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Zusammenfassung

Gentherapien stellen vielversprechende neue Therapieoptionen für eine Vielzahl von Indika-
tionen dar. Trotz mehrerer zugelassener Medikamente, die auf viralen Gentransfer-Vektoren
basieren, bleibt das volle Potenzial gentherapeutischer Ansätze bislang ungenutzt. Dies liegt
zum einen an der hohen Immunogenität und aufwändigen Herstellung viraler Vektoren,
zum anderen an der geringen Effizienz nicht-viraler Gentransfersysteme, die vor allem auf
den Einschluss der verwendeten Nanopartikel in Endosomen und den damit verbundenen
Abbau zurückzuführen ist.

SO1861, ein aus Saponaria officinalis L. isoliertes Triterpensaponin, kann die Freisetzung
aus den Endosomen fördern und wird daher als Transfektionsverstärker eingesetzt. Die
Saponin-unterstützte Transfektion wird als Sapofektion bezeichnet und beinhaltet die paral-
lele Verabreichung des Saponins und der Nanopartikel. In vitro funktioniert dies problemlos,
in vivo erweist sich die Synchronisation der beiden Komponenten jedoch als schwierig. Ziel
der vorliegenden Arbeit war daher die Entwicklung und Optimierung eines nicht-viralen
Gentransfersystems, das die zu transfizierende DNA und das transfektionsverstärkende
Saponin in einem Partikel enthält und intravenös verabreicht werden kann. Durch die
Integration eines zielgerichteten Liganden in den zu entwickelnden Nanopartikel sollte
zusätzlich die zielgerichtete Wirkung des Gentransfersystems sichergestellt werden.

Um dieses Forschungsziel zu erreichen, wurde SO1861 mit Hilfe eines pH-sensitiven
Hydrazon-Linkers kovalent an ein Poly-L-Lysin-basiertes Peptidgerüst konjugiert. Die her-
gestellten SO1861-funktionalisierten Peptide wurden zur Komplexierung von DNA durch
elektrostatische Wechselwirkung verwendet. Die resultierenden Nanoplexe wurden in vitro
auf ihre Transfektionseffizienz und Verträglichkeit hin untersucht. In allen untersuchten
Zelllinien transfizierten die Nanoplexe mit konjugiertem SO1861 deutlich effektiver als
nicht-funktionalisierte Nanoplexe unter Zugabe von freiem SO1861 zum Transfektions-
medium. Die Transfektion mit den SO1861 enthaltenden Nanoplexen beeinflusste die
Zellviabilität nicht.

Zielgerichtete, konjugiertes SO1861 enthaltende Nanoplexe wurden durch Integration
eines zielgerichteten Peptids hergestellt und in vivo in einem Allograft-Tumormodell in
Mäusen getestet. Unter Verwendung eines Selbstmordgen-Vektors, der für das zytotoxische
Protein Saporin kodiert, wurde bei der Behandlung mit zielgerichteten, SO1861 enthal-
tenden Nanoplexen im Vergleich zur Vehikelkontrolle ein verlangsamtes Tumorwachstum
und eine verbesserte Überlebensrate beobachtet. Die intravenöse Injektion der SO1861
enthaltenden Nanoplexe war dabei gut verträglich.
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Abstract

Gene therapies represent promising new therapeutic options for a variety of indications.
Despite several approved drugs based on viral gene delivery vectors, the full potential of
gene therapy approaches remains unexploited. This is due to the high immunogenicity and
complex production of viral vectors as well as the low efficacy of non-viral gene delivery
vehicles that is in particular attributable to endosomal entrapment and degradation of the
nanoparticles used.

SO1861, a naturally occurring triterpenoid saponin isolated from Saponaria officinalis L.,
promotes endosomal escape and is therefore used as a transfection enhancer. The saponin-
enhanced transfection was termed sapofection and involves the parallel administration of
the endosomal-escape enhancing saponin and the DNA-containing nanoparticles. Parallel
administration is not a problem in vitro, but the synchronization of the two components is
a challenge in vivo. The aim of the present work was therefore to develop and optimize a
non-viral gene delivery vehicle that contains the DNA to be transfected and the transfection-
enhancing saponin SO1861 in one particle that can be administered intravenously. The
integration of a targeting ligand into the gene delivery vehicle to be developed shall ensure
the targeted delivery of the nanoparticles.

To achieve this research goal, SO1861 was covalently conjugated to a poly-L-lysine-
based peptide scaffold using a pH-sensitive hydrazone linker. The prepared SO1861-
functionalized peptides were used to complex DNA by electrostatic interaction. The
resulting nanoplexes were evaluated for in vitro transfection efficiency and tolerability. In
a variety of cell lines, the nanoplexes with conjugated SO1861 transfected significantly
more effectively than non-functionalized nanoplexes with supplementation of free SO1861
in the transfection medium. The transfection with SO1861-nanoplexes was well tolerated.

Targeted nanoplexes containing covalently conjugated SO1861 were prepared by in-
corporation of a targeting peptide and tested in vivo in an allograft tumor model in mice.
Using a suicide gene vector encoding the cytotoxic protein saporin, treatment with targeted
SO1861-containing nanoplexes was observed to slow tumor growth and improve survival
compared to vehicle control. Intravenous injection of nanoplexes containing SO1861 was
well tolerated.
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1 Introduction

Gene therapy medicinal products, defined as biological drugs whose active ingredient
consists of or contains a nucleic acid, are used to regulate, repair, replace, supplement,
or remove a nucleic acid sequence (PEI 2024). With 3900 gene therapy clinical trials
completed, underway, or approved by March 2023, gene therapy strategies have emerged
as promising and widely explored approaches for a variety of therapeutic indications,
mainly cancer and monogenic diseases (The Journal of Gene Medicine 2023).

Particularly in the case of cancer, a leading cause of global mortality with almost 10million
deaths in 2020 (Sung et al. 2021), the development of efficient and safe gene therapeutics
is expected to have a major impact on medical progress. Promising approaches for cancer
gene therapy include, amongst others, corrective gene therapy of mutations, boosting the
immune response against tumor cells, (e.g., by infusing autologous immune cells genetically
modified ex vivo), RNA interference, and suicide gene based cancer treatment (Duarte et al.
2012; Navarro et al. 2016; Vassaux and Martin-Duque 2004).

Despite the diversity of research approaches, a closer look at the registered gene therapy
trials, 94% of which are in phase I or II (The Journal of Gene Medicine 2023), and the
approval of only 22 gene therapy drugs by the U.S. Food & Drug Administration (FDA)
and/or the European Medicines Agency (EMA) (FDA 2024; PEI 2024) to date, indicates
difficulties in translating preclinical research into clinical application. These are briefly
discussed below.

1.1 Vectors: Gene Delivery Vehicles

Unprotected, naked DNA is rapidly eliminated by phagocytes and nucleases. For the
therapeutic application of nucleic acids, their protection by so-called vectors, also referred
to as gene delivery vehicles, is therefore essential. In addition to protecting and stabilizing
DNA, these delivery vehicles are critical for the efficient delivery of therapeutic nucleic acids
into target tissues or cells. Gene therapy vectors are broadly classified as either non-viral or
viral, with the latter further subdivided into integrating and non-integrating viral vectors
(Hardee et al. 2017; Mali 2013; Singh et al. 2021).
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1.1.1 Viral Gene Delivery Vehicles

Viral vectors, due to their natural ability to infect cells, typically exhibit significantly higher
gene delivery efficacy than non-viral vectors. However, several obstacles prevent their
widespread clinical application.

Recombinant viral vectors are generated by integrating the transgene to be introduced
into the viral genome while eliminating all genes encoding viral proteins. Although the
viruses are rendered harmless by their lack of replication ability, the immune system
of the recipient reacts to the pathogen-associated molecular patterns of the replication-
incompetent virus. In addition to severe acute immune reactions as a safety risk (Raper et al.
2003), the inactivation of the virus by neutralizing antibodies upon repeated administration
is an obstacle to the use of viral vectors for gene therapy applications requiring multiple
administrations. In addition, the manufacturing process of viral vectors is both costly and
complicated (Jooss and Chirmule 2003; Singh et al. 2021).

Integrating viral vectors such as retroviruses or lentiviruses are capable of permanently
integrating the transgene into the host genome. Successful transduction with these viral
vectors results in stable and long-lasting expression of the transgene. Several gene therapy
products using integrating viral vectors are currently approved for ex vivo transduction of
autologous cells, for example in the context of chimeric antigen receptor T-cell therapy
(Bulcha et al. 2021; Kulkarni et al. 2021). In addition to the safety concerns mentioned
above, the risk of insertional mutagenesis with consequent oncogenesis (Check 2002;
Vargas et al. 2016) is another reason why integrating viral vectors are currently used
exclusively ex vivo.

Adenoviral vectors are non-integrating viral vectors, which minimizes the risk of inser-
tional mutagenesis, but only allows transient expression of the transgene. Their application
as viral vectors is characterized by high transduction efficiency of both dividing and quies-
cent cells, as well as robust and rapid transgene expression. High titer production is also
possible (Kay et al. 2001). The main obstacle to the use of adenoviral vectors is widespread
humoral and cellular immunity to common adenovirus serotypes, estimated to exceed
80% (Garnett et al. 2002). Non-human adenoviral vectors, which circumvent preexisting
immunity to human adenoviruses, have been explored as an alternative, but the strong
innate response to the viral vectors and inactivation by neutralizing antibodies, which
prevent re-administration have led to widespread abandonment of adenoviral vectors for
gene therapy (Ahi et al. 2011; Lopez-Gordo et al. 2014; Shirley et al. 2020). Despite
these limitations, nadofaragene firadenovec was recently approved as the first adenoviral
vector-based gene therapy (FDA 2023) for a specific type of bladder cancer. Its dosing regi-
men includes intravesical administration every three months. The phase IV trial will show
whether local application in combination with a low dose and the optimized adenoviral
vector sufficiently reduces immunogenicity, given that only 157 patients were enrolled in
the pivotal phase III trial, of whom only 64 received four doses (Boorjian et al. 2021).

Adeno-associated virus (AAV) is a naturally non-pathogenic virus that requires parallel
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infection with a helper virus such as an adenovirus for replication. None of the wild-type
AAV serotypes have been described to cause disease in humans. Compared to other vi-
ral vectors, the administration of recombinant AAVes induces only a mild inflammatory
response. Although AAVes are not highly immunogenic, neutralizing antibodies are still
generated, preventing repeated administration of the same AAV-vector. In addition, neu-
tralizing antibodies against multiple AAV serotypes are typically developed in childhood.
Seroprevalence varies geographically and between serotypes, ranging from 5% to 60%
(Jeune et al. 2013). This fact is taken into account by screening for neutralizing antibodies
before attempting therapy. AAV-based viral vectors are capable of transducing a wide
variety of cells, regardless of their stage in the cell cycle. Episomal transgene expression
and random chromosomal integration are described mechanisms for transgene expression
after infection with AAV-based vectors. Insertional mutagenesis by AAV vectors leading
to oncogenesis has been reported in mice, raising safety concerns for the clinial use of
AAV vectors (Donsante et al. 2007). When transduced with AAV-based vectors, the onset
of transgene expression takes longer than with adenoviral vectors, typically reaching a
plateau four weeks after administration. In addition, significantly longer lasting transgene
expression is observed when using AAV vectors. Recombinant AAVes have a limited packing
capacity of ≈5.0 kilobases (kb), limiting their use to transgenes that do not exceed this
limit (Jooss and Chirmule 2003; Kay et al. 2001; Shirley et al. 2020; Singh et al. 2021).
Despite the limitations described above, several drugs using recombinant AAV-vectors
have been approved by the EMA and/or FDA as one-time therapy for monogenic diseases
(Burdett and Nuseibeh 2022).

In summary, the constraints described above, as well as the severe side effects and
enormous costs for the widespread use of viral vectors, make the further development and
improvement of alternative, non-viral vectors for gene therapy approaches highly relevant.

1.1.2 Non-Viral Gene Delivery Vehicles

While viral vectors act as both carrier and protector of the transgene, these two functions
are typically separated in non-viral gene delivery vehicles.

The transgene is usually part of a plasmid, which are small, circular, double-stranded
DNA molecules, hereafter referred to as plasmid DNA (pDNA) vectors. To protect against
nuclease degradation, enhance cellular uptake, and minimize immunogenicity, molecular
carriers are used to incorporate the pDNA vector, resulting in nanoparticles used as non-viral
gene delivery vehicles.

In contrast to viruses, whose evolution has optimized gene transfer, successful gene
delivery using non-viral approaches presents several obstacles. Successful gene expression
in vitro upon transfection, defined as the introduction of nucleic acids into eukaryotic cells,
is shown schematically in Figure 1.1 and requires:

• Cellular internalization of the gene delivery vehicle: Particle size is a critical factor in
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determining the route and efficiency of cellular uptake and subsequent intracellular
trafficking. Nanoparticles have been shown to be internalized via clathrin- or caveolae-
mediated endocytosis (Foroozandeh and Aziz 2018; Rehman et al. 2011). 200 nm is
generally being considered the upper size limit for clathrin-mediated endocytosis
(Ehrlich et al. 2004; Rejman et al. 2004). The most efficient internalization with high
uptake rates was demonstrated for 50 nm nanoparticles by S.-H. Wang et al. (2010).
Uptake was shown to decrease for both smaller and larger particles.

• Escape from the endo-lysosomal pathway: Endosome maturation involves gradual
acidification and eventual fusion of late endosomes with lysosomes, where cargo is
degraded by lysosomal enzymes at pH4.5 to pH5 (Ohkuma and B. Poole 1978; Pei
and Buyanova 2018). Endosomal escape has been described as very inefficient for
most non-viral gene delivery systems, with only ≈1% of the cargo released (Gilleron
et al. 2013; Rehman et al. 2013). Several theories regarding nanoparticle escape from
the endosomal pathway have been postulated and refined over the years, as reviewed
by Winkeljann et al. (2023). The most influential one is the proton sponge theory
introduced by Behr (1997). It claims that the presence of polycationic structures in
the endosomes prevents the pH from dropping due to their buffering capacity. The
proton pumps counteract this buffering effect by maintaining the influx of protons
into the endosomal lumen. This is followed by a passive influx of chloride ions to
maintain charge equilibrium. The increased osmotic gradient leads to the uptake
of water, resulting in increased osmotic pressure, which ultimately leads to the
collapse of the endosomal membrane. Recent evidence suggests that in addition to
this osmotically induced membrane burst, sterically induced membrane disruption
and escape via (ir)reversible membrane hole formation induced by the interaction
between the nanoparticles and the endosomal membrane may also play a role (Bus
et al. 2018; Vermeulen et al. 2018).

• Nuclear entry: The use of pDNA vectors requires their transcription into messenger
ribonucleic acid (mRNA) to exert their effect. Passive diffusion through nuclear pore
complexes located in the nuclear envelope has an upper cut-off of 5 nm in diameter
or 40 kDa in size (Knockenhauer and Schwartz 2016; Musser and Grünwald 2016),
so this mechanism is not relevant for nuclear entry of pDNA molecules. Receptor-
mediated transport, which allows translocation of much larger molecules, requires
nuclear localization signals (Dingwall et al. 1982; Nigg 1997; Zanta et al. 1999).
Haraguchi et al. (2021) demonstrated that foreign DNA is incorporated into the
nucleus during nuclear envelope reassembly in the telophase of mitosis. Thus, in
absence of nuclear localization signals, cell division is a prerequisite for successful
transfection of pDNA (C. Wang et al. 2023).

• Ribosomal translation of mRNA into effector protein.
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Figure 1.1: Schematic illustration of gene expression upon transfection of a pDNA vector encoding
a toxin, including cellular internalization via endocytosis and subsequent trafficking
via the endo-lysosomal pathway, endosomal escape, nuclear entry, transcription and
translation into a cytotoxic protein.

The requirements for the pDNA vector and the molecular carrier as the two components
of a non-viral gene delivery vehicle are presented below.

1.1.2.1 Plasmid DNA Vectors

As double-stranded (ds) circular DNA molecules, pDNA is a relatively stable nucleic acid
compared to, for example, mRNA. Traditional pDNA vectors of bacterial origin carrying the
transgene of interest can be designed, created, modified, and produced in large quantities
by amplification in bacteria at low cost using molecular biology techniques. There is no
theoretical limit to the size of the transgene to be integrated, although transformation
efficiency decreases with increasing plasmid size (Chan et al. 2002).

Traditional pDNA vectors share canonical plasmid backbones ≥2.7 kb that combine the
promiscuous pUC1 origin of replication (ORI), ensuring high copy number propagation in
Escherichia coli (E. coli), and antibiotic resistance-encoding genes, ensuring selection of
successfully transformed bacteria for propagation. This bacterially derived pDNA backbone
not only mediates the immunogenicity of pDNA vectors due to the presence of unmethy-
1plasmid University of California
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lated CpG motifs (Hemmi et al. 2000), but also contributes to transgene silencing by
heterochromatin formation on unexpressed plasmid backbones (Riu et al. 2007; Suzuki
et al. 2006). Lu et al. (2012) showed that transgene silencing depends on the extragenic
spacer length between the 5’- and 3’-ends of the eukaryotic transgene expression cassette.
Long spacers of ≥1 kb in length led to silencing of transgene expression, whereas shorter
spacers of ≤500 bp did not.

The presence of antibiotic resistance-encoding genes in conventional pDNA vectors is
another disadvantage that is considered undesirable by regulatory agencies (EMA 2018;
FDA 2007) due to the risk of horizontal gene transfer of antibiotic resistance-encoding genes
to the endogenous microbial flora. In addition, the use of antibiotics in the pDNA production
process requires extensive measures and process validation to ensure the absolute absence
of residual antibiotics in the final product (Luke et al. 2010).

The described disadvantages of conventional pDNA vectors have been addressed by the
development of optimized pDNA vector systems. Here, the design and production of the
minimalized minicircle DNA (mcDNA) and Nanoplasmid™ (NP) vectors are particularly
noteworthy. Both vectors have a significantly reduced bacterial backbone and do not
contain antibiotic resistance-encoding genes, resulting in a considerably reduced size.

McDNA is produced in a specialized E. coli system from a precursor plasmid that allows for
separation and recircularization of the bacterial backbone and the DNA fragment containing
the gene of interest by recombinases at specific recognition sequences on the precursor
plasmid. As a result of this recombination, the final mcDNA vector has a bacterial region of
only 100 bp in size and does not encode any antibiotic resistance. However, the production
process still requires the use of antibiotics and is associated with low manufacturing yields
and the need to purify and isolate the produced mcDNA from the accompanying pDNA
(Kay et al. 2010).

The NP technology relies on an RNA/RNA interaction to select successfully transformed
bacteria, eliminating the need for antibiotics. The bacterial host strain expresses the SacB
gene encoding levansucrase, an enzyme that catalyzes the formation of toxic fructose
polymers from sucrose. Successfully transformed bacterial cells express an RNA-OUT
sequence that inhibits levansucrase expression by annealing to the complementary sequence
in the mRNA. This allows the selected bacteria to survive and propagate in the presence of
sucrose. In addition, the NP vectors have the commonly used pUC ORI replaced with the
much smaller R6K ORI, which is also of bacterial origin. This reduces the backbone size to
≤500 bp, which minimizes transgene silencing. It also provides an additional safety feature
because NP vectors can only replicate within the genetically engineered, heat-inducible R6K
replication protein-encoding E. coli host strain that is used for production. This substantially
reduces the risk of horizontal gene transfer in vivo. By reducing the backbone size below
the 500 bp threshold while maintaining the conventional pDNA amplification strategy in
E. coli, the NP technology retains the high yield and robust manufacturing process and
benefits from the reduced transgene silencing seen with mcDNA vectors (Williams and
Paez 2023).
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There are several advantages to using nucleic acids rather than the proteins they encode
for. Even on a large scale, the production and purification of pDNA is less expensive and
time-consuming and nucleic acids are significantly less immunogenic even after multiple
administrations. With respect to therapeutic use in cancer, the synthesis of cytotoxic
proteins by and in the target cell means that smaller amounts of protein are sufficient to
induce cell death (Vago et al. 2016).

Gene therapeutic approaches for cancerous diseases include suicide gene therapy. Here,
the aim is to introduce pDNA vectors into the degenerated cells, whose translation into
the effector protein leads to cell death, either directly in the case of toxin-based gene
therapy or by converting a non-toxic prodrug into a cytotoxic substance in the case of
gene-directed enzyme product therapy (Duarte et al. 2012; Navarro et al. 2016; Vassaux
and Martin-Duque 2004).

Among the large number of cytotoxic proteins suitable for toxin-based gene therapy,
bacterial toxins and the group of ribosome-inactivating proteins (RIPs) are described
best. Bacterial toxins such as Diphteria toxin and Pseudomonas exotoxin A belong to the
family of mono-ADP-ribosyl transferases. Their catalytic domain inactivates the eukaryotic
elongation factor 2 by ADP-ribosylation. RIPs belong to the N-glycosylase family of toxins
and can be divided into two classes. Type I RIPs, such as saporin from Saponaria officinalis L.
or agrostin from Agrostemma githago L., are single-chain proteins consisting only of the
N-glycosylase domain. Type II RIPs, such as ricin from Ricinus communis L., contain an
additional galactose-binding lectin moiety (B-chain) that mediates the transfer of the
enzymatically active A-chain across the plasma membrane. This leads to a much higher
toxicity of type II RIPs. RIPs exert their cytotoxic effect by depurination of a specific adenine
base in the universally conserved sarcin-ricin-loop in ribosomal RNA, which results in the
ribosome losing its ability to bind the eukaryotic elongation factor 2. Through different
pathways, both toxin families cause irreversible cessation of protein synthesis, resulting
in cell death. These toxin-based gene therapy approaches act in a cell cycle-independent
matter, making it possible to treat aggressive cancers with rapidly dividing cells as well as
tumors with slower progression (Vago et al. 2016; Weise et al. 2020; Weng et al. 2012).

