAATTGCTGAG-3' [160] 
DMD_Ex20- DMD_Ex24/25 rev  5’-TCACCAACTAAAAGTCTGCATTG-3' [161] 
DMD_Ex20/21 fwd 5’-AAAATTTGTAAGGATGAAGTCAAC-3'  
DMD_Ex20-24 rev 5’-CAGCCATCCATTTCTGTAAGG-3' [162] 
DMD genomic fwd 5‘-AAACTTCTGTGATGTGAGGACA-3‘ 
DMD genomic rev 5‘-ACAAATGGCCAACTATGAGAAAC-3‘ 
DMD genomic sequencing fwd 5‘-GAAACTCATCAAATATGCGTGTTAGTG-3‘ 
DMD genomic sequencing rev 5‘-GGCAAGTTGCAATCCTTTGA-3‘ 

 

2.6. Cell Culture 

Table 9 Reagents for cell culture 

Material Supplier 

Dulbecco’s Modified Eagle’s Medium (DMEM) Life Technologies, Carlsbad, USA 

Fetal bovine serum (FBS)  Life Technologies, Carlsbad, USA 

Penicillin/Streptomycin  Life Technologies, Carlsbad, USA 

Trypsin/EDTA  PANBiotech, Aidenbach, Germany 
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3. Methods 

This chapter has been adapted from:  

Germer J, Lessl AL, Pöhmerer J, Grau M, Weidinger E, Höhn M, Yazdi M, Cappelluti MA, 
Lombardo A, Lächelt U, Wagner E. Lipo-Xenopeptide Polyplexes for CRISPR/Cas9 Based 
Gene Editing at Ultra-Low Dose. Journal of Controlled Release  

3.1. Synthesis of Ionizable Nucleic Acid Carriers 

The solid phase synthesis of the LAF–Stp carrier library was performed as previously described 

by Thalmayr et al [163]. All LAF-Stp carrier were synthesized by Melina Grau as part of her 

PhD study at Pharmaceutical Biotechnology, LMU, Munich. Succinylated branched PEI 

25 kDa (succPEI; succinylation degree of 10 %) was synthesized and analyzed as described 

previously [53]. The starting material branched PEI (brPEI) 25 kDa was purchased from Sigma 

Aldrich (Munich, Germany). 

3.2. Polyplex Formation 

Either Luc mRNA or a combination of Cas9 mRNA and sgRNA at a fixed weight ratio of 1:1 

was mixed and diluted in HBG (20 mM of HEPES, 5 % (w/v) glucose, pH 7.4). The calculated 

amounts of aminolipid carrier at indicated N/P (nitrogen/phosphate) ratio were diluted in 

separate tubes of HBG. All secondary amines, terminal amines and the tertiary amines of the 

carrier structure were considered in the N/P ratio calculations. Equal volumes of nucleic acid 

solution and aminolipid solution were mixed by rapid pipetting and incubated 40 min at RT in 

a closed Eppendorf reaction tube. The final concentration of nucleic acid in the polyplex 

solution was 12.5 µg mL-1 (6.25 µg mL-1 Cas9 mRNA plus 6.25 µg mL-1 sgRNA or 12.5µg 

µg mL-1 Luc mRNA) for in vitro experiments. For in vivo experiments polyplexes were mixed 

achieving a final concentration of 20 µg mL-1 (or 67 µg mL-1) and 60 µg mL-1 (or 200 µg mL-

1) total RNA (Luc mRNA or Cas9 mRNA and sgRNA at weight ratio 1:1) for intravenous and 

intramuscular application, respectively. 

3.3. Polyplex Formation for mRNA/pDNA Codelivery 

mCherry mRNA and pEGFP-N1 at a fixed weight ratio of 1:1 were mixed and diluted in HBG. 

Calculated amounts of aminolipid at indicated N/P (nitrogen/phosphate) ratios (see above) were 

diluted in separate tubes of HBG. Equal volumes of nucleic acid solution and aminolipid 

solution were mixed by rapid pipetting and incubated 40 min at RT in a closed Eppendorf 
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reaction tube. The final concentration of nucleic acid in the polyplex solution was 5 µg mL-1 

(2.5 µg mL-1  mCherry mRNA plus 2.5 µg mL-1 pEGFP-N1 pDNA). 

3.4. Cas9 mRNA/sgGFP2/ssDNA Polyplex Formation for eGFP to BFP 
Conversion Study  

Cas9 mRNA and sgGFP at a fixed weight ratio of 1:1 were mixed with indicated molar ratios 

of total sgGFP to the single stranded DNA (ssDNA) template (IDT, Coralville, IA, USA) and 

diluted in HBG. Calculated amounts of LAF-Stp carrier 1611 were diluted in separate tubes of 

HBG. Equal volumes of nucleic acid solution and 1611 solution were mixed by rapid pipetting 

resulting in an N/P ratio of 18 and incubated 40 min at RT in a closed Eppendorf reaction tube. 

The final total concentration of nucleic acid in the polyplex solution was 7.5 µg mL-1. 

3.5. Lipid Nanoparticle (LNP) Formation  

LNPs of commercially available positive control ionizable lipid SM-102 or the LAF carrier 

1621 were formulated by mixing an acidic aqueous phase containing the nucleic acid with an 

ethanolic phase containing helper lipids and the ionizable lipid by rapid pipetting. The aqueous 

phase was prepared in citrate buffer (10 mM, pH 4.0) containing either Luc mRNA or a mix of 

Cas9 mRNA and sgRNA at weight ratio 1:1. The ethanolic phase includes a mixture of the 

lipidic components at molar ratio of 38.5:10:1.5:50 mol% (Chol:DSPC:PEG-DMG:SM-102) 

or 47.6:23.8:4.8:23.8 mol% (Chol:DOPE:PEG-DMG:1621)[164] at the N/P ratio of 6 for SM-

102 or 24 for 1621, respectively. The aqueous nucleic acid solution and ethanolic lipid mixture 

were mixed at a defined volumetric ratio of 3:1 (lipid mixture : nucleic acid solution) by rapid 

pipetting. Following 15 min incubation at RT, the solutions were dialyzed for 2 h against HBG 

in 1 kDa MWCO tubes at 4 °C. If needed HBG was added to obtain final concentration of 

20 µg mL-1 and 60 µg mL-1 total RNA (Luc mRNA or Cas9 mRNA and sgRNA at weight ratio 

1:1) for intravenous and intramuscular application, respectively.  

3.6. Particle Size and Zeta-Potential Measurements 

Polyplexes and LNPs were formulated in HBG as described above and if needed diluted with 

HBG to a concentrations of 12.5 µg mL- 1 total RNA (Cas9 mRNA sgRNA at weight ratio 1:1 

or Luc mRNA). Measurements of size and zeta potential were performed with a Zetasizer Nano 

ZS (Malvern Instruments, Malvern) in a folded capillary cell (DTS1070) by dynamic and 

electrophoretic laser-light scattering (DLS, ELS). Size and polydispersity index were measured 

in 80 µL of polyplex or LNP solution using the following instrument settings: equilibration time 
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30 sec, temperature 25 °C, refractive index 1.330, viscosity 0.8872 mPa*s. Samples were 

measured three times with six sub-runs per measurement. For measurement of the zeta 

potential, all samples were diluted to 800 µL with HBG directly before measurement. 

Parameters were identical to the size measurement apart from an equilibration time of 60 sec. 

Three measurements with 15 sub-runs lasting 10 sec each were performed, and zeta potentials 

were calculated by the Smuchowski equation.  

3.7. Encapsulation Efficiency 

The encapsulation efficiency (EE (%) ) of LNPs and polyplexes was determined using the 

Quant - iTTM RiboGreen RNA Assay-Kit (Thermo Fisher Scientific). Polyplexes and LNPs 

were mixed as above and diluted with 1´ TE (10 mM Tris-HCl, 1 mM EDTA, pH 7.5 in RNase-

free water) to an mRNA concentration of 2 μg mL-1. 50 μL of the diluted nanoparticles was 

either mixed with 50 μL of 1 ´ TE as untreated controls or added to 50 μL of 1 ´ TE containing 

2 % (v/v) Triton X-100 as treated samples. Additional 250 I.U. mL-1 heparin was added for 

complete dissociation of polyplexes. After a 10 min incubation at 37 °C under constant shaking 

at 150 rpm and cooling down to RT, 100 µL of RiboGreen reagent 200-fold in 1x TE was added 

to each sample. Fluorescence was measured after 5 min in a Tecan microplate reader 

(Spectrafluor Plus, Tecan, Männedorf, Switzerland) at excitation/emission wavelength of 

485/535 nm in duplicates. Background was measured with pure HBG in 1´ TE, 1´ TE 

supplemented with Triton X-100 for LNP or 1´ TE supplemented with Triton X-100 and 

heparin for polyplexes, treated in the same manner as the respective nanoparticle samples. The 

following formula was used to calculate encapsulation efficiency after background subtraction 

of each sample:  

𝐸𝐸(%) = 100% −
𝑚𝑒𝑎𝑛	𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛!"#$%&#%'	)*"#$*+
𝑚𝑒𝑎𝑛	𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛#$%&#%'	,&-.+%

	𝑥	100% 

3.8. Agarose Gel Shift Assay 

A 1.5 % (w/v) agarose gel for Cas9 mRNA / sgRNA polyplexes was prepared by heating up 

agarose (Agarose BioReagent, Sigma-Aldrich, Merck, Darmstadt) in TBE buffer (18.0 g of 

tris(hydroxymethyl)aminomethane, 5.5 g of boric acid, 0.002 M disodium 

ethylenediaminetetraacetic acid (EDTA) at pH 8, in 1 L of water). After cooling down to about 

50 °C, 1´ GelRed™ (Biotium, Hayward, CA, USA) was added. The agarose solution was 

casted into an electrophoresis unit and cooled down for gelification. Polyplexes and LNP were 
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formulated as described in the section 3.2 “polyplex formation” and 3.5 “LNP formation”, 

respectively. 3 µL of loading buffer (6´; prepared from 6 mL of glycerol, 1.2 mL of 0.5 M 

EDTA, 2.8 mL of H2O, 0.02 g of bromophenol blue) was added to 15 µL of the polyplex 

solution. Samples were loaded to the pockets of the gel and electrophoresis was performed at 

120 V for 70 min in TBE buffer. Free Luc mRNA or a combination of Cas9 mRNA and sgRNA 

(weight ratio 1:1) diluted in 15 µL HBG to a total RNA concentration of 12,5 g/mL were used 

as control. Control groups for the evaluation of nanoparticles after incubation in full fetal bovine 

serum (FBS) were either 15 µL pure FBS, free RNA in 15 µL FBS or free RNA in 15 µL HBG 

buffer. 

3.9. Cell Culture 

Hepa 1-6 Pcsk9tdTomato  (a Hepa 1-6 cell line stably expressing tdTomato in the 3’UTR of the 

Pcsk9 gene, generated by HDR-mediated insertion of the 2A-tdTomato-pA cassette post Cas9-

induced double strand break in exon 12 of Pcsk9) [158, 165], HeLa mCherry-DMDEx23 (stably 

expressing an artificial mCherry construct, interrupted by a dystrophin exon 23 sequence, 

derived from the murine Duchenne muscular dystrophy (DMD) mdx model) [166], 

CT26 eGFP-Luc (stably expressing the green fluorescent protein/luciferase (eGFP-Luc) fusion 

gene) [167], and HeLa GFPd2 (stably expressing destabilized eGFP) [86] were cultured in 

Dulbecco’s modified Eagles’s medium (DMEM)-low glucose (1 g L-1 glucose) supplemented 

with 10 % (v/v) fetal bovine serum (FBS), 4 mM of stable glutamine, 100 U mL-1 of penicillin, 

and 100 µg mL-1 of streptomycin. The cells were cultured at 37 °C and 5 % CO2 in an incubator 

with a relative humidity of 95 %. 

3.10. Genome Editing Reporter Cell Lines 

Pcsk9 knock out. For Pcsk9 knock out studies, sgPcsk9 [157] which binds and directs the Cas9 

protein to the first exon of the Pcsk9 gene was used on the Hepa 1-6 Pcsk9tdTomato  cell line. 

Thus, the expression of the tdTomato reporter protein is inactivated by the Cas9 induced 

destruction of the Pcsk9 gene. The gene knock out of the Pcsk9 gene can be quantified by flow 

cytometry as described as described in section 3.11. 

mdx DMDEx23 splicing modification. The positive read-out reporter cell line HeLa mCherry-

DMDEx23 was used to test the transfection efficiency of Cas9 mRNA/sgDMDEx23 polyplexes. 

Cas9 induced cleavage at the 3’ prime end of the artificial mdx exon 23 construct triggers 

alternative mRNA splicing with mdx exon 23 skipping and mediates expression of functional 
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mCherry protein. The transfection efficiency can be quantified by the percentage of mCherry 

positive cells measured by flow cytometry as described in section 3.11.  

HDR mediated eGFP to BFP conversion. The homologous directed repair (HDR) efficacy was 

assessed by the conversion of eGFP to BFP in the HeLa GFPd2 cell line expressing destabilized 

eGFP. HDR-mediated repair following the Cas9-induced double strand break (DSB) of the 

DNA can replace the 66th amino acid tyrosine (code: TAC) in eGFP sequence with histidine 

(code: CAT)[168]. In flow cytometric analysis after treatment with 

Cas9 mRNA/sgGFP/ssDNA-template polyplexes three cell populations were expected: eGFP 

positive cells representing non-edited cells; eGFP and BFP negative cells indicating gene knock 

out by non-homologous end joining (NHEJ) of the DSB and BFP positive and eGFP negative 

cells suggesting HDR-mediated gene correction. 

3.11. In Vitro Evaluation of Cellular Gene Editing Efficiency of Cas9mRNA/sgRNA 
containing Nanoparticles by Flow Cytometry 

All transfections were performed in triplicate in 96-well plates (Corning® Costar, Sigma-

Aldrich, Germany). Hepa 1-6 Pcsk9tdTomato, CT26 eGFP-Luc, HeLa GFPd2 and HeLa mCherry-

DMDEx23 cells were seeded 24 h prior to transfection (7,500 cells/well). On the next day, the 

medium was replaced with 80 μL of fresh pre-warmed medium containing 10 % (v/v) FBS. The 

nanoparticles were prepared as described in sections 2.3 and 2.4 resulting in a total RNA 

concentration of 12.5 µg mL-1 (6.25 µg mL-1 Cas9 mRNA and 6.25 µg mL-1 sgRNA). 

Required volumes of nanocarrier solutions were pipetted to the corresponding wells and if 

needed HBG was added to reach the final volume of 100 µl per well. For testing the efficiency 

of a further reduced dose nanoparticles were 1:10 (v/v) diluted with HBG right before the 

transfection to ensure precise volumetric dosage. The negative control was represented by 20 µl 

of HBG. After 24 h of incubation HeLa mCherry-DMDEx23 cells were trypsinized, expanded 

and incubated for an additional 2 days. All other cell lines were expanded after 48 h and 

incubated for an additional 3 days. For flow cytometric evaluation, cells were collected and 

resuspended in PBS solution containing 10 % (v/v) FBS (FACS buffer). All samples were 

analyzed by flow cytometry using a CytoFLEX S Flow Cytometer (Beckman Coulter, Brea, 

CA, USA). Shortly before the measurement, 1 ng µL-1 of 4′,6-diamidino-2-phenylindole 

(DAPI) was added and used to discriminate between viable and dead cells. The cellular 

fluorescence was assayed by excitation of DAPI at 405 nm and detection of emission at 450 nm. 

For eGFP to BFP conversion studies DAPI was replaced by 1 ng µL-1 propidium iodide (PI). 

The cellular fluorescence was assayed by excitation of PI at 561 nm and detection of emission 
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at 610 nm. Only isolated viable cells were evaluated. The transfection efficiency on HeLa 

mCherry-DMDEx23 cells was determined as the percentage of mCherry positive cells. The 

cellular mCherry expression was assayed by excitation at 561 nm and the detection of emission 

at 610 nm. The cellular tdTomato expression in Hepa 1-6 Pcsk9tdTomato cells was assayed by 

excitation at 561 nm and the detection of emission at 585 nm. The Pcsk9 knock out efficiency 

was determined as the percentage of tdTomato negative cells. The cellular GFP expression in 

CT26 eGFP-Luc and HeLa GFPd2 was assayed by excitation at 488 nm and the detection of 

emission at 530 nm. The GFP knock out efficiency was determined as the percentage of GFP 

negative cells normalized to the control measurements with HBG buffer-treated cells. In eGFP 

to BFP conversion study the loss of GFP indicated gene knock out mediated NHEJ; BFP 

expression represented conversion from the GFP reporter protein to BFP by homology-directed 

repair while GFP expressing cells show non-edited reporter cells. BFP expression was assayed 

by excitation at 405 nm and the detection of emission at 450 nm. Flow cytometry data were 

analyzed using FlowJoTM v10.8 flow cytometric analysis software by FlowJo, LLC (Becton, 

Dickinson and Company, U.S.). 

3.12. Sanger Sequencing and TIDE Analysis of Pcsk9 Gene Edits 

Genomic DNA of Hepa 1-6 Pcsk9tdTomato  cells was extracted 3 days after treatment with 

Cas9 mRNA/sgPcsk9 containing polyplexes using a QIAMP DNA Mini Kit (Qiagen, Hilden, 

Germany) according to manufacturer’s protocol. The target region in the first exon of the Pcsk9 

gene was PCR amplified using GoTaqR Hot Start polymerase (Promega, Walldorf, Germany). 