Gene-directed enzyme prodrug therapy involves a two-step-process. First, cancer cells
are transfected with a gene that is encoding an enzyme that is itself non-toxic. Then, when
a non-toxic prodrug is administered, that is converted by this enzyme to its toxic metabolite,
the cells die (Portsmouth et al. 2007). Since its first description by Moolten (1986), several
enzyme/prodrug combinations have been described and studied. Among the most studied
is the combination of herpes simplex virus thymidine kinase with ganciclovir and the
enzyme/prodrug system cytosine deaminase/5-fluorocytosine (Malekshah et al. 2016).
A critical element that is considered responsible for the success of gene-directed enzyme
prodrug therapy over corrective and toxin-based gene therapy is the so-called bystander
effect. The local bystander effect refers to the spread of the cytotoxic effect of a drug from
transduced cells to surrounding non-transduced cells in the so-called killing zone. This
observation is explained either by the diffusion of small activated prodrug molecules toward
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the tumor core through gap junctions or by the endocytosis of apoptotic vesicles released
from dying cells by neighboring untransfected cells. In addition, a distant bystander effect
is described that is immune-mediated and applies to both toxin-based gene therapy and
gene-directed enzyme product therapy. Here, tumor cell death results in the release of
tumor-associated antigens that activate the immune system and lead to a systemic immune
response at the metastatic sites (Ardiani et al. 2012; Engelmann et al. 2002; Freeman et al.
1993; Xiao et al. 2013).

1.1.2.2 Molecular Carriers

Due to the large number of molecular carriers used for the complexation of nucleic acids,
only selected examples are introduced below.
Lipid nanoparticles (LNPs), spherical particles prepared from a mixture of (ionizable)

lipids incorporating nucleic acids in their core, are the most advanced non-viral gene
delivery system as demonstrated by approved RNA-based therapeutics using LNPs (Yang
et al. 2023). As carriers of pDNA, LNPs have demonstrated high delivery efficiencies (Cui
et al. 2022; Zhu et al. 2022) and adequate nucleic acid encapsulation efficiencies ranging
from 60% to 90% (Cui et al. 2022; Ripoll et al. 2022). Nevertheless, liver tropism due
to association with apolipoprotein E after intravenous (i.v.) administration (Francia et al.
2020) limits their systemic use to hepatocyte-targeting applications.

Another widely studied approach are polymer-based delivery systems. Here, cationic
polymers such as poly-L-lysine (PLL) and polyethylenimine (PEI) or dendrimers such as
poly(amidoamine) (PAMAM) are used to complex pDNA. The electrostatic interaction
between the anionic phosphate backbone of the pDNA and the cationic functional groups
of the polymers results in the formation of polymeric nanoparticles, hereafter referred to
as nanoplexes. The advantages of these nanoplexes include their low immunogenicity and
high packing capacity. Furthermore, they are easy to manufacture, even on a large scale,
and modifications for optimized biodistribution, stability, and physicochemical properties
are relatively easy to implement compared to viral vectors (Sahu et al. 2023; Sayed et al.
2022).

Protonated amino nitrogen atoms present in all these polymers are essential for the
electrostatic interaction with pDNA at physiological pH. Apart from this commonality, the
polymers differ in their protonation state at physiological pH, the presence of ionizable
groups at acidic pH values, linear or branched structure, charge density and biodegradability
(Figure 1.2).

Higher gene transfection efficiences are obtained with high molecular weight PEI (20 kDa
to 30 kDa), high generation PAMAM (increasing number of protonatable amino groups
with increasing generation), and modifications of PLL that introduce endosomolytic groups,
such as histidine residues. These polymers have pKa values in the physiological range,
indicating the presence of ionizable groups in the acidic environment of the endo-lysosomal
pathway. This results in a high buffering capacity within the endosome, so the increase in
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Figure 1.2: Structural formulas of polymeric molecular carriers PAMAM, PEI, unmodified and his-
tidinylated PLL used for nanoplex formation. Functionalities responsible for electro-
static interaction at physiological pH are highlighted in red, blue denotes groups that
are ionized at acidic pH and green bonds in the PLL structure indicate biodegradability.

transfection efficiency can be attributed to the described proton sponge mechanism (Section
1.1.2). Unfavorably, the endosome disruption properties are associated with increased
toxicity due to cell membrane damage and apoptosis, leading to the dilemma of finding
a balance between sufficient efficiency and tolerable toxicity of the polymeric molecular
carrier (Horn and Obermeyer 2021; Mintzer and Simanek 2008; Pahle and Walther 2016;
Yin et al. 2014; Zhou et al. 2017).

Compared to PAMAM and PEI, PLL is characterized by its inherent biocompatibility
and biodegradability, low immunogenicity and high water solubility. Due to its complete
protonation at physiological pH (pKa of the side chain ≈ 9.0), native PLL has no buffering
capacity in the acidic pH range of the endo-/lysosomal pathway, which results in low
transfection efficiency, but also in reduced toxicity compared to PAMAM and PEI. As a
polypeptide, PLL can be produced by conventional solid-phase peptide synthesis, even on a
large scale, in a reproducible quality, and is easy to modify. Additional functionalities can

9



be implemented by introducing other amino acids or by derivatizing the primary amino
groups in the lysine side chains. A common derivatization is polyethylene glycol (PEG)
conjugation, i.e. PEGylation, which has been described to reduce cytotoxicity and non-
specific association of serum proteins with PLL by shielding the positive charge (Schöttler et
al. 2016; Zhang et al. 2014). However, recent studies have shown an increasing prevalence
of anti-PEG-antibodies, which counteract the intended stealth effect of PEGylation by
accelerating blood clearance (Deuker et al. 2023; Hong et al. 2020).

Summary

• Successful therapeutic application of nucleic acids requires their incorporation
into gene delivery vectors. Non-viral and viral vectors can be employed.

• There are several approved gene therapeutics from the class of viral vectors,
integrating viral vectors for ex vivo transduction of autologous cells and adeno-
associated virus-based vectors for one-time therapy of monogenic diseases. Viral
vectors are very effective in gene delivery, but their strong immunogenicity and
complicated and expensive production are drawbacks of their use.

• Non-viral gene delivery vehicles consist of plasmid DNA (pDNA) vectors encoding
the transgene and molecular carriers such as lipids or cationic polymers that
package and incorporate the nucleic acid. Non-viral gene delivery is significantly
less efficient than viral approaches, mainly due to endosomal entrapment and
degradation of the therapeutic cargo. The advantages of non-viral gene delivery
vehicles include low immunogenicity, ease of modification of both pDNA vectors
and molecular carriers, and significantly lower production costs.

• Minicircle DNA and Nanoplasmid™s are optimized pDNA vectors exhibiting
smaller size, no antibiotic resistance-encoding genes, and a greatly reduced
bacterial backbone.

• Poly-L-lysine is a polycationic polymer used for non-viral gene delivery due to its
high nucleic acid encapsulation efficiency, biocompatibility and biodegradability,
low toxicity and immunogenicity, flexibility in modification, and affordable
manufacturing.

1.2 Sapofection - Overcoming Endosomal Entrapment for Efficient
Gene Delivery

A synergistic toxic effect of type I RIPs with triterpenoid saponins biosynthesized by the
same plant was first described by Hebestreit and Melzig (2003). Triterpenoid saponins are
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naturally occurring glycosides consisting of a lipophilic triterpenoid (C30) aglycone and one
or two hydrophilic sugar moieties. Based on the number of sugar chains, monodesmosidic
and bidesmosidic saponins are distinguished.

Weng et al. (2012) showed that the mechanism behind the observed increased toxicity is
an enhancement of the endosomal escape, i.e. the release of the incorporated RIPs from late
endosomes/lysosomes by the saponins, hence termed endosomal escape enhancers (EEEs).
With SA1641 and SA1657 from Gypsophila paniculata L. (Weng et al. 2012), GE1741 from
Gypsophila elegans M. Bieb. (Sama et al. 2018a), SO1861 from Saponaria officinalis L.
(Sama et al. 2017) and AG1856 from Agrostemma githago L. (Clochard et al. 2020), all
plants belonging to the Caryophyllaceae family, several endosomal escape-enhancing (eee)
triterpenoid saponins have been isolated, identified and characterized.

Melzig et al. (2005) identified the presence of an aldehyde group at C-42, a sugar chain at
C-3, and an oligosaccharide ester chain at C-28 of the aglycone gypsogenin or quillaic acid
as necessary structural features for the eee effect. Further structure-activity relationship
studies revealed a branched sugar chain at C-3 (Bachran et al. 2006) including a glucuronic
acid, a molecular weight ≥1600 g/mol, and a branched oligosaccharide (≥4 sugars) at
C-28 including derivatives like deoxy sugars and acetyl groups (Böttger et al. 2013) to
exert a beneficial effect on endosomal release. Sama et al. (2019) further specified the
substitution pattern in the C-28 sugar chain to be preferably lipophilic at the C-28 fucose
and hydrophilic at the C-28 xylose. The eee-promoting features mentioned above are
shown in Figure 1.3 as an example for SO1861.

Using the described triterpenoid saponins to enhance gene delivery was first described
by Weng et al. (2015). In vitro, significantly higher transfection efficiencies were observed
when a solution of the eee saponin was applied together with nanoplexes made of PEI,
PLL or PAMAMs, without increased levels of toxicity. The escape of the entrapped gene-
loaded nanoplexes from endosomes was facilitated by the co-application of saponins,
which is a prerequisite for efficient gene delivery to the nucleus. Sama et al. (2017)
introduced the term sapofection for this saponin-assisted transfection. Its therapeutic
potential was also demonstrated in vivo in an aggressively growing murine neuroblastoma
model. Treatment with targeted peptide-based nanoplexes that delivered pDNA encoding
saporin in combination with SO1861 resulted in a significantly higher anti-tumor effect
than treatment with the described nanoplexes alone, and the therapy was shown to be
well tolerated (Sama et al. 2018b). Compared to SO1861 and GE1741, we recently
demonstrated increased eee activity in vitro with significantly reduced toxicity in vitro

2In the literature, this aldehyde group is sometimes referred to as the aldehyde group at C-23. In the context
of this dissertation, the naming follows the IUPAC-IUB Joint Commission on Biochemical Nomenclature
(1989) guidelines, according to which the carbon atom should not be specified twice (the aldehyde group
contains C-23).

11



OH
OH

OH

O

O

O

OH
OH

OH
OH

O 3
4

CHO
23

28

O

1

O
CH3

OO
H3C4

O

O

O
OOH

OH
OH

OH

OH
O

OCH3OOOH
OO

HO

HO
HO

OH
OH

OH
OH

O

12

O
HOOC

HO
O

Figure 1.3: Structural formula of SO1861. Endosomal escape-enhancing structural characteristics
are highlighted in red. The red color of the covalent linkage between the sugar chain
and the aglycone refers to the presence of the entire sugar chain, which is beneficial
for the endosomal escape enhancing performance.

(Clochard et al. 2020)3 and in vivo for AG1856 (Mitdank et al. 2022)4.
To date, gene-loaded nanoplexes and the above-mentioned eee saponins have been

administered separately with the goal of achieving appropriate concentrations of both
components at the target tissue simultaneously. In vitro, this is easily achieved by adding
both components in parallel to the cell culture medium. In vivo, however, harmonizing the
routes of administration has proven to be more challenging. I.v. injection of saponins led
to massive hemolysis (Gilabert-Oriol et al. 2013), so these were applied subcutaneously
(s.c.) to the nuchal fold of mice. The nanoplexes were injected i.v. into the tail vein 1 h
later (Mitdank et al. 2022; Sama et al. 2018b). Detailed pharmacokinetic studies of the i.v.
injected nanoplexes and the s.c. injected saponin are not available.

3Clochard, J., Jerz, G., Schmieder, P., Mitdank, H., Tröger, M., Sama, S., Weng, A. A new acetylated triterpene
saponin from Agrostemma githago L. modulates gene delivery efficiently and shows a high cellular tolerance.

4Mitdank, H., Tröger, M. (Authors contributed equally), Sonntag, A., Shirazi, N. A., Woith, E., Fuchs, H.,
Kobelt, D., Walther, W., Weng, A. Suicide nanoplasmids coding for ribosome-inactivating proteins.
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Summary

• Specific triterpenoid saponins enhance endosomal release of cargo entrapped in
the endo-/lysosomal pathway. As a result, they increase the toxicity of cytotoxic
proteins and the transfection efficiency of non-viral gene delivery vehicles, where
endosomal entrapment is an efficacy-limiting obstacle.

• To exert their endosomal escape-enhancing effect, the presence of an aldehyde
group at C-4 and two branched sugar chains at C-3 and C-28 of the aglycone are
necessary. Incorporation of a glucuronic acid in the C-3 sugar chain, a molecular
weight ≥1600 g/mol and lipophilic modifications in the C-28 sugar chain are
beneficial for endosomal release.

• Saponin-assisted transfection was termed sapofection. To date, it involves
separate administration of the endosomal escape enhancer and the gene delivery
vehicle, which requires complicated harmonization of the two components,
particularly with respect to in vivo pharmacokinetics.

1.3 Targeted Gene Delivery

Targeted delivery of the nanoplexes’ cargo is crucial for therapeutic efficacy. This is especially
true for cancer suicide gene therapy which aims to kill successfully transfected cells. Ideally,
therapeutic transgenes are selectively delivered to cancer cells and the cytotoxic protein
is expressed exclusively in the target cells, resulting in high concentrations in the cancer
tissue while minimizing the impact on healthy tissue (Karjoo et al. 2016; Malecki 2012).

The so-called enhanced permeability and retention (EPR) effect, i.e. the accumulation of
macromolecules or nanoparticles in tumor tissue due to its vascular hyperpermeability and
lack of lymphatic drainage, is described to be responsible for selective delivery to tumor
cells (Danaei et al. 2018; Maeda et al. 2013; Subhan et al. 2023). The EPR effect is well
documented in small animals, but the lack of clinical efficacy of nanomedicines suggests
little, if any, EPR effect for the targeted delivery of nano-sized drugs in human cancers
(Danhier 2016; Nichols and Bae 2014). Thus, in addition to passive targeting by EPR,
active targeting is critical for the therapeutic success. Ligands shall interact selectivily with
their specific receptor or epitope expressed on the target cells leading to the uptake of the
payload. Ideally, targeting ligands accumulate in pathologic tissue, exhibit a high binding
affinity and specificity for their target and do not reside persistently in the bloodstream
or in the organs (Vago et al. 2016). Small chemical drug-derived compounds, antibodies,
carbohydrates, vitamins, and small peptides to large proteins are among the substance
classes that are researched as targeting molecules (Steffens and Wagner 2022).

Natural ligands such as transferrin, epidermal growth factor (EGF) or folic acid are used
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for targeting of cancerous tissue due to the overexpression of their respective receptors
(Vetter and Wagner 2022). In addition to natural ligands, peptide sequences derived
from these can also mediate successful targeting. One example is the targeting peptide
GE11, which is specific for the epidermal growth factor receptor (EGFR). GE11 was
identified by phage display and its use as a targeting ligand resulted in transfection
efficiencies comparable to those achieved by targeting with the natural ligand EGF (Z. Li
et al. 2005). Among tumor-targeting peptide sequences, another prominent example is the
integrin-binding motif arginine-glycine-aspartic acid (RGD) identified by Arap et al. (1998).
This peptide motif binds selectively to integrin αvβ3 receptors, which are predominantly
expressed on tumor cells and vasculature. Another example of the large group of targeting
peptides is peptide Y (pepY), which has been successfully used by Mitdank et al. (2022) and
Sama et al. (2018b) for targeted delivery to the murine neuroblastoma cell line Neuro-2a
using the two-component sapofection approach, both in vitro and in vivo. PepY has been
shown to mediate targeted delivery of nucleic acids to cells of neuronal origin (Tagalakis
et al. 2011, 2013), human airway epithelium cells (Manunta et al. 2011; Tagalakis et al.
2008), primary vascular cells (Irvine et al. 2008), and rabbit aorta cells (Meng et al. 2013).
Transfection was shown to occur via a receptor-mediated mechanism, although the identity
of the targeted receptor remains unclear (Writer et al. 2004). PepY consists of a DNA-
complexing K16-tail, a GA-spacer and the targeting sequence YGLPHKF, which is cyclized by
oxidation of two flanking cysteine residues (Writer et al. 2004). As another class of agents,
tumor-targeting antibodies such as cetuximab, panitumumab or trastuzumab, which are
approved for clinical use, are being investigated for their suitability as targeting ligands
for gene delivery vehicles and toxins (Abedin et al. 2021; Dash et al. 2023; Dziawer et al.
2019; Lin et al. 2018; Patel et al. 2018).

Gene therapy approaches offer the advantage of additional transcriptional targeting. If
the transgenes are under control of a target-specific promoter such as the H19 promoter,
which is activated in cancer cells but silenced in normal healthy cells, the probability of off-
target toxicity decreases, as erroneously delivered transgenes remain inactive. Unfavorably,
the target-specific promoters identified and investigated to date have low activity compared
to the optimized enhancer and promoter sequences in commonly used pDNA vectors,
resulting in reduced therapeutic efficacy (Dorer and Nettelbeck 2009; Yao et al. 2011).

Summary

• Targeted delivery of the toxic therapeutic cargo is especially crucial for the
treatment of cancer to minimize undesired impact on healthy tissue.

• The most studied tumor-targeted ligands include natural protein ligands, vita-
mins, small targeting peptides, and monoclonal antibodies.
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Research Objective

The aim of the present thesis was to develop and optimize a targeted non-viral gene
delivery vehicle consisting of

• a plasmid DNA vector,

• a polymeric molecular carrier,

• the endosomal escape-enhancing triterpenoid saponin SO1861, and

• a targeting ligand.

This gene delivery vehicle shall exhibit

• efficient and stable nucleic acid complexation,

• appropriate size, size distribution and surface charge,

• high transfection efficiency in vitro and in vivo,

• good tolerability in vitro and in vivo, and

• selective delivery to targeted tissues.

It shall consist of a single component-formulation that is safe and effective upon
systemic administration via intravenous injection.

1.4 Chemical Strategy

The work on this thesis was carried out as part of the ENDOSCAPE5 project. The fundamen-
tal chemical strategy presented below was developed by Prof. Fernandez-Megia (CiQUS,
Universidade de Santiago de Compostela), Ruben Postel (Sapreme Technologies) and Prof.
Fuchs (Institut für Laboratoriumsmedizin, Klinische Chemie und Pathobiochemie, Charité
– Universitätsmedizin Berlin) and served as a guardrail for the work on this thesis.

For the envisioned linkage of the components nucleic acid, EEE, and targeting ligand, a
linear polypeptide was selected as the central element of the one-component formulation.
The polypeptide, in the following referred to as peptide scaffold, was envisaged to contain
a poly-L-lysine (PLL)-segment to provide efficient complexation of the pDNA vector. The
installation of specific functional groups in the peptide scaffold were proposed for the
conjugation of SO1861 and the ligand via click chemistry.
5A cross-institutional biotechnology project aiming for the development of a clinically applicable gene delivery
technology using SO1861.
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Click chemistry reactions as defined by Kolb et al. (2001) are characterized by their
modularity, high chemical yields achieved by a high thermodynamic driving force, simple
reaction conditions (ideally insensitivity towards oxygen and water), stereospecificity,
readily available starting materials and reagents, use of benign solvents and generation of
only benign byproducts, and simple product isolation. They are now routinely used in a
variety of applications, which was rewarded with the 2022 Nobel Prize in Chemistry (Nobel
Prize Outreach AB 2022). These features make click chemistry reactions the optimal choice
for functionalizing the peptide scaffolds without the need for sophisticated reaction setups.

To ensure intracellular release of the EEE, its conjugation to the peptide scaffold was
sought via a hydrazone linkage known for its rapid hydrolysis in the acidic endo- and
lysosomal compartments of cells (Bouchard et al. 2014; Greenfield et al. 1990). The
hydrazone functionality was envisaged to be introduced by the reaction of the hydrazide
group of the bifunctional N-ε-maleimidocaproic acid hydrazide (EMCH)-linker with the
aldehyde group at C-4 of SO1861. Subsequently, SO1861-EMCH was planned to be
covalently conjugated to the peptide scaffold by means of a Michael-type addition of
EMCHs maleimide group to a thiol group introduced in the peptide scaffold resulting in
a stable thioether bond. The use of the acid-sensitive EMCH-linker has been described
for the preparation of Doxorubicin-EMCH, either as intermediate for the preparation of
immunoconjugates (Willner et al. 1993) or as i.v. injectable drug termed Aldoxorubicin
(Kratz et al. 2002). In both cases, adequate stability of the hydrazone linkage at pH7.0
and rapid cleavage at pH<5.0 was demonstrated.

A strain-promoted azide-alkyne-cycloaddition (SPAAC) was chosen for the bioconjugation
of a protein as targeting ligand to the peptide scaffold. This bioorthogonal click chemistry
reaction represents an evolution of the copper(I)-catalyzed [3+2] cycloaddition of an
azide with an alkyne forming a stable triazole bond. The alkyne is activated by ring strain,
eliminating the need for toxic catalysts (Agard et al. 2004). Functionalizing the targeting
ligand with a dibenzocyclooctene (DBCO) group (Debets et al. 2010) will introduce the
activated alkyne to react with the azide group incorporated into the peptide scaffold.

Summary

• For the realization of the research objective, the development and optimization
of a polypeptide molecular carrier consisting of a DNA-complexing poly-L-lysine-
motif, a thiol group for SO1861-EMCH conjugation, and an azide functionality
for bioconjugation of a targeting ligand was envisaged.

• The conjugation of SO1861-EMCH and the targeting ligand was intended to
occur via a thiol-maleimide Michael-type addition and a strain-promoted azide-
alkyne-cycloaddition, respectively.
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Figure 1.4: Suggested chemical strategy for the preparation of targeted, SO1861-equipped peptide
scaffolds. The colored circles serve as placeholders for the parts of the respective
molecules that are not crucial in this case. The aldehyde group of SO1861 reacts with
the hydrazide of EMCH forming a hydrazone. A thiol group introduced in the peptide
scaffolds reacts in a Michael-type addition with the maleimide of SO1861-EMCH to form
the stable thioether bond of the SO1861-equipped peptide scaffold. Finally, the azide
functionality of the peptide scaffold reacts in a SPAAC with the DBCO group previously
introduced to the targeting ligand.
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2 Materials

The following tables list all materials used for the work presented in this thesis. The
manufacturers are indicated in the right-hand column, with the manufacturer applying to
all subsequent entries unless otherwise stated.

2.1 Chemicals

SO1861 functionalized with an N-ε-maleimidocaproic acid hydrazide (EMCH)-linker (in
the following referred to as SO1861-EMCH) was supplied within the ENDOSCAPE-Project
by Sapreme Technologies (the Netherlands).

Ultrapure (σ ≤0.055µS/cm) water was constantly provided by the LaboStar™ ultrapure
water system (Siemens AG, Germany) and collected as needed.

2.1.1 Molecular Biology

Water for biotechnology nuclease-free, sterile VWR (USA)
Phusion™ High-Fidelity (HF) DNA Polymerase Thermo Fisher Scientific (USA)
5X Phusion™ HF Buffer
10 mM dNTPs
Restriction Endonucleases AatII, NheI-HF, SalI-HF,

SpeI-HF, & XbaI-HF
New England Biolabs (USA)

CutSmart® Buffer 10X
T4 DNA Ligase
T4 DNA Ligase Buffer 10X
Gel Loading Dye, Purple 6X New England Biolabs (USA)
Quick-Load® Purple 1 kb Plus DNA Ladder
Agarose, DNA grade VWR (USA)
Ethidium bromide solution 0.5% Carl Roth GmbH + Co. KG (Germany)
Invitrogen™ S.O.C. Medium Thermo Fisher Scientific (USA)
LB Broth (Luria/Miller), granulated Carl Roth GmbH + Co. KG (Germany)
Terrific-Broth modified
LB Broth with agar (Lennox) Sigma-Aldrich (USA)
Kanamycin sulfate, molecular biology grade SERVA Electrophoresis GmbH (Germany)
Ampicillin sodium salt, BioScience grade Carl Roth GmbH + Co. KG (Germany)
Glycerol from plant, Ph. Eur. SERVA Electrophoresis GmbH (Germany)
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2.1.2 Polyacrylamide Gel Electrophoresis

Acrylamide/Bis Solution 37.5:1(30% w/v, 2.6% C) SERVA Electrophoresis GmbH (Germany)
Ammonium persulfate, electrophoresis grade
Ammonium sulfate, ≥99%, cryst. Carl Roth GmbH + Co. KG (Germany)
Brilliant blue G 250 (C.I. 42655)
L-Histidine CELLPURE® ≥99%
N,N,N’,N’-Tetramethyl-ethylenediamine SERVA Electrophoresis GmbH (Germany)
Phosphoric acid 85% VWR (USA)

2.1.3 Cell Culture

Dulbecco’s modified Eagle’s medium (DMEM) with
4.5 g/L glucose without L-glutamine

Lonza Group (Switzerland)

DMEM with 1.0 g/L glucose without L-glutamine
Dulbecco’s phosphate-buffered saline, without Ca2+ or

Mg2+ (DPBS)
UltraGlutamine™ I Supplement
MEM Eagle Non-essential Amino Acid Solution (100X)
Trypsin/EDTA (0.5 g/L trypsin 1:250, 0.2 g/L EDTA)
Gibco™McCoy’s Modified 5A Medium Thermo Fisher Scientific (USA)
FBS Superior Bio&SELL GmbH (Germany)
Dimethyl sulfoxide, BioScience grade Carl Roth GmbH + Co. KG (Germany)
2-Propanol Sigma-Aldrich (USA)

2.1.4 Peptides

All peptides were acquired as custom synthesis with ≥80% purity from GeneCust (France).
Table 2.1 lists the acronyms and sequences of all peptides that were used. The C-terminus
of all peptides was amidated to increase the stability of the peptide and minimize its
tendency to absorb moisture.

Peptides were received in lyophilized state and completely dissolved in ultrapure, sterile-
filtered water to avoid weighing inaccuracies. Aliquots of peptides K16C and K16CPEG were
snap frozen in liquid nitrogen and then subjected to lyophilization to minimize cysteine
oxidation. All other peptides were stored in aliquots at −20 °C.

2.1.5 Nucleid Acids

Table 2.2 lists all pDNA vectors used within this thesis.
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Table 2.1: Peptide acronyms, sequences and molecular weights. All peptide sequences are given
from N- to C-terminus. C-terminus was amidated. K(N3) indicates an azidolysine, a
lysine that is modified to carry an azide functionality instead of the amino group in the
residue.

Acronym Peptide Sequence Molecular Weight

K16 K16 2067.8
K16C3 K16CGCGCGK(N3) 2 703.6
K16C3PEG K16CGCGCG-PEG8-K(N3) 3 126.1
K16C K16G4CG2YK(N3) 2 830.6
K16CPEG K16G4CG2Y-PEG8-K(N3) 3 254.1
FITC-K16 FITC-K16 2571.4
pepY K16GACYGLPHKFCG 3302.2

Table 2.2: Plasmid DNA vectors, their acronyms and sources. Minicircle DNA vectors (indicated by
the prefix MC in the abbreviation) were prepared from their respective parent plasmids
listed in the following row.

Acronym Vector Name Source

pEGFP-N3 pEGFP-N3 Amplification in DH5α-E. coli & kit-based prepa-
ration

NP-eGFP NTC9385R-EGFP-BGH pA Nature Technology Corporation (USA)
NP-Sap NTC9385R-Sap-BGH pA Nature Technology Corporation (USA)
NP-Luc NTC9385R-Luc-BGH pA Nature Technology Corporation (USA)

MN601A1 System Biosciences (USA); amplification in
ZYCY10P3S2T-E. coli & kit-based prepara-
tion

MC-GFP Amplification in ZYCY10P3S2T-E. coli & prepara-
tion as described in section 3.1.4

CMV/eGFP/MN501A1 Produced by molecular cloning (see Section
3.1.3); amplification in ZYCY10P3S2T-E. coli
& kit-based preparation

MC-CMV/eGFP Amplification in ZYCY10P3S2T-E. coli & prepara-
tion as described in section 3.1.4

HLP/eGFP/MN501A1 Produced by molecular cloning (see Section
3.1.3); amplification in ZYCY10P3S2T-E. coli
& kit-based preparation

MC-HLP/eGFP Amplification in ZYCY10P3S2T-E. coli & prepara-
tion as described in section 3.1.4

pCDNA3-HLP-5’UTR-FIX provided by Prof. Pinotti (Università degli Studi
di Ferrara)
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2.1.6 Miscellaneous

Acetic acid ≥99% Carl Roth GmbH + Co. KG (Germany)
HEPES PUFFERAN® CELLPURE® ≥99.5%
TAPS PUFFERAN® ≥99%
Tris PUFFERAN® ≥99.3% D-Mannitol low endotoxin,

pure, pharma grade
AppliChem GmbH (Germany)

Acetonitrile (ACN) ≥99.9%, HiPerSolv
CHROMANORM®

VWR (USA)

Methanol (MeOH) ≥99.8%, HiPerSolv
CHROMANORM®

QuantiFluor® dsDNA Dye Promega GmbH (Germany)

2.2 Biomaterials

• ZYCY10P3S2T E. coli Minicircle Production Strain (System Biosciences, USA)

• Library Efficiency™ DH5α Competent Cells (Thermo Fisher Scientific, USA)

All cell lines used for the investigations presented in this thesis are listed in the Table 2.3
with their species and organ of origin.

Table 2.3: Cell lines used within this thesis, their origin according to the Cellosaurus database
(Bairoch 2018, 2023) and source. ATCC® =American Type Culture Collection (USA),
DMSZ=German Collection of Microorganisms and Cell Cultures GmbH (Germany),
Invitrogen® is part of Thermo Fisher Scientific (USA).

Cell line Species of origin Disease/Derived from Source

A2058 Homo sapiens Amelanotic melanoma ATCC® CRL-11147™
A-431 Homo sapiens Skin squamous cell carcinoma ATCC® CRL-1555™
HCT 116 Homo sapiens Colon carcinoma ATCC® CCL-247™
HEK293-FT Homo sapiens Fetal kidney Invitrogen® R70007
Hepa 1-6 Mus musculus Mouse hepatocellular carcinoma ATCC® CRL-1830™
Huh-7 Homo sapiens Adult hepatocellular carcinoma ATCC® PTA-4583™
ECV-304 Homo sapiens Bladder carcinoma DMSZ ACC 310
MDA-MB-468 Homo sapiens Breast adenocarcinoma ATCC® HTB-132™
Neuro-2a Mus musculus Mouse neuroblastoma DMSZ ACC 148
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2.3 Kits

GeneJET Gel Extraction Kit Thermo Fisher Scientific (USA)
ROTI®Transform Carl Roth GmbH + Co. KG (Germany)
ZymoPURE Plasmid Miniprep Kit Zymo Research (USA)
ZymoPURE Plasmid Midiprep Kit
QIAGEN Plasmid Mega Kit Qiagen N.V. (Netherlands)
Lipofectamine™3000 Transfection Reagent Thermo Fisher Scientific (USA)
CellTiter 96® AQueous One Solution Cell Proliferation

Assay (MTS)
Promega GmbH (Germany)

MycoSPY® Master Mix - PCR Mycoplasma Test Kit Biontex Laboratories GmbH (Germany)

2.4 Consumables

2.4.1 Cell Culture

Serological pipette, with tip, plugged, 2mL, 5mL,
10mL & 25mL, PS

SARSTEDT AG & Co. KG (Germany)

Cell culture flask, 50mL, 25 cm2, PS, filter screw cap,
Cellstar™, TC, sterile

Greiner-Bio-One GmbH (Germany)

Cell culture flask, 250mL, 75 cm2, PS, filter screw cap,
Cellstar™, TC, sterile

Cell culture dish, PS, 35/10mm, glass bottom, 4 com-
partments

Cell culture multiwell plate, 24 well & 48 well, PS, clear,
Cellstar™, TC, lid with condensation rings, sterile

Cell culture microplate, 96 well, PS, F-bottom, clear,
Cellstar™, TC, lid with condensation rings, sterile

Cryo.s, 2mL, PP, round bottom, screw cap, sterile
E-Plate L8, glass, for the iCELLigence™ OLS OMNI Life Science (Germany)
CytoFLEX Sheath Fluid Beckman Coulter Life Sciences (USA)

2.4.2 Dialysis

Mini Dialysis Kit, MWCO 1kDa, 20 µL to 250µL
samples

Cytiva (USA)

Tube-O-DIALYZER™medi, MWCO 1kDa, 0.2mL to
2.5mL samples

VWR (USA)

ReadyLyzer 10, MWCO 1kDa, 3mL to 10mL tubes SERVA Electrophoresis GmbH (Germany)
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2.4.3 Analytics

UV cuvette, 2.7mL (working volume: 0.05mL to
2.7mL), special plastic, transparent

SARSTEDT AG & Co. KG (Germany)

Folded Capillary Zeta Cell, DTS1060 Malvern Panalytical (UK)

Screw Neck Vial ND8, amber, 1.5mL VWR/Avantor (USA)
Screw Cap for Screw Neck Vial ND8, red rubber/beige

PTFE
Micro-insert for Screw Neck Vial ND8

2.4.4 Miscellaneous

Screw cap tube, 15mL & 50mL, PP, sterile SARSTEDT AG & Co. KG (Germany)
Reaction tube, 1.5mL & 5mL, PP
Reaction tube, 1.5mL, PP, Low protein-binding, sterile
Reaction tube, 1.5mL, PP, Low DNA-binding, sterile
PCR single tube, 0.2mL, PP
Pipette tip, 10 µL, 200 µL, 300 µL, 1 000µL, 5mL, PP
Petri dish, Ø 6 cm, PS, sterile
Microplate, 96 well, PP, black Greiner-Bio-One GmbH (Germany)
Sterile syringe filter PES & Nylon, 0.22 µm Membrane Solutions (USA)

2.5 Devices

In the following, all general devices used for the work presented in this thesis are listed.
Specific devices for analytical purposes are given in the respective method descriptions,
together with the software used for the evaluation of the obtained data.

2.5.1 Molecular Biology

PCR Thermocycler Biometra TOne Analytik Jena (Germany)
PowerPac™ Basic Power Supply, Mini-Sub Cell GT Cell,

mini-gel caster, 7×10 cm UV-transparent tray, 8-well
comb

Bio-Rad Laboratories (USA)

Nano-Drop™One Microvolume UV-Vis Spectrophotometer Thermo Fisher Scientific (USA)
UV transilluminator USDT-20SL-8E, Dark Hood DH-10 biostep GmbH (Germany)
PHMT Thermoshaker for Microtubes Grant Instruments (UK)
MaxQ™5000 Shaker Thermo Fisher Scientific (USA)
Incubator B 5025 Heraeus Holding GmbH (Germany)
Autoclave Varioklav® HP Labortechnik GmbH (Germany)
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2.5.2 Polyacrylamide Gel Electrophoresis

Mini-PROTEAN® Tetra Handcast System Bio-Rad Laboratories (USA)
PowerPac® 300 Power Supply
Microplate Shaker VWR (USA)
Epson Perfection V700 Photo Epson (Japan)

2.5.3 Cell Culture

HERAsafe HS12 Biological Safety Cabinet Heraeus Holding GmbH (Germany
Water bath WB14 with shaking device SV1422 and lid Memmert GmbH + Co. KG (Germany)
CO2 Incubator ICO105
Counting chamber, improved Neubauer BRAND GmbH + Co. KG (Germany)
Inverted Light Microscope Leica DM LS2 Leica Microsystems GmbH (Germany)
Sapphire Maxipette Greiner-Bio-One GmbH (Germany)

2.5.4 Centrifuges and Scales

Microliter Centrifuge Mikro 20 Andreas Hettich GmbH & Co. KG (Germany)
Megafuge 1.0® Heraeus Holding GmbH (Germany)
Centrifuge Allegra X-30R Beckman Coulter Life Sciences (USA)
Centrifuge Avanti J-26XP
Savant SPD111V-230 SpeedVac Concentrator Thermo Fisher Scientific (USA)
Analytical balance MC1 AC210P Sartorius AG (Germany)
Analytical balance XS205DU/M Mettler Toledo (Switzerland)

2.5.5 Miscellaneous

Alpha 1-2 LDplus Lyophilizator Christ Gefriertrocknungsanlagen GmbH (Germany)
Analytical balance MC1 AC210P Sartorius AG (Germany)
Analytical balance XS205DU/M Mettler Toledo (Switzerland)
Mechanical Pipettes, variable volumes Eppendorf SE (Germany)
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3 Methods

3.1 Molecular Biology

In the following, the molecular biology techniques used for the amplification and cloning
of the pDNA vectors for the work described in this thesis will be presented.

3.1.1 Agarose Gel Electrophoresis

Agarose gel electrophoresis uses an electric field to separate DNA fragments according to
their length. For all investigations presented in this thesis, if not stated otherwise, an 1%
agarose gel was used. For its preparation, 0.5 g agarose was dissolved in 50mL TAE buffer
(40mM Tris (pH7.6), 20mM acetic acid, 1mM EDTA) upon heating. The agarose solution
was allowed to cool before adding ethidium bromide (final concentration 50ng/mL) and
casting the gel. The gel was allowed to set completely for 30min before transferring the
casting tray to the electrophoresis chamber with the sample loading wells located near the
anode. The electrophoresis chamber was filled with TAE buffer until the gel was completely
submerged in the buffer. Then, the comb was carefully removed and samples were mixed
thoroughly with sample loading dye and were loaded in the wells (≤30µL) slowly using
a mechanical pipette. A DNA marker was used as standard and run in parallel for DNA
fragment length determination. Electrophoresis was routinely run at 110V for 60min.
Since ethidium bromide intercalates into DNA showing fluorescence under ultraviolet
(UV) light, gels were evaluated with a UV transilluminator at λex =254nm. Exposure to
UV radiation was kept to a minimum to avoid DNA damage in case the separated DNA
fragments were to be used for subsequent reactions. In these cases, the portions of the gel
containing the DNA fragment of interest were excised with a scalpel and the DNA was then
extracted from the gel.

3.1.2 Spectrophotometric Analysis of DNA

Nucleic acids absorb UV light with a characteristic spectrum, this can be exploited for their
quantification in solution. With the average extinction coefficient of dsDNA at λ=260nm,
the concentration of dsDNA in solution can be calculated using the Beer-Lambert law as

c =
50 ·A260

l

ng · cm
µL
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with A260 denoting the absorbance at λ=260nm and l denoting the optical path length in
centimeter. Spectrophotometric analysis of a DNA solution is also used to asses the purity
of the sample. The ratio of absorbance at 260nm and 280nm (A260/A280) for pure DNA
samples is 1.7 to 1.9, smaller values may indicate contamination with proteins or residual
phenol in the solution. Pure DNA samples have A260/A230, the ratio of absorbance at
260nm and 230nm, in the range of 2.0 to 2.2. Lower values are indicative of the presence
of contaminants such as carbohydrates, glycogen, phenol, or guanidine (Monika Jansohn
2012; Thermo Fisher Scientific 2015). All DNA solutions used for the molecular biology
work presented in this thesis were quantified spectrophotometrically and only used if
they met the quality criteria for pure pDNA solutions. The concentration values obtained
were used to calculate absolute amounts of DNA both within the cloning workflow and for
nanoplex formulation.

3.1.3 Molecular Cloning of Recombinant Plasmid DNA Vectors

Molecular cloning describes a set of experimental methods in molecular biology used
to assemble recombinant DNA molecules by integrating a DNA fragment of interest into
a vector and directing their replication in host organisms (Watson 2007). A schematic
illustration of the classical workflow of molecular cloning is shown in Figure 3.1. The
creation of a recombinant DNA construct is achieved by ligation, i.e. the covalent linking
of the ends of two DNA fragments by the enzyme DNA ligase. Before ligation, both the
insert containing the DNA fragment of interest and the target vector are trimmed with the
same restriction enzymes. The resulting cohesive ends, characterized by the overhang of
unpaired nucleotides at the end of the DNA fragments, are complementary to each other
and ensure unambiguous ligation. Restriction enzymes are selected based on the restriction
sites present in the vector plasmid. The corresponding restriction sites are introduced in the
insert DNA fragment by individually designed primer pairs for polymerase chain reaction
(PCR). To propagate the recombinant DNA construct, the ligation product is transformed
into E. coli bacteria, followed by selection of successfully transformed bacteria by incubation
on lysogeny broth (LB) agar containing antibiotics. Only successfully transformed bacteria
can proliferate on this substrate due to a gene encoding a specific antibiotic resistance in
the vector. A colony grown on the agar plate is propagated in liquid culture, followed by
isolation and purification of the pDNA from the bacterial culture. The sequence of the
isolated pDNA can then be verified by Sanger sequencing to confirm cloning success. The
purity of the isolated pDNA is examined using agarose gel electrophoresis and various
restriction digestions.

The planning of the different molecular cloning tasks and the design of the PCR primers
presented in this thesis was carried out utilizing the software PlasmaDNA v1.4.2 (Angers-
Loustau et al. 2007) and SnapGene® Viewer v5.1.4.1 (GSL Biotech LLC, USA).
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Figure 3.1: Schematic illustration of molecular cloning workflow. NheI and SalI represent the
restriction enzymes to be variably selected for the respective cloning task. Width of
the colored circular sections indicates whether the DNA sequence is single- or double-
stranded. Green arrows indicate primers.

3.1.3.1 Polymerase Chain Reaction

PCR, a widely used method for in vitro amplification of genetic material, is used in a
cloning task to amplify the DNA fragment of interest. This DNA sequence is inserted into
the recipient plasmids backbone and is therefore also called insert. Additionally, specific
primer design allows for the introduction of defined restriction sites flanking the insert,
consequently enabling specific ligation into the backbone of the recipient plasmid. A
classical PCR is performed with a forward and a reverse primer, which are designed to
anneal at the beginning and at the end of the DNA segment to be amplified. Primer pairs
were designed to exhibit the following characteristics (Monika Jansohn 2012):
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• Restriction enzyme cut site at the beginning of the primer (5’-end), complemented
with at least three preceding base pairs to ensure efficient cleavage of the restriction
enzyme.

• Overlapping sequence with insert DNA fragment.

• Primer pairs melting temperatures difference≤5 °C to allow annealing of both primers
at the calculated annealing temperature.

• Primer melting temperatures: 50 °C to 72 °C.

• 40% to 60% G- and C-bases, evenly spacing of GC residues within the primer.

• 20 to 30 nucleotides primer length.

• Single recognition (annealing) site for each primer in the donor plasmid.

• No hybridization of primer pairs & no formation of stable secondary structures or
dimers within a primer.

PCR reactions were set up according to the manufacturer’s protocol. Table 3.1 lists the
specifically designed primers and the chosen PCR conditions.

3.1.3.2 Restriction Digest

Restriction enzymes, more precisely restriction endonucleases, are used as molecular
scissors in molecular cloning due to their sequence-specific DNA cleavage activity. To
enable a robust “cut and paste” workflow, only type II restriction enzymes that cut DNA
within or in close proximity to the recognition sequence, creating cohesive ends, were
used for the cloning work presented in this thesis (Figure 3.1). The use of the same
restriction endonucleases for digestion of the insert DNA fragment and the receiving
plasmid backbone results in complementary 5’-overhangs of the DNA fragments that ensure
unambiguous ligation. When available, the high-fidelity (HF®) versions of the selected
restriction enzymes were used. These optimized enzyme variants are characterized by a
drastic reduction in their off-target cleavage activity, allowing them to be used for overnight
digestion.