Following PCR primers and conditions were applied: Pcsk9 fwd (5’-

GGCCCGTTAATGTTTAATCAGA-3‘); Pcsk9 rev (5’-TTTACTTCGGAGGACACGTTTT-

3’); initial denaturation (95 °C, 2 min), 40 cycles (95 °C, 45 sec / 56 °C, 40 sec / 72 °C, 1 min), 

final extension (72 °C, 5 min). The PCR products were purified using the PCR purification kit 

(Qiagen, Germany). Sanger sequencing of the purified sequences was performed by Eurofins 

GATC Biotech (Konstanz, Germany) at a concentration of 20 ng µL-1. Sanger sequencing data 

were evaluated by the TIDE web tool (https://tide.nki.nl/) applying an indel size range of 25 

and default settings for decomposition and alignment windows [169, 170].  
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3.13. Evaluation of Codelivery Efficiency of mRNA/pDNA Polyplexes by Flow 
Cytometry 

mRNA/pDNA polyplex treatments were performed in triplicate in 96-well plates. Hepa 1-6, 

HeLa, N2a and DU 145 wildtype cells were seeded 24 h prior to transfection (10,000 

cells/well). On the next day, the medium was replaced with 80 μL of fresh pre-warmed medium 

containing 10 % (v/v) FBS. The nanoparticles were prepared as described in section 3.3, and 

the volumes of 10 µL and 5 µL of polyplex solution (2.5 µg mL-1 mCherry mRNA and 

2.5 µg mL-1 pEGFP-N1 pDNA) were added. 20 µL HBG buffer per well was used as negative 

control. After 24 h of treatment, cells were collected and re-suspended in PBS solution 

containing 10 % (v/v) FBS (FACS buffer) for flow cytometric evaluation. All samples were 

analyzed by flow cytometry using a CytoFLEX S Flow Cytometer (Beckman Coulter, Brea, 

CA, USA). Shortly before the measurement, 1 ng µL-1 4′,6-diamidino-2-phenylindole (DAPI) 

was added and used to discriminate between viable and dead cells. The cellular fluorescence 

was assayed by excitation of DAPI at 405 nm and detection of emission at 450 nm. Only 

isolated viable cells were evaluated. Gates were set compared to control measurements with 

HBG buffer-treated cells. The percentage of mCherry and eGFP positive cells represented 

efficient mRNA and pDNA transfection, respectively. Cells shifted to the mCherry and GFP 

positive gate indicated successful co-delivery and expression of both, mRNA and pDNA in one 

cell. Flow cytometry data were analyzed using FlowJoTM v10.8 flow cytometric analysis 

software by FlowJo, LLC (Becton, Dickinson and Company, U.S.). The cellular fluorescence 

expression was assayed by excitation at 561 nm and 488 nm, the detection of emission at 

610 nm and 530 nm for mCherry and eGFP, respectively. 

3.14. Evaluation of Genomic Changes on the mCherry-DMDEx23 Reporter 

Genomic DNA of HeLa mCherry-DMDEx23 cells was extracted 2 weeks after treatment with 

either Cas9 mRNA/sgDMDEx23 (weight ratio 1:1) or Cas9 mRNA/sgPcsk9 (weight ratio 1:1) 

containing polyplexes using a QIAMP DNA Mini Kit (Qiagen, Hilden, Germany) according to 

manufacturer’s protocol. A PCR employing Taq polymerase (New England Biolabs, Ipswich, 

Massachusetts, USA) was conducted to amplify the mCherry-DMDEx23 reporter region. The 

PCR was carried out with the primers mCherry-DMDEx23 SpliSwi nested_fwd (5’ -

GGAGTTCATGCGCTTCAAGG-3') and mCherry-DMDEx23 SpliSwi nested_rev (5’-

GCCGTCCTCGAAGTTCATCA-3') under the following conditions: initial denaturation 

(94 °C, 30 sec), 30 cycles (94 °C, 30 sec / 55 °C, 1 min / 68 °C, 1 min), final extension (68 °C, 

5 min). The PCR product obtained from nested PCR was subjected to analysis on a GelRed® 
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(Biotium, Hayward, CA, USA) containing 1 % agarose gel in 1x TBE buffer. Electrophoresis 

was conducted for 1.5 hours at 100 V, and the gel was analyzed using the Dark Hood DH-40 

(biostep, Burkhardtsdorf, Germany) along with the biostep argusX1 software. The bands of 

approximately 850 bp and 450 bp were excised from the gel. For sequencing, the purified DNA 

fragments were sequenced (Sanger) by Eurofins GATC Biotech (Konstanz, Germany) using 

mCherry-DMDEx23 SpliSwi nested_fwd (5’-GGAGTTCATGCGCTTCAAGG-3') and 

mCherry-DMDEX23 SpliSwi nested_rev (5’-GCCGTCCTCGAAGTTCATCA-3') primers at a 

concentration of 10 ng μL-1. 

3.15. Incubation of polyplexes in high serum 

All transfections were performed in triplicate in 96-well plates (Corning® Costar, Sigma-

Aldrich, Germany). HeLa mCherry-DMDEx23 cells were seeded 24 h prior to transfection (7,500 

cells/well). On the next day, the medium was replaced with 80 μL of fresh pre-warmed medium 

containing 10 % (v/v) FBS. The nanoparticles were prepared as described in section 3.2 and 

3.5. To assess the efficiency in high serum of LAF containing carriers, the polyplexes were 10-

20-fold diluted with 100 % FBS. After incubation of the polyplexes for 2 h at 37 °C, volumes 

resulting in the indicated concentration were added to the corresponding wells. To reach a final 

volume of 100 µL per well in all experiments, either HBG buffer or FBS were added for HBG 

diluted and serum incubated particles, respectively. Addition of 20 µL HBG buffer was used as 

negative control. The cells were incubated for 24 h. Afterwards, the cells were trypsinized, 

expanded and incubated for additional 2 days. Flow cytometric evaluation and analysis was 

performed as described in section 3.11.  
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3.16. Assessment of the Relative Metabolic Activity of Cells Via MTT Assay 

Transfections were performed as described in section 3.11. At 24 h post transfection, 10 μL 

dimethylthiazol (MTT) (5 mg mL-1) were added to each well, reaching a final concentration of 

0.5 mg mL-1. The supernatant was removed after incubation at 37 °C for 2 h. The plates were 

stored at –80 °C for at least 1 h. Afterwards, the purple formazan product was dissolved in 

100 μL DMSO. After incubation for 30 min at 37 °C under constant shaking (125 rpm), 

quantification was done photometrically using a Tecan microplate reader (Spectrafluor Plus, 

Tecan, Männedorf, Switzerland). Absorbance was measured at wavelength λ = 590 nm with 

background correction at λ = 630 nm. Experiments were carried out in triplicates. Relative 

metabolic activity related to control wells (HBG-treated cells) was calculated by the equation:	
𝐴#%,#
𝐴)*"#$*+

𝑥	100% 

3.17. In Vitro DNA Cleavage Assay 

To confirm the specificity of the cleavage of the mCherry reporter gene and the genomic donor 

splice site downstream the physiological dystrophin exon 23 by the RNP complex formed with 

sgDMDEx23 compared to no cleavage by RNP complex formed with other sgRNAs in vitro, 

300 ng of a linearized plasmid or PCR amplicon surrounding the physiological 

dystrophin exon 23 containing the sgDMDEX23 target site was generated. The linear DNA or 

PCR amplicon was then incubated with the precomplexed RNPs (150 ng of Cas9 protein and 

60 ng of sgRNA) for 2 h at 37 °C. The reaction mixture was analyzed by agarose gel 

electrophoresis (1.5 % agarose gel). Because of the asymmetric location of the sgDMDEX23-

target sequence within the amplicon, successful cleavage by the Cas9/sgRNA complex results 

in two bands on the agarose gel. 

3.18. Splicing Modulation Assay of Cas9 Treated Hela mCherry-DMDEx23 Cells  

The splicing modulation assay was performed by Anna-Lina Lessl (PhD student at 

Pharmaceutical Biotechnology, LMU, Munich).  

The reporter cell line HeLa mCherry-DMDEx23 was treated with 1611 polyplexes (N/P 18) 

containing either Cas9 mRNA/sgDMDEx23 (weight ratio 1:1) or Cas9 mRNA/sgPcsk9 (weight 

ratio 1:1), resulting in concentrations of 10 nM sgRNA. After three days total RNA was isolated 

from cells using RNASolv (VWR International GmbH, Darmstadt, Germany) according to the 

manufacturer’s protocol. The cDNA synthesis was carried out using the qScript cDNA synthesis 
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kit (Quantabio, Beverly. Massachusetts, USA), utilizing 400 ng of RNA following the 

manufacturer's protocol. For the amplification of the exon skipping region, a nested PCR was 

conducted with 150 ng of cDNA, employing Taq polymerase (New England Biolabs, Ipswich, 

Massachusetts, USA). The specific primer sequences used for the first amplification step were 

mCherry-DMDex23_SpliSwi_fwd (5’-GGAGGATAACATGGCCATCA-3') and mCherry-

DMDex23_SpliSwi_rev (5’-GTCCTTCAGCTTCAGCCTCT-3'). The PCR conditions used 

were as follows: initial denaturation (94 °C, 30 sec), 30 cycles (94 °C, 30 sec / 60 °C, 1 min / 

68 °C, 1 min), final extension (68 °C, 5 min). The PCR product was purified using the PCR 

purification kit from Qiagen (Hilden, Germany) following the manufacturer's protocol. To 

selectively enrich the splicing product leading to functional mCherry expression, 1 µg of the 

purified PCR amplicon was subjected to an overnight digestion with 2 units of Nde I. The 

restriction enzyme was removed by adding 1.25 µL of 10 % sodium dodecyl sulfate (SDS, w/v) 

(resulting in 0.2 % SDS) into the reaction solution and incubating for 10 min at 65 °C. The 

removal of SDS and the restriction enzyme was accomplished by purifying the digested DNA 

using the PCR purification kit (Qiagen, Hilden, Germany) in accordance with the 

manufacturer's protocol. For the subsequent second amplification of the nested PCR 300 ng of 

the digested and purified DNA as template were used. The PCR was carried out with the primers 

mCherry-DMDEx23 SpliSwi nested_fwd (5’-GGAGTTCATGCGCTTCAAGG-3') and 

mCherry-DMDEx23 SpliSwi nested_rev (5’-GCCGTCCTCGAAGTTCATCA-3') under the 

following conditions: initial denaturation (94 °C, 30 sec), 30 cycles (94 °C, 30 sec / 55 °C, 

1 min / 68 °C, 1 min), final extension (68 °C, 5 min). The PCR product obtained from nested 

PCR was subjected to analysis on a GelRed® (Biotium, Hayward, CA, USA) containing 1 % 

agarose gel in 1x TBE buffer. Electrophoresis was conducted for 1.5 hours at 100 V, and the gel 

was analyzed using the Dark Hood DH-40 (biostep, Burkhardtsdorf, Germany) along with the 

biostep argusX1 software. The specific target band, indicating the presence of the DNA 

sequence with skipped dystrophin exon 23 (~280 base pairs (bp)) was excised from the gel. The 

isolated DNA was purified using the QIAquick® Gel Extraction Kit (Qiagen, Hilden, Germany). 

For sequence determination, the purified DNA fragments were sequenced (Sanger) by Eurofins 

GATC Biotech (Konstanz, Germany) using mCherry-DMDEx23 SpliSwi nested_fwd (5’-

GGAGTTCATGCGCTTCAAGG-3') and mCherry-DMDEX23 SpliSwi nested_rev (5’-

GCCGTCCTCGAAGTTCATCA-3') primers at a concentration of 10 ng μL-1. 
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3.19. Confocal laser scan microscopy (CLSM) of Cas9 treated HeLa mCherry-
DMDEx23 cells 

Transfections of HeLa mCherry-DMDEx23 cells were performed as described above. Cells 

treated with 1611 containing polyplexes containing either Cas9 mRNA and sgDMDex23 (weight 

ratio 1:1) or Cas9 mRNA and sgPcsk9 (weight ratio 1:1) resulting in a concentration of 10 nM 

sgRNA in 96-well plates (Corning® Costar, Sigma-Aldrich, Germany). After 48 h of treatment 

cells were collected and 20,000 cells were seeded into 8 well-Ibidi µ-slides (Ibidi, 

Planegg/Martinsried, Germany) in a total volume of 300 µL medium per well. Cells were 

incubated at 37 °C and 5 % CO2 for 24 h. The next day, cells were washed twice with 300 µL 

pre-warmed PBS before fixation with 4 % paraformaldehyde in PBS for 40 min at RT. The 

wells were washed again twice with PBS. The cytoskeleton was stained overnight under light 

exclusion at 4 °C with rhodamin-phalloidin (4 µg/mL in 300 µL PBS). The cell nuclei were 

stained with DAPI (2 µg/mL in 300 µL PBS) for 20 min under light exclusion at RT. The 

staining solution was removed and 300 µL of PBS was added. The images were recorded by 

Miriam Höhn (Pharmaceutical Biotechnology, LMU München) using a Leica TCS SP8 SMD 

confocal laser scanning microscope (CLSM) equipped with an HC PL APO 63x 1.4 objective 

(Germany). DAPI and mCherry emission was recorded at 460 nm and 610 nm, respectively. All 

images were processed using the LAS X software from Leica.  
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In vivo Studies 

3.20. In Vivo Performance of Polyplexes and LNPs in BALB/c Mice  

All in vivo 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 (accreditation number Gz. ROB-55.2-2532.Vet_02-19-19). The 

study utilized 6-weeks-old female BALB/c mice from Janvier, Le Genest-Saint-Isle, France. 

Mice were randomly divided into groups of four and were housed in isolated ventilated cages 

under specific pathogen-free conditions with a 12 h day/night interval, and food and water ad 

libitum. Weight and general well-being were monitored continuously. Experiments were 

performed by Jana Pöhmerer and Ulrich Wilk as part of their veterinary MD studies at 

Pharmaceutical Biotechnology, LMU. 

3.21. In Vivo Studies Using Cas9 mRNA / sgDMDEx23 Polyplexes and LNPs 

For testing the effect of Cas9 mRNA/sgDMDEx23 formulations in vivo on the physiological 

dystrophin gene, nanocarrier formulations were prepared as described above right before 

intravenous or intramuscular injection (Cas9 mRNA and sgDMDEx23 at weight ratio 1:1). For 

systemic application, 150 µL carrier solution containing either 3 µg total RNA in 1762 

polyplexes, LNP 1621 and LNP SM-102 or 10 µg total RNA in 1611 polyplexes was 

intravenously injected into the tail vein at three timepoints (day 0, day 2, day 7). Local 

administration was performed after subcutaneous treatment with Carprofen at a dose of 

5 mg/kg. Single or triple applications (day 0, day 3, day 14) were tested by the injection of 

50 µL carrier solution containing either 3 µg total RNA in 1762 polyplexes, LNP 1621 and LNP 

SM-102 or 10 µg total RNA in 1611 polyplexes into the left musculus biceps femoris. Seven 

days after the last injection, mice were euthanized and the brain, heart, spleen and musculus 

biceps femoris (injected left and contralateral muscle) were harvested. For stabilization of the 

mRNA, the organs were incubated in RNAlater solution (Thermo Fisher Scientific, Waltham, 

MA) overnight at 4 °C and stored at -20 °C. Each organ was manually homogenized in liquid 

nitrogen using mortar and pestle. Injections and harvesting of the organs were performed by 

Jana Pöhmerer, Ulrich Wilk and Mina Yazdi as part of their veterinary MD studies and PhD 

studies at Pharmaceutical Biotechnology, LMU.  
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3.22. Splicing Modulation by Cas9/sgRNA In Vivo on mRNA Level 

The mRNA was isolated for the evaluation of splicing-modulation in the physiological 

dystrophin gene using the peqGOLD Total RNA Kit (VWR International GmbH, Darmstadt, 

Germany) according to manufacturer’s protocol. 400 ng of the RNA was used to generate cDNA 

using the total RNA Kit qScript™ cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD, 

USA) according to manufacturer’s protocol. To amplify the region of the exon 23 skipping, 1-

5 µL of the cDNA solution were used to perform a PCR using TaqR polymerase (New England 

Biolabs, Ipswich, Massachussets, USA) and the primers amplifying dystrophin-Ex20-26. 

Following PCR primers and conditions were used: DMD_Ex20-26 fwd (5’-

CAGAATTCTGCCAATTGCTGAG-3’) [160]; DMD_Ex24/25 rev (5’-

TCACCAACTAAAAGTCTGCATTG-3’) [171]; initial denaturation (94 °C, 30 sec), 30 cycles 

(94 °C, 30 sec / 55 °C, 1 min / 68 °C, 1 min), final extension (68 °C, 5 min). The PCR products 

were purified using the PCR purification kit (Qiagen, Germany). 50 ng of the purified PCR 

product was used to perform a second PCR with One TaqR DNA polymerase and the primers 

DMD_Ex20/21 fwd (5’-AAAATTTGTAAGGATGAAGTCAAC-3’), DMD_Ex20-24 rev (5’-

CAGCCATCCATTTCTGTAAGG-3’). Following PCR conditions were used: initial 

denaturation (94 °C, 30 sec), 30 cycles (94 °C, 30 sec / 57 °C, 1 min / 68 °C, 1 min), final 

extension (68 °C, 5 min).  

After performing agarose gel electrophoresis (2 % agarose gel; 100 V; 2 h), the PCR products 

were subjected to band intensity analysis using ImageJ software. The additional bands observed 

were quantified and compared to the 586 bp full-length dystrophin exon 20-24 sequence. To 

confirm the exon 23 skipping event in Cas9 mRNA/sgDMDEx23 treated mice, bands of animal 

#1 treated with LNP 1621 were purified by gel extraction using QIAquick® Gel Extraction Kit 

(Qiagen, Hilden, Germany). Sanger sequencing of the purified sequences was performed by 

Eurofins GATC Biotech (Konstanz, Germany) with primers DMD_Ex20/21 fwd and 

DMD_Ex20-24 rev [162] at a concentration of 20 ng µL-1. 

Analysis after single injections and analysis of systemic administration of LNP SM-102 was 

performed by Anna-Lina Lessl and Eric Weidinger, respectively, as part of their PhD study at 

Pharmaceutical Biotechnology, LMU, Munich. 
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3.23. Genome Editing by Cas9/sgRNA In Vivo at Genomic Level 

Genomic DNA was isolated for the evaluation of gene editing in the physiological dystrophin 

gene, using the QIAMP DNA Mini Kit (Qiagen, Hilden, Germany) according to manufacturer’s 

protocol. To amplify the region surrounding the targeted sequence downstream of the exon 23, 

100 ng of the DNA solution was used to perform a PCR using TaqR polymerase (New England 

Biolabs, Ipswich, Massachussets, USA). Following PCR primers and conditions were used: 

DMD genomic fwd (5‘-AAACTTCTGTGATGTGAGGACA-3‘); DMD genomic rev (5’-

ACAAATGGCCAACTATGAGAAAC-3’); initial denaturation (94 °C, 30 sec), 30 cycles 

(94 °C, 30 sec / 58 °C, 1 min / 68 °C, 1 min), final extension (68 °C, 5 min). The PCR products 

were purified using the PCR purification kit (Qiagen, Germany). Sanger sequencing of the 

purified sequences was performed by Eurofins GATC Biotech (Konstanz, Germany) with 

primers DMD genomic sequencing fwd (5‘-GAAACTCATCAAATATGCGTGTTAGTG-3‘) 

and DMD genomic sequencing rev (5‘-GGCAAGTTGCAATCCTTTGA-3‘) at a concentration 

of 20 ng µL-1. Sanger sequencing data was evaluated by the TIDE web tool (https://tide.nki.nl/) 

applying an indel size range of 25 and default settings for decomposition and alignment 

windows [169, 170]. R2 values above 0.9 assured the reliability of the model for the analysis of 

the in vivo experiments. 

DNA isolation was performed by Miriam Höhn (Pharmaceutical Biotechnology, LMU, 

Munich). Analysis after single injections was performed by Anna-Lina Lessl as part of her PhD 

study at Pharmaceutical Biotechnology, LMU, Munich. 

3.24. In Vivo Performance of Luc mRNA Polyplexes and LNPs in BALB/c Mice  

The experiments were performed after subcutaneous treatment with Carprofen at a dose of 

5 mg kg-1. Nanocarrier formulations with indicated luciferase mRNA concentrations were 

prepared as described above and 50 µL of each formulation injected into the left musculus 

biceps femoris. Mice were euthanized 6 h after injection. The organs (lungs, liver, kidneys, 

spleen, brain, heart, injected muscle, and complementary none-injected muscle) were dissected 

and washed carefully with PBS, followed by analysis via ex vivo luciferase gene expression 

assay. The luciferase expression was determined as described in section 3.25 and presented as 

relative light units per gram organ after background subtraction (lysis buffer). Experiments were 

performed by Jana Pöhmerer and Ulrich Wilk as part of their veterinary MD studies at 

Pharmaceutical Biotechnology, LMU. 
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3.25. Ex Vivo Luciferase Expression Assay of Organs 

Organ tissues was homogenized in Luciferase Cell Culture Lysis Reagent1×, supplemented 

with 1% (v/v) protease and phosphatase inhibitor cocktail using a tissue and cell homogenizer 

(FastPrep-24, MP Biomedicals,USA). Then, the samples were frozen overnight at −80 °C to 

ensure full lysis. In the next step, the samples were thawed and centrifuged for 10 min at 

maximum speed (≈13 000 rpm) and 4°C. Luciferase activity in 25 μL supernatant was 

measured in a Centro LB 960 plate reader luminometer (Berthold Technologies, Bad Wildbad, 

Germany) for 10 s after addition of 100 μL/well of a LAR buffer solution (20 mM 

glycylglycine; 1 mM MgCl2; 0.1 mM ethylenediaminetetraacetic acid; 3.3 mM dithiothreitol; 

0.55 mM adenosine 5′-triphosphate; 0.27 mM coenzyme A, pH 8-8.5) supplemented with 5% 

(v/v) of a mixture of 10 mm luciferin and 29 mm glycylglycine. The assay was performed by 

Jana Pöhmerer and Ulrich Wilk as part of their veterinary MD studies at Pharmaceutical 

Biotechnology, LMU. 

3.26. Statistical Analysis 

Data were presented as arithmetic mean ± standard deviation (SD) out of at least triplicates, if 

not otherwise stated. Unpaired Student’s two-tailed t-test with Welch’s correction was 

performed using GraphPad PrismTM 10 to analyze statistical significances. Significance levels 

were indicated with symbols: ns p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ .0001. 
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4. Results and Discussion 

This chapter has been adapted from:  

Germer J, Lessl AL, Pöhmerer J, Grau M, Weidinger E, Höhn M, Yazdi M, Cappelluti MA, 
Lombardo A, Lächelt U, Wagner E. Lipo-Xenopeptide Polyplexes for CRISPR/Cas9 Based 
Gene Editing at Ultra-Low Dose. Journal of Controlled Release  

4.1. LAF-Stp Carriers for Cas9 mRNA/sgRNA Delivery 

Figure 6 displays the design of nucleic acid carriers applied in the current study. As described 

in [163], polar cationizable succinoyl tetraethylene pentamine (Stp) units were combined with 

a dynamic lipophilic domain featuring a central tertiary amine positioned between their 

hydrocarbon chains. Branching lysines were utilized to covalently connect the novel moieties 

to different positions of the polar Stp units (Figure 6A). These lipo amino fatty acid (LAF) 

units introduce a pH-dependent switch of polarity to the hydrophobic moieties. As a result of 

this combination, the dual pH-responsive carriers and the corresponding nucleic acid 

nanoparticles can behave like chameleons in their microenvironment[163]. Their water 

solubility and insolubility switches depending on their protonation and lipidic surrounding 

(Figure 6B). When the tertiary amines become protonated within the endosomal environment, 

aqueous solubility of carriers strongly increases (about 100-fold), reducing hydrophobic 

interactions and stability of the nanoparticles. All these factors, along with the increased ability 

of the amphiphilic carriers in protonated stage to disrupt membranes, is assumed to be beneficial 

for facilitating transmembrane transport and efficient cargo release at the intended intracellular 

site of action. A library of sequence defined carriers with different topologies was generated by 

standard Fmoc solid phase assisted peptide synthesis (SPPS). The arrangements of the LAF and 

Stp units resulted in U-shaped and bundle-shaped topologies with apolar LAF units on both, C- 

and N-terminus or only the N-terminal side of the Stp, respectively (Figure 6C). The LAF unit 

itself was synthesized by reductive amination of different amino fatty acids with fatty aldehydes 

of numerous lengths. By varying the chain length of both the amino fatty acid and the fatty 

aldehydes, the position of the tertiary amine within the LAF building block is shifted. Our 

previous studies revealed that the resulting different LAF types impact both the 

physicochemical properties and the activity of the corresponding nucleic acid nanoparticles 

[163, 172].  
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Figure 6. Lipo amino fatty acid (LAF) – succinoyl tetraethylene pentamine (Stp) carriers as cationizable carriers for polyplex 
formulation. (A) Building blocks used for the synthesis of LAF-Stp carriers for Cas9 mRNA/sgRNA delivery: Polar Stp (blue) units are 
connected via lysines (yellow) to different LAFs (red). (B) pH dependent polarity switch of apolar LAF unit at neutral pH to protonated polar 
unit at acidic pH (C) Chemical motif of four leading LAF-Stp carrier topologies (D) Exemplary chemical structures shown for B2 carrier ID# 
1621 (8Oc) and U1 carrier ID# 1611 (12Oc). Stp, succinoyl tetraethylene pentaamine; (L)-K, lysine; LAF, lipo amino fatty acid. Nomenclature 
of LAFs: The number (8, 10, 12, 14, and 16) represents the number of C-atoms of the terminal alkyl chains, and the two letters express the ω-
amino fatty acid (“Oc”, 8-aminooctanoic acid; “He”, 6-aminohexanoic acid; “Bu”, 4-aminobutanoic acid). For bundles, m = 1, 2; for U-shapes, 
m = 1, 2 and n = 1, 2 (U1). Individual carriers were designated a 4-digit ID number. (E) Schematic illustration of polyplex preparation. LAF-
Stp carrier and RNA, consisting of Cas9 mRNA and sgRNA (weight ratio, 1:1) are diluted in equal volumes HBG buffer. After combining of 
both solutions by turbulent mixing and incubation for 40 min at room temperature, polyplexes formed via self-assembly. Figure was created 
with BioRender.com. 

In the LAF nomenclature provided in Figure 6A, the carbon chain lengths of the terminal alkyl 

chains are denoted by numerical values (8, 10, 12, 14, 16), and the amino fatty acids within the 

LAF building block are represented by two-letter abbreviations (Bu, He, Oc). Individual 

carriers were designated a 4-digit ID number. In total, 20 different LAF-Stp carriers were 

assessed in the study; Table 10 provides an overview over the compound library. Exemplary 

chemical structures of lead carrier 1621 (B2-1:4-Stp:LAF-8Oc) and 1611 (U1-1:2-Stp:LAF-

12Oc) are shown in Figure 6D. 
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Table 10 LAF-Stp carriers used in this research 

ID	 topology	 sequence	(NàC)	 Stp:LAF	
ratio	

LAF	
type	

protonatable	
amines	

Solvent	

	 	 	 	 	 with/without	
LAF	

(v/v)	

Bundles	 EtOH/HCl	

1613	 B	 K[K(12Oc)2]2-Stp	 1:4	 12Oc	 7	/	3	 9:1	

1621	 B	 K[K(8Oc)2]2-Stp	 1:4	 8Oc	 7	/	3	 9:1	

1730	 B	 K[K(8Oc)2]2-Stp2	 2:4	 12Oc	 10	/	6	 9:1	

1752	 B	 K[K(12Bu)2]2-Stp	 1:4	 12Bu	 7	/	3	 9:1	

1753	 B	 K[K(16Bu)2]2-Stp	 1:4	 16Bu	 7	/	3	 9:1	

1754	 B	 K[K(12He)2]2-Stp	 1:4	 12He	 7	/	3	 9:1	

1755	 B	 K[K(14He)2]2-Stp	 1:4	 14He	 7	/	3	 9:1	

1762	 B	 K[K(10Oc)2]2-Stp	 1:4	 10Oc	 7	/	3	 9:1	

U-shapes	 EtOH/H2O	

1611	 U1	 K(12Oc)-Stp-K(12Oc)	 1:2	 12Oc	 6	/	4	 1:1	

1718	 U1	 [K(12Oc)]2-Stp-[K(12Oc)]2	 1:4	 12Oc	 8	/	4	 6:4	

1719	 U1	 [K(12Oc)]2-Stp2-[K(12Oc)]2	 2:4	 12Oc	 11	/	6	 8:2	

1612	 U3	 K(12Oc)2-Stp-K(12Oc)-K(12Oc)	 1:4	 12Oc	 7	/	3	 9:1	

1722	 U3	 K(12Oc)2-Stp2-K(12Oc)-K(12Oc)	 2:4	 12Oc	 10	/	6	 7:3	

1716	 U4	 K(12Oc)2-Stp-K[K(12Oc)2]	 1:4	 12Oc	 7	/	3	 9:1	

1717	 U4	 K(12Oc)2-Stp2-K[K(12Oc)2]	 2:4	 12Oc	 10	/	6	 7:3	

1746	 U1	 K(8Oc)-Stp-K(8Oc)	 1:2	 12Oc	 6	/	4	 1:1	

1763	 U1	 K(12Bu)-Stp-K(12Bu)	 1:2	 12Oc	 6	/	4	 1:1	

1765	 U1	 K(12He)-Stp-K(12He)	 1:2	 12Oc	 6	/	4	 1:1	

1766	 U1	 K(14He)-Stp-K(14He)	 1:2	 12Oc	 6	/	4	 1:1	

1764	 U1	 K(16Bu)-Stp-K(16Bu)	 1:2	 12Oc	 6	/	4	 1:1	
The N/P ratio represents either the molar ratio of all protonatable nitrogens (LAF +Stp + any terminal amine) of the carrier to phosphates of 
the mRNA, or as an alternative N/P calculation without considering the lipophilic tertiary LAF amines. Stock solutions were prepared 
depending on the solubility of the single LAF carriers. U shaped carriers were prepared in an EtOH/H2O at indicated ratios. B2-shaped carrier 
were prepared in an EtOH/HCl (0.6M) 9:1 v/v. LAF; lipoamino fatty acid; N, protonatable nitrogen; Stp, succinoyl tetraethylene pentamine. 

Formulation of Cas9 mRNA and sgRNA with LAF-Stp carrier into Cas9 polyplexes 

(Figure 6E) was carried out by turbulent mixing of equal volumes of nucleic acid (Cas9 mRNA 

and sgRNA at fixed weight ratio 1:1) and LAF carrier solutions in HBG buffer (20 mM HEPES, 

5 % glucose; pH 7.4).  
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Figure 7. Weight ratio comparison of Cas9 mRNA and sgRNA in polyplexes formed with LAF-Stp carriers at N/P 18 and 24 In vitro 
gene editing efficiency by Cas9 polyplexes containing Cas9 mRNA and sgDMDEx23 at weight ratio 1:1 and 2:1, formed with LAF-Stp carriers 
1752 (B2) and 1611 (U1) at N/P 18 and 24. HeLa mCherry-DMDEx23 cells were treated with Cas9 polyplexes containing indicated doses of 
total RNA in 96-well plates. Total RNA consisted of Cas9 mRNA and sgDMDEx23 at weight ratio 1:1 and 2:1 as indicated. Gene editing 
efficiency was determined by the percentage of mCherry positive cells, 3 days post treatment (n=3, mean ± SD). For more detailed description 
of the reporter model see Figure 20.  

The choice of a 1:1 weight ratio for Cas9 mRNA / sgRNA which presents a high molar excess 

of sgRNA was based on preliminary testing (Figure 7) and literature precedents [130, 173], 

with the rational that the sgRNA needs to persist in the cytoplasm until Cas9 protein is translated 

and the RNP is assembled. After 40 min incubation at room temperature (RT) self-assembly of 

polyplexes occurred by electrostatic and hydrophobic interactions of nucleic acids and LAF 

carrier. The N/P ratio calculation corresponds to the molar ratio of amines to the negatively 

charged phosphates of the nucleic acid cargo (sum of phosphates of Cas9 mRNA and sgRNA). 

All protonable secondary, tertiary, and terminal amines of the LAF-Stp carrier structure 

(Table 1) were considered for the N/P calculation, irrespective of their actual far lower 

protonation.  

In the following we evaluated the formulated Cas9 polyplexes in terms of their size, 

polydispersity, surface charge, and nucleic acid compaction/encapsulation (Figure 8A,B). 

According to previous findings for Luc mRNA polyplexes [163] we herein focused on four 

promising LAF carrier topologies, namely U1; U3; U4 with LAF-12Oc and B2 with LAF-8Oc 

at different Stp/LAF ratios. The physicochemical characterization of Cas9 polyplexes with 

N/P ratios 12, 18 and 24 was evaluated via DLS and ELS (Figure 8A,B; Table S1). Topology 

independent, all LAF-Stp carriers with two Stp resulted in smaller particles (≈75–125 nm) with 

higher zeta potential (+ 5–35 mV) than their analogs with only one Stp (exception for B2–2:4; 

1730 at N/P 18 (–5.4 mV)). 
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Figure 8. Physicochemical and biological evaluation of LAF-Stp polyplexes for Cas9 mRNA/sgRNA co-delivery. (A) DLS and (B) ELS 
measurements of Cas9 polyplexes containing Cas9 mRNA and sgPcsk9 at weight ratio 1:1, formed with LAF-Stp carriers (specified by carrier 
ID number) at indicated N/P ratios and a total RNA concentration of 12.5 μg mL-1 (n=3, mean ± SD). (C) In vitro Pcsk9 gene knockout 
efficiency by Cas9 polyplexes formed with LAF-Stp carriers at optimal N/P ratios. Hepa 1-6 Pcsk9tdTomato cells were treated with Cas9 
polyplexes at concentrations of 2.5 nM sgPcsk9, 5 nM sgPcsk9 and 10 nM sgPcsk9. LipofectamineTM Messenger MAXTM lipoplexes (LF) were 
formed with Cas9 mRNA and sgPcsk9 according to manufacturer’s protocol and transfected resulting in a concentration of 15 nM sgPcsk9 in 
96-well plates. Gene knockout efficiency was determined by the percentage of tdTomato negative cells 5 days post treatment (n=3, mean ± SD). 
(D) Metabolic activity of transfected Hepa 1-6 Pcsk9tdTomato cells in relation to HBG buffer treated control cells determined via MTT assay at 
24 h after transfection (n=3, mean ± SD). Statistical significance levels: ns-not significant p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; 
****p ≤ 0.0001. 

In general, all LAF carrier of the 1 Stp series required higher N/P ratios than those with 2 Stp 

units for stable polyplex formation. Probably the flexibility of two Stp units led to better 

electrostatic interactions between cargo and carrier and thereby providing more stability than 

LAF carriers with a lower Stp/LAF ratio. For the most part, a Stp/LAF ratio of 1:4 was more 

challenging for nanoparticle formation which might be caused by the steric bulkiness of the 

LAF building blocks. In U1 carriers, in contrast to the other topologies, where LAF units are 

linked to the alpha and epsilon amines of lysines, there is maximally one LAF linked per lysine. 

This seems to result in a better distribution of the sterically demanding LAF within the carrier. 

Hence, the carrier 1718 (U1–1:4) is the only tested carrier with a Stp/LAF ratio 1:4 able to form 

small and positively charged Cas9 polyplexes (144–152 nm; + 11–38 mV) at any tested N/P 

ratios. In the case of 8Oc bundle, B2–1:4 (1621), only Cas9 polyplexes with at N/P ratio ≥ 18 

were able to form positively charged particles of acceptable size and PdI whereas, B2-2:4 carrier 

(1730), obtained stable particles at all tested N/P ratios. Relatively balanced Stp/LAF ratio (i.e., 

1:2 or 2:4) and the additional Stp unit might be beneficial here as well. Similar tendencies were 
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observed for U3 and U4–shaped structures. These findings were supported by an agarose gel 

shift assay showing complete binding of both Cas9 mRNA and sgRNA by all carriers but the 

negatively charged polyplexes formed with 1612 (Figure 9).  

 

Figure 9. Gel shift assay of Cas9 polyplexes formed with LAF-Stp carriers at different N/P ratios (A) Gel shift assay of Cas9 polyplexes 
formed with different LAF carriers at indicated N/P ratios in comparison to free RNA.  