Restriction digests were set up according to the manufacturer’s protocol using 16h
incubation and 1µg DNA. All of the selected combinations of restriction enzymes allowed
for double digestion protocols, i.e. simultaneous digestion with both restriction enzymes.
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Table 3.1: Overview of donor and recipient plasmids, insert DNA fragments, PCR primers, PCR settings, and used restriction
enzymes for the molecular cloning of the constructs eGFP/MN501A1, CMV/eGFP/MN501A1, HLP/hFIX/MN501A1, and
HLP/eGFP/MN501A1. Primer sequences are given from 5’- to 3’-end, restriction enzyme cut site is indicated by red
letters, blue letters indicate sequence of the insert gene of interest, and the annealing part (on the donor plasmid) of
the primer is denoted by underlined letters. Annealing temperatures were calculated with New England Biolabs Tm
Calculator (https://tmcalculator.neb.com/), extension times were chosen based on 15 s/kb to 30 s/kb as indicated in
the manufacturer’s product information sheet.

Construct eGFP/MN501A1 CMV/eGFP/MN501A1

Donor Plasmid pEGFP-N3 pEGFP-N3
Insert eGFP CMV Enhancer & Promoter
Recipient Plasmid MN501A1 eGFP/MN501A1
Forward Primer TA TGT CGA CGA TCC ATC GCC ACC ATG GC TAC TAG TCG CGT TAC ATA ACT TAC GGT A
Reverse Primer ATA GCT AGC GCT TTA CTT GTA CAG CTC GTC ATA GTC GAC AGC TCT GCT TAT ATA GAC C
Annealing 60.5 °C 56.2 °C

25 cycles 35 cycles
Extension 20 s 15 s
Final Extension 10min 5min
Restriction Enzymes SalI-HF, NheI-HF SpeI-HF, SalI-HF

Construct HLP/hFIX/MN501A1 HLP/eGFP/MN501A1

Donor Plasmid pCDNA3-HLP-5’UTR-FIX pEGFP-N3
Insert HLP/hFIX eGFP
Recipient Plasmid MN501A1 HLP/MN501A1
Forward Primer GTC ACT AGT TGT TTG CTG CTT GCA ATG GA GGC TAG CGA TCC ATC GCC ACC ATG
Reverse Primer T AAG TCG ACC CAT CTT TCA TTA AGT GAG C TAT GAC GTC GCT TTA CTT GTA CAG CTC GTC
Annealing 58 °C 60.5 °C

25 cycles 35 cycles
Extension 60 s 20 s
Final Extension 10min 5min
Restriction Enzymes SpeI-HF, SalI-HF NheI-HF, AatII
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3.1.3.3 Ligation

Ligation describes the ligase-catalyzed linkage of two DNA fragments at their ends by the
formation of a phosphodiester bond between the 3’ hydroxyl and the 5’-phosphate termini
of duplex nucleic acid fragments. As part of the cloning workflow, ligation creates the
recombinant construct, a pDNA vector, from the two linearized DNA fragments equipped
with cohesive ends by the preceding restriction digest. Ligation reactions were set up
according to the manufacturer’s protocol using overnight incubation at 16 °C and 50ng
vector (recipient pDNA) for each reaction. Molar ratios of 3:1 and 5:1 (insert DNA:vector
DNA) were used in parallel to increase the chances of success. The mass of insert DNA to
be used was calculated by

m(insert) = m(vector) · n(insert)
n(vector)

· l(insert)
l(vector)

with l denoting the length of the DNA fragment. To reduce the degradation of adenosine
triphosphate (ATP) contained in the ligase buffer, aliquots of the buffer concentrate were
thawed at room temperature, stored on ice until use and residues were subsequently
discarded.

3.1.3.4 Transformation, Recovery, and Selection

In molecular biology, transformation is the non-viral uptake and incorporation of naked
DNA into prokaryotic cells. The E. coli strains used for amplification of the recombinant
DNA constructs and transformation are naturally non-competent (i.e. not capable of naked
DNA uptake) and therefore require previous treatment to make them chemically competent
(ROTI®Transform Kit, according to manufacturer’s protocol). For transformation, 50 µL
aliquots of competent cells were thawed on ice and mixed with 3 µL of the ligation mix.
Due to the sensitivity of the competent cells, the transformation mixture was mixed
only by careful movements of the pipette tip. The transformation mixtures were first
incubated on ice for 30min, followed by heat shock treatment at 42 °C for 30 s, followed by
incubation on ice for 2min. 200 µL Super optimal medium with catabolic repressor (S.O.C)
medium was then added to the transformation mixtures and bacteria were incubated
(90min, 37 °C, 250 rpm orbital shaking). Outgrowth in this rich culture medium supports
cell recovery and ensures expression of antibiotic resistance in successfully transformed
bacterial cells. After recovery, 50 µL or 100µL of the bacterial suspension were spread on
LB agar plates containing 50µg/mL kanamycin. The plates were then incubated at 37 °C
for 16 h. Supplementation of the LB agar culture medium with antibiotic ensures that only
successfully transformed cells can proliferate on the medium as the acquired recombinant
DNA constructs also convey antibiotic resistance to the transformed cells.
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3.1.3.5 Amplification and Preparation of Plasmid DNA

A single colony from the selection plate was picked and incubated in 2mL LB medium
containing 50µg/mL kanamycin at 37 °C and 250 rpm orbital shaking for 16 h. Amplifica-
tion of the transformed bacterial cells ensures amplification of the recombinant construct.
Plasmids were extracted from the bacterial culture using commercial DNA preparation
kits which use classical alkaline cell lysis, neutralization and column-based purification
steps for the extraction of pure pDNA. The resulting solutions were quantified using spec-
trophotometry (Section 3.1.2). Various restriction digests (Section 3.1.3.2) followed by
agarose gel electrophoretic analysis (Section 3.1.1) were performed to confirm the pu-
rity of the prepared pDNA, the presence of specific restrictions sites, and the length of
the expected DNA fragment lengths after restriction digest. Additionally, the nucleotide
sequence of the recombinant construct was analyzed with Sanger sequencing, performed
by LGC Genomics GmbH (Germany). The sequencing data was then aligned with the
known DNA sequence using DNA Baser Assembler v5.15.0 (Heracle BioSoft, Romania) to
confirm cloning success and rule out the introduction of mutations. If both techniques
confirmed the successful molecular cloning of the expected recombinant pDNA vector,
500 µL bacterial suspension was mixed with 500µL 50% glycerol and stored in cryovials
at −80 °C. These glycerol stocks of the transformed bacteria enabled the amplification and
preparation of the respective pDNA vectors without the need for re-transformation.

3.1.4 Preparation of Minicircle DNA

Minicircle DNA (mcDNA) was prepared as described in a joint publication with Mitdank
et al. (2021), materials are also given there. In brief, the mcDNA-producing parental
plasmid including the gene of interest is propagated in E. coli ZYCY10P3S2T, a genetically
modified strain that expresses phiC31 integrase and I-SceI homing endonuclease in an L-
arabinose-induced manner. The former enzyme recognizes attachment sites in the parental
plasmid and mediates their recombination resulting in mcDNA and a plasmid consisting of
the bacterial backbone that is then degraded by the latter enzyme (Kay et al. 2010). McDNA
was pre-purified using classic alkaline cell lysis followed by several precipitation steps and
dialysis to concentrate nucleic acids while minimizing protein and RNA contamination.
Final isolation of supercoiled mcDNA was done using size exclusion chromatography (SEC).
The collected fraction was subjected to ultrafiltration for concentration and desalination
before the final product was analyzed using agarose gel electrophoresis (Section 3.1.1)
and Sanger sequencing.

3.2 Preparation of Peptide-Triterpene Conjugates

In the following, the final reaction conditions for the preparation and purification of covalent
peptide-SO1861 conjugates are presented. These were the result of several optimization
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steps described in Section 4.2.3.

3.2.1 Conjugation of SO1861-EMCH and Peptide Scaffolds

Peptide scaffolds (K16C or K16CPEG) were dissolved at 2mg/mL and SO1861-EMCH
was dissolved at 1mg/mL in DPBS, pH6.5 immediately before starting the reaction to
minimize cysteine oxidation and hydrolysis of SO1861-EMCHs functional groups. In a
15mL conical tube, 5mL of the peptide solution was mixed with the appropriate amount
of SO1861 EMCH solution (0.25 or 0.5 equivalents, mol/mol) and diluted with DPBS,
pH6.5 to a final peptide concentration of 1mg/mL. The reaction mixture was incubated for
16 h under orbital shaking (800 rpm) at room temperature. After incubation, the reaction
solution was transferred to dialysis tubes and dialyzed against ultrapure water for 24 h at
8 °C (molecular weight cut-off (MWCO) 1 kDa, ultrapure regenerated cellulose membrane).
The dialysis buffer was exchanged twice. The dialyzate was lyophilized. To avoid weighing
inaccuracies in the repetitive preparation of peptide solutions, the complete lyophilizate
was dissolved in sterilized ultrapure water to 2mg/mL. Samples of the resulting solution
were taken for analytical characterization and the remainder was immediately divided
into aliquots. These were lyophilized again, then sealed with laboratory film and stored
at −20 °C until use. Peptide aliquots were dissolved in ultrapure, sterile-filtered water at
1mg/mL as needed, the resulting stock solutions were stored at 8 °C.

3.2.2 Purification of Peptide Conjugates using Solid Phase Extraction

To ensure absence of any free unreacted SO1861-EMCH, batches that were produced for
in vivo studies were subjected to solid phase extraction (SPE) after dialysis and before
lyophilizing the final product. All solutions were allowed to pass the SPE column using
gravity flow. A CHROMABOND HR-XAW SPE column (3mL/60mg) was conditioned with
5mL methanol, followed by 5mL ultrapure water before the dialyzate was loaded on the
column. Afterwards, the column was washed twice with 2mL ultrapure water, followed
by elution with 2mL methanol twice and a final elution step using 2mL 1% formic acid
in methanol. The flow-through of sample loading and the following washing step were
collected and pooled before lyophilization.

3.3 Nanoplex Formulation

Upon mixing with peptide scaffolds that are positively charged at physiological pH due
to their K16-tail, nucleic acids are complexed and form polyplex nanoparticles, so called
nanoplexes.

Nanoplex composition is characterized by its N/P ratio, which is the molar ratio of
charged nitrogen atoms (introduced by the protonated amino nitrogen atoms of the lysine
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sidechains of the peptides) and charged oxygen atoms (introduced by the phosphate
backbone of the nucleic acids). Accordingly, the mass of peptide scaffold to be used for the
preparation of nanoplexes is calculated as follows:

m(peptide) =
m(DNA) · N/P ·M(peptide)
330 g/mol · n+(peptide)

,

with n+ denoting the net number of positive charges.
For nanoplex formation, equal volumes of the peptide and the DNA solution were mixed

together by adding the DNA to the peptide solution followed by rapidly pipetting the
resulting solution up and down 20 times. Most studies were performed with constant
amount of DNA and varying peptide scaffolds or amounts of peptide. It was therefore
found most effective to first add the calculated amounts of buffer and peptide scaffold into
the reaction tubes for each sample. After homogenization of the peptide solutions, the
DNA solution was then added to all samples while mixing. The nanoplex solutions were
incubated for 30min at room temperature to let the nanoplexes self-assemble and then
optionally diluted with buffer or cell culture medium.

For the formulation of mixed nanoplexes, i.e. nanoplexes containing two different
peptide components, both peptides were mixed first with the buffer before the DNA was
added. The composition of the mixed nanoplexes is given in percent and refers to the
proportion of the two peptide components in the complex formation of the DNA. To give
an example: A nanoplex with N/P10 is to be formulated with 70% peptide A and 30%
peptide B. The amount of peptide A used is the same as would be required for a nanoplex
with N/P 7. The amount of peptide B is based on the amount needed for N/P 3.

If not stated otherwise for the specific experiment, nanoplexes prepared for the studies
presented in this thesis were prepared at N/P10. A positive charge was contributed by
each lysine as well as the N-terminal amino group, and one negative charge was considered
for the conjugation of SO1861 due to the glucuronic acid it contains.

Nanoplex formulation was routinely performed in 10mM HEPES, pH7.1 if not stated
otherwise. This buffer ensures constant pH conditions to hinder the nanoplex formation as
little as possible. The latter is ensured by the choice of HEPES as buffering agent which has
little effect on the ionic strength (Stellwagen et al. 2008) due to its zwitterionic structure.

For i.v. injection, isotonicity of the nanoplex solution was desirable to minimize irritations
at the injection site. Based on its established use for animal studies in mice by Baumhover et
al. (2015) and Fernandez et al. (2010), isotonic HEPES-buffered mannitol (HBM, 270mM
D-mannitol, 5mM HEPES, pH7.5) was used for all experiments with pepY-nanoplexes
and the in vivo study. As a sugar alcohol, mannitol has no reducing carbonyl group. This
eliminates the risk of Maillard reaction with the amino groups of the peptide (Hodge 1953),
unlike the 5% glucose solution routinely used as a non-ionic, isotonic solution for infusion
purposes.
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3.3.1 Preparation of Targeted Nanoplexes

Targeted nanoplexes, i.e. nanoplexes functionalized with a targeting ligand, were prepared
by reaction of the azide functionality of the DNA-complexing peptide scaffold with the
DBCO-group of the previously derivatized protein ligand by means of SPAAC. DBCO-
Transferrin, DBCO-Cetuximab, DBCO-EGF, DBCO-Apolipoprotein AI (ApoAI), and DBCO-N-
Acetylgalactosamine (GalNAc) were provided within the ENDOSCAPE project by the
working of group of Prof. Hendrik Fuchs (Institut für Laboratoriumsmedizin, Klinische
Chemie und Pathobiochemie, Charité – Universitätsmedizin Berlin). Advised by Prof.
Fernandez-Megia (CiQUS, Universidade de Santiago de Compostela), nanoplexes were
formulated as described in Section 3.3 in 10mM HEPES, pH7.1 in reaction tubes. After
the 30min self-assembly period DBCO-functionalized ligand (stock solution in PBS, diluted
in 10mM HEPES, pH7.1) was added and the solution was incubated for 16 h at room
temperature under orbital shaking (800 rpm). Ligand loading in percent refers to the molar
amount of azide groups accessible for SPAAC bioconjugation. As each peptide scaffold
carries one free azide group, the molar amount of azide groups is therefore equivalent
to the molar amount of peptide scaffold. To evaluate the contribution of non-covalent,
electrostatic association of the ligand to the nanoplex, targeted nanoplexes were prepared
in parallel as a control using the same reaction conditions, but a non-DBCO-functionalized
ligand variant.

3.4 Analytical Methods

In the following, all analytical methods used for the work presented in this thesis are
presented.

3.4.1 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy measures the interaction between the
intramolecular magnetic field of atomic nuclei of a sample, situated in a strong static
magnetic field, with a high frequency alternating magnetic field. Since the intramolecular
magnetic field depends on the environment of individual atoms and their interactions
with neighboring atoms, functional groups in the molecule can be identified based on the
chemical shift of resonance frequencies. NMR spectroscopy is therefore primarily used for
structure elucidation. Since the ratio of the signal area in the NMR spectrum is proportional
to the ratio of the number of resonant nuclei in the molecule, NMR spectroscopy can also
be used for concentration determination.

1HNMRwas used to investigate the stability of SO1861-EMCH. 0.8mg to 1.0mg SO1861-
EMCH was dissolved in 1.2mL ultrapure H2O/20mM phosphate buffer (PB)/phosphate-
buffered saline (PBS)/20mM citrate and stirred at room temperature. Aliquots (0.40mL)
were collected at 2 h, 6 h, and 24h, lyophilized and analyzed by 1H NMR (500MHz,
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CD3OD). The stability/degradation of the hydrazone andmaleimide groups was determined
by integrating the signal at 7.70 ppm to 7.60 ppm (hydrazone) and 6.82 ppm (maleimide)
with respect to the stable multiplet signal at 5.37 ppm to 5.26 ppm, indicating three protons
unaffected by hydrolysis (at C-12 of the aglycone, C-1 of fucose, and C-4 of quinovose).

Experiments were recorded on a 11.7 T Bruker DRX 500 spectrometer, acquiring 64 scans,
with a pre-scan delay (d1) of 1.6 s and an acquisition time of 4 s at 300K. MestReNova
14.2 software (Mestrelab Research, Spain) was used for spectra processing.

All 1H NMR data presented in this thesis were generated and analyzed by Juan Correa
(group of Prof. Fernandez-Megia, CiQUS, Universidade de Santiago de Compostela) within
the ENDOSCAPE project.

3.4.2 Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass
Spectrometry

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) is a mass spectrom-
etry (MS) method which uses MALDI for the generation of analyte ions that are accelerated
and detected according to their TOF. The analyte is mixed with a solution of an energy-
absorbent matrix which co-crystallizes with the sample upon drying. For analysis, a laser
beam ionizes the matrix. This triggers ablation and desorption of the co-crystallized matrix
and sample material, followed by ionization of the analyte molecules in the gas phase.
The extent of ionization via protonation or deprotonation is dependent on the chemical
nature of the analyte. The generated singly charged analyte ions are then accelerated and
separated according to their mass-to-charge ratio (m/z) before being detected in the TOF
mass analyzer.

Compared to other ionization methods, MALDI is relatively gentle, resulting in little
fragmentation of analytes. Other advantages include low sample input (typically 1 µg
peptide permatrix used) and high sample throughput. MALDI-TOFMS analysis is inherently
not suitable for absolute quantification and determination of the purity of analytes and.
This is due on the one hand to the varying extent of analyte ionization and on the other
hand to the manual performance of the measurement.

Analysis of the native and the equipped peptide scaffolds by MALDI-TOF MS was per-
formed in positive mode, as the peptides are prone to protonation due to their polycationic
nature. An Ultraflex-II TOF/TOF or UltrafleXtreme TOF/TOF instrument (Bruker Corpo-
ration, USA) was used. 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid, SA) and
α-cyano-4-hydroxycinnamic acid (HCCA) were used as matrices (both as saturated solution
in 33% acetonitrile/0.1% trifluoroacetic acid), mixed with equal volumes of the analyte
solution, and the resulting analyte/matrix-solutions were deposited on the microtiter plate
target using the dried droplet method. Measurements were performed in reflector or
linear mode, m/z are reported either as [M+H]+ (mono-isotopic) or as [M+H]+ (average)
values. The conditions applied are specified for each spectrum. Data was analyzed using
FlexAnalysis 2.4 software (Bruker Corporation, USA).
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All MALDI-TOF MS data presented in this thesis were generated by and analyzed together
with Dr. Christoph Weise (Institute of Chemistry and Biochemistry, Freie Universität Berlin).

3.4.3 Liquid Chromatography Mass Spectrometry

Liquid chromatography (LC)-MS analysis combines the separation of the sample to be
analyzed by liquid chromatography with high sensitivity mass spectrometric detection. A
portion of the column eluate is continuously evaporated and ionized during the analysis by
electrospray ionization (ESI). The resulting ions are accelerated and separated according
to their m/z before being detected in the TOF mass analyzer. ESI can be performed with
positive or negative voltage, leading to the detection of the quasi-molecular ions [M+H]+
or [M-H]-, respectively. Due to the described coupling, a mass spectrum is available for
each point of the chromatogram. That makes LC-MS analysis particularly suitable for the
detection and identification of analyte impurities.

The presence of SO1861-EMCH and SO1861 in the equipped peptide scaffold solutions
was assessed with a 1290 Infinity II LC system coupled with a 6550 iFunnel Q-TOF
mass spectrometer (Agilent Technologies®, USA). High pressure liquid chromatography
was performed using a Kinetex, 2.6 µm C18, 100Å, 100×4.6mm column (Phenomenex,
Germany) and the following water, 0.01% formic acid (A)/acetonitrile, 0.01% formic acid
(B) gradient: 0min: 30% B, 14min: 50% B, 24min: 50% B, 25min: 30% B, 30min:
30% B. Flow rate was 0.7mL/min and sample injection volume was 5.0 µL. SO1861
tends to deprotonate due to the glucuronic acid it contains, so ESI was performed in
negative mode. MestReNova 14.1 software (Mestrelab Research, Spain) was used for
spectra processing.

3.4.4 Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is an analytical
method that is commonly used to separate proteins according to their mass. To achieve a
mass-dependent migration rate in the electric field, samples are mixed with the surfactant
SDS before electrophoresis. SDS binds to proteins at a constant mass ratio, masking the
intrinsic charge of the proteins and giving them a similar charge-to-mass ratio.

The peptides used within the scope of this thesis were not amenable to analysis by
SDS-PAGE due to their polycationic nature. Even by increasing the SDS concentration, the
large number of positive charges could not be masked by SDS, consequently no migration
to the anode occurred. Therefore, for the analysis of basic peptides, the electrodes were
reversed. Attaching the cathode at the bottom of the gel allowed the positively charged
peptides to migrate from the loading pockets into the gel. To ensure the formation of sharp
bands, the buffer system was also changed. As described by Säftel et al. (2012), potassium
was the leading, histidine (pKa2 6.0) the trailing and N-tris[hydroxymethyl]methyl-3-
aminopropane-sulfonic-acid (TAPS, pKa 8.4) the common, buffering ion. A 100mM histi-
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dine, 20mM TAPS (pH7.6, not adjusted) running buffer was used for both electrodes. The
sharpness of the bands increased with the acrylamide concentration in the gel, therefore
gels with 22% acrylamide were routinely used. These were prepared as described by
Bio-Rad Laboratories (2014) using only one gel solution consisting of

TAPS 1.5M, pH7.5 (adjusted with KOH) 2.0mL
Acrylamide-bisacrylamide 30% (37.5:1) 5.92mL
TEMED 10% 40.0 µL
APS 10% 40.0 µL

Lyophilized samples were dissolved in sample loading buffer (150mM TAPS, 40% glycerol,
0.02% methylene blue), liquid samples were mixed 1:1 with this buffer. Electrophoresis
was performed at 250V for 90min. Visualization was performed following Neuhoff et al.
(1988) by overnight incubation in the staining solution (40mL 2% w/v phosphoric acid,
10% w/v ammonium sulfate + 10mL methanol + 1mL 5% Brilliant blue G 250) followed
by destaining in 25% methanol.

3.4.5 Fluorescence Spectroscopy

Fluorescence describes a form of luminescence in which a substance absorbs energy in
the form of radiation and re-emits it as visible light. This phenomenon is exploited in
fluorescence spectroscopy for characterization and quantification purposes. The utilization
of fluorescent DNA-binding dyes, whose fluorescence is significantly enhanced by binding
to dsDNA, enables the application of fluorescence spectroscopy for the quantification of
dsDNA. This fluorescence-based method is highly selective for dsDNA and offers a greater
sensitivity than concentration determination by absorption. Within the scope of this thesis,
DNA quantification using fluorescent DNA-binding dyes was used to determine the DNA
complexation efficiency of the peptides, i.e. their capability and extent of DNA condensa-
tion. Since the complexed DNA is no longer accessible for intercalation of the fluorescent
dye after nanoplex formation, the DNA complexation efficiency was determined indirectly
by quantifying the remaining free DNA. For each nanoplex, 400 ng DNA was complexed in
a total volume of 20 µL as described in Section 3.3. QuantiFluor® dsDNA Dye was diluted
1:400 in the nanoplex formulation buffer and 200µL of the resulting working solution were
transferred to each well of a black 96-well plate. Following the 30min incubation period,
5 µL of the nanoplex solution was added per well, which equals to a total amount of 100 ng
DNA per well. For the blank, the same volume of formulation buffer was used. Each sample
was measured in triplicate. Fluorescence intensity was measured using an infinite F200
(Tecan Group Ltd., Switzerland) microplate reader. After mixing the solutions for 5min at
300 rpm, the plate was incubated for another 5min at room temperature in the dark. Flu-
orescence measurement was performed with λex =485 ± 20nm and λem =535 ± 25nm,
the gain was set to optimal. For analysis of the data, the fluorescence intensity of the
blank buffer samples was subtracted from all fluorescence intensity signals. The signal for
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nanoplexes formulated at N/P0 was set to 100% free DNA and the amount of free DNA
for the other samples was calculated from its fluorescence intensity by

m(DNA) =
fluorescence intensity

fluorescence intensity N/P 0
· 100%,

as the performed assay is linear for 0.05 ng to 200ng of dsDNA input.

3.4.6 Dynamic and Electrophoretic Light Scattering

Dynamic light scattering (DLS) is a physical analysis method used to determine the size
and size distribution of particles in dispersion or macromolecules in solution. Laser light
directed at the sample is scattered in all directions by the molecules and particles in the
solution (Rayleigh scattering). The light scattering emanating from the different particles
interferes with each other and the intensity of the scattered light fluctuates minimally
with time. This is due to the Brownian molecular motion, so that the analysis of the
temporal scattering fluctuation allows a statement about the velocity of the particles in
solution. From this, the hydrodynamic diameter (Dh) of a hypothetical hard sphere moving
at the same speed of the nanoparticles within dispersion is calculated using the cumulant
method (Berne and Pecora 2000). The advantages of DLS analytics include the rapid and
parallel determination of size and size distribution, the measurement of a large number of
particles thereby providing robust data, the low material input, and its non-invasiveness
which allows reusing the samples after analysis. When interpreting DLS results, it shall
be taken into account that the light scattering is proportional to the sixth power of the
particles radii and thus the spectra are biased towards larger particles. Other limitations
include the restriction of the cumulant method to monodisperse samples, the assumption
of spherical particles, interference with the measurement and erroneous results when
measuring colored or fluorescent samples, and low resolution (Bhattacharjee 2016).

Electrophoretic light scattering, also known as laser Doppler electrophoresis, is closely
related to DLS with the difference that in the former the sample is measured in an elec-
trophoresis cell under application of an electrical field. When a voltage is applied to the
electrodes, particles migrate with a certain velocity. The measured magnitude of this
velocity thus not only depends on the size of the particles but also on surface charge as
well as solution viscosity and conductivity. Accordingly, with knowledge of the particle size
as well as the solvent properties, the ζ-potential of the particles, defined as the electrostatic
potential at the imaginary surface of hydrodynamic shear, can be calculated (Lowry et al.
2016). In relation to a reference beam, the scattered light is Doppler shifted, which allows
the determination of the particles migration direction. ζ-Potential measurements are highly
sensitive to changes in pH and ionic strength of the analyte solution. Furthermore, the
electrophoresis of the sample may lead to degradation, so samples cannot be reused.

The Dh and ζ-potential of all nanoplexes investigated within the scope of this thesis were
determined with a Zetasizer Nano ZS (Malvern Instruments, UK) instrument, equipped with
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a 4mVHeNe laser, λ=633nm, at a fixed scattering angle of 173°. For each nanoplex, 2.5 µg
DNA was complexed in a total volume of 50 µL as described in Section 3.3. The nanoplex
solution was incubated at room temperature for 30min and transferred into a disposable
UV-transparent micro cuvette for size measurements. Each measurement was performed
three times. Cumulants analysis, as defined in ISO 13321:1996 and ISO 22412:2008, was
used for the analysis of the autocorrelation functions by the Zetasizer software, producing a
mean value for the Dh (Z-Average) and a width parameter of the monomodal curve known
as polydispersity index (Pdi) (Malvern Instruments Ltd. 2013). The Pdi can range from 0.0
(for a perfectly uniform distribution in terms of particle size) to 1.0 (for highly polydisperse
samples). For ζ-potential measurements, the nanoplex solution was diluted with the buffer
that was used for nanoplex formulation to a final volume of 800µL before transferring
the complete solution to a folded capillary cell. Each measurement was performed three
times with a minimum number of 10 sub-runs per measurement. ζ-Potential values were
calculated by the Zetasizer software from the measured electrophoretic mobility using the
Henry equation and the Smoluchowski approximation (Malvern Instruments Ltd. 2013).

3.4.7 Electron Microscopy

Electron microscopes use a beam of accelerated electrons instead of light for illumination.
Since the de Broglie wavelength that can be assigned to fast electrons is much shorter
than the wavelengths of visible light, a higher resolution can be achieved with an electron
microscope than with a light microscope.

In scanning electron microscopy (SEM), a focused beam of electrons scans the surface of
the specimen in a raster pattern. The interaction of the electrons in the focused beam with
the specimen is recorded by detectors that convert the relative number of backscattered
or emitted electrons into brightness. SEM measurement requires dry samples under high
vacuum. Visualizing non-conductive objects like biological samples with low electron
density requires conductive coating prior to the measurement.

Cryogenic transmission electron microscopy (Cryo-TEM) measures the interaction of
the electrons with the sample as the beam is transmitted through an ultra-thin section of
the specimen at cryogenic temperatures (≤−150 °C). For the examination of biological
materials, Cryo-TEM offers the advantage of eliminating the use of fixatives and contrast
agents and allowing examination close to the native state. This is achieved by ultra-fast
shock-freezing of the samples, which embeds the analyte in an environment of vitreous ice.

Within the work described in this thesis, both SEM and Cryo-TEM were used for the char-
acterization and size determination of nanoplexes. All electron micrographs were acquired
at the Core Facility BioSupraMol supported by the Deutsche Forschungsgemeinschaft
(DFG).

For SEM, 10µL nanoplex solution (0.1 µg/µL DNA, prepared in ultrapure water as
described in Section 3.3) were transferred to silicon wafers and dried overnight in a
desiccator at room temperature. Samples were sputtered with gold before analyzing their
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size using a Hitachi SU8000 scanning electron microscope (Hitachi, Japan) operated at
10 kV.

For Cryo-TEM, perforated carbon film-coated microscopic 200-mesh grids (either R1/4
or R1.2/1.3 batches of QUANTIFOIL®, MicroTools GmbH, Germany) were cleaned with
chloroform and hydrophilized by glow discharge before 4 µL aliquots of the nanoplex
solutions (0.3 µg/µL complexed DNA) were applied to the grids. Samples were vitrified
by automatic blotting and plunge freezing with a FEI Vitrobot Mark IV (Thermo Fisher
Scientific™, USA) using liquid ethane as cryogen. The vitrified specimens were transferred
to the autoloader of a Talos Arctica™ transmission electron microscope (Thermo Fisher
Scientific™, USA), which is equipped with a X-FEG field emission gun and operated at
200 kV acceleration voltage. Micrographs were acquired on a Falcon 3 direct electron
detector (Thermo Fisher Scientific™, USA) using the 100µm condenser aperture at a
nominal magnification of 28000× corresponding to a calibrated pixel size of 3.75Å per
pixel. Nanoplex sizes were measured using ImageJ v1.53k (https://imagej.net/, (Schneider
et al. 2012)).

3.4.8 Flow Cytometry

Flow cytometry can be used to count and analyze cells or particles present in suspension.
By hydrodynamic focusing, each cell/particle is passed individually through a flow cell.
Here, irradiation with laser light of suitable wavelength and detection of the scattered and
emitted light takes place. The use of several lasers and filters of different wavelengths for
the detection enables the simultaneous analysis of different object properties. Forward
and side scatter are recorded and evaluated to characterize the size and granularity of the
cells. In addition, fluorescence intensity due to expression of fluorescent proteins, uptake
of fluorescent or fluorescently labeled molecules, or surface-labeling with fluorescently
labeled antibodies can also be measured using appropriate laser light for excitation and
band-pass filters for emission detection. Due to the analysis of single objects, high flow
rates and the parallel determination of numerous characteristics, flow cytometry allows a
fast and detailed investigation of cell suspensions.

For the investigations presented in this thesis, flow cytometry was used to determine the
transfection efficiency of enhanced green fluorescent protein (eGFP)-encoding plasmids
and the internalization of cyanine5 (Cy5)-labeled EGF based on the fluorescence signals
of the cells. To ensure a reproducible evaluation and quantitative statement, only single,
intact cells were included in the analysis. These were gated based on their forward scatter.
The gate was established manually using blank (untreated) cell suspensions. As shown
in Figure 3.2A, the peak width was plotted against the peak height of the forward scatter
signal in a dot plot and the population of singlets was selected manually. Cell debris
exhibits both lower signal heights and widths, a broadening of the signal with no change
in height occurs with groups of cells (i.e., more than one). A minimum number of 5000
singlets were included in the analysis of each condition. Cell suspensions were prepared
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Figure 3.2: Evaluation of flow cytometry experiments.(A) Gating of singlets (single, intact cells),
indicated by red circle in the dot plot. FSC = forward scatter. (B) Evaluation of eGFP
expression. The autofluorescence of a blank (untreated) cell population (upper panel)
is used to establish the threshold for eGFP-expression. All cells exhibiting higher
eGFP-related fluorescence intensities (FITC-height values above the threshold), were
considered transfected as depicted by the dark grey color in the lower panel.

by detaching the cells from the well plate using trypsin/ethylenediaminetetraacetic acid
(EDTA). After detachment, cell suspensions were homogenized by pipetting to ensure a
single-cell-suspension, transferred in a reaction tube and kept on ice until analysis. All
flow cytometry analysis were recorded on a CytoFLEX S Flow Cytometer (Beckman Coulter,
USA) using CytoFLEX Sheath Fluid and a flow rate of 30 µL/min. Data was analyzed using
CytExpert v2.5 (Beckman Coulter, USA).

For the evaluation of eGFP-expression, peak height of the fluorescence signal in the
fluorescein isothiocyanate (FITC)-channel (excitation with blue laser λ=488nm; excitation
band-pass filter λ=525 ± 40nm) was determined. As depicted in Figure 3.2B , all cells
exhibiting eGFP-related fluorescence signals in the FITC-channel above the threshold set
by the blank cell population were considered transfected. The transfection efficiency in
percent indicates the proportion of transfected singlets of all singlets measured.

For the evaluation of the internalization of Cy5-labeled EGF, fluorescence intensity in the
allophycocyanin (APC-channel (excitation with red laser λ=638nm; excitation bandpass
filter λ=660 ± 10nm) was recorded.
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Table 3.2: Cell culturemedia and seeding densities of all cell lines used within this thesis. Numbers
indicate number of cells per well, 96-well plates were used for both transfection and
EGF internalization assays. E-Plate L8 were used for impedance-based measurement
of cell viability.

Cell line Culture medium E-Plate L8 Transfection Internalization

A2058 DMEM, 4.5 g/L glucose 10000 5000 20000
A-431 DMEM, 4.5 g/L glucose 20000
HCT 116 McCoy’s Modified 5A Medium 5000 20000
HEK293-FT DMEM, 4.5 g/L glucose 10000 7500
Hepa 1-6 DMEM, 4.5 g/L glucose 20000 10000
Huh-7 DMEM, 4.5 g/L glucose 20000 10000
ECV-304 DMEM, 4.5 g/L glucose 5000
MDA-MB-468 DMEM, 4.5 g/L glucose 20000 10000 20000
Neuro-2a DMEM, 1.0 g/L glucose 10000 5000

3.5 In Vitro Investigations

3.5.1 Culture Conditions

Cell lines were cultivated at 37 °C in a humidified 5% CO2 atmosphere. Depending on
their growth rate, cells were subcultured every two to four days using trypsin/EDTA to
detach the cells. Cells with passage numbers≤ 30 were used for in vitro experiments. Table
3.2 lists the culture media for each cell line, all culture media were supplemented with
10% fetal bovine serum (FBS) and contained 2mM alanyl-L-glutamine, either directly
formulated in the medium or supplemented with UltraGlutamine™ I Supplement.

3.5.2 Transfection

To examine transfection efficiency in vitro, cell suspensions obtained during routine pas-
saging were counted using a Neubauer counting chamber and cells were seeded into clear
96-well plates using a culture volume of 100µL per well. Seeding densities are listed in
the “Transfection” column of Table 3.2. Cells were incubated under normal culture condi-
tions for 24 h prior to transfection. The complete cell culture medium was then removed
using a vacuum pump aspiration system and immediately replaced with 80µL of fresh
complete cell culture medium. Afterwards, 20 µL nanoplex solution (100ng complexed
DNA in 10mM HEPES, pH7.1, formulated as described in Section 3.3) was added per well.
For external SO1861-EMCH supplementation, 70 µL medium, 20µL nanoplex solution,
and 10µL SO1861-EMCH solution (20 µg/mL in cell culture medium) were added. Cells
were incubated with the nanoplex-containing media for 48 h (pEGFP-N3- and NP-eGFP
transfections) or 72 h (NP-Sap transfections) under regular culture conditions. A control
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cell population was incubated in parallel and was provided with 100µL fresh cell culture
medium at the time of transfection.

Lipofectamine transfection was performed according to the manufacturer’s instructions,
but adapted to the nanoplex transfection process to ensure maximum comparability. In
deviation from the usual protocol, the Lipofectamine particles were formulated in 10mM
HEPES, pH7.1, and the transfection was carried out with complete culture medium, i.e.
containing FBS, which was not exchanged during the 48 h or 72 h incubation.

For transfection in E-Plates L8 as described in Section 3.5.4, 40 µL nanoplex solution
(5 ng/µL complexed DNA) and optionally in addition 10µL SO1861-EMCH (120µg/mL
were added after the initial 24 h incubation period.

For kinetic studies of the endosomal release of the nanoplexes, fluorescently labeled
nanoplexes were prepared using a FITC-labeled peptide. NP-Luc, which encodes luciferase
and thus is neither cytotoxic nor causes fluorescence of the cells, was used as pDNA.
The preparation of the nanoplexes is described in Section 3.3 (“mixed nanoplexes”).
CELLview cell culture dishes were used for cultivation of the cells. Twice the number of
cells as indicated in column “Transfection” of Table 3.2 were seeded into one compartment
(1.9 cm2) using a total culture volume of 200µL. For transfection, 200 ng complexed DNA
was used per compartment. The transfection process was continuously monitored using
the brightfield and green fluorescence (λex =452 ± 45nm, λem =512 ± 23nm) channel
of the Lux3 FL (CytoSMART®, the Netherlands) live-cell imaging fluorescence microscope.

3.5.3 Transfection Efficiency

For the majority of in vitro studies, eGFP-encoding plasmids were used. Upon successful
transfection, eGFP is expressed, which allows for the detection and quantification of
transfected cells. This evaluation can be done in the living cell, thus does not require
termination of the experiment and can therefore be done continuously. As illustrated in
Figure 3.2B, a disadvantage of the evaluation via the green fluorescence intensity is the
difficulty in distinguishing the autofluorescence of the cells from weak eGFP expression.

During the 48 h incubation period, eGFP-expression was monitored using the small
fluorescence live-cell imaging microscope CytoSMART® Lux3 FL (CytoSMART®, the
Netherlands). This microscope was placed inside the CO2 incubator, allowing contin-
uous evaluation of both eGFP expression and cell growth during cultivation. Cell cover-
age, also called confluency, in the brightfield and green fluorescence (λex =452 ± 45nm,
λem =512 ± 23nm) channel was determined by the CytoSMART® Cloud Service by means
of image analysis. Transfection efficiency defined as the share of eGFP-expressing cells was
calculated from these values by

Fluorescence Coverage =
Confluency Green Fluorescence

Confluency Brightfield
· 100%.
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Fluorescence microscopic live cell imaging with the Lux3 FL only allows the observation of
one well and has low sensitivity. Routine evaluation of parallel transfections was therefore
performed by flow cytometry as described in Section 3.4.8. Flow cytometric analysis
allows conclusions to be drawn regarding both fluorescence intensity and the proportion of
transfected cells. This is not the case with the frequently used spectrophotometric analysis
of fluorescence expression with a microplate reader, since the fluorescence intensity of the
entire well is measured here.

For transfections of NP-Sap, which is encoding the cytotoxic protein saporin, transfec-
tion efficiency was determined by assessing cell viability 72 h after transfection using
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt) assay. CellTiter 96® AQueous One Solution Cell Proliferation Assay
(Promega GmbH, Germany) was used according to the manufacturer’s protocol with an
incubation time of 2 h. Absorbance values were recorded on an infinite F200 (Tecan Group
Ltd., Switzerland) microplate reader. The reagent solution, which is added to the cells for
evaluation of cell viability, contains the tetrazolium compound MTS and the electron cou-
pling reagent phenazine ethosulfate (PES). The MTS tetrazolium compound is bioreduced
by cells into a colored formazan product, whereby the amount of formazan product is
proportional to the number of living cells (Cory et al. 1991) and thus provides information
about cell viability. PES is required as intermediate electron acceptor to enable formazan
formation. In contrast to the commonly used 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay, which uses a closely related tetrazolium compound, the
MTS assay allows absorbance measurement immediately after incubation (Barltrop et al.
1991). This is due to the water solubility of the MTS formazan product, which eliminates
the need for the error-prone solubilization of the formazan granule by DMSO.

Each in vitro transfection experiment was performed independently three times.

3.5.4 Cellular Impedance

Cellular impedance measurement is a highly sensitive method to investigate cell viability.
Cells are cultivated in special microtiter plates, the well bottom of which is covered with
gold microelectrodes. When a voltage is applied, a flow of electrons occurs across the
conductive cell culture medium. The presence of adherent cells at the well bottom, and
thus at the electrode-medium interface, impedes electron flow. This electric resistance
caused by the adhesion of cells on the well surface is referred to as cellular impedance.

The cellular impedance is reported using the unitless parameter Cell Index, which is
calculated as follows:

Cell Index =
impedance at time point t− impedance in the absence of cells

nominal impedance value
.
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The measurement of cellular impedance can be performed in real time during the run
time of the experiment, works without labeling agents, and is non-invasive.

The data recording over the entire experimental period as well as a possible combination
with other evaluation techniques at the endpoint of the experiment represent advantages
over the established and routinely used formazan-generating assays for cell viability as-
sessment. Compared to optical evaluation of confluence by image analysis, which only
takes into account the well area covered by cells and is prone to errors in the recording
and evaluation of the images, the magnitude of cellular impedance is not only dependent
on the well area covered but also on the cell-substrate attachment quality.

Within this thesis, impedance-based measurements were performed to determine cell
viability during incubation with varying saponin concentrations and nanoplex transfections.
For this, two E-Plates L8 were filled with 150µL cell culture medium per well to measure
the blank impedance. Afterwards, cells were added in 400µL cell culture medium, resulting
in a culture volume of 550µL per well. Seeding densities are listed in the column “E-Plate
L8” of Table 3.2. The procedure for transfection experiments is described in Section 3.5.2.
For the investigation of the tolerability of SO1861-EMCH in vitro, 50 µL SO1861-EMCH in
cell culture medium was added to each well after an initial 24 h incubation period. The
concentration of these added stock solutions was twelve times the specified final SO1861-
EMCH concentration. Cells were incubated using the regular cultivation conditions while
the cellular impedance was measured every 10min with the RTCA iCelligence™system
(ACEA Biosciences, USA). Data was analyzed by the RCTA data analysis software (ACEA
Biosciences, USA). Normalized cell indices are reported, which is the measured cell index
normalized to the cell index measured at the time point of intervention.

3.5.5 Internalization of Epidermal Growth Factor

To investigate and characterize internalization of Cy5-EGF, cells were incubated with
the fluorescently labeled EGF-mutant (provided by Melanie Krass, working group of Prof.
Hendrik Fuchs, Institut für Laboratoriumsmedizin, Klinische Chemie und Pathobiochemie,
Charité – Universitätsmedizin Berlin) in varying concentrations and for different time
periods. The evaluation was carried out using flow cytometry as described in Section 3.4.8.