Overall, the U1 topology seemed to be most promising in terms of polyplex formation. At any 

tested N/P ratio, U1 carriers resulted in small Cas9 polyplexes showing no positive effect for 

increasing the N/P ratio from 18 to 24. For most other LAF-Stp carriers, however, a N/P ratio 

of 18 resulted in increased polydispersity and a tendency to aggregation indicating to be close 

to the critical minimal carrier concentration needed for stable particle formation. Rising the N/P 

ratio to 24, however, led to a more homogenous particle formation.  

 
Figure 10. The effect of nitrogen catwalk on physicochemical properties of Cas9 polyplexes.  U1 polyplexes with different LAF were 
formed at N/P 18 and B2 polyplexes with different LAF were formed at N/P 24. (A) DLS and (B) ELS measurements of Cas9 polyplexes 
formed with U1 LAF carriers at N/P ratio 18 and a total RNA concentration of 12.5 μg mL-1 (n=3, mean ± SD). (C) DLS and (D) ELS of 
Cas9 polyplexes formed with B2 LAF carriers at N/P ratio 24 and a total RNA concentration of 12.5 μg mL-1 (n=3, mean ± SD). 

Furthermore, analogues of 1611 (U1-1:2) and 1621 (B2-1:4) with different LAF were evaluated 

(Table S1;Figure 10). For U1-shaped structures only a LAF with longer terminal alkyl chains 

(tetradecyl, hexadecyl) showed a slight increase in particle size. Nevertheless, all LAF were 

able to form positively charged Cas9 polyplexes with a size below 150 nm. B2-shaped carrier 

with longer LAF (12Oc, 14He; 16Bu) resulted in increased polydispersity and aggregation, 

despite the high N/P ratio 24. Shorter LAF on the other hand formed monodisperse particles 

with acceptable size.  
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The ability of LAF-Stp carriers to co-deliver Cas9 mRNA and sgRNA and induce specific 

Pcsk9 gene knock out was evaluated in a Hepa 1-6 cell line, namely Hepa 1-6 

Pcsk9tdTomato,stably expressing tdTomato in the 3’UTR of the Pcsk9 gene (Figure 8C,D). The 

sgPcsk9 binds and directs the Cas9 protein to the first exon of the Pcsk9 gene thus the 

expression of the tdTomato reporter protein is inactivated by the Cas9 induced destruction of 

the Pcsk9 open reading frame. The gene knock out of the Pcsk9 gene was quantified by flow 

cytometry. The gene knock out of the Pcsk9 gene was quantified by flow cytometry and was 

also exemplarily confirmed by genomic sequence analysis using the TIDE analysis tool 

(Figure 11)[169, 170].  

 

Figure 11. Exemplary Sanger sequencing and TIDE Analysis of genomic DNA after treatment with Cas9mRNA/sgPcsk9 polyplexes 
formed with 1621 at N/P 24. Total genomic DNA was extracted from untreated and treated Hepa 1-6 Pcsk9tdTomato cells conducted to amplify 
the genomic region surrounding the targeted cut site in the first exon of the Pcsk9 gene. PCR products were purified, Sanger-sequenced and 
evaluated by TIDE (Tracking of Indels by Decomposition) analysis. (A) sequence showing the section around the sgPcsk9 targeted genomic 
region of an untreated animal. (B) exemplary sequence showing the section around the sgPcsk9 targeted genomic region of Hepa 1-6 
Pcsk9tdTomato cells treated with 5 nM sgPcsk9 containing 1621 polyplexes (N/P 24). Histogram shows aberrant small peaks around and 
downstream the cut site. (C) exemplary sequence showing the section around the sgPcsk9 targeted genomic region of Hepa 1-6 Pcsk9tdTomato 
cells treated with 2.5 nM sgPcsk9 containing 1611 polyplexes (N/P 18). Histogram shows aberrant small peaks around and downstream the 
cut site. (D) TIDE Analysis result of indel spectrum for the sequence shown in (B). (E) TIDE Analysis result of indel spectrum for the sequence 
shown in (C). 
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The metabolic activity of cells upon transfection was determined via MTT assay to assess the 

tolerability of the carriers. Cas9 polyplexes formed with LAF carriers at N/P ratio 12, 18, and 

24 were transfected at 2.5 nM-10 nM sgPcsk9 (» 16 ng-66 ng total RNA, weight ratio 1:1 for 

Cas9 mRNA and sgPcsk9) in Hepa 1-6 Pcsk9tdTomato and compared to gold standard lipofection 

of 100 ng total RNA (» 15 nM sgPcsk9) with LipofectamineTM Messenger MAXTM 

(Figure 8D, Figure 12B). Overall U1 and B2 shaped carrier outperformed the other U shape 

topologies. At 6-fold lower dose, U1 and B2 Carriers with only one Stp showed significantly 

higher knock out than the Lipofectamine control. In contrast to their superiority for nucleic acid 

compaction and particle formation, carriers with a Stp/LAF ratio of 2:4 showed significantly 

reduced efficiency compared to their analogs containing only one Stp. This indicates that the 

right balance in between nucleic acid compaction and cargo release at its site of action is crucial 

for the transfection efficiency of Cas9 polyplexes. It is interesting to note that at lower N/P 

ratios, knock-out events showed a strong correlation with the transfected dose, whereas editing 

events after transfection with nanoparticles at N/P 24 were nearly dose independent 

(Figure 12).  

Figure 12. Evaluation of Cas9 
polyplexes formed with LAF-
Stp carriers at different N/P 
ratios (A) In vitro Pcsk9 gene 
knockout efficiency by Cas9 
polyplexes containing 
Cas9 mRNA and sgPcsk9 at 
weight ratio 1:1, formed with 
LAF carriers at optimal N/P 
ratios. Hepa 1-6 Pcsk9tdTomato 
cells were treated with Cas9 
polyplexes at concentrations of 
2.5 nM sgPcsk9, 5 nM sgPcsk9 
and 10 nM sgPcsk9 in graphs 
from top to bottom, 
respectively. LipofectamineTM 
Messenger MAXTM 
Lipoplexes (LF) were formed 
with Cas9 mRNA and sgPcsk9 
according to manufacturer’s 
protocol and transfected 
resulting in a concentration of 
15 nM sgPcsk9 in 96-well 
plates. Gene knockout 
efficiency was determined by 
the percentage of tdTomato 
negative cells 5 days post 
treatment. (C) Metabolic 
activity of transfected Hepa 1-6 
Pcsk9tdTomato cells in relation to 
HBG buffer treated control cells 
determined via MTT assay at 
24 h after transfection. (n=3, 
mean ± SD) 
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This demonstrates that the transfection efficiency is mainly dependent on the amount of carrier 

reaching each cell, rather than the cargo concentration. We assume that, upon acidification in 

the endosomes, a critical minimal amount of LAF units is needed to enable endosomal escape 

and release of the nucleic acid cargo. The pronounced effect for carriers with an Stp/LAF ratio 

of 2:4 supports this hypothesis. The transfection efficiency of LAF-Stp containing Cas9 

polyplexes was also confirmed by GFP knock out on CT26 eGFP-Luc and HeLa GFPd2 cells 

(Figure 13), however, variations in efficacy were observed. The different transfection 

efficiencies across divers cell types have been frequently observed in our own and other studies 

for various nucleic acid cargos, based on differing cell entry routes, intracellular trafficking, 

and endosomal escape [174, 175]. 

 

Figure 13. In vitro eGFP knockout efficiency and metabolic activity of different reporter cell lines after treatment with Cas9 polyplexes 
containing Cas9 mRNA and sgGFP at weight ratio 1:1, formed with LAF-Stp carriers at optimal N/P ratios. LipofectamineTM Messenger 
MAXTM lipoplexes (LF) were formed with Cas9 mRNA and sgGFP according to manufacturer’s protocol and transfected resulting in a 
concentration of 15 nM sgGFP in 96-well plates. Gene knockout efficiency was determined by the percentage of GFP cells normalized to HBG 
treated cells, 5 days post treatment. (n=3, mean ± SD) (A) top: CT26 eGFP-Luc cells were treated with Cas9 polyplexes at concentrations of 
2.5 nM sgGFP, 5 nM sgGFP and 10 nM sgGFP. bottom: Metabolic activity of transfected CT26 eGFP-Luc cells in relation to HBG buffer 
treated control cells determined via MTT assay at 24 h after transfection (B) top: HeLa GFPd2 cells were treated with Cas9 polyplexes at 
concentrations of 2.5 nM sgGFP, 5 nM sgGFP and 10 nM sgGFP. bottom: Metabolic activity of transfected HeLa GFPd2 cells in relation to 
HBG buffer treated control cells determined via MTT assay at 24 h after transfection. 

Furthermore, effects of LAF side chain variations (Nitrogen Catwalk) in the best performing 

topologies (U1–1:2; B2–1:4) on gene editing efficiencies in different cell types were assessed 

(Figure 14, Figure 15). Gene editing efficiency upon transfection of Cas9 polyplexes was 

assessed at further reduced dose (0.5 nM-5 nM sgRNA) and compared to gold standard 

transfections with 100 ng total RNA (» 15 nM sgRNA) LipofectamineTM Messenger MAXTM , 
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or 250 ng total RNA (» 38 nM sgRNA) as polyplexes formed with succinylated PEI (succPEI) 

at weight ratio 4:1, succPEI: total RNA [79]. Longer terminal carbon chains (tetradecyl; 

hexadecyl) which have already demonstrated negative effects on particle properties, showed 

almost no gene editing events on any tested cell line. Among the various LAF chain lengths, 

the initially tested LAF-Stp 1611 (12Oc) demonstrated the highest gene editing events 

compared to its analogs (Figure 14). Gene editing events were scarce in all cell lines following 

the transfection with 1746, an U1 analog with LAF 8Oc. 

 

Figure 14. Nitrogen Catwalk of LAF-Stp carriers with U1 Topology. In vitro knockout efficiency and metabolic activity was tested on 
different reporter cell lines after treatment with Cas9 polyplexes containing Cas9 mRNA and sgRNA at weight ratio 1:1, formed with LAF-
Stp carriers at N/P 18. All cell lines were treated with Cas9 polyplexes at concentrations of 1 nM sgRNA, 2.5 nM sgRNA and 5 nM sgRNA in 
96-well plates. Positive controls are presented by LipofectamineTM Messenger MAXTM lipoplexes (LF) formed with Cas9 mRNA and sgRNA 
according to manufacturer’s protocol and transfected resulting in a concentration of 15 nM sgRNA and succPEI polyplexes at weight ratio 4:1, 
succPEI: total RNA (Cas9 mRNA:sgRNA; weight ratio 1:1) resulting in a concentration of 38.5 nM sgRNA (250 ng total RNA). Gene 
knockout efficiency was determined by the percentage of tdTomato negative for Hepa 1-6 Pcsk9tdTomato or GFP negative cells for CT26 eGFP-
Luc and Hela GFPd2 normalized to HBG treated cells, 5 days post treatment (n=3, mean ± SD). (A) top: HepatdT:PCSK9 cells were treated with 
Cas9 polyplexes containing Cas9 mRNA and sgPcsk9 at weight ratio 1:1 in 96-well plates. bottom: Metabolic activity of transfected Hepa 1-
6 Pcsk9tdTomato cells in relation to HBG buffer treated control cells determined via MTT assay at 24 h after transfection (B) top: CT26 eGFP-
Luc cells were treated with Cas9 polyplexes containing Cas9 mRNA and sgGFP at weight ratio 1:1 in 96-well plates. bottom: Metabolic 
activity of transfected CT26 eGFP-Luc cells in relation to HBG buffer treated control cells determined via MTT assay at 24 h after transfection 
(C) top: HeLa GFPd2 cells were treated with Cas9 polyplexes containing Cas9 mRNA and sgGFP at weight ratio 1:1 in 96-well plates. bottom: 
Metabolic activity of transfected HeLa GFPd2 cells in relation to HBG buffer treated control cells determined via MTT assay at 24 h after 
transfection. (D) top: HeLa mCherry-DMDEx23 cells were treated with Cas9 polyplexes containing Cas9 mRNA and sgDMDEx23 at weight ratio 
1:1 in 96-well plates. Gene editing efficiency was determined by the percentage of mCherry positive cells, 3 days post treatment (n=3, mean ± 
SD). For more detailed description of the reporter model see Figure 3 of the main manuscript. bottom: Metabolic activity of transfected HeLa 
mCherry-DMDEx23 cells in relation to HBG buffer treated control cells determined via MTT assay at 24 h after transfection. 

On the other hand, for B2 carriers, LAF 12Oc revealed counterproductive effects on both gene 

editing and polyplex formation, whereas the four shorter LAFs (8Oc, 12Bu, 10Oc, 12He), 

formed small Cas9 polyplexes demonstrating gene editing efficiency on all tested cell lines 

(Figure 15). Cell line dependent effects where more pronounced for B2 carriers. Transfection 

of Hepa and CT26 with B2 carriers containing 8Oc or 10Oc did not hamper the metabolic 

activity of the cells. Concentrations of only 2.5 nM sgRNA yielded equal to or higher knock 

out results than those of both positive control groups, despite the manifold higher concentration. 

In HeLa cells, all B2 carrier containing one of the four shorter LAF (8Oc, 12Bu, 10Oc, 12He) 
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exhibited a very high gene editing efficiency over 50 %. Even at lowest tested concentrations 

of 0.5 nM sgRNA, both positive control groups were outperformed. It is worth noting that 

structures exhibiting greater transfection effectiveness often display higher toxicity, compared 

with structures of lower efficiency. It is likely that the mechanisms responsible for effective 

delivery, such as destabilizing lipid membranes, initiate certain levels of cytotoxicity. 

Nonetheless, this toxicity can be managed by reducing the concentration.  

 

Figure 15. Nitrogen Catwalk of LAF-Stp carriers with B2 Topology. In vitro knockout efficiency and metabolic activity was tested on 
different reporter cell lines after treatment with Cas9 polyplexes containing Cas9 mRNA and sgRNA at weight ratio 1:1, formed with LAF-
Stp carriers at N/P 24. All cell lines were treated with Cas9 polyplexes at concentrations of 0.5 nM sgRNA, 1 nM sgRNA and 2.5 nM sgRNA 
in 96-well plates. Positive controls are presented by LipofectamineTM Messenger MAXTM lipoplexes (LF) formed with Cas9 mRNA and sgRNA 
according to manufacturer’s protocol and transfected resulting in a concentration of 15 nM sgRNA and succPEI polyplexes at weight ratio 4:1, 
succPEI: total RNA (Cas9 mRNA:sgRNA; weight ratio 1:1) resulting in a concentration of 38.5 nM sgRNA (250 ng total RNA). Gene 
knockout efficiency was determined by the percentage of tdTomato negative for HepatdT:PCSK9 or GFP negative cells for CT26 eGFP-Luc and 
Hela GFPd2 normalized to HBG treated cells, 5 days post treatment (n=3, mean ± SD). (A) top: Hepa 1-6 Pcsk9tdTomato cells were treated with 
Cas9 polyplexes containing Cas9 mRNA and sgPcsk9 at weight ratio 1:1 in 96-well plates. bottom: Metabolic activity of transfected Hepa 1-
6 Pcsk9tdTomato cells in relation to HBG buffer treated control cells determined via MTT assay at 24 h after transfection (n=3, mean ± SD). (B) 
top: CT26 eGFP-Luc cells were treated with Cas9 polyplexes containing Cas9 mRNA and sgGFP at weight ratio 1:1 in 96-well plates. Only 
B2 LAF-Stp carriers forming stable particle <200 nm were transfected on these cells. bottom: Metabolic activity of transfected CT26 eGFP-
Luc cells in relation to HBG buffer treated control cells determined via MTT assay at 24 h after transfection (n=3, mean ± SD). (C) top: 
HeLa GFPd2 cells were treated with Cas9 polyplexes containing Cas9 mRNA and sgGFP at weight ratio 1:1 in 96-well plates. Only B2 LAF-
Stp carriers forming stable particle <200 nm were transfected on these cells. bottom: Metabolic activity of transfected HeLa GFPd2 cells in 
relation to HBG buffer treated control cells determined via MTT assay at 24 h after transfection (n=3, mean ± SD). (D) top: HeLa mCherry-
DMDEx23 cells were treated with Cas9 polyplexes containing Cas9 mRNA and sgDMDEx23 at weight ratio 1:1 in 96-well plates. Gene editing 
efficiency was determined by the percentage of mCherry positive cells, 3 days post treatment (n=3, mean ± SD). For more detailed description 
of the reporter model see Figure 20. bottom: Metabolic activity of transfected HeLa mCherry-DMDEx23 cells in relation to HBG buffer treated 
control cells determined via MTT assay at 24 h after transfection (n=3, mean ± SD). 

Overall, variations of the LAFs influenced polyplex formation and physicochemical properties 

(Table S1,Figure 10), transfection potency and toxicity (Figure 14. Figure 15) of 

corresponding Cas9 polyplexes. Consistent with Thalmayr et al. [163], 12Oc containing 1611 

emerged as the most promising among U1-shaped carriers, while for bundles, a shorter LAF 

not only enhanced nanoparticle formation but also yielded superior results in gene editing. 