Cells were seeded in 96-well plates using a culture volume of 100µL, seeding densities
are listed in the column “Internalization” of Table 3.2. After a 24 h cultivation period, the
culture medium was exchanged against Cy5-EGF-containing culture medium.

For evaluation of concentration-dependent internalization, Cy5-EGF was used in con-
centrations ranging from 0.1 nM to 1 000nM. The free labeling dye Sulfo-Cy5-NHS was
tested in parallel as control. Cells were incubated with Cy5-EGF for 24 h.

To investigate time-dependent uptake, a constant Cy5-EGF concentration of 100 nM was
used. The Cy5-EGF-containing cell culture medium was added to the cells at different time
points and the experiment was terminated simultaneously in all wells.

For evaluation of competitive inhibition of Cy5-EGF uptake by an excess of unlabeled
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EGF, cells were incubated with 100nM Cy5-EGF and varying concentrations of unlabeled
EGF for 4 h.

Fluorescence micrographs of Cy5-EGF uptake by A-431 cells were recorded using the
brightfield and red fluorescence (λex =561 ± 14nm, λem =630 ± 90nm) channel of the
Lux3 FL (CytoSMART®, the Netherlands) live-cell imaging fluorescence microscope during
incubation with 1 000nM Cy5-EGF in one compartment (1.9 cm2) of a CELLview cell
culture dish with glass bottom using 100µL culture volume.

3.6 In Vivo Investigations

The in vivo tolerability and efficacy studies were performed in close accordance with the
settings of the described in vivo investigation on sapofection using SO1861 and PLL-based
nanoplexes in the two-component setting by Sama et al. (2018b). All animal experiments
were performed by Britta Büttner under supervision of Prof. Walther at Experimental
Pharmacology & Oncology Berlin-Buch GmbH, Germany in accordance with the United
Kingdom Coordinated Committee on Cancer Research (UKCCR) guidelines and were
approved by the responsible local authorities (State Office of Health and Social Affairs,
Berlin, Germany; approval No. G03333/18 and Reg0010/19).

In the Neuro-2a neuroblastoma allograft model, the anti-tumor-efficacy of treatment
nanoplexes (NP-Sap complexed with 70% pepY and 30% K16CPEGeq0.5, hereinafter
referred to as pepY-SO1861-nanoplex) were compared to non-equipped nanoplexes (NP-Sap
complexed with 70% pepY and 30% K16CPEG, hereinafter referred to as pepY-nanoplex)
and vehicle control as placebo.

Nanoplexes for the in vivo investigations were formulated as described in Section 3.3
using sterile-filtered HBM as buffer. To allow for the exact injection of 100µL nanoplex
solution, 110% of the required quantity was prepared. To enable the preparation of the
highly concentrated nanoplex solutions for injection, the two peptide components were
lyophilized in the calculated quantities as combined aliquots before the start of the study.
The evening before the injection, the peptide aliquots were solubilized in 55 µL HBM per
aliquot and the resulting solution was stored overnight at 8 °C. The next day, nanoplexes
were formed by adding the DNA solution (33 µg NP-Sap in 55 µL). The resulting nanoplex
solutions were stored at room temperature and used for injection within 24 h.

3.6.1 Tolerability Studies

The tolerability of the treatment nanoplexes (pepY-SO1861-nanoplex) was assessed in
three six- to eight-week-old NMRI nu/nu female mice without tumor induction. Mice
were injected i.v. with treatment nanoplexes (30 µg complexed NP-Sap in 100µL) every
two days with a total number of five injections. Mice were monitored for condition and
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potential side effects, including skin reactions (flush) at the injection site. Furthermore,
body weight was measured every two days for two weeks.

3.6.2 Anti-Tumor Efficacy

1×106 Neuro-2a-cells in DPBS were injected subcutaneously (s.c.) in the left flank of 30
six- to eight-week-old NMRI nu/nu female mice to induce neuroblastoma tumors. The
animals were then randomly allocated to three treatment groups (n=10 mice/group).
Injection schedule was the same for all groups: a total of five injections was administered
i.v. on day 1, 3, 5, 7, and 9 after tumor induction. The control group received 100µL
HBM as vehicle control, the pepY-nanoplex group received 100µL pepY-nanoplex in HBM
(30µg NP-Sap per injection), and the pepY-SO1861-nanoplex group received 100µL pepY-
SO1861-nanoplex in HBM (30µg NP-Sap per injection). Tumor size and body weight was
determined twice a week during the study period. The treatment efficacy was determined
by measurement of tumor volumes (TVs). TV measurement was performed with a digital
caliper and TVs were calculated using the formula

TV = 0.5 · length ·width2.

When animals reached a TV >1.5 cm3, studies were terminated for ethical reasons.

3.7 Statistical Analysis

Statistical analysis was perfomed using R: A Language and Environment for Statistical
Computing (R Core Team 2022; Xu et al. 2021). Normality was assessed with Shapiro-Wilk
test assuming a 95% confidence level. If normal distribution was confirmed, statistical
significant differences between groups were determined with unpaired, two-sided Student’s
t-test. If data was not normally distributed, Wilcoxon signed-rank tests were performed
to investigate differences. Grubbs’s test was used to test for outliers assuming a 95%
confidence level.
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4 Results and Discussion

4.1 Stability of SO1861-EMCH

As discussed in Section 1.4, the hydrazone linkage of SO1861 and the DNA-complexing
peptide scaffold via the N-ε-maleimidocaproic acid hydrazide (EMCH)-linker was chosen
based on its hydrolysis at pH<7.0. This shall ensure release of the saponin in the acidic
endosomal compartments. To confirm this hypothesis and gain information on the specific
kinetics of SO1861 release from its EMCH-derivative, the stability of SO1861-EMCH was
investigated in different buffers and pH values over time using NMR. These studies were
carried out by the group of Prof. Fernandez-Megia (CIQUS, Universidade de Santiago
de Compostela) within the ENDOSCAPE project. The data generated is presented in the
following as it influenced the optimization efforts described in Section 4.2.3.

The observed hydrolysis rates (Table 4.1) indicated complete stability of both the
maleimide and the hydrazone group in phosphate-buffered saline (PBS) at pH7.4, while
incubation in 20mM phosphate buffer at pH7.4 or 7.0 and water led to increasing hydrol-
ysis of the maleimide group over time. Hydrolysis of the hydrazone group at acidic pH
occurred to a much lesser extent than expected for SO1861-EMCH. In 20mM citrate buffer,
both the maleimide and hydrazone groups were completely stable at pH6.0. Incubation
at pH4.5 resulted in appreciable hydrolysis rates of the hydrazone group. However, it
is questionable whether the actual release rate is sufficient for the hoped-for endosomal
escape-enhancing (eee) activity of SO1861 in vitro and in vivo, as only 29% SO1861 was
released after 24 h incubation at pH4.5 and 37 °C. The problematic low release rate is
likely exacerbated by nanoplexing SO1861-EMCH, which further hinders the accessibility
of the hydrazone group compared to the free diffusion of SO1861-EMCH in the buffer.

As hydrolysis of the hydrazones’ carbon-nitrogen double bond at acidic pH values is
generally described to be initiated by protonation of the imine nitrogen, followed by
nucleophilic attack of a water molecule at the imine carbon (Christie et al. 2010; West and
Otto 2005), substituents adjacent to the hydrazone massively influence its hydrolysis rate.
In comparison of SO1861-EMCHwith Aldoxorubicin (Doxorubicin-EMCH) (Figure 4.1), one
must denote the presence of a hydroxyl group at C-9 of Aldoxorubicin instead of the methyl
group at C-4 of SO1861-EMCH and a hydroxymethyl group at C-13 of Aldoxorubicin.
Both additional groups are electron-withdrawing and decrease the electron density of
the imine carbon, thus making it more susceptible to nucleophilic attack by water. This
could contribute to the markedly different hydrolysis rate of both components’ hydrazone
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Table 4.1: Hydrolysis rates in % of hydrazone and maleimide group in SO1861-EMCH in different
buffers (first line of header), pH values (second line of header) and for different incuba-
tion times. Values were determined by 1H NMR as described in Section 3.4.1. Non-filled
boxes indicate that no hydrolysis was observed under these conditions.

PBS
7.4

PB
7.4

PB
7.0

H2O Citrate
6.0

Citrate
5.5

Citrate
5.0

Citrate
4.5

Citrate
4.5
37 °C

2 h 4
Hydrazone 6 h 5

24 h 2 4 12 29

2 h 37
Maleimide 6 h 40 11 6

24 h 42 54 47 11
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NHO
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Figure 4.1: Hydrazone groups (indi-
cated in red) with adjacent molecu-
lar structures of Aldoxorubicin (left)
and SO1861-EMCH (right). Additional
electron-withdrawing substituents in
Aldoxorubicin are denoted in blue.

groups at acidic pH (Aldoxorubicin covalently conjugated to human serum albumin: 50%
hydrolysis after ≈25min at 37 °C and pH5.0 (Kratz et al. 2002), Aldoxorubicin covalently
conjugated to albumin-binding domain: ≈25% hydrolysis after 2 h at 37 °C and pH5.0
(Yousefpour et al. 2019), SO1861-EMCH: 4% hydrolysis after 2 h at 37 °C and pH4.5).

Summary

• The maleimide and the hydrazone group of SO1861-EMCH were completely
stable for 24 h in PBS, pH7.4 and 20mM citrate buffer, pH6.0.

• Hydrolysis of the hydrazone group at acidic pH occurred to a lesser extent
than expected, with only 5% released SO1861 after 6 h incubation at 37 °C and
pH4.5.
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4.2 Peptide Scaffolds

The sequence of the peptide scaffold and its functionalization are closely linked. Therefore
the initial conditions as well as the optimization steps of both are outlined in the following.
This section is completed by the characterization of the functionalized peptide scaffolds.

4.2.1 Initial Peptide Design

As introduced in Section 1.4, the peptide scaffold is central in linking all elements of the
one-component gene delivery vehicle. Accordingly, the design of the peptide sequence was
guided by the different functions that were required.

A polylysine domain (K16) was installed for the complexation of DNA via electrostatic
interactions of the cationic amino acid side chains and the anionic phosphate backbone
of the nucleic acid at physiological pH. A chain length of 16 lysines has been shown to be
optimal in terms of stable particle formation and transfection efficiency (Kwok et al. 2016)
and has been used in previous studies on the sapofection of plasmid DNA (pDNA).

As described in Section 1.4, the covalent conjugation of SO1861-EMCH by means of a
Michael-type thiol-maleimide addition requires the presence of a thiol group on the peptide
scaffold. This functionality can either be installed directly by incorporating cysteines or by
converting amino to thiol groups with 2-iminothiolane. The first option was selected to
avoid the thiolation and purification step prior to the Michael-addition. Furthermore, based
on previous investigations using the unmodified K16 domain for nucleic acid complexation,
it seemed advisable not to heterogenize the K16 part by modification of the side chains
and conjugation of SO1861-EMCH molecules. In addition, the functionalization with 2-
iminothiolane would result in a stoichiometric mixture of peptides exhibiting a distribution
of functionalization, both with regard to number and localization of the thiol groups.

For the conjugation of a dibenzocyclooctene(DBCO)-functionalized ligand via strain-
promoted azide-alkyne-cycloaddition (SPAAC) reaction, an azide functionality was intro-
duced by incorporating an azidolysine, denoted by K(N3). The azidolysine, a lysine that is
modified to carry an azide functionality instead of the amino group in the residue, was
installed C-terminally, at the opposite end to the K16-tail, to ensure accessibility of the
azide group for SPAAC reaction. Figure 4.2 depicts a schematic illustration of the initially
designed peptide scaffolds K16C3 and K16C3PEG, which were used for first conjugation
reactions. The PEG8-spacer introduced in one of the scaffolds should be tested for its
influence on the stability and solubility of the scaffold and the nanoplexes formed with it.

K16C3 [ ]
4

K16C3PEG [ ]
4

Lys-N3
PEG8

Lys
Cys
Gly

Figure 4.2: Schematic illustration of initially designed peptide scaffolds K16C3 and K16C3PEG.
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Figure 4.3: MALDI-TOF MS spectra of peptide scaffold K16C3 functionalization with SO1861-EMCH
using different incubation times (indicated to the right of the spectra). Measurements
were performed as described in Section 3.4.2 using SA as matrix. Peaks are labeled
with average m/z of [M+H]+. Numbers on top of the spectra indicate the number of
conjugated SO1861-EMCH molecules per peptide scaffold.

4.2.2 Initial Functionalization Conditions

Maleimide ligation through Michael-addition is described to be highly specific for sulfhydryl
groups at pH6.5 to 7.5 (Kratz 2007). First conjugation reactions were therefore conducted
at room temperature in DPBS at pH7.0 using different incubation times (Figure 4.3)
and molar ratios (amount of SO1861-EMCH relative to one cysteine) (Figure 4.4) for the
conjugation reaction.

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) analysis of the resulting product confirmed the conjugation of SO1861-EMCH to the
three thiol groups of the peptide scaffold. Regardless of the conditions, a heterogeneous
mixture of different conjugates with varying numbers of bound SO1861 molecules was
detected for all reaction conditions. Although MALDI-TOF MS spectra do not enable a
quantitative evaluation, the intensity of the different peaks within a spectrum allowed a
semi-quantitative assessment. As expected, longer incubation times and a larger excess of
SO1861-EMCH yielded larger amounts of higher substituted peptide scaffolds. Surprisingly,
the coupling of more than three SO1861-EMCHmolecules per peptide scaffold was observed,
especially when an excess of SO1861-EMCHwas used or the reaction mixture was incubated
overnight. A probable explanation for this observation is a side reaction of the maleimide
group of SO1861-EMCH with the amino groups in the lysine side chains. At the pH value of
7.0 that was used, the reaction of the maleimide with the thiol groups is described to proceed
1000 times faster than the reaction with the amino groups (Hermanson 2013). Therefore,
the extent of this side reaction was unexpected. It is noteworthy that conjugates with
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Figure 4.4: MALDI-TOF MS-spectra of peptide scaffold K16C3PEG functionalization with SO1861-
EMCH using different molar ratios. Used molar equivalents of SO1861-EMCH relative
to one cysteine are indicated to the right of the spectra. Measurement and labeling as
given in Figure 4.3 description.

one or two bound SO1861-EMCH molecules are dominant in the heterogeneous reaction
mixture. Despite a large excess of SO1861-EMCH, the amount of triple conjugate did not
significantly increase, so it is reasonable to assume that steric effects were responsible for
the hindered attachment of the third SO1861-EMCH molecule. A hindrance to the reaction
of the maleimide with the sulfhydryl group could also have contributed to the conjugation
to the easily accessible lysine residues.

The obtained heterogeneous product mixture required a following purification step. Here,
the main goal was the removal of unreacted SO1861-EMCH and all conjugates carrying
more than three SO1861 molecules, since these are most likely bound to the lysine residues
and may therefore influence the complexation efficiency of the K16-tail. Optimally, the
purification procedure would result in the isolation of a single species, meaning a peptide
scaffold carrying a precise number of SO1861 molecules.

Several chromatographic methods were tested for this purpose. By using size exclusion
chromatography (SEC), separation of unreacted SO1861-EMCH from the conjugates was
possible, but separation of the heterogeneous mixture of conjugates was not achieved due
to the small differences in size. Multiple attempts using Reverse Phase (RP) C-8 or RPC-18
liquid chromatography (LC) as well as hydrophilic interaction liquid chromatography
(HILIC) also did not yield the envisaged separations. Treating the product mixture with
Tris(2-carboxyethyl)phosphine (TCEP), thereby reducing disulfide bonds in the peptides,
resulted in significant changes in the HILIC chromatograms. This indicated formation of
disulfide bridges between the SO1861-equipped peptide scaffolds. The presence of the
conjugates as a covalently linked structure is problematic with respect to their solubility as
well as complexing properties. This observation also explained the inability to separate the
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conjugates based on their size. While reductive treatment with TCEP was very valuable as
a diagnostic tool, unfortunately this was not an option for the conjugation reaction itself or
the subsequent purification, as treatment with TCEP would equally lead to a reduction of
the free azide functionality in the peptide scaffold.

4.2.3 Optimization of Peptide Sequence and Functionalization Conditions

Based on the observed problems with the initial peptide scaffold design, the following
modifications were included for the synthesis of the optimized peptide scaffolds K16C and
K16CPEG (schematically shown in Figure 4.5):

• In order to minimize the potential of aggregate formation due to disulfide bond
formation, the number of cysteines was reduced to one. In addition, calculation of
the SO1861 amounts used in the established two-component sapofection system
indicated SO1861 loadings ≤1 equivalent per peptide scaffold to be appropriate.
Furthermore, due to the amphiphilic character of SO1861, the introduction of several
SO1861 molecules per peptide scaffold was concerning with regard to its influence
on complexation efficiency.

• To avoid steric hindrance in SO1861-EMCH conjugation, the number of glycines
surrounding the single cysteine was increased. The four glycines between the K16-tail
and the cysteine shall additionally ensure that the complexation capability of the
K16-motif is not influenced by conjugated SO1861-EMCH.

• A single tyrosine was introduced in the peptide sequence to facilitate detection and
quantification of the peptide scaffolds using UV/Vis- spectrophotometry. Additionally,
the free hydroxyl group of the tyrosine may be valuable for another functionalization
reaction.

The reaction conditions of the thiol-maleimide addition were optimized in parallel by
implementing the following modifications:

• To favor thiol-over-amine chemoselectivity, the conjugation reaction was performed in
20mM citrate at pH6.0. This slightly acidic pH value ensures complete protonation
of the amino groups of the lysine residues, thus making them less susceptible for
reaction with the maleimide group of SO1861-EMCH. Complete stability of both the

K16C [ ]
4

K16CPEG [ ]
4

Lys-N3
PEG8
Tyr

Lys
Cys
Gly

Figure 4.5: Schematic illustration of optimized peptide scaffolds K16C and K16CPEG.
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hydrazone and the maleimide group of SO1861-EMCH were confirmed for these
conditions beforehand (Table 4.1).

• The amount of SO1861-EMCH molecules was drastically reduced to 0.25 and 0.5
equivalents SO1861-EMCH per cysteine to ensure complete reaction of the SO1861-
EMCH even in the case of minimal interpeptide disulfide formation, thus avoiding the
subsequent purification step for the removal of unreacted SO1861-EMCH. Using ≤ 1
equivalent SO1861-EMCH should also minimize the risk of lysine-functionalization.

• In order to ensure complete reaction of SO1861-EMCH, the conjugation reaction was
incubated at room temperature for 16 h.

• After incubation in 20mM citrate buffer, the resulting product was first dialyzed
against 150mM NaCl before the final dialysis against ultrapure water. This additional
step should ensure exchange of the citrate against chloride anions to secure presence
of the final, lyophilized product as hydrochloride salt.

The sequence-optimized peptides K16C and K16CPEG were each functionalized with 0.25
and 0.5 equivalents of SO1861-EMCH using the described optimized reaction conditions.
The produced peptide-SO1861-conjugates are in the following referred to as equipped
peptide scaffolds

• K16Ceq0.25: S-SO18610.25-(K16G4CG2YK(N3)),

• K16Ceq0.5: S-SO18610.5-(K16G4CG2YK(N3)),

• K16CPEGeq0.25: S-SO18610.25-(K16G4CG2Y-(PEG8)-K(N3)), and

• K16CPEGeq0.5: S-SO18610.5-(K16G4CG2Y-(PEG8)-K(N3)).

MALDI-TOF MS analysis of this set of equipped peptide scaffolds confirmed conjuga-
tion of SO1861-EMCH under the described conditions. Conjugates with more than one
SO1861-EMCH molecule bound to the scaffold were not observed, making cross-reactivity
with the lysines highly unlikely. Additional peaks were observed in the MALDI-TOF MS
chromatograms of both the native peptide scaffolds, that were also incubated in 20mM
citrate buffer, pH6.0, and the equipped peptide scaffolds. Some of the observed peaks
were attributable to the formation of citrate-peptide adducts, as described for oxytocin
degradation products in citrate-buffered solutions (Hawe et al. 2009; R. A. Poole et al.
2011; Wiśniewski et al. 2013). In addition, analysis of the nanoplexes (described in the
following Section 4.3) that were formed with the equipped peptide scaffolds indicated
problems with DNA complexation (Figure 4.10) and nanoplex stability (Table 4.2). This
was ascribed to interfering effects of residual citrate anions.

Based on these observations, the reaction conditions for the thiol-maleimide addition
were further optimized to incubation in DPBS at pH6.5. Incubation in DPBS ensures a
hydrochloride salt as final product, pH6.5 is the lower limit of DPBSs buffering capacity.
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MALDI-TOFMS analysis of the equipped peptides produced using these further optimized
reaction conditions confirmed conjugation of SO1861-EMCH to the scaffolds. The MALDI
chromatograms of all batches that were produced with these final reaction conditions over
the course of this thesis are shown in the appendix (Section 7.2).

4.2.4 Purification of Equipped Peptide Scaffolds

MALDI-TOF MS analysis of the equipped peptide scaffolds showed no free SO1861-EMCH
or SO1861 in the final product, bearing in mind the low sensitivity for the negatively
charged saponins in the positive ion detection mode of MALDI-TOF MS. Especially with
regard to envisaged in vivo studies, the absence of free saponin is crucial. Therefore,
further analysis was performed using LC-MS as described in Section 3.4.3. Detection by
electrospray ionization (ESI)-MS in negative ion mode is highly sensitive for saponins and
the preceding chromatographic separation allows the clear distinction between free and
conjugated SO1861. Trace amounts of both SO1861-EMCH and SO1861 were found in the
equipped peptide scaffolds by LC-MS analysis, demonstrating the need for a purification
step to remove the contamination with free saponin.