Carrier-1762, which contains the intermediate length LAF (10Oc), demonstrated an improved 

metabolic activity profile among those tested, without compromising the carrier's effectiveness.   
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4.2. LAF-Stp Carrier 1611 for HDR Mediated eGFP to BFP Conversion 

Having demonstrated that LAF-Stp carriers form potent polyplexes for Cas9 mRNA and 

sgRNA delivery, enabling gene knockouts through non-homologous end joining (NHEJ), we 

aimed to broaden its utility by exploring the co-delivery of Cas9 components and a single-

stranded DNA (ssDNA) template for facilitating gene knock-ins via homology-directed repair 

(HDR). Firstly, we evaluated whether LAF-Stp carriers could form stable polyplexes containing 

both RNA and DNA compounds. Therefore, a small selection of 1-Stp U1 and B2 carriers were 

tested as polyplexes with mCherry mRNA and GFP pDNA at weight ratio 1:1. The 

nanoparticles were transfected in different cell lines and mCherry and GFP expression was 

assessed by flow cytometry (Figure 16 A-I). For the physicochemical evaluation DLS and ELS 

measurement as well as an agarose gel shift assay were performed (Figure 16J, K). Although 

the binding of pDNA was incomplete, the carriers, which exhibited robust transfection 

capabilities for Cas9 mRNA/sgRNA, were also able to effectively co-deliver both mRNA and 

pDNA into cells yet demonstrating a stronger transfection profile for mRNA. The carrier 1611 

was found to be highly effective in co-delivering mRNA and pDNA across all tested cell lines, 

leading to its selection for the gene knock-in studies through HDR. For this research, a HeLa 

cell line that expresses a less stable variant of green fluorescent protein (HeLa GFPd2) was 

utilized [86]. Through HDR-mediated DNA repair, the eGFP sequence, can potentially be 

transformed into blue fluorescent protein (BFP), and therefore, be evaluated by flow cytometry 

(Figure 17A,B). All 1611 polyplexes at N/P ratio 18, with Cas9 mRNA plus sgGFP (weight 

ratio 1:1), with and without a single-stranded DNA template (ssDNA) at three different ratios 

to the sgRNA, formed small homogeneous particles with positive zeta potential (Table S5). 

These polyplexes were transfected at different concentrations in HeLa GFPd2 cells. As 

expected, gene knock out efficiency after transfection with Cas9 polyplexes without additional 

ssDNA template was in line with previous results of transfections in this cell line (Figure 14C) 

and no BFP positive cells could be detected. Within the tested ratios of sgRNA to ssDNA, 

ranging from 1:05 to 1:2, we observed that the HDR efficiency increased with higher ratios of 

ssDNA template, resulting in up to 38 % BFP converted cells (Figure 17C). Interestingly, the 

overall gene editing efficiency defined by the sum of GFP knock out and BFP converted cells 

decreased at higher ssDNA ratios. The highest transfected concentrations reached 86 %, 82 %, 

72 % and 58 % gene edited cells for sgRNA to ssDNA ratios from 1:0 to 1:2, respectively.  
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Figure 16. LAF-Stp polyplexes for the codelivery of mRNA and pDNA. U1 and B2 polyplexes with different LAF were formed at N/P 18. 
mCherry and GFP expression was evaluated 24 h post transfection of  polyplexes containing 50 ng total nucleic acid 
(mCherry mRNA:GFP pDNA; weight: weight; 1:1). Percentage of cells showing mCherry, GFP or double positive shift in flow cytometric 
evaluation is shown for (A) Hepa 1-6 wildtype, (B) HeLa  wildtype cells, (C) N2a  wildtype cells and (D) DU 145 wildtype cells. (E) 
fluorescent protein expression on Hepa 1-6. Left: Mean mCherry and mean GFP intensity are plotted on the y- and x-axis, respectively. right: 
Median mCherry and median GFP intensity are plotted on the y- and x-axis, respectively. (F) fluorescent protein expression on HeLa. Left: 
Mean mCherry versus mean GFP intensity. right: Median mCherry versus median GFP intensity. (G) fluorescent protein expression on N2a. 
Left: Mean mCherry versus mean GFP intensity. right: Median mCherry versus median GFP intensity. (H) fluorescent protein expression on 
DU 145. Left: Mean mCherry versus mean GFP intensity. right: Median mCherry versus median GFP intensity. (I) exemplary flow cytometry 
plots and gating of Hepa 1-6 24 h after treatment. (J) DLS and ELS of mRNA/pDNA polyplexes formed with indicated LAF-Stp carriers. (K) 
Gel-shift assay of mRNA/pDNA polyplexes formed with LAF-Stp carriers at N/P 18.  
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Figure 17. HDR mediated eGFP to BFP conversion. (A) Schematic illustration of cellular eGFP to BFP conversion after Cas9 induced 
double strand break (DSB) in the presence of a ssDNA template. Insertion or deletion of bases mediated by non-homologous end joining 
(NHEJ) pathways lead to eGFP knock out. HDR-mediated DNA repair leads to substitution of tyrosine (TAC), the 66th amino acid, in the 
eGFP sequence by histidine (CAT). Hereby, eGFP is converted into blue fluorescent protein (BFP). (B) schematic illustration of a population 
of HeLa GFPd2 cells treated with 1611 polyplexes formed at N/P ratio 18 with Cas9 mRNA and sgGFP and a single stranded DNA template 
(ssDNA). The efficiency of the carriers for gene knock out and HDR mediated conversion to BFP can be evaluated by flow cytometry. (C) 
Editing percentages were evaluated by flow cytometry 5 days after transfection with 1611 polyplexes formed at N/P ratio 18 with Cas9 mRNA 
and sgGFP (weight ratio 1:1) and a single stranded DNA template (ssDNA) at indicated molar ratios to the sgRNA. Concentrations are indicated 
in nanomolar sgRNA. (n=3, mean ± SD). Part A and B of this figure were created with BioRender.com 

This suggests that while the RNP's ability to induce double-strand breaks (DSB) is hindered 

when there are elevated single-stranded DNA (ssDNA) concentrations, the chances of achieving 

homology-directed repair (HDR) integration are higher when the ssDNA template is in close 

proximity. To exclude that lower editing efficiencies are triggered by increased carrier 

concentrations, we tested different sgRNA to ssDNA ratios while keeping the total transfected 

nucleic acid amount constant (Figure 18). Once more, a decline in general editing effectiveness 

can be noted with increased template ratios. Instances where 3.9 nM sgRNA were applied with 

polyplexes lacking ssDNA triggered over 85 % GFP knock out, whereas utilizing polyplexes at 

sgRNA to ssDNA ratios of 1:2 and 1:6 with the same sgRNA concentration yielded total edited 

cell percentages of only 40 % and 21 %, respectively (Figure 18). The HDR percentage of total 

edited cells, however, increased with higher template ratios even though the overall efficiency 

was reduced (Figure 19).  
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Figure 18. HDR mediated eGFP to BFP conversion. Editing percentages of NHEJ and HDR in HeLa GFPd2 cells treated with 1611 
polyplexes formed with Cas9 mRNA and sgGFP at weight ratio 1:1 and the single stranded DNA template (ssDNA) at various of 
sgRNA:ssDNA. To evaluate editing efficiencies independent of the carrier concentration, cells were exposed to total nucleic acid amounts 
fixed at 25 ng, 50 ng, 100 ng, and 150 ng at different internal ratios of sgRNA to ssDNA. Resulting sgRNA concentrations are indicated on 
top of the bars.		

 

Figure 19. HDR mediated eGFP to BFP conversion. (A) Heat map of NHEJ, HDR, total edited, non-edited, and HDR of total edited 
percentages in HeLa GFPd2 cells treated with 1611 polyplexes formed with Cas9 mRNA and sgGFP at weight ratio 1:1 and the single stranded 
DNA template (ssDNA) at various ratios of sgRNA:ssDNA. To evaluate editing efficiencies independent of the carrier concentration, cells 
were exposed to total nucleic acid amounts fixed at 25 ng, 50 ng, 100 ng, and 150 ng at different internal ratios of sgRNA to ssDNA. (B) 
Agarose gel shift assay of 1611 polyplexes containing Cas9 mRNA, sgRNA and ssDNA at various ratios. 
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4.3. Positive Read Out Reporter Model for Genome Editing Triggering Exon 
Skipping 

A reporter cell line HeLa mCherry-DMDEx23, expressing mCherry interrupted by a Duchenne 

muscular dystrophy (DMD) dystrophin exon 23 with nonsense mutation, was recently designed 

by Lessl et al. [166] (see Figure 20A).  

 

Figure 20. Positive read-out reporter model for genome editing. Functional mCherry expression is induced in HeLa mCherry-DMDex23 
reporter cell line after Cas9 induced DSB. (A) Schematic illustration showing the structure of mCherry-DMDEx23 construct and its mechanism 
in presence or absence of Cas9 induced DSB at the donor splice site downstream the mdx exon 23. (B) In vitro cleavage of the plasmid DNA 
which was used for the generation of the HeLa mCherry-DMDEx23 cell line after overnight digestion of the plasmid DNA with the restriction 
enzyme BsaI to linearize the DNA. The linearized DNA was incubated with RNP for 2 h at 37 °C and subsequently analyzed on a 1.5 % 
agarose gel. Untreated linearized plasmid was used as control group; 1: linearized plasmid treated with RNP containing sgDMDEx23; 2: 
linearized plasmid treated with RNP containing sgGFP; 3: linearized plasmid treated with RNP containing sgPcsk9. (C) Detection of 
mdx exon 23 skipping of mCherry-DMDEx23 mRNA by RT-PCR. Total RNA was extracted from cells 3 days after treatment with Cas9 
polyplexes formed with LAF 1611 at N/P 18 (10 nM sgDMDEx23 or 10 nM sgPcsk9). The sequence surrounding mdx exon23 in mCherry-
DMDEx23 was amplified by RT-PCR. The band resulting from mdx exon 23 skipping is shown (~280 bp) and exon 23 skipping was confirmed 
by Sanger sequencing. RNA extraction and evaluation was performed by Anna-Lina Lessl as part of her PhD study at Pharmaceutical 
Biotechnology, LMU, Munich. (D) CLSM images of HeLa mCherry-DMDEx23 cells 72 h after transfection with 1611 polyplexes (N/P 18) 
containing either Cas9 mRNA and sgDMDEx23 (weight ratio 1:1) or Cas9 mRNA and sgPcsk9 (weight ratio 1:1) resulting in a concentration of 
10 nM sgRNA. Nuclei were stained with DAPI (blue), cytoskeleton was stained with rhodamine phalloidin (green) and mCherry is shown in 
red. Scale bar represents 50 µm. RNP: ribonucleoprotein; CLSM: confocal laser scanning microscopy. Complete gels of B) and C) are provided 
in Figure 21. Nitrogen Catwalk of LAF-Stp carriers with U1 topology (left) or B2 topology (right), comparing editing efficiencies in HeLa 
GFPd2 and HeLa mCherry-DMDex23 reporter cell lines. For details see Figure 14 and Figure 15. Graphics of part A and B were created 
using Biorender.com. 
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It enabled efficient in vitro screening of the antisense activity of phosphorodiamidate 

morpholino oligomers (PMOs) and their conjugate formulations. The specific PMO(Ex23) 

sequence blocks a splice site of dystrophin pre-mRNA and prompts the skipping of mutated 

dystrophin exon 23. Such an exon skipping has been therapeutically applied in the well-

established murine DMD mdx model. Notably, this specific genetic sequence can also trigger 

exon skipping of the healthy dystrophin in wild-type mice. To ensure the effective use of the 

same PMO(Ex23) sequence in both the in vitro reporter system and in vivo experiments, the 

donor splice site of the intron downstream of mdx exon 23 was designed based on the 

physiological donor splice site sequence of dystrophin intron 23. We now selected a 

sgRNA (sgDMDEx23) [159, 171] targeting the same specific donor splice site and evaluated the 

feasability of a Cas9-based single-cut gene editing approach on this positive read-out reporter 

model to test the efficiency of Cas9 mRNA/sgDMDEx23 polyplexes. According to reports, 

precise genetic modification is not necessary for the correction of DMD defects via exon 

skipping. Rather, any indels introduced by NHEJ disrupting a splice donor or acceptor sequence 

in a mutant exon can lead to exon skipping [159]. By the sgDMDEx23 a double strand break 

(DSB) in the proximity of the donor splice site of the targeted dystrophin exon 23 is generated. 

INDELs introduced in the target locus after NHEJ repair lead to the correction of the reporter 

gene open reading frame (ORF) resulting in observable functional mCherry expression through 

fluorescence detection (Figure 20A). The ORF can be restored by: (i) exon skipping if the 

INDELs disrupt the splice consensus site of the targeted exon, or (ii) exon reframing if the right 

number of INDELs is generated in the exonic region [176]. To confirm the specificity of the 

sgDMDEX23 to the target sequence in the reporter construct, we performed an in vitro cleavage 

assay (Figure 20B, Figure 21B). The reporter plasmid DNA construct was linearized and then 

exposed to ribonucleoprotein complexes (RNPs) containing either sgDMDEx23, sgGFP, or 

sgPcsk9. Only incubation with the Cas9/sgDMDEx23 complex induced cleavage of the reporter 

DNA resulting in two bands on the agarose gel (Figure 20B).  
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Figure 21. Gel electrophoresis (A) Detection of mdx exon 23 skipping of mCherry-DMDEx23 mRNA by RT-PCR. Total RNA was extracted 
from cells 3 days after treatment with Cas9 polyplexes formed with LAF 1611 at N/P 18 (10 nM sgDMDEx23 or 10nM sgPcsk9). A sequence 
surrounding mdx exon 23 in mCherry-DMDEx23 was amplified by RT-PCR. The band resulting from mdx exon 23 skipping is shown (~280 
bp). RNA extraction and evaluation were performed by Anna-Lina Lessl as part of her PhD study at Pharmaceutical Biotechnology, LMU, 
Munich. (B) Results from an in vitro cleavage assay to confirm the specificity of the cleavage of the reporter gene by the RNP complex formed 
with sgDMDEx23 compared to no cleavage by RNP complex formed with other sgRNAs. Representative analysis of the initially linearized 
mCherry plasmid containing the sgDMDEx23 target site followed by a second cleavage due to incubation with precomplexed RNP visualized 
on a 1.5 % agarose gel containing Gel Red. DNA cleavage products of the second digest after incubation with sgRNA precomplexed with Cas9 
protein. (C) Results from an in vitro cleavage assay to confirm the specificity of the cleavage of the genomic donor splice site downstream 
exon 23 by the RNP complex formed with sgDMDEx23 compared to no cleavage by RNP complex formed with other sgRNAs. Representative 
analysis of PCR amplified genomic sequence containing the sgDMDEx23 target site followed by a cleavage due to incubation with precomplexed 
RNP visualized on a 1.5 % agarose gel containing Gel Red. DNA cleavage products of the second digest after incubation with sgRNA 
precomplexed with Cas9 protein. 

The reporter cell line HeLa mCherry-DMDEx23 was treated with 1611 polyplexes (N/P 18) 

containing either Cas9 mRNA/sgDMDEx23 (weight ratio 1:1) or Cas9 mRNA/sgPcsk9 (weight 

ratio 1:1). Three days post treatment, total RNA was extracted from treated cells and reverse 

transcribed into cDNA. The splicing product leading to functional mCherry expression was 

amplified and analyzed via gel electrophoresis. The band resulting from mdx exon 23 skipping 

(~280 bp) was only detected in cells treated with sgDMDEx23, and exon 23 skipping was 

confirmed by Sanger sequencing (Figure 20C, Figure 21A). Additionally, the presence of 

mCherry protein was further determined by confocal laser scanning microscopy (CLSM) 

images of HeLa mCherry-DMDEx23 cells 72 h after transfection with 1611 polyplexes (N/P 18) 

containing either Cas9 mRNA and sgDMDEx23 or sgPcsk9 (Figure 20D). mCherry fluorescence 

was detectable solely in cells treated with sgDMDEx23. For genomic evaluation of the Cas9 

induced edits on the mCherry-DMDEx23 reporter, total genomic DNA was isolated from HeLa 

mCherry-DMDEx23 cells 2 weeks after treatment with either 1611 (N/P 18) or 1752 (N/P 24) 

polyplexes containing Cas9 mRNA and either sgPcsk9 or sgDMDEx23 (Figure 22). In groups 

treated with Cas9 mRNA/sgPcsk9, gel electrophoresis of the PCR products revealed only one 

band with the expected length (841 bp) of the complete unedited sequence. Additional bands of 

approximately 450 bp were observed in all groups treated with Cas9 mRNA/sgDMDEx23, 

indicating large genomic deletions (Figure 22A). Sanger sequencing of the isolated bands 

confirmed the full sequence of the unedited 841 bp band and a 388 bp long deletion, 
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surrounding the Cas9 cut side, for the shorter band (Figure 22D). The untypical large deletion 

after Cas9 induced double strand break might be caused by locus specific properties of the 

artificial construct surrounding the mdx-DMDEx23 sequence [177, 178]. Nevertheless, the 

specificity of the reporter for the testing of sgDMDEx23 containing Cas9 formulations was 

proven by the comparison to sgPcsk9 containing formulations as stated above. Additionally, 

gene editing results on HeLa mCherry-DMDEx23 cells evaluated by flow cytometry strongly 

correlate with the GFP knock out data on the HeLa GFPd2 cell line confirming the suitability 

of this reporter model for library screening (Figure 20, Figure 14, and Figure 15). 

 

Figure 22. Genomic evaluation of mCherry-DMDEx23 reporter after treatment with Cas9 polyplexes (A) Gel electrophoresis of PCR 
products. Genomic DNA was extracted from HeLa mCherry-DMDEx23 cells 2 weeks after treatment with either 1611 (N/P 18) or 1752 (N/P 24) 
polyplexes containing Cas9 mRNA and either sgPcsk9 or sgDMDEx23. The mCherry-DMDEx23 reporter region was amplified by PCR. Both 
polyplex groups containing Cas9 mRNA/sgDMDEx23 revealed additional bands, indicating big genomic deletions whilst the 
Cas9 mRNA/sgPcsk9 and the untreated control groups only show the expected band of the unedited sequence (841 bp) with no additional 
bands. (B) Flow cytometric evaluation of HeLa mCherry-DMDEx23 treated with LAF polyplexes as shown in A. Only treatment with 
Cas9 mRNA/sgDMDEx23 resulted in mCherry positive cells. (C) By limiting dilution, a monoclonal mCherry positive cell line was generated 
from 1752 (N/P 24) polyplexes containing Cas9 mRNA/sgDMDEx23  treated cells as shown in A. Genomic DNA was isolated and the mCherry-
DMDEx23 reporter region was amplified by PCR. Resulting bands of approximately 841 bp and 450 bp indicating unedited sequence and 
genomic deletion, respectively, were extracted and purified. (D) Sanger sequencing of purified samples confirmed the unedited full genomic 
reporter sequence with a size of 841 bp. The lower band revealed a 388 bp genomic deletion spanning including most of the intron upstream 
and a short sequence of the intron downstream (until 18 bp downstream of expected cut side) of the mdx DMDEx23 reporter.  
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4.4. Characterization of top performing polyplexes for in vivo application 

While it was evident that 1611 proved to be the optimal carrier for the U-shaped LAF-Stp 

topology, the trends associated with various B2-shaped carriers were less distinct. 

Consequently, the subsequent analysis focused on 1611 alongside three promising 

representatives of B2-shaped carrier candidates, specifically 1621, 1752, and 1762, at a further 

reduced dosage. As pathways and routes differ between various cell types, also efficiency 

ranking of different carriers can be at variance, as demonstrated in Figure 23 for Hepa and 

HeLa. The Pcsk9 knock out after treatment with a dose range from 0.25 nM to 15 nM sgPcsk9 

was evaluated on Hepa 1-6 Pcsk9tdTomato cells and compared to LipofectamineTM Messenger 

MAXTM lipoplexes, resulting in sgPCSK9 concentrations of 5 nM, 10 nM, and 15 nM as 

positive control. All LAF-Stp carriers achieved 2-5-fold higher knock out efficiencies than the 

positive control at corresponding concentrations. Carrier 1611 showed an EC50 (defined as the 

concentration of delivered sgRNA required to provoke 50 % gene edited cells) of 

~1 nM sgRNA whilst all B2 carriers resulted in EC50 ³ 4.0 nM sgRNA (Figure 23A, Table S3).  

 

Figure 23. Dose titration of best performing LAF-Stp carriers forming Cas9 polyplexes containing Cas9 mRNA and sgRNA at weight 
ratio 1:1. N/P ratio of bundle and U1 carriers was 24 and 18, respectively. (A) Top: In vitro Pcsk9 knock out in Hepa 1-6 Pcsk9tdTomato cells 
treated with 0.25 nM-15 nM sgPcsk9. Positive controls were presented by LipofectamineTM Messenger MAXTM lipoplexes (LF, LF 2) used for 
transfection of Cas9 mRNA and sgRNA according to both manufacturer’s protocol options resulting in a concentration of 5 nM, 10 nM, and 
15 nM sgPcsk9. Bottom: Metabolic activity of cells transfected with Cas9 polyplexes in relation to HBG buffer treated control cells determined 
via MTT assay at 24 h after transfection. (B) Top: In vitro exon skipping evaluation on HeLa mCherry-DMDEX23 cells treated with 50 pM – 
2.5 nM sgDMDEx23. Positive controls were presented by LipofectamineTM Messenger MAXTM lipoplexes used for transfection of Cas9 mRNA 
and sgRNA according to both manufacturer’s protocol options resulting in a concentration of 15 nM sgRNA. Bottom: Metabolic activity of 
cells transfected with Cas9 polyplexes in relation to HBG buffer treated control cells determined via MTT assay at 24 h after transfection.  
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Given the previously shown high efficiency of LAF-Stp carriers on HeLa cells, we chose an 

ultra-low dose range from 50 pM to 2.5 nM sgRNA for the evaluation on HeLa mCherry-

DMDEx23. Interestingly, a strong benefit of the B2 topology could be observed in this cell line 

resulting in more than 10-fold lower EC50 values (0.1 nM to 0.4 nM sgDMDEx23) compared to 

the EC50 in Hepa 1-6 Pcsk9tdTomato. Gene editing of 1611 polyplexes (EC50: 0.7 nM sgDMDEx23), 

on the other hand, was comparable to the results on Hepa 1-6 Pcsk9tdTomato cells (Figure 23B). 

Consistent with prior research, a connection between increased potency and toxicity at elevated 

doses was evident. Notably, while amongst all the evaluated carriers only compound 1611 

reduced the metabolic activity of Hepa 1-6 Pcsk9tdTomato cells at higher doses, the metabolic 

activity of HeLa cells was only reduced by higher doses of the B2 carrier 1621 (Figure 23). 

There is a significant disparity between the in vitro conditions in cell culture and those in animal 

models (in vivo). Upon intravenous administration of nanoparticles, their interaction with blood 

components may critically influence on their performance [179, 180]. Hence, transfection 

efficiency was evaluated after pre-incubation of the polyplexes in full (³ 90 % v/v) serum at 

37 °C for 2 h (Figure 24).  

Figure 24. In vitro performance of LAF polyplexes in 
presence of full serum. Dose titration of best performing 
LAF-Stp carriers forming Cas9 polyplexes containing 
Cas9 mRNA and sgRNA at weight ratio 1:1. N/P ratio of 
bundle and U1 carriers was 24 and 18, respectively. 
Samples were diluted in full serum (25 pM– 0.5 nM 
sgDMDEx23, 98 % serum; 1-2.5 nM, 90 % serum) and 
transfected at indicated low doses on HeLa mCHerry-
DMDEx23. Positive controls were presented by 
LipofectamineTM Messenger MAXTM lipoplexes used for 
transfection of Cas9 mRNA and sgRNA according to both 
manufacturer’s protocol options resulting in a 
concentration of 15 nM sgRNA without any serum 
addition. (n=3, mean ± SD) 

 

 

Notably, despite full serum incubation efficacies of top carriers were not reduced, with sub-

nanomolar EC50 values of as low as 0.4 nM sgDMDEx23 for carrier 1611 and 0.1 nM sgDMDEx23 

for carrier 1762. Consequently, carrier 1611 at N/P 18 and carrier 1762 at N/P 24 emerged as 

the most suitable candidates for in vivo evaluation of U1 and B2 topologies, respectively. 

Concentrated formulations intended for in vivo application underwent testing for their 

physicochemical properties, demonstrating resistance toward full serum, long-term stability 

upon storage at 4 °C for up to 127 days, and high transfection efficiency after 14 days storage 

at 4 °C (Table S4, Figure 25, Figure 26).  
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Figure 25. Long term stability of Cas9mRNA/sgDMDEx23 formulations at high concentration. Nanoparticles were formed with different 
LAF carriers at indicated N/P ratios resulting in a total RNA concentration of 200 ng µL-1 for 1611 polyplexes and 60 ng µL-1 for all other 
formulations (Cas9 mRNA and sgDMDEx23 at weight ratio 1:1). All formulations were stored at 4 °C until indicated evaluation time points. 
HeLa mCherry-DMDEx23 cells were treated with Cas9 polyplexes immediately after dilution of the nanoparticles in either HBG or full serum 
(³90 % serum). (A) Directly after formulation of the nanoparticles were diluted in HBG or serum and immediately transfected at indicated 
concentrations of sgDMDEx23. Exon skipping efficiency was evaluated by flow cytometry 3 days after treatment of HeLa mCherry-DMDEx23 
cells with Cas9 polyplexes or Cas9 LNPs. (B) Metabolic activity of cells 24 h post treatment with nanoparticle formulations as in (A). (C) 
Following 14 day storage at 4 °C, the formulations were diluted in HBG or serum and immediately transfected at indicated concentrations of 
sgDMDEx23. Exon skipping efficiency was evaluated by flow cytometry 3 days after treatment of HeLa mCherry-DMDEx23 cells with Cas9 
polyplexes or Cas9 LNPs. (D) At indicated time points, nanoparticles were diluted to a total RNA concentration of 12.5 ng µL-1 for DLS and 
ELS measurement.  

These results further confirm the feasibility of using these structures for in vivo testing. 

Successful delivery of nanocarriers into specific tissues is often facilitated by their surface 

interactions with distinct serum proteins and subsequent binding to their cognate receptors [63, 

181] and succeeding productive intracellular routing. Therefore, the transfection efficiency of 

the nanocarriers was assessed subsequent to dilution of the concentrated formulations in full 

serum Figure 25. 

 
Figure 26. Stability of 
Cas9mRNA / sgDMDEx23 
formulations at high 
concentration in presence of full 
serum. Nanoparticles were formed 
with different LAF carriers at 
indicated N/P ratios resulting in a 
total RNA concentration of 
200 ng µL-1 for 1611 polyplexes 
and 60 ng µL-1 for all other 
formulations (Cas9 mRNA and 
sgRNA at weight ratio 1:1). 
Nanoparticles were diluted 1:10 
(v/v) in either HBG or full serum 
(90 % serum). An agarose gel shift 
assay was performed after 
incubation for 2 h at 37 °C. Only a 
very slight release of RNA can be 
observed after serum incubation of 
1611 polyplexes. All other 
formulations exhibit full 
protection and no release of the 
RNA cargo.  
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4.5. In Vivo Editing of Dystrophin Gene 

Optimized LAF-Stp carriers formulated with mRNA either as polyplexes [163] or as 

cationizable component in LNPs [172] were found to efficiently deliver luciferase mRNA at 

low 1–10 μg mRNA/mouse doses upon intravenous application in A/J mice. Combined with 

the current in vitro findings, we selected the promising carriers 1611 and 1762 for polyplex 

formulation well as a 1621-based LNP formulation for Cas9 mRNA/sgRNA delivery in vivo. 

Biophysical characterization of 1621 LNPs is presented in Tables S5, S6; and Figure 27.  

 

Figure 27. Physicochemical characterization different lipid compositions of LNP formed with B2 structure 1621 as ionizable lipid at 
24. LNP containing SM-102 at N/P 6 were evaluated as positive control group. (A) DLS and ELS of LNP containing 6.7 ng µL-1 
luciferase mRNA. Left: particle size (Z-Ave), polydispersity index (PdI); middle: particle size by number, polydispersity index (PdI); right: 
zeta potential. (B) DLS and ELS of LNP containing Cas9 mRNA and sgRNA at weight ratio 1:1 and a total RNA concentration of 6.7 ng µL-
1. Left: particle size (Z-Ave), polydispersity index (PdI); middle: particle size by number, polydispersity index (PdI); right: zeta potential. Data 
are presented as mean ± SD (n=3). 

	
Similar to the polyplexes, the selected LAF-Stp LNP formulations exhibited remarkable long-

term stability (storage at 4° C for 127 days). In contrast to parallel tested gold standard SM-

102-containing LNP, they still induced gene editing upon transfection following 14 days of 

storage at 4 °C (Figure 25). For Cas9-induced dystrophin gene editing in healthy mice in vivo, 

the same sgDMDEx23 sgRNA sequence can be applied as in the positive read-out reporter model 

described in section 4.3and originally designed for assessment of splice-switching 

oligonucleotides by Lessl et al. (Figure 20C). Using PMO(Ex23) conjugates of related 

sequence-defined xenopeptides, Lessl et al. could demonstrate in vivo dystrophin exon 23 

skipping in several organs. By Cas9 mediated genomic disruption of the donor splice site, the 

efficiency of gene editing can be assessed by: (i) examining the genomic sequence in the 

vicinity of the specific cleavage site, and (ii) analyzing exon skipping at the mRNA level. 

Genome editing and mRNA splicing modulation after intravenous injection with Cas9 

polyplexes and Cas9 LNPs in BALB/c mice is displayed in Figure 28.  
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Figure 28. In vivo genome editing and mRNA splicing modulation in BALB/c mice after intravenous injection with Cas9 polyplexes 
and Cas9 LNPs. Dystrophin gene editing and mRNA splicing modulation and in different organs of BALB/C mice after triple injections Cas9 
polyplexes or Cas LNP solution containing Cas9 mRNA and sgDMDEx23 at weight ratio 1:1. All LAF-Stp formulations were compared to LNPs 
containing SM-102 at N/P 6 as gold standard. (A) Treatment scheme: triple intravenous injection of 150 µL polyplex or LNP solution 
containing either 3 µg total RNA in 1762 polyplexes, LNP 1621 and LNP SM-102 or 10 µg total RNA in 1611 polyplexes. Euthanasia at 7 days 
post last injection, sample preparation and evaluation. Total RNA and genomic DNA was extracted from homogenized dystrophin expressing 
organs (brain, heart, muscle tissue) at 7 days after last injection. For the evaluation of splicing modulation, a nested RT-PCR was conducted to 
amplify dystrophin exon 20-24. The RT-PCR product was analyzed on a 2 % agarose gel and ratios of splicing modulation were determined 
using ImageJ Software. For the analysis of the gene editing efficiency a PCR was performed to amplify the region surrounding exon 23. PCR 
products were purified and sequenced via Sanger sequencing. The sequencing results were evaluated using the TIDE (Tracking of Indels by 
Decomposition) analysis tool. (B) Scheme of splicing modulation after of Cas9 induced DSB at donor splice site downstream dystrophin 
exon 23 (C) Sanger sequencing of gel extracted bands corresponding to ~568 bp (complete DMD Ex20-24) (D) Sanger sequencing of gel 
extracted bands corresponding to ~373 bp fragments for confirmation of exon 23 skipping. (E) Exemplary gel electrophoresis of RT-PCR 
products showing splicing modulation in brain, heart, and muscle of animal 1 after triple intravenous treatment with 1621 LNPs (N/P 24) 
containing 3 µg total RNA. (F) Evaluation of splicing modulation, as described above, after triple intravenous treatment with either 1762 
(N/P 24) polyplexes, 1611 (N/P 18) polyplexes, 1621 (N/P 24) LNP or SM-102 (N/P 6) LNP as positive control.. Individual band intensities 
were quantified and put into relation to the band of full-length dystrophin exon 20-24 with a size of 568 bp by using the ImageJ software. The 
complete gel electrophoresis data are provided in Figure 31. (G) Evaluation of gene editing efficiency, as described above, after triple 
intravenous application of 1762 polyplexes, LNP 1621 and LNP SM-102 containing 3 µg total RNA and 1611 polyplexes containing 10 µg 
total RNA. Sanger-sequenced and evaluated by TIDE (Tracking of Indels by Decomposition) analysis. (n=4, mean ± SD). Asterisks indicate 
statistical significance between treated organ to untreated control. Statistical analysis was performed by unpaired Student’s two-tailed t-test 
with Welch’s correction; GraphPad PrismTM 10. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; ns, statistically not significant. Injections and 
harvesting of the organs were performed by Jana Pöhmerer and Ulrich Wilk as part of their veterinary MD studies at Pharmaceutical 
Biotechnology, LMU. DNA extraction was performed by Miriam Höhn (Pharmaceutical Biotechnology, LMU). Analysis of LNP SM-102 
treated animals was performed by Eric Weidinger as part of his PhD studies at Pharmaceutical Biotechnology, LMU. 
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During a 7-day period, BALB/c mice were subjected to three intravenous injections, receiving 

either 1762 polyplexes or 1621 LNPs, both containing 3 µg total RNA (Cas9 mRNA and 

sgDMDEx23 at a weight ratio of 1:1). Well tolerable 1611 polyplexes contained 10 µg total RNA. 

Good biocompatibility of all formulations was demonstrated by standard plasma parameters 

(ALT, alanine transaminase; AST, aspartase aminotransferase; Crea, creatinine; BUN, blood 

urea nitrogen) and monitoring the body weight of animals (Figure 29, Figure 30).  

	

Figure 29. Evaluation of standard plasma parameters after intravenously applied Cas9 polyplexes and Cas9 LNPs. Blood samples were 
taken 7 days after ultimate of three injections with Cas9 polyplexes or Cas LNP containing Cas9 mRNA and sgDMDEx23 at weight ratio 1:1. 
10 µg total RNA were applied with LAF 1611 containing Cas9 polyplexes (n=4), 3 µg total RNA was applied for all other Cas9 formulations 
(n=4), untreated (n=3). ALT, alanine transaminase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Crea, creatinine. Injections 
and analysis were performed by Jana Pöhmerer as part of their veterinary MD studies at Pharmaceutical Biotechnology, LMU. 

	

Figure 30. Body weight after of animals intravenously treated with Cas9 polyplexes and Cas9 LNPs. Triple administration of 150 µL 
nanocarrier solution containing 10 µg total RNA in 1611 polyplexes (N/P 18), 3 µg total RNA in 1762 polyplexes (N/P 24) and 3 µg total RNA 
in 1621 LNP (N/P 24); each animal’s body weight was monitored until their sacrifice at day 14. Arrows indicate days of injection. (n=4, 
mean + SEM). Injections and monitoring of the animal’s weight were performed by Jana Pöhmerer as part of their veterinary MD studies at 
Pharmaceutical Biotechnology, LMU. 

The ex vivo assessment of dystrophin genome editing and mRNA exon 23 skipping was 

performed only with organs exhibiting high dystrophin expression [182], i.e. brain, heart, and 

biceps femoris muscle. We aimed to minimize other factors that might compromise gene editing 

efficiency i.e. chromatin modifications and DNA packaging that can block eukaryotic genome 
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editing [183]. Analysis was performed seven days after final intravenous administration and 

compared to results of untreated BALB/c mice. Confirmation of the desired exon 23 skipping 

in the physiological dystrophin mRNA was achieved by representative Sanger sequencing of 

the RT-PCR products isolated from an agarose gel (Figure 28C, D). RT-PCR products showed 

significant exon skipping in various groups (Figure 28F, Figure 31).  

 
Figure 31. In vivo mRNA splicing modulation in BALB/c mice after triple injection with Cas9 polyplexes and Cas9 LNPs. All LAF-
formulations were compared to LNP containing SM-102 at N/P 6 as gold standard. Total RNA was extracted from homogenized organs 7 days 
after last of triple intramuscular or intravenous injections with Cas9 polyplexes or Cas LNP containing Cas9 mRNA and sgDMDEx23 at weight 
ratio 1:1. 10 µg total RNA were applied with LAF 1611 containing Cas9 polyplexes, 3 µg total RNA was applied for all other Cas9 
formulations. A nested RT-PCR was conducted to amplify dystrophin exon 20-24. The dystrophin expressing organs brain, heart and muscle 
tissue were analyzed after systemic application. Only the tissue of the injected muscle was analyzed after intramuscular application. (A) 
Systemic application of Cas9 polyplexes formed with LAF 1611 at N/P 18 (10 µg total RNA). (B) Systemic application Cas9 polyplexes 
formed with LAF 1762 at N/P 24 (3 µg total RNA). (C) Systemic application Cas9 LNP formed with LAF 1621 at N/P 24 (3 µg total RNA). 
(D) Systemic application Cas9 LNP formed with SM-102 at N/P 6 (3 µg total RNA) served as positive control. (E)  Untreated treated animals 
(n=4) served as negative control. Total RNA was extracted from homogenized organs and nested RT-PCR was conducted to amplify dystrophin 
exon 20-24. 