The peptides with their numerous primary amino groups can be classified as poly-cationic
substances, while both SO1861 and SO1861-EMCH carry a negative charge at physiological
pH due to their glucuronic acid. Thus, trying a separation of both species by ion-exchange
chromatography was obvious. Classically, a cation-exchange column would be used in
the present case, which would initially hold the peptides as the target product, while the
saponin impurities would be removed by washing steps. In the subsequent elution, the
peptides would then be eluted from the stationary phase by changing the pH or increasing
the ion concentration of the mobile phase. Unfortunately, due to the polycationic nature
of the peptides and the strong interaction with the stationary phase associated with this,
elution of the peptides was not possible by increasing the ion concentration only, and
elution occurred only at pH≥12. Due to the instability of the conjugate in the alkaline,
this method was thus not applicable for preparative purification.

One way of circumventing the problem of excessive interaction with the column material
was to use an anion exchange column. Here, the column material is positively charged, so
the peptides should not be retained and elute with the flow-through of the column loading,
while the saponin species are retained on the column. Experiments with different solid
phase extraction (SPE) columns with anion-exchange capacities confirmed this hypothe-
sis. The best separation was achieved with an HR-XAW stationary phase consisting of a
hydrophobic spherical polystyrene-divinylbenze copolymer with secondary and tertiary am-
monium modification that exhibits weak anion exchange and RP properties. Peptide species
eluted with the sample loading and first wash fraction as demonstrated by TAPS-PAGE
(Figure 4.6). LC-MS analysis confirmed retention of SO1861 and SO1861-EMCH on the
column. Elution of the saponin species occurred with the final acidic elution step using
1% formic acid in MeOH.
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Figure 4.6: Purification of equipped peptide scaf-
fold K16Ceq0.25 using SPE as described in Section
3.2.2. Fractions were collected and concentrated
using a vacuum centrifuge concentrator and sub-
sequent lyophilization. The lyophilizate was dis-
solved in sample loading buffer and analyzed using
Histidine-TAPS-PAGE as described in Section 3.4.4.
Lanes 1-3: K16Ceq0.25, percentages indicate amount
relative to total amount loaded onto the SPE column,
following lanes: sample loading (L), washing 1 (W1),
washing 2 (W2), elution 1 (E1), elution 2 (E2), and acidic
elution (EA).
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Figure 4.7: Chromatograms of m/z 2069.8 ± 0.25 representing SO1861-EMCH in LC-MS analysis
performed as given in Section 3.4.3. Chromatograms are derived from MS detection
data, showing the appearance of ions with m/z 2069.8 ± 0.25 over the course of the
HPLC run. Peaks are labeled with peak area. Analyzed samples are given to the right
of each chromatogram. Peaks at 12.2min represent SO1861-EMCH which is released
from the equipped peptide scaffold during MS-detection.

The SPE purification step was included in the conjugation protocol after incubation and
before desalting by dialysis as described in Section 3.2.1. LC-MS-analysis of K16CPEGeq0.5
produced with the optimized conjugation reaction including the SPE purification step
revealed complete removal of unreacted SO1861-EMCH by SPE (Figure 4.7). The amount
of free SO1861 was reduced by including the SPE purification step, but trace amounts
were still detectable in the final product. Since free SO1861 was not available as reference
material, absolute quantification could not be performed. It is unlikely that purification by
ion-exchange chromatography is of different effectiveness for SO1861-EMCH and SO1861.
Based on the absence of SO1861-EMCH, the traces of SO1861 detected owing to the high
sensitivity of ESI-MS detection were therefore in all likelihood due to the release of minimal
amounts of SO1861 from the final product.
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Figure 4.8: Release of SO1861 from the
equipped peptide scaffold K16CPEGeq0.5 de-
pending on pH value. K16CPEGeq0.5 was dis-
solved at 1 µg/µL in HBM, pH 7.5; 100mMMES,
pH6.5; and 100mM NH4CH3COO, pH5.5 or 4.5
and incubated at 37 °C under orbital shaking.
20 µL aliquots were taken at the beginning of
the incubation and after 2 h, 4 h, 8 h, and 24 h
and kept at −20 °C until analysis by LC-MS as
described in Section 3.4.3. AUC of the SO1861
peak with m/z 1862.7 ± 0.25 was used as semi-
quantitative indicator of the SO1861 amount.

4.2.5 Release of SO1861

To investigate the release of SO1861 from the equipped peptide scaffolds, the equipped
peptide scaffold K16CPEGeq0.5 was incubated at varying pH values for a period of 24 h
at 37 °C. Samples collected during this incubation time were analyzed for the presence
and amount of SO1861 and SO1861-EMCH by LC-MS analysis. The sensitive detection by
ESI-MS allowed the use of relatively low amounts of conjugate for this assay and the preced-
ing chromatographic separation allowed the clear distinction and parallel determination of
SO1861 and SO1861-EMCH. Unfortunately, quantification of SO1861 and SO1861-EMCH
was not possible due to lack of available reference material. Therefore, the AUC of the
SO1861 peak in the chromatogram derived from the MS detection data using the m/z
of the saponin ion was used as a semi-quantitative indicator of the amount of saponin
released (Figure 4.8). No release of SO1861-EMCH was detected for any pH or incubation
period, confirming the stability of the thiosuccinimide linkage reported in literature. As
expected, the release of SO1861 occurred as a function of pH and incubation period. While
incubation at pH7.5 and pH6.5 did not result in any significant release even after 24 h
incubation, at pH5.5 and pH4.5 a significant increase in the amount of free SO1861 was
detected over the time period studied. Interestingly, the amounts of SO1861 already varied
considerably at the start of incubation, i.e., in the samples taken and frozen immediately
after dissolution of the peptide lyophilizate in the corresponding buffers. For lower pH
values, larger amounts of SO1861 were detected, indicating a very rapid initial hydrolysis
as a function of pH. Note that the mobile phase used for LC has a slightly acidic pH due
to the addition of 0.01% formic acid. A release during the chromatographic separation
would therefore be conceivable in principle. However, since the chromatographic conditions
were constant for all samples, this scenario does not explain the significantly different
amounts of SO1861 released. Without providing a quantitative conclusion, the present
study broadly confirmed the stability data found for non-conjugated SO1861-EMCH (Table
4.1) for SO1861-EMCH covalently bound to the peptide scaffolds.
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4.2.6 Batch-to-Batch Reproducibility

During the course of the doctoral project presented in this thesis, several batches of the
same functionalized peptides were prepared using the optimized reaction conditions. To
assess reproducibility, the different batches were evaluated with respect to their most
relevant property, their in vitro transfection efficiency. Aliquots of the different batches
were stored as lyophilizate at −20 °C for up to 30 months before in vitro testing.

No significant differences were observed between three batches each of the unmodified
peptide K16C and the equipped peptide scaffold K16Ceq0.25 (Figure 4.9), each stored for
different periods of time. This underlines the reproducibility of the optimized conjugation
protocol and the stability of the peptide scaffolds under the described conditions.

Summary

• Unexpectedly, performing the Michael-type thiol-maleimide addition at pH7.0
led not only to functionalization of the sulfhydryl groups of the cysteines but
likewise to reaction with the amino groups of the lysines.

• The peptide scaffold sequence was optimized to consist of a K16-domain for
DNA complexation, one cysteine for conjugation of SO1861-EMCH, several
glycines to avoid steric hindrance, a tyrosine for analytical purposes, an optional
PEG8-spacer and an azidolysine for bioconjugation of a targeting ligand.

• The functionalization of the peptide scaffold by means of thiol-maleimide ad-
dition was optimized to be performed in DPBS, pH6.5 at room temperature
for 16 h using submolar amounts of SO1861-EMCH (0.25 to 0.5 equivalents
SO1861-EMCH per peptide scaffold).

• Trace amounts of unreacted SO1861-EMCH were separated from the peptide
species after the conjugation reaction by anion exchange chromatography.

• The comparative evaluation of the in vitro transfection efficiency of several
peptide batches confirmed batch-to-batch reproducibility and robustness of the
optimized conjugation reaction conditions.

• The thiosuccinimide group formed by thiol-maleimide addition is stable at pH4.5
to pH7.0 and 37 °C for up to 24 h.

• No significant release of SO1861 from the equipped peptide scaffolds was
observed at pH7.0 and pH6.5 after incubation at 37 °C for up to 24 h. At lower
pH values, SO1861 was released from the equipped peptide scaffolds. The
amount of SO1861 released correlated with acidity and incubation time.
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Figure 4.9: Transfection efficiency in vitro indicating reproducibility of the peptide functionalization
reaction. Nanoplexes were prepared as described in Section 3.3 using batches of
the unmodified peptide scaffold K16C or equipped peptide scaffold K16Ceq0.25 for
complexation of pEGFP-N3, in vitro evaluation is described in Section 3.5.3. Bar height
indicates mean of three independent experiments, error bars show standard deviation.
No statistically significant differences between the different batches of the same
peptide were found with Wilcoxon signed-rank tests.
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4.3 Nanoplex Characterization

Mixing of the peptide scaffolds with nucleic acids as described in Section 3.3 results
in the formation of nanoplexes due to the electrostatic interaction of both components.
The physicochemical properties and the efficiency of nucleic acid complexation of these
polymeric nanoparticles are critical for their cellular uptake and biodistribution and thus
for their transfection efficiency in vitro as well as in vivo. Accordingly, characterization and
optimization of the nanoplexes preceded in vitro testing of the most promising prototypes.

4.3.1 DNA Complexation Efficiency

As described in Section 3.4.5, the amount of free plasmid DNA (pDNA) was quantified
after nanoplex formulation to determine the efficiency of DNA complexation of the peptide
scaffolds. A highly selective, double-stranded DNA-binding fluorescent dye was used due
to its high sensitivity, specificity and linearity over a broad concentration range.

The set of SO1861-equipped peptide scaffolds prepared in 20mM citrate buffer varying
in the incorporation of the PEG8-spacer and the SO1861 loading was tested for its capa-
bility to complex pEGFP-N3 as model plasmid. As expected, all tested peptide scaffolds
complexed DNA to a higher extent with rising N/P values. At N/P 10≥89% of the DNA
was complexed by the peptides, expect for the nanoplexes formulated with K16Ceq0.5,
which exhibited a DNA complexation efficiency of 59% at N/P10. Covalent conjugation
of SO1861-EMCH reduced the complexation efficiency, this effect was particularly note-
worthy for the conjugation of 0.5 equivalents of SO1861-EMCH per peptide scaffold. The
incorporation of a PEG8-spacer increased the complexation efficiency compared to the
non-PEGylated analogs (Figure 4.10, left panel).

The same investigation using the optimized SO1861-equipped peptide scaffolds prepared
in DPBS at pH6.5 showed significantly higher DNA complexation efficiencies1 (Figure
4.10, right panel). Increasing N/P ratios also led to higher complexation rates here. In
deviation from the previous observations, using the set of optimized peptide scaffolds, a
slight impairment of complexation efficiency was observed due to the incorporation of the
PEG8-spacer, while the functionalization with SO1861-EMCH had no clear effect on DNA
complexation. All investigated optimized peptide scaffolds complexed ≥97.8% of DNA at
N/P 10.

4.3.2 Size, Size Distribution and ζ-Potential

Particle size is a critical factor in determining the route and efficiency of cellular uptake
and subsequent intracellular trafficking of nanoparticles used for gene delivery purposes,
as described in detail in Section 1.1.2. The size of the nanoplexes formulated for the work
on this thesis was therefore routinely checked using dynamic light scattering (DLS).
1Note that in both cases the nanoplex formulation was carried out in 10mM HEPES, pH7.1.
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Figure 4.10: DNA complexation efficiency of peptide scaffolds as a function of N/P ratio used for
nanoplex formation and buffer used for SO1861-EMCH conjugation (indicated above
the graphs). Nanoplexes were formulated in 10mM HEPES, pH7.1 and evaluated as
described in Section 3.4.5. Data is given as mean of triplicates, error bars indicate
standard deviation.

DLS analysis of nanoplexes, produced by complexing pEGFP-N3 with the set of peptide
scaffolds produced in 20mM citrate buffer, revealed Z-Averages, the intensity weighted
mean Dhs, of 450 nm to 1 120nm and Pdis >0.49, indicating particle size distributions
heterogeneity. This pointed to a polydisperse particle size distribution and nanoplex
aggregation (Table 4.2). This aggregation tendency can be related to the measured ζ-
potentials, describing the value of electrostatic potential at the surface of hydrodynamic
shear (Lowry et al. 2016), which fluctuated around zero and clearly indicated a non-
stable suspension. In addition, the presence of citrate anions, which might not have been
completely removed by dialysis, could have contributed to the aggregation of both peptide
strands and nanoplexes because of their multivalency. Solely the nanoplexes formulated
with K16Ceq0.5, with Dh≈150nm and PdI≈ 0.3, exhibited an acceptable size for in vitro
application, but the ζ-potential of −31.7mV made successful in vitro utilization seem
unlikely. The negative ζ-potential indicated stabilization of this nanoplex solution by
electrostatic repulsion and was in accordance with the detection of 41% free DNA in the
complexation assay (Figure 4.10).

The hypothesized interfering effect of citrate anions on nanoplex formation and stability
was addressed by optimizing the peptide-saponin conjugation reaction (see Section 4.2.3).

Nanoplexes formulated with the resulting set of (equipped) peptide scaffolds prepared in
DPBS, pH6.5 exhibited Dhs of 80 nm to 160nm and Pdis of 0.1 to 0.4 30min after nanoplex
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Table 4.2: Hydrodynamic diameter (Dh), polydispersity index (Pdi), and ζ-potential of nanoplexes
formulated with pEGFP-N3 and (equipped) peptide scaffolds produced in 20mM citrate,
pH6.0 as described in Section 3.4.6. Data is expressed asmean of triplicates ± standard
deviation.

Peptide scaffold Dh (nm) Pdi ζ-Potential (mV)

K16C 663.3 ± 49.4 0.577 ± 0.087 −2.11 ± 0.18
K16Ceq0.25 453.6 ± 46.7 0.497 ± 0.051 −2.71 ± 0.63
K16Ceq0.5 150.9 ± 6.7 0.313 ± 0.008 −31.70 ± 1.87
K16CPEG 794.6 ± 226.3 0.694 ± 0.231 −0.598 ± 0.046
K16CPEGeq0.25 1 118 ± 370 0.798 ± 0.192 3.20 ± 0.40
K16CPEGeq0.5 597.4 ± 273.3 0.710 ± 0.214 −0.366 ± 0.789

Table 4.3: Hydrodynamic diameter (Dh), polydispersity index (Pdi), and ζ-potential of nanoplexes
formulated with pEGFP-N3 and (equipped) peptide scaffolds produced in DPBS, pH6.5
as described in Section 3.4.6. Data is expressed as mean of triplicates ± standard
deviation.

Peptide scaffold Incubation time Dh (nm) Pdi ζ-Potential (mV)

K16C 30min 86.24 ± 5.19 0.276 ± 0.030 32.8 ± 3.8
48 h 79.66 ± 3.36 0.321 ± 0.034

K16Ceq0.25 30min 96.64 ± 0.29 0.159 ± 0.004 35.6 ± 2.0
48 h 123.7 ± 1.2 0.239 ± 0.016

K16Ceq0.5 30min 117.1 ± 22.9 0.277 ± 0.016 32.1 ± 1.2
48 h 185.6 ± 10.7 0.306 ± 0.038

K16CPEG 30min 137.80 ± 4.97 0.366 ± 0.013 28.8 ± 3.5
48 h 118.60 ± 6.03 0.349 ± 0.016

K16CPEGeq0.25 30min 153.30 ± 4.03 0.343 ± 0.020 29.6 ± 1.5
48 h 280.5 ± 0.7 0.287 ± 0.007

K16CPEGeq0.5 30min 90.30 ± 1.09 0.100 ± 0.007 30.8 ± 1.0
48 h 100.7 ± 0.6 0.137 ± 0.020

formulation (Table 4.3). Hence, all investigated nanoplexes considerably undercut the
upper size limit for clathrin-mediated endocytosis of 200 nm as discussed in Section 1.1.2.

As shown in Figure 4.11, the intensity-weighted size distributions of all investigated
nanoplexes displayed a dominant peak at Dhs around 100nm. A minor share of aggregates
with Dh >1000nm was detected for all nanoplexes except for the ones formulated with
K16Ceq0.25 and K16CPEGeq0.5. It must be kept in mind that larger particles are over-
represented in DLS size determination. The extent of aggregate formation was therefore
lower than the depicted size distributions suggest. Saponin conjugation was shown to
reduce the mean size and heterogeneity of the nanoplexes, with 0.5 equivalents showing
superior results for K16CPEG and 0.25 equivalents performing best for K16C. Dhs and Pdis
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of the nanoplexes formulated with equipped peptide scaffolds were increased after a 48 h
incubation period, indicating a swelling of the nanoplexes and increased aggregate for-
mation over time. K16Ceq0.25- and K16CPEGeq0.5-nanoplexes exhibited the best stability,
with Dhs <125nm and PdI <0.25 after incubation for 48 h.

All investigated nanoplexes showed ζ-potentials around 30mV, with slightly smaller
values for the K16CPEG-derived peptide scaffolds. A significant effect of SO1861 conjugation
on surface charge, which might be expected given the saponins glucuronic acids negative
charge at pH7.1, was not observed (Table 4.3).

Summary

• Nanoplexes prepared with the peptide scaffolds incubated in 20mM citrate
buffer exhibited a strong aggregation tendency, which was attributed to the
presence of residual citrate anions.

• Nanoplexes prepared with the peptide scaffolds prepared in DPBS, pH6.5 ex-
hibited mean hydrodynamic diameters <160nm, polydispersity indices <0.4,
ζ-potentials ≈30mV and DNA complexation efficiency ≈98% 30min after
nanoplex formulation. These properties suggested a successful in vitro applica-
tion.

• K16Ceq0.25- and K16CPEGeq0.5-nanoplexes exhibited the narrowest size distri-
butions and highest stability at 48 h incubation.
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Figure 4.11: Size distribution by intensity of nanoplexes formulated with peptide scaffolds pro-
duced in DPBS, pH6.5 at N/P 10 as described in section 3.4.6. Size distribution was
measured after a 30min incubation period and 48h later. Size distributions of three
measurements (different colors) are shown. First line shows (from left to right) size
distributions of K16C-, K16Ceq0.25-, and K16Ceq0.5-nanoplexes 30min after nanoplex
formulation. The row below shows the same nanoplexes 48 h later. The bottom rows
show size distributions of K16CPEG-, K16CPEGeq0.25-, and K16CPEGeq0.5-nanoplexes
30min (third row) and 48 h (fourth row) after nanoplex formulation.
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4.4 In Vitro Investigations of Nanoplexes

The equipped peptide scaffolds optimized based on their physicochemical properties and
the nanoplexes formulated from them were extensively studied in vitro. The aim was
not only to determine their transfection efficiency in a variety of cell lines, but also to
characterize their tolerability and to compare the SO1861-integrated nanoplexes as a
single-component system with the established two-component sapofection approach.

4.4.1 Preliminary Investigations with SO1861-EMCH

The transfection efficiency of SO1861-integrated nanoplexes was to be compared with
the previous sapofection method, which involved the separate application of nanoplex
and saponin. Since SO1861 was not available in sufficient quantities as the saponin to
be supplemented, it was therefore first investigated whether external supplementation
with SO1861-EMCH could be considered equivalent to free saponin SO1861. For this
purpose, non-equipped nanoplexes either without saponin supplementation, with SO1861,
or SO1861-EMCH supplementation were used for transfection. The molar concentration of
saponin supplementation was kept constant. The measured transfection efficiencies, shown
in Figure 4.12, did not demonstrate a significant difference between supplementation with
SO1861 or SO1861-EMCH. Therefore, supplementation with SO1861-EMCH was chosen
for the following transfection experiments.

Figure 4.12: Comparison of transfection-enhancing capability of SO1861 and SO1861-EMCH in
Huh-7 cell line. Nanoplexes were formed as indicated in Section 3.3 using the peptide
scaffolds K16, K16C3 and K16C3PEG and pEGFP-N3. Transfection was performed and
evaluated as given in sections 3.5.2 and 3.5.3. Bar height indicates mean value,
error bars indicate standard deviation of three independent experiments. SO1861 or
SO1861-EMCH were supplemented at the same molar concentration. No significant
differences between SO1861 and SO1861-EMCH supplementation were detected with
unpaired, two-sided Student’s t-test.
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As discussed in Section 1.2, the presence of the aldehyde group at C-4 of the aglycone
was identified in previous studies as a necessary characteristic for the eee effect of specific
triterpenoid saponins (Hebestreit and Melzig 2003). Since functionalization with the
EMCH-linker modifies this free aldehyde group in SO1861 to a hydrazone functionality, the
comparable activity of SO1861 and SO1861-EMCH in vitro was surprising. Kovaříková et al.
(2008) and Buss and Ponka (2003) have shown significantly accelerated decomposition
of various aroylhydrazones in plasma that was attributable to low molecular weight com-
pounds (<30 kDa) and, to a lesser extent, plasma proteins (e.g., albumin). Accordingly, a
possible explanation for the observed activity of SO1861-EMCH could be the much stronger
than expected hydrolysis of the hydrazone bond in the serum-supplemented transfection
medium, in contrast to complete stability in PBS as confirmed by SO1861-EMCH stability
studies (Table 4.1).