The 1621 containing LNP formulation resulted in significantly higher exon 23 skipping rates in 

heart tissue (5.7 % ± 1.1 %; mean ± SD) than both polyplex formulations. Splicing modulation 

in the brain was evident across all examined formulations. Especially, 1762 polyplexes elicited 

an high exon skipping rate of 13.1% ± 4.4% (mean ± SD) in brain tissue. Both the 1611 

polyplex and the LNP 1621 group displayed considerable variability, with certain individual 

animals exhibiting higher splicing modulation compared to others. Considerable variability was 

similarly observed in skeletal muscle across all groups. High splicing modulation values of up 

to 17 %, stood in contrast to low levels of other individuals. Such differences in between the 

individual groups, tissues and individuals were not observed in the genomic evaluation of the 

gene sequence surrounding the expected cut site at the dystrophin exon 23. Using the TIDE 

analysis tool, total gene editing efficiencies of 2.5 % - 4.7 % were detected in organs of treated 
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animals compared to a background signal of < 0.7 % in untreated animals (Figure 28G). An 

exemplary TIDE plot is depicted in Figure 32.  

Figure 32. Exemplary Sanger sequencing and TIDE Analysis of the genomic dystrophin sequence after treatment with 
Cas9mRNA/sgDMDEx23 formulations. Total genomic DNA was extracted from homogenized organs and PCR were conducted to amplify the 
genomic region surrounding the dystrophin exon 23. PCR products were purified, Sanger-sequenced and evaluated by TIDE (Tracking of 
Indels by Decomposition) analysis. (A) sequence showing the section around the sgDMDEx23 targeted genomic region of an untreated animal. 
(B) exemplary sequence showing the section around the sgDMDEx23 targeted genomic region of the brain in animal # 4 treated with 
Cas9/sgDMDEx23 polyplexes formed with carrier 1762. Histogram shows aberrant small peaks around and downstream the cut site. (C) TIDE 
Analysis result of indel spectrum for the sequence shown in (B). 

Even though significant gene editing values could be detected in most groups the editing values 

are lower than splicing modulation values in corresponding animals (Table S8). On the one 

hand it remains unclear which exact indel sequence causes a change in the splicing pattern of 

exon 23, on the other hand possible larger genomic deletions, as shown in the mCherry-

DMDEx23 reporter model, would not be detectable by the TIDE analysis tool. The positive 

control SM-102 LNP mediated comparable genome editing efficiencies as 1621 LNP.  

The next aim was to investigate genome editing and mRNA splicing modulation after local 

intramuscular injection with Cas9/sgRNA polyplexes and LNPs. As the i.m. administration of 

the novel class of carriers had not been studied in previous work, the efficiencies of polyplexes 

and LNPs were first analyzed by intramuscular application using luciferase reporter mRNA 

(Table S7,Figure 33). Within the class of mRNA polyplexes, all displayed a very high i.m. 

luciferase expression around 108-109 RLU/g muscle at 6 h post-injection; the bundle B2 carrier 

1762 exhibited significantly higher luciferase expression levels in muscle tissue compared to 

all other tested polyplex formulations (Figure 33). Based on these results, the 1762 carrier, 

along with U1 carrier 1611, which displayed a more favorable toxicity profile [163], were 
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selected for the in vivo evaluation of polyplexes for Cas9-induced dystrophin modification. 

Additionally, luciferase mRNA LNP formulations containing either 1621 as cationizable 

component or, as gold standard, the well-established SM-102 lipid were included in the 

evaluation. Both luciferase mRNA LNPs showed comparable extremely high i.m. luciferase 

expression of > 1010 RLU/g muscle, about 10– to 100-fold higher than the polyplex 

formulations (Figure 33). Notably, luciferase activity at the 6 h time point of investigation 

remained focused to the injected muscle (Figure 33C); activity in other organs of i.m. injected 

mice was several 100-fold to 1000-fold lower.  

Figure 33. Luciferase expression in muscular tissue after intramuscular injection of LAF containing mRNA polyplexes and mRNA 
LNPs. All LAF-formulations were compared to LNP containing SM-102 at N/P 6 as gold standard. (A) Performance of 50 µL intramuscularly 
applied mRNA polyplexes or mRNA-LNP containing 60 ng µL-1 luciferase mRNA (3 µg) was evaluated six hours after injection into the left 
musculus biceps femoris via an ex vivo luciferase assay of the muscle tissue and organs of BALB/c mice. (B) Luciferase activity in RLU was 
determined ex vivo per gram (g) muscle at 6 h post injection (n=4; mean ± SD). LNP compositions see Experimental section. Statistical analysis 
was done by unpaired Student’s two-tailed t-test with Welch’s correction; GraphPad PrismTM 10. Significance between 1762 containing 
polyplexes and all other polyplexes: ** p ≤ 0.01, Significance between 1762 containing polyplexes or LNP 1621 and SM-102: statistically not 
significant.* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001; ns, statistically not significant. (C) Performance of 1621 mRNA LNP. 
Performance of mRNA polyplexes with indicated N/P ratio 6 hours after intramuscular injection. (n=4; mean ± SD, n.d.: not detectable signal. 
Experiments were performed by Jana Pöhmerer and Ulrich Wilk as part of their veterinary MD studies at Pharmaceutical Biotechnology, LMU.  
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Genome editing and mRNA splicing modulation after single or triple intramuscular application 

of Cas9 polyplexes and Cas9-LNPs in BALB/c mice is displayed in Figure 34. Single treatment 

only yielded very low gene editing and splicing modulation. Triple application improved results 

for all tested formulations, with total gene editing efficiencies of 2.3 % - 3.4 %, triggering 

6.0 % - 9.3 % splicing modulation (Figure 34B, C, Figure 35).  

Figure 34. In vivo genome editing and mRNA splicing modulation in BALB/c mice (n=4) after intramuscular injection with Cas9 
polyplexes and Cas9 LNPs. Comparison of dystrophin gene editing and mRNA splicing modulation in muscle tissue of BALB/C mice after 
single or triple intramuscular injections with polyplexes or Cas LNPs containing Cas9 mRNA and sgDMDEx23 at weight ratio 1:1 into the left 
musculus biceps femoris. Only the tissue of the injected muscle was analyzed after intramuscular application. (A) Injection scheme for single 
or triple intramuscular injection of 50 µL nanocarrier solution containing either 3 µg total RNA in1621 (N/P 24) containing LNP and 1762 
polyplexes (N/P 24) or 10 µg total RNA in 1611 polyplexes (N/P 18). SM-102 LNP at N/P 6 containing 3 µg total RNA in 50 µL served as 
gold standard. (B) For the evaluation of splicing modulation, a nested RT-PCR was conducted to amplify dystrophin exon 20-24 . The RT-
PCR product was analyzed on a 2% agarose gel and ratios of splicing modulation were determined using ImageJ Software. The complete gel 
electrophoresis data are provided in Figure 35. (C) Total genomic DNA was extracted from homogenized organs and PCR were conducted to 
amplify the genomic region surrounding the dystrophin exon 23. PCR products were purified, Sanger-sequenced and evaluated by TIDE 
(Tracking of Indels by Decomposition) analysis. (n=4, mean ± SD). Asterisks indicate statistical significance between treated organ to untreated 
control. Statistical analysis was done by unpaired Student’s two-tailed t-test with Welch’s correction; GraphPad PrismTM 10. * p ≤ 0.05; 
** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001; ns, statistically not significant. Injections and harvesting of the organs were performed by Jana 
Pöhmerer, and Ulrich Wilk as part of their veterinary MD studies at Pharmaceutical Biotechnology, LMU. DNA extraction was performed by 
Miriam Höhn (pharmaceutical Biotechnology, LMU). RNA extraction, RNA and DNA evaluation of after single injections were performed 
by Anna-Lina Lessl as part of her PhD studies at Pharmaceutical Biotechnology, LMU. 

Interestingly, genome editing and splice modulation efficiencies do not at all correlate with the 

relative expression levels of luciferase mRNA. Intramuscularly applied 1762 or 1611 

polyplexes mediated slightly higher genome editing and splice modulating than 1621 or SM-

102 LNPs, despite their far lower luciferase mRNA potency. Furthermore, comparing the higher 
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genome editing and splice modulation activity in muscle after intravenous administration with 

the lower activity in local intramuscular injection, an even higher discrepancy with the relative 

luciferase expression levels (>100-fold higher muscle luciferase expression upon local injection 

compared with analogous intravenous injection [163, 172]) is observed. Apparently, in the 

current case, efficient mRNA delivery does not present the bottleneck in the genome editing 

process in total. Additional hurdles, such as the intracellular assembly of sgRNA with the Cas9 

protein to form the RNP complex, followed by their nuclear import, must be overcome after the 

mRNA is translated into Cas9 protein. Utilization of a non-optimized sgRNA sequence with a 

relatively low on-target activity score of 7.8 [184] might explain the discrepancy. Optimization 

of the sgRNA sequence or employing a double sgRNA double-cut approach to excise the 

genomic exon region, presents a potential option for optimizing genome editing. 

 

Figure 35. In vivo mRNA splicing modulation in muscle tissue of BALB/c mice after intramuscular injection with Cas9 polyplexes and 
Cas9 LNPs. Total RNA was extracted from homogenized muscle tissue 7 days after last of single or triple intramuscular injection with Cas9 
polyplexes or Cas LNP containing Cas9 mRNA and sgDMDEx23 at weight ratio 1:1. 10 µg total RNA  were applied with LAF 1611 containing 
Cas9 polyplexes, 3 µg total RNA was applied for all other Cas9 formulations. A nested RT-PCR was conducted to amplify dystrophin exon 
20-24. Only the tissue of the injected muscle was analyzed after intramuscular application. (A) Triple intramuscular application Cas9 
polyplexes formed with left: LAF 1762 at N/P 24 (3 µg total RNA) and right: LAF 1611 at N/P 18 (10 µg total RNA). (B) Triple intramuscular 
application Cas9 LNP formed with left: LAF 1621 at N/P 24 (3 µg total RNA) and right: Cas9 LNP formed with SM-102 as ionizable lipid as 
gold standard LNP formulation (3 µg total RNA). (C) Single intramuscular application Cas9 polyplexes formed with left: LAF 1611 at N/P 18 
(10 µg total RNA), middle: LAF 1762 at N/P 24 (3 µg total RNA) and right: Cas9 LNP formed with LAF 1621 at N/P 24 (3 µg total RNA). 
(D) single intramuscular application Cas9 LNP formed with left: LAF 1621 at N/P 24 (3 µg total RNA) and right: Cas9 LNP formed with SM-
102 as ionizable lipid as gold standard LNP formulation (3 µg total RNA). RNA extraction and evaluation after single injections were 
performed by Anna-Lina Lessl as part of her PhD studies at Pharmaceutical Biotechnology, LMU. 

Controlling the biodistribution and delivering its nucleic acid payload into specific extrahepatic 

tissues and cell types remains a major hurdle for Cas9 mRNA/sgRNA nanocarriers. In this 

respect, the observed triggered alternative mRNA splicing with exon 23 skipping in brain tissue 

and in cardiac and skeletal muscle is noteworthy. Acknowledging the open questions raised by 

our present study and the utilized mouse model is paramount. Of note, physical delivery of Cas9 

mRNA/sgRNA nanoparticles into tissues, which was not studied in the current study, may 

significantly differ from functional activity. The latter requires productive intracellular uptake, 

including endosomal escape, translation into Cas9 protein, assembly into sgRNA RNPs, nuclear 

delivery, and successful genome editing of target cells. Moreover, the uptake mechanisms, 
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including endocytosis, and cellular responses to nanoparticles, are known to vary among 

species, thereby influencing the efficacy of functional mRNA delivery [185]. Furthermore, 

while gene editing targeting the dystrophin 23 exon holds significance for the mdx mouse 

model, it is essential to recognize that a hot spot region of deletions in Duchenne muscular 

dystrophy is represented by exons 45 to 53. Notably, investigations involving relevant exon 50-

deleted mouse and canine models [186, 187], alongside a humanized DMD mouse model [152], 

have been undertaken to assess editing strategies with enhanced translational potential to the 

human DMD condition. 

	

Figure 36. body weight after of animals intramuscularly treated with Cas9 polyplexes and Cas9 LNP. Triple (left) or single (right) 
administration of 50 µL nanocarrier solution containing 10 µg total RNA in 1611 polyplexes (N/P 18), 3 µg total RNA in 1762 polyplexes 
(N/P 24), in 1621 LNP (N/P 24) and in SM 102 LNP (N/P 6); each animal’s body weight was monitored until their sacrifice at day 14. Arrows 
indicate days of injection. (n=4, mean + SEM). Injections and monitoring of the animal’s weight was performed by Jana Pöhmerer as part of 
their veterinary MD studies at Pharmaceutical Biotechnology, LMU. 
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5. Summary 

The Nobel Prize-winning CRISPR/Cas9 technology consisting of the RNA-guided 

endonuclease Cas9, a single guide RNA (sgRNA), and – optionally - donor DNA in case of 

homology-directed recombination repair (HDR) can be delivered with different non-viral 

formats [153, 188]. Constructs encoding the nuclease based on pDNA, on mRNA co-delivered 

with sgRNA, or direct delivery of the recombinant Cas9 protein with sgRNA as an RNP 

formulation have been utilized [189-191]. While transient mRNA expression may be perceived 

as a weakness in some applications, its short-term functionality offers clear advantages, 

particularly in terms of genetic safety and immunogenicity, for the CRISPR/Cas9 system [152]. 

The in vivo LNP therapy NTLA-2001, which transfers Cas9 mRNA/sgRNA into liver 

hepatocytes, just entered advanced clinical evaluation in global phase 3 studies [173]. 

Nevertheless, for applications beyond local administration or delivery into hepatocytes, 

efficient and safe delivery of the Cas9 system remains a challenge. 

Starting point of this thesis was a novel design strategy of sequence-defined xenopeptide carrier 

libraries by chemical evolution [17, 87, 192, 193]. Notably, different nucleic acid cargos possess 

differing delivery demands, due to diverse physicochemical properties (lengths and type of 

nucleic acid) and diverging biological functions and locations such as the cytosol or nucleus 

[174, 194]. Previously optimized carriers for Cas9/sgRNA RNPs delivery with high efficiency 

at sub-nanomolar concentration [87, 192] display only moderate RNA delivery potential (our 

unpublished data). In this work, it was demonstrated that the potency of mRNA carriers and 

formulations may but need not necessarily be predictive for Cas9 mRNA/sgRNA delivery. 

Cas9mRNA (4.5kb) is more than twice as large as luciferase mRNA (1.9kb), and co-delivery 

with smaller sgRNA, and ideally also ssDNA for homology directed repair (HDR) makes it a 

more demanding cargo. To address this question, a library of recently reported double pH-

responsive xenopeptide carriers containing succinoyl tetraethylene pentamine (Stp) and lipo 

amino fatty acids (LAFs) were evaluated for CRISPR/Cas9 based genome editing. 

Physicochemical nanoparticle properties of different carrier topologies, variations of LAF/Stp 

ratios and LAF types as Cas9 mRNA/sgRNA polyplexes were screened and functional 

biological characteristics in three different reporter cell lines using three different genomic 

targets (Pcsk9, eGFP, mdx exon 23) were evaluated. Xenopeptides 1611 (U-shape topology, 

Stp/LAF ratio 1:2) and 1762 (B2-topology, Stp/LAF 1:4) containing 12- and 10-aminooctanoic 

acid LAFs, respectively, were identified as best-performing carriers for Cas9 mRNA/sgRNA 

polyplexes. Remarkable in vitro gene editing potency of the top carriers were observed at sub-
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nanomolar EC50 concentrations of 0.4 nM sgRNA and 0.1 nM sgRNA for the respective U-

shape and B2 carriers, even after incubation in full (≥ 90 %) serum. Polyplexes formed with 

xenopeptide 1611 were identified as the most suitable carrier for the co-delivery of mRNA and 

DNA. Hence, the polyplexes’ potency to co-deliver Cas9 mRNA/sgRNA with a single stranded 

DNA template for homology directed gene editing was assessed, resulting in up to 38 % 

conversion of eGFP to BFP in reporter cells. Additionally, a LNP formulation of B2 carrier 1621 

was generated. Selected carrier formulations displayed physicochemical and functional stability 

upon storage at 4 °C and unaffected activity upon incubation in full serum. Importantly, after 

intravenous administration in mice, Cas9 mRNA/sgRNA formulations successfully 

demonstrated in vivo genome editing that targeted the dystrophin gene exon 23 splice site, thus 

also triggering alternative mRNA splicing with skipping of exon 23, as observed in cardiac and 

skeletal muscle and in brain tissue. 
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6. Appendix 

6.1. Supporting Tables 

Table S1. Particle characterization by dynamic and electrophoretic light scattering of Cas9 polyplexes.  

ID N/
P LAF Stp:LAF 

ratio Z-Average (nm) PdI ZP (mV) 

    mean SD mean SD mean SD 

Bundles B2 

1621 

12 

8Oc 1:4 

7735.7 767.9 0.57 0.13 -4.0 0.8 

18 201.9 6.0 0.21 0.01 13.2 0.7 

24 134.5 4.0 0.10 0.01 15.9 1.6 

1730 

12 

8Oc 2:4 

120.3 4.1 0.22 0.02 7.2 1.1 

18 89.7 1.9 0.10 0.01 -5.4 1.2 

24 99.7 2.2 0.13 0.03 25.9 1.9 

1613 24 12Oc 1:4 7180.7 765.5 0.62 0.15 -16.3 1.6 

1752 24 12Bu 1:4 259.0 4.0 0.15 0.01 16.4 0.7 

1753 24 16Bu 1:4 11409.0 1925.3 0.67 0.41 16.2 0.6 

1754 24 12He 1:4 163.2 2.1 0.18 0.03 18.2 1.6 

1755 24 14He 1:4 413.1 8.3 0.42 0.01 17.3 2.0 

1762 24 10Oc 1:4 170.3 1.5 0.09 0.05 16.7 1.4 

U1-shapes 

1611 

12 

12Oc 1:2 

128.6 2.8 0.27 0.01 -1.5 1.4 

18 94.0 3.4 0.14 0.01 32.5 2.2 

24 126.4 3.7 0.35 0.03 34.8 0.8 

1718 

12 

12Oc 1:4 

143.9 4.0 0.19 0.01 10.8 2.2 

18 152.3 1.0 0.35 0.03 35.9 0.1 

24 143.9 2.8 0.36 0.04 37.9 0.4 

1719 

12 

12Oc 2:4 

100.2 6.5 0.24 0.05 8.4 0.9 

18 79.7 1.7 0.19 0.01 23.0 0.9 

24 75.5 1.9 0.13 0.01 28.5 2.4 

1746 18 8Oc 1:2 80.87 1.29 0.159 0.014 17.97 2.02 

1763 18 12Bu 1:2 116.07 3.79 0.248 0.01 30.93 1.19 

1765 18 12He 1:2 98.14 4.76 0.252 0.023 21.97 0.92 

1766 18 14He 1:2 125.17 9.54 0.312 0.018 28.83 1.37 

1764 18 16Bu 1:2 129.23 6.89 0.328 0.01 27.07 1.63 
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U3-shapes 

1612 

12  

1:4 

223.1 4.2 0.12 0.01 -40.0 2.9 

18  271.7 5.8 0.30 0.01 -27.0 1.2 

24  261.0 4.7 0.21 0.03 -20.0 1.4 

1722 

12  

2:4 

107.6 8.9 0.20 0.04 8.1 2.4 

18  86.9 2.0 0.14 0.00 11.4 1.7 

24  82.2 2.5 0.13 0.01 34.6 1.8 

U4-shapes 

1716 

12  

1:4 

4524.0 364.8 0.11 0.05 5.6 0.5 

18  1341.3 82.0 0.78 0.12 14.9 1.6 

24  250.3 6.9 0.16 0.03 18.4 1.3 

1717 

12  

2:4 

122.5 1.7 0.13 0.02 8.0 1.0 

18  86.7 2.1 0.12 0.02 25.3 0.4 

24  124.7 1.1 0.29 0.05 16.1 1.2 
Polyplexes were formed with different LAF carriers at indicated N/P ratios resulting in a total RNA concentration of 12.5 ng µL-1. Data are 
presented as mean ± SD (n=3). 

Table S2. Particle characterization by dynamic and electrophoretic light scattering of 1611 polyplexes for 
HDR. 

ID sgRNA/ssD
NA Z-Average Size by number PdI Zeta-potential 

 ratio mean SD mean SD mean SD mean SD 

1611 
N/P 18 

1:0 84.4 1.5 44.5 3.25 0.23 0.01 30.2 1.3 

1:0.5 86.5 0.1 42.8 1.39 0.29 0.02 26.3 1.9 

1:1 88.5 1.2 38.0 1.58 0.35 0.01 25.7 1.0 

1:2 80.0 0.8 32.1 3.72 0.33 0.00 29.3 1.1 

1611 polyplexes at N/P 18 formed with Cas9 mRNA and sgGFP at weight ratio 1:1 and the single stranded DNA template (ssDNA) at indicated 
ratios of sgRNA:ssDNA. Data are presented as mean ± SD (n=3). 

Table S3. Half maximal effective concentration (EC50) of Cas9 mRNA/sgDMDEx23 polyplexes. 
 1611 N/P 18 1621 N/P 24 1752 N/P 24 1762 N/P 24 

Hepa 1.1 nM  
sgPcsk9 

4.0 nM  
sgPcsk9 

6.5  nM  
sgPcsk9 

4.4 nM  
sgPcsk9 

HeLa 0.7 nM  
sgDMDEx23 

0.2 nM  
sgDMDEx23 

0.4 nM  
sgDMDEx23 

0.1 nM  
sgDMDEx23 

HeLa (serum) 0.4 nM  
sgDMDEx23 

0.1 nM  
sgDMDEx23 

0.2 nM  
sgDMDEx23 

0.1 nM  
sgDMDEx23 

Half maximal effective concentration (EC50), defined as sgRNA concentration resulting in 50 % gene edited cells after treatment with best 
performing Cas9 polyplexes in in vitro experiments as shown in Figure 5. The first row of the table shows EC50 for Pcsk9 knock out of all 
treated Hepa 1-6 Pcsk9tdTomato. Second and third row show EC50 on HeLa mCherry-DMDEx23 cells with carriers without and with dilution in full 
serum (≥ 90% serum), respectively. 
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Table S4. Long time stability and particle characterization by dynamic and electrophoretic light scattering 
of Cas9 mRNA/sgDMDEx23 polyplexes and LNP 

ID Type N/P TP Z-Average 
(nm) 

Size by number 
(nm) PdI Zeta-potential 

(mV) EE 

   Day mean SD mean SD mean SD mean SD % 

1611 Polyplex 18 

0 145.7 2.5 73.1 15.0 0.21 0.02 28.1 0.8 96.2 

14 151.7 4.0 57.7 27.3 0.21 0.01 25.6 0.0 96.4 

127 151.4 3.5 52.3 36.2 0.22 0.00 21.8 0.8 NE 

1762 Polyplex 24 

0 123.4 1.7 55.5 6.5 0.20 0.02 23.1 0.9 95.9 

14 121.7 2.6 47.2 2.8 0.27 0.01 16.5 1.1 99.1 

127 135.7 2.1 63.1 20.3 0.24 0.002 -5.4 1.5 NE 

1621 LNP 24 

0 105.2 0.9 64.3 7.8 0.19 0.02 4.8 0.4 91.7 

14 118.9 0.2 64.5 12.3 0.22 0.03 3.3 0.1 98.2 

127 111.1 1.9 58.1 6.2 0.24 0.002 1.3 0.7 NE 

SM102 LNP 6 

0 165.9 2.1 124.4 5.5 0.09 0.01 -0.9 0.0 86.6 

14 175.4 2.4 136.1 9.4 0.15 0.02 -3.9 2.5 96.3 

127 143.2 1.7 90.4 2.7 0.15 0.00 -1.8 0.4 NE 
Nanoparticles were formed with different LAF carriers at indicated N/P ratios resulting in a total RNA concentration of 200 ng µL-1 for 1611 
polyplexes and 60 ng µL-1 for all other formulations. All formulations were stored at 4 °C until determined time points and were diluted with 
HBG to a total RNA concentration of 12.5 ng µL-1 for size and zeta potential measurements. LNP compositions see Experimental part section 
2.6. (n=3, mean ± SD). NE: not evaluated; EE: encapsulation efficiency 

Table S5. Particle characterization by dynamic and electrophoretic light scattering of luciferase mRNA 
LNP. 

ID N/P Z-Average  
(nm) Size by number (nm) PdI Zeta-potential 

(mV) 

  mean SD mean SD mean SD mean SD 

SM102 6 150.5 2.0 105.4 1.1 0.13 0.02 -1.1 0.4 

1621 
18 115.7 2.7 51.5 0.2 0.23 0.01 2.5 1.0 

24 107.7 1.3 61.6 1.3 0.21 0.01 2.4 0.6 
Nanoparticles were formed with different LAF carriers at indicated N/P ratios resulting in a mRNA concentration of 6.7 ng µL-1. LNP 
compositions see Experimental section. Data are presented as mean ± SD (n=3).  

Table S6. Particle characterization by dynamic and electrophoretic light scattering of 
Cas9 mRNA/sgDMDEx23 LNP 

ID N/P Z-Average  
(nm) Size by number (nm) PdI Zeta-potential 

(mV) 

  mean SD mean SD mean SD mean SD 

SM102 6 152.1 2.4 104.4 7.4 0.15 0.01 -2.5 0.1 

1621 
18 110.3 0.9 77.3 3.9 0.15 0.02 4.5 0.8 

24 107.5 1.4 57.5 3.3 0.17 0.03 5.6 0.7 

Nanoparticles were formed with different LAF carriers at indicated N/P ratios resulting in a mRNA concentration of 6.7 ng µL-1. LNP 
compositions see Experimental part section 2.6. Data are presented as mean ± SD (n=3).  
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Table S7. Particle characterization by dynamic and electrophoretic light scattering of luciferase mRNA 
polyplexes and LNP for intramuscular injections. 

ID Type N/P Z-Average  
(nm) 

Size by number 
(nm) PdI Zeta-potential 

(mV) EE 

   mean SD mean SD mean SD mean SD % 

SM102 LNP 6 226.6 4.9 181.0 6.3 0.11 0.00 -1.09 0.67 89.1 

1621 LNP 24 107.9 1.2 65.4 6.9 0.16 0.04 6.04 0.80 90.3 

1611 Polyplex 
18 145.7 3.5 58.8 25.0 0.24 0.00 29.63 1.10 NE 

24 156.5 2.5 62.0 15.0 0.24 0.01 28.43 0.67 NE 

1621 Polyplex 24 122.7 0.7 65.12 7.0 0.24 0.01 25.67 0.90 NE 

1752 Polyplex 24 144.2 1.8 51.3 29.4 0.18 0.01 15.93 0.57 NE 

1762 Polyplex 24 105.7 2.2 40.9 14.6 0.21 0.02 26.20 0.95 NE 
Nanoparticles were formed with different LAF carriers at indicated N/P ratios resulting in a mRNA concentration of 60 ng µL-1. All 
formulations were diluted with HBG to a mRNA concentration of 12.5 ng µL-1 for size and zeta potential measurements. LNP compositions 
see Experimental section 2.6. Data are presented as mean ± SD (n=3). NE: not evaluated. 

Table S8. in vivo editing of dystrophin gene after intravenous application 

ID  Splicing 
modulation 

Genomic 
evaluation  

Splicing 
modulation 

Genomic 
evaluation  

Splicing 
modulation 

Genomic 
evaluation 

 No (%) mean 
± SD (%) mean 

± SD (%) mean 
± SD (%) mean 

± SD (%) mean 
± SD (%) mean 

± SD 

  brain heart muscle 

17
62

 

#1 9.4 

13.1 
± 4.4 

2.7 

4.7 
± 2.0 

1.1 

1.6 
± 1.2 

2.3 

2.9 
± 0.8 

8.8 

9.0 
± 5.1 

2.6 

2.8 
± 0.7 

#2 14.1 4.8 2.6 2.5 16.4 2.2 

#3 10.1 3.9 0.0 2.6 5.6 2.6 

#4 18.9 7.5 2.4 4.0 5.4 3.9 

16
11

 

#1 11.7 

6.1 
± 5.2 

4.1 

3.4 
± 0.7 

2.6 

1.4 
± 0.8 

2.8 

2.5 
± 0.9 

0.2 

8.7 
±7.4 

2.8 

3.4 
± 0.8 

#2 2.3 3.9 0.8 2.9 5.9 4.6 

#3 1.1 2.5 1.3 1.2 17.3 3.2 

#4 9.3 3.2 0.8 3.0 11.6 3.0 

16
21

-  L
N

P 

#1 11.6 

5.1 
± 6.0 

3.1 

3.1 
± 0.6 

5.9 

5.7 
± 1.1 

5.1 

3.6 
± 1.2 

11.2 

3.5 
±5.2 

6.6 

3.6 
±2.2 

#2 0.0 2.4 5.8 3.1 0.8 2.4 

#3 8.7 3.9 6.9 2.4 0.0 1.7 

#4 0.0 2.9 4.3 3.9 1.9 3.8 

un
tr

ea
te

d 

#1 1.3 

1.0 
± 0.5 

0.3 

0.6 
± 0.6 

1.6 

1.7 
± 0.2 

0.1 

0.7 
± 0.4 

1.1 

0.7 
± 0.5 

0.4 

0.7 
± 0.2 

#2 0.3 0.6 1.7 1.0 0.6 0.8 

#3 1.3 1.5 2.0 0.6 0.0 0.9 

#4 0.9 0.1 1.6 0.9 1.0 0.6 

In vivo mRNA splicing modulation and genome editing in BALB/c mice after intravenous injection with Cas9 polyplexes and Cas9 LNP as 
shown in Fig. 6. Splicing modulation was determined using ImageJ Software. Genomic evaluation was performed by Sanger sequencing and 
subsequent evaluation of total editing efficiency with the TIDE analysis tool (https://tide.nki.nl/). All data are presented in percent for individual 
animals and mean ± SD (n=4).  
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Table S9. in vivo editing of dystrophin gene after intramuscular application 

ID  Splicing 
modulation 

Genomic 
evaluation  

Splicing 
modulation 

Genomic 
evaluation  

 No (%) mean 
± SD (%) mean 

± SD (%) mean 
± SD (%) mean 

± SD 

  triple application  single application  

17
62

 

#1 8.8 

9.0 
± 5.1 

4.4 

3.4 
± 0.7 

0.0 

2.5 
± 4.9 

1.2 

1.7 
± 0.8 

#2 16.4 3.2 0.0 0.7 

#3 5.6 2.8 0.0 1.8 

#4 5.4 3.0 9.9 3.2 

16
11

 

#1 7.5 

9.3 
± 4.9 

3.2 

3.3 
± 0.2 

1.2 

1.0 
± 1.0 

0.3 

1.1 
± 0.6 

#2 4.4 3.1 0.6 1.8 

#3 9.3 3.5 2.3 1.0 

#4 16.0 3.5 0.0 1.2 

16
21

-  L
N

P 

#1 4.5 

6.0 
± 4.5 

2.8 

2.4 
± 1.4 

0.0 

0.0 
± 0.0 

0.0 

0.7 
± 0.6 

#2 5.2 2.8 0.0 1.2 

#3 12.3 3.5 0.0 1.0 

#4 1.8 0.4 0.0 0.4 

SM
-1

02
 - L

N
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#1 15.2 

6.7 
± 6.4 

4.0 

2.3 
± 1.5 

1.4 

2.1 
± 3.4 

1.2 

1.7 
± 0.9 

#2 8.1 3.1 7.1 2.9 

#3 1.7 1.2 0.0 1.0 

#4 1.7 0.8 0.0 1.5 

In vivo mRNA splicing modulation and genome editing in BALB/c mice after triple and single intramuscular injection with Cas9 polyplexes 
and Cas9 LNP as shown in Fig. 7. Splicing modulation was determined using ImageJ Software. Genomic evaluation was performed by Sanger 
sequencing and subsequent evaluation of total editing efficiency with the TIDE analysis tool (https://tide.nki.nl/). All data are presented in 
percent for individual animals and mean ± SD (n=4).  
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6.2. Abbreviations 

Abbreviation  

° C degree Celsius  

µg, µL microgram(s), microliter(s) 

ALT alanine aminotransferase 

ASO antisense oligonucleotide 

AST aspartate aminotransferase 

ATP adenosine triphosphate 

BUN blood urea nitrogen 

bp base pairs 

Cas 9 CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) associated 
protein 9 

CAR T cell Chimeric antigen receptor T cell 

cDNA complementary DNA 

CLSM confocal laser scanning microscope  

CPP cell penetrating peptide 

Crea creatinine  

cSNP coding single-nucleotide polymorphisms  

Ctrl control 

DAPI 4′,6-diamidino-2-phenylindole 

DBCO-NHS dibenzocyclooctyne-N-hydroxysuccinimidyl 

DMD Duchenne Muscular Dystrophy 

DMDEx23 Duchenne Muscular Dystrophy exon 23 

DMEM Dulbecco’s Modified Eagle’s Medium 

DMSO dimethyl sulfoxide 

DNA  deoxyribonucleic acid 

dsRNA double-stranded RNA 

EDTA ethylenediaminetetraacetic acid 

e.g. exempli gratia (for example) 

eGFP enhanced green fluorescent protein 

EMA European Medicine Agency 

EtOH ethanol 

Ex23 exon 23 
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FACS fluorescence-activated cell sorting 

FBS fetal bovine serum 

FDA Food and Drug Administration- U.S. federal agency of the department of health and 
human services 

fwd forward 

GFPd2 destabilized green fluorescent protein 

HBG HEPES-buffered glucose 

HCl hydrochloric acid solution 

HEPES N-(2-hydroxethyl) piperazine-N‘-(2-ethansulfonic acid) 

i.e. id est (that is) 

i.m.  intramuscular(ly) 

i.v. Intravenous(ly) 

kDa kilodalton 

KO knock out 

LAF lipo amino fatty acid 

LAR buffer Luciferase Asssay Reagent buffer 

Luc luciferase 

mg, mm milligram(s), millimeter(s) 

miRNA microRNA 

mRNA messenger RNA 

MTBE methyl tert-butyl ether 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

n number of samples 

N/P carrier nitrogen to nucleic acid phosphate ratio 

NA nucleic acid 

nM nanomolar 

OAA oligoamidoamide 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

pDNA plasmid deoxyribonucleic acid 

PEG polyethylene gycol 

PFA paraformaldehyde  

Ph.D. Doctor of Philosophy 
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PMO phosphorodiamidate morpholino oligomer 

pre-mRNA precursor-mRNA 

rev reverse 

RNA ribonucleic acid 

RNAi RNA interference 

RNP ribonucleoprotein 

rpm revolutions per minute 

RT room temperature 

SD standard deviation 

sec second 

sgRNA single guide RNA 

siRNA short interfering RNA 

succPEI succinyl polethylenimine 

SPPS solid-phase peptide synthesis 

SSO splice switching oligonucleotide 

Stp succinyl-tetraethylene pentamine 

TE trypsin/EDTA 

TIDE tracking of indels by decomposition  

TLR Toll-like receptors 

w/w weight to weight ratio 

wt wild type 
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6.3.  Plasmid Maps and Reporter Gene Sequence 

 
Figure 37 Plasmid map of pEGFP-N1. 

 

 

Figure 38 Plasmid map of PB-mCherry-DMDEx23-eGFP. Deposited at Addgene (#211366). 
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Figure 39 Sequence of the reporter gene mCherry-DMDEx23 with separate section labels and PMO(Ex23) binding site. 
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