The next step was to determine the concentration of SO1861-EMCH to be supplemented.
The aim was to determine the highest possible SO1861-EMCH concentration that does
not impair cell growth, on the one hand to exclude toxic effects caused by the saponin
alone and, on the other hand, to achieve the maximum possible transfection efficiency. For
this purpose, Huh-7 cells, which have been shown to be relatively sensitive to saponin
supplementation in daily handling, were incubated with increasing concentrations of
SO1861-EMCH. Cell viability was assessed during cultivation by measuring the impedance
as described in Section 3.5.4. Cell growth curves depicted in Figure 4.13 show slightly
promoted cell growth for SO1861-EMCH concentrations ≤1.5 µg/mL, this could be due to
the cleavage of individual sugars from the glycoside chains. SO1861-EMCH concentrations
≥2.5 µg/mL impaired cell growth, so supplementation with 2 µg/mL SO1861-EMCH was
determined to be the best option for all following in vitro transfection experiments.

Figure 4.13: Tolerability of SO1861-EMCH in vitro in Huh-7 cell line. Cell viability was investigated
using impedance measurement during incubation as described in Section 3.5.4 and
is indicated by cell indices normalized to the time point of SO1861-EMCH addition
(≈24h after cell seeding). The experiment was performed twice. For each experiment
and condition, two separate wells were used in parallel. Both experiments revealed
no impairment of cell growth for SO1861-EMCH concentrations ≤2µg/mL. For the
sake of clarity, the mean values from one experiment are shown in this figure.
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4.4.2 Transfection Efficiency of Equipped Peptide Scaffolds

Transfection efficiency of nanoplexes formulated with pEGFP-N3 and the equipped and non-
equipped peptide scaffolds was determined in cell lines A2058 (human melanoma), ECV-
304 (human urinary bladder carcinoma), HCT 116 (human colon carcinoma), HEK293-FT
(human embryonic kidney cells), Hepa 1-6 (murine hepatoma), Huh-7 (human hepatoma),
MDA-MB-468 (human adenocarcinoma), and Neuro-2a (murine neuroblastoma) repre-
senting a variety of tissues, origin organisms and susceptibility to transfection. For all cell
lines, Figure 4.14 shows that significant higher transfection efficiencies were achieved by
nanoplexes formulated with equipped peptide scaffolds compared to their non-equipped
analogs. This confirms the hypothesized transfection-enhancing capability of nanoplex-
integrated SO1861.

The optimum amount of SO1861 seems to vary with the cell lines. In A2058, ECV-
304, HCT 116, HEK293-FT, Hepa 1-6, and MDA-MB-468 cells the nanoplexes formulated
with 0.5 equivalents SO1861-equipped peptides transfected more efficiently than their
counterparts formulated with 0.25 equivalents-equipped peptides, while no significant
differences between the SO1861-loading of the peptide scaffolds was found for cell lines
Huh-7 and Neuro-2a.

The addition of further external SO1861-EMCH to the transfection medium (final con-
centration: 2 µg/mL), which was included to achieve maximum transfection efficiency, did
not further increase transfection efficiency in the case of nanoplexes with internal SO1861,
except for transfection of K16CPEGeq0.25-nanoplexes in HEK293-FT and Hepa 1-6 cells. In
Neuro-2a cells, transfection efficiency was significantly decreased by the addition of exter-
nal SO1861-EMCH to K16CPEGeq0.25- and K16CPEGeq0.5-nanoplexes. The combination
of SO1861-equipped peptide scaffolds with external supplementation of SO1861-EMCH
leads to a higher total amount of SO1861-EMCH than previously considered tolerable in the
tolerability studies (Section 4.4.1). Toxic effects that negatively influence cell division and
thus transfection efficiency (see Section 1.1.2) are therefore conceivable as an explanation
for the reduced transfection efficiency. This hypothesis was investigated in several cell lines
and the results are presented and discussed in the following Section 4.4.3.

In all cell lines tested except Huh-7, the transfection efficiencies of the K16CPEG-derived
peptide scaffolds were lower than for their non-PEGylated K16C-derived analogs. This is
in line with the slightly smaller cationic surface charge of the PEGylated nanoplexes (see
Section 4.3.2), which reduces the electrostatic interaction between the positively charged
nanoplexes and the negatively charged cell membrane (Asati et al. 2010).
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Figure 4.14: Transfection efficiency of pEGFP-N3/peptide scaffold nanoplexes in various cell lines.
Transfection was performed and evaluated as described in Sections 3.5.2 and 3.5.3.
Nanoplexes were formed in 10mM HEPES, pH7.1 at N /P 10. Cells were incubated
with nanoplexes and external SO1861-EMCH optionally for 48 h before transfection
efficiency was determined using flow cytometry. Lipofectamine transfections were
performed accordingly. Bar height indicates mean of three independent experiments
(each of them in triplicate for MDA-MB-468 and Hepa 1-6 resulting in n = 9), error bars
show standard deviation. Significant differences were calculated with unpaired, two-
sided Student’s t-test for cell lines A2058, Neuro-2a, HEK293-FT, ECV-304, HCT 116,
and Huh-7 and Wilcoxon signed-rank test for cell lines MDA-MB-468 and Hepa 1-6.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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The transfection efficiency of SO1861-functionalized peptide scaffolds was comparable
to that of Lipofectamine in cell lines HCT 116, HEK293-FT, Hepa 1-6, and MDA-MB-468. In
A2058 and Neuro-2a cells, transfection efficiency of the investigated equipped peptide scaf-
folds was higher than that of Lipofectamine, while it was lower in ECV-304 and Huh-7 cells.
Given the large variability of cell lines with regard to transfectability and the fundamentally
different nanoparticles (peptide-based nanoplexes vs. lipid nanoparticle technology of
Lipofectamine™ 3000 Reagent (Thermo Fisher Scientific 2023)), it is not surprising that
the transfection capacity of the tested nanoplexes and Lipofectamine particles did not show
the same relationship in all cell lines.

The supplementation of 2 µg/mL SO1861-EMCH in the transfection medium corre-
sponds to the amount of SO1861-EMCH in the K16Ceq0.5- and K16CPEGeq0.5-nanoplexes.
The comparison between external and conjugated SO1861-EMCH (i.e., K16C + exter-
nal SO1861-EMCH vs. K16Ceq0.5 as well as K16CPEG + external SO1861-EMCH vs.
K16CPEGeq0.5) showed distinctly higher transfection efficiencies for the nanoplexes with
conjugated SO1861-EMCH in cell lines A2058, ECV-304, HCT 116, HEK293-FT, Hepa 1-6,
and MDA-MB-468. The improved performance of conjugated SO1861-EMCH is also evident
in the fluorescence micrographs of the transfected cells shown in Figure 4.15.

The superiority of SO1861-EMCH bound in the nanoplex was expected and is plausible
given the hypothesized higher concentration of SO1861-EMCH achieved locally in the
endosome. The incorporation of SO1861-EMCH into the cationic nanoplexes increases the
total amount of saponin taken up by enhancing internalization due to the negative charge
of the cell surface (Asati et al. 2010). In addition, the use of both components required for
successful transfection (SO1861 + pDNA) in the same nanoplex leads to an accumulation
of SO1861-EMCH in nanoplex-containing endosomes. Furthermore, the incorporation of
EEE and effector DNA in the same nanoparticle results in SO1861-EMCH being present
only in the endosomes, where its eee effect leads to a measurable result.
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Figure 4.15: Fluorescence micrographs of cell lines HEK293-FT, A2058, and HCT 116 48 h after
transfection with pEGFP-N3-nanoplexes illustrating the transfection-enhancing perfor-
mance of covalently conjugated and externally supplemented SO1861-EMCH. Peptide
scaffolds that were used for nanoplex formulation are noted on the top of each column,
cell line is given left of each row. For K16C + SO1861-EMCH, 2 µg/mL SO1861-EMCH
was supplemented in the nanoplex-containing transfection medium, the absolute
amount of free SO1861-EMCH for this condition equals the amount of SO1861-EMCH
that is conjugated to the peptide scaffold in case of the K16Ceq0.5-nanoplexes. The
micrographs for each cell line (presented in one row) were taken with constant ex-
posure time, gain, and intensity to ensure comparability of the conditions. Scale bar
equals 200µm. n=1.
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4.4.3 Tolerability of Equipped Peptide Scaffolds

Impedance-based measurement of cell viability was used to investigate effects of the
nanoplexes on cell growth during the 48 h transfection period in five different cell lines
(Figure 4.16). Nanoplexes were formed with pEGFP-N3. Clear toxic effects were not
observed, but a slightly slower cell growth was detected for Lipofectamine, K16Ceq0.5-,
and K16CPEGeq0.5-nanoplex transfections in some cell lines. In the case of the latter trans-
fections, roughly 400ng of covalently conjugated SO1861-EMCH per well were included in
the nanoplexes.2 The observed slightly impaired cell viability does not seem to be primarily
due to the amount of saponin, but rather to the covalent binding of it, since 1 200ng of free
SO1861-EMCH supplemented in the cell culture medium without nanoplexes (Blank with
external SO1861-EMCH supplementation, indicated by dotted green line in Figure 4.16)
did not show a comparable effect. Given the higher efficiency of SO1861 bound in the
nanoplex (see Section 4.4.2), which can be explained by the higher concentration present
locally in the endosome, the slightly increased toxicity observed seems conclusive. Since
no clear toxic effect was observed for the use of 0.5 equivalents of conjugated saponin, the
concentration range presented in this study appears to provide a good guide, but further
increasing the amount of bound saponin seems inadvisable in view of the results.

4.4.4 Kinetics of Endosomal Release

Comparison of transfection efficiencies 48 h after addition of the nanoplexes revealed a
clear superiority of nanoplex-integrated SO1861-EMCH compared with supplementation
of the same amount of free SO1861-EMCH in the transfection medium (see Section 4.4.2).
To elaborate on this observation, kinetic studies were performed to investigate the timing
of endosomal release in these two transfection settings. For this purpose, fluorescently
labeled nanoplexes were produced by including FITC-K16 in the nanoplexes as described
in Section 3.3. The fluorescent nanoplexes were used for transfection and the cells were
observed after addition of the nanoplexes using a fluorescence microscope located in the
incubator. The sensitivity, exposure time, and gain of the fluorescence microscope was
chosen such that neither the autofluorescence of the cells nor the fluorescence of the FITC-
labeled nanoplexes present in the transfection medium was detected at the beginning of the
transfection period. During incubation, detectable fluorescence intensities in the cytosol
of the cells were interpreted as release of the FITC-labeled peptides from the endosomes.
Interestingly, the release from the endosomes appears to happen concerted for the majority
of transfected cells. By comparing fluorescence microscopy images taken every 10min, it
was very clear when several cells abruptly exhibited fluorescence. In the further course of
2As described in sections 3.5.2 and 3.5.4, tolerability studies were conducted using E-Plate L8 for cell
cultivation with a total cell culture volume of 600µL per well, 200 ng complexed DNA was used for
transfection per well.
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Figure 4.16: Cell viability during transfection with SO1861-EMCH-equipped and non-equipped
nanoplexes indicated by normalized cell index during transfection in various cell lines.
Nanoplexes were added 24h after seeding the cells (evident by the vertical spike in
the curves) and cell growth and viability was monitored by measuring impedance as
described in Section 3.5.4 for the following 48 h. Cell indices were normalized to the
cell index at the time of transfection. n=1.
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incubation, the proportion of fluorescent cells increased only slightly (Figure 4.17).

In the three cell lines studied, A2058, Huh-7, and MDA-MB-468, endosomal release in the
case of nanoplex-integrated SO1861-EMCH occurred at least 90min before release in the
case of externally supplemented SO1861-EMCH. The chosen methodology does not allow
a quantitative statement on the amount of nanoplex released, but the comparable results
in three different cell lines provide strong evidence that integration of SO1861-EMCH into
the nanoplexes leads to earlier endosomal release compared to external supplementation.

The exact mechanism of endosomal escape by SO1861 and related triterpenoid saponins
is not known, so the explanation of the temporal shift is subject to speculation. In principle,
this temporal shift can occur either during internalization, endosomal maturation, or release
from endosomal vesicles, with combinations also conceivable. In view of the positive surface
charge of the nanoplexes, an increased and faster uptake of the SO1861-EMCH integrated
in nanoplexes compared to the free SO1861-EMCH in solution is likely. However, since
an altered release of the nanoplexes was observed, only the comparison of the nanoplex
internalization is relevant here. The ζ-potential of the equipped nanoplexes was not
significantly different from that of the non-equipped nanoplexes (see Section 4.3.2), so
altered internalization of the nanoplexes due to surface charge is unlikely. However, a
direct effect of the integrated SO1861 on endosomal uptake would be possible. For the
glucuronic acid contained in SO1861, a pKa value of 3.21 is given by Peter et al. (2012)
for the unconjugated molecule, an influence of the saponin on acidification from pH7.4 to
pH4.5 during endosome maturation is therefore unlikely. However, the pKa value of free
glucuronic acid is not necessarily comparable to that present in SO1861. Biedermann et al.
(2019) indicate a pKa of ≈4.63 for the glucuronic acid present in the saponin, making
an influence on acidification conceivable. Considering all aspects, earlier release due
to higher endosomal SO1861 concentration seems most likely. The reduced time spent
in the endo-lysosomal compartments, with its degradative nature, would be conclusive
with the demonstrated increased transfection efficiency of nanoplexes with integrated
SO1861-EMCH (Section 4.4.2). As discussed in Section 4.4.2, a higher SO1861-EMCH
concentration in endosomes compared to supplementation of free saponin is likely in the
case of SO1861-containing nanoplexes due to concentrating SO1861-EMCH in nanoplexes
and the enhanced uptake by the positive surface charge of the nanoplexes.

3No further references, conference contribution without peer review.
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Figure 4.17: Kinetics of endosomal release of nanoplexes as a function of mode of SO1861-EMCH
supplementation in A2058, Huh-7 andMDA-MB-468 cell lines. FITC-labeled nanoplexes
were produced by incorporating 50% FITC-K16 in the nanoplexes. For SO1861-equipped
nanoplexes (conj.), 50% K16Ceq0.5 were used additionally for the complexation of
NP-Luc. For external supplementation (ext.), nanoplexes were formulated with 50%
K16C and the transfection medium was supplemented with 200ng SO1861-EMCH,
which equals the amount of SO1861-EMCH covalently conjugated in case of the
equipped nanoplexes. Transfection was observedwith a live-cell imaging fluorescence
microscope located in the incubator. Exposure time, gain and intensity were selected
so that no fluorescence was detected at the beginning of the incubation. The first
image with detected fluorescence is highlighted by the incubation period elapsed at
this time printed in white at the top of the image. Scale bar equals 200µm. n=1.
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Summary

• Supplementing transfection medium with SO1861-EMCH in the two-component
sapofection approach is as efficient as supplementationwith equal molar amounts
of SO1861. Supplementation with 2 µg/mL SO1861-EMCH is not impairing cell
growth and was therefore chosen as concentration for all in vitro transfection
investigations.

• Integration of SO1861-EMCH in the nanoplexes by using SO1861-EMCH-equipped
peptide scaffolds for nanoplex formulation significantly increases transfection
efficiency in vitro in a wide variety of cell lines.

• The optimum amount of conjugated SO1861-EMCH in the nanoplexes depends
on the cell line.

• Transfection efficiency of the nanoplexes with integrated SO1861-EMCH could
not be increased by adding additional SO1861-EMCH in the cell culture medium,
with isolated exceptions.

• Nanoplexes formulated with non-PEGylated peptide scaffolds exhibited signifi-
cantly higher transfection efficiencies than their PEGylated analogs.

• Comparison of equal amounts of nanoplex-integrated and free SO1861-EMCH
showed clear superiority of the one-component system with conjugated SO1861-
EMCH. Kinetic studies indicated earlier endosomal release in the case of nanoplex-
integrated SO1861-EMCH.

• Transfection of nanoplexes formulated with equipped peptide scaffolds carrying
0.25 or 0.5 equivalents of SO1861-EMCH was well tolerated.

4.5 Targeted Nanoplexes

As introduced in Section 1.3, targeted delivery of the nanoplexes’ therapeutic cargo is crucial
for therapeutic efficacy, especially in vivo. The azidolysine incorporated in the peptide
scaffolds provided a free azide group for covalent conjugation of a targeting ligand using
SPAAC (Section 1.4). Within the ENDOSCAPE project, numerous DBCO-functionalized
ligands were conjugated via this interface to nanoplexes formulated with SO1861-equipped
peptides that were then tested for their in vitro transfection efficiency in target- and non-
target cell lines. In the following, the studies on epidermal growth factor (EGF) for targeted
delivery to carcinogenic tissue are presented as an example.
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4.5.1 Epidermal Growth Factor as Targeting Ligand

Functionalization of the nanoplexes with EGF aims to target the epidermal growth factor
receptor (EGFR). As introduced in Section 1.3, this receptor has been shown to be overex-
pressed and/or hyperactivated in many types of cancer and is crucial for promoting cell
proliferation and preventing apoptosis. As such, EGFR is a prime candidate for targeted
cancer therapy and diagnosis using ligand-directed therapeutics (Rowinsky 2004; Wee and
Z. Wang 2017). The successful application of EGF-functionalization for targeted delivery
of anticancer agents following the uptake via EGFR has been demonstrated in various
studies for liposomes (Skóra and Szychowski 2022; Zalba et al. 2016), lipid nanoparti-
cles (Nan 2019), poly(lactic-co-glycolic acid)-nanoparticles (Wu et al. 2020), and carbon
nanotubes (Bhirde et al. 2009). EGFR-targeted delivery of pDNA has been described for
PAMAM/DNA/EGF-nanocomplexes by J. Li et al. (2015) and Zhang et al. (2012) and
EGF-modified liposomes by Buñuales et al. (2011).

Epidermal growth factor receptor signaling is regulated via ligand-mediated endocytosis.
The EGFR/EGF complex is internalized mainly by clathrin-mediated endocytosis, but recent
studies suggest that clathrin-independent pathway(s) also contribute to internalization
(Henriksen et al. 2013; Sigismund et al. 2008). From the early endosome, the EGFR:EGF-
complex is predominantly delivered to the late endosome/multivesicular body, which then
fuses with the lysosome, ultimately leading to degradation of both the ligand and receptor
(P. 2011). In parallel, a share of EGFR is recycled back to the cell surface (Henriksen et al.
2013; Masui et al. 1993; Roepstorff et al. 2009). However, the degradation pathway is
critical for the intended efficacy of EGF-functionalized nanoplexes equipped with SO1861.
The rationale here is an improved and selective uptake by EGFR and a saponin-mediated
release from the endo-/lysosome.

To achieve site-specific functionalization of the ligand with the DBCO-group required for
the SPAAC conjugation reaction, an EGFmutant was designed and produced by recombinant
protein expression by Melanie Krass (working group of Prof. Hendrik Fuchs, Institut für
Laboratoriumsmedizin, Klinische Chemie und Pathobiochemie, Charité – Universitätsmedi-
zin Berlin) within the ENDOSCAPE project. This EGF variant carried a polyhistidine-tag
for purification purposes and was generously provided for all studies presented in the
following.

4.5.1.1 Characterization of Cellular Internalization

To confirm the uptake of the recombinantly produced EGF mutant via its target receptor
EGFR, its interaction with cells was tested in vitro. For this purpose, four different cell lines
were chosen, exhibiting significantly differing EGFR expression levels. RNA sequencing
data, which quantifies EGFR mRNA transcripts and thus indicates EGFR expression levels,
provided in the The Human Protein Atlas (2023) (Marti-Solano et al. 2020) allowed the
classification of the cell lines
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• A2058 (0.1 nTPM) as non-target cell line (EGFR-),

• HCT 116 (22.6 nTPM) as low-expression cell line (EGFR+),

• MDA-MB-468 (702.8 nTPM) as medium-expression cell line (EGFR++), and

• A-431 (2 978.0 nTPM) as high-expression cell line (EGFR+++).

To allow sensitive detection and quantification of internalized EGF, a cyanine5 (Cy5)-
labeled EGF variant was used for in vitro investigations. Cy5 was chosen as labeling
dye as its far-red-fluorescence (λex =647nm, λem =665nm) allows clear distinction from
the autofluorescence of cells that is very low in this region of the spectrum. In addition,
detection in flow cytometry was possible using the APC-channel as described in Section
3.4.8.

As shown in Figure 4.18, a concentration-dependent uptake of Cy5-EGF was demon-
strated in all cell lines studied. Within the concentration range studied, 0.1 nM to 1 000nM,
no saturation of the Cy5-EGF-internalization was detected. As expected, the uptake of
Cy5-EGF increased with rising EGFR expression levels, suggesting EGFR-dependent in-
ternalization. This hypothesis was further supported by the finding that Cy5-EGF was
internalized to a higher extent than equimolar concentrations of the free dye Sulfo-Cy5-
NHS (comparison of 1 000nM Cy5-EGF (dark red) with 250nM Sulfo-Cy5-NHS (dark
blue) in Figure 4.18). However, both observations are also true for the non-target cell line
A2058, which suggests an alternative, most presumably additional, and EGF-dependent,
but non-EGFR-dependent internalization mechanism. EGF-internalization is known to
occur not only through EGFR, but also through the other members of the ErbB family of
receptor tyrosine kinases (Hynes and MacDonald 2009). In fact, the expression of ErbB2
(31.2 nTPM) and ErbB3 (31.2 nTPM) in the A2058 cell line (Marti-Solano et al. 2020; The
Human Protein Atlas 2023) is probably the reason for the observed uptake of Cy5-EGF
in absence of EGFR. The expression levels of ErbB2 and ErbB3 are in the same order of
magnitude for the other cell lines examined and thus contribute little to the overall uptake
of EGF in view of the much higher EGFR expression, especially in the MDA-MB-468 and
A-431 cell lines. 4 5 6

Further investigations revealed a time-dependent uptake of Cy5-EGF in all cell lines
studied (Figure 4.19, left panel). Cy5-related fluorescence intensity increased steadily
over the first 8 h of incubation with 100nM Cy5-EGF. For 24 h incubation, the Cy5-related
fluorescence intensity decreased in the cell lines A2058 and MDA-MB-468 in comparison
to the signal at 8 h incubation, while it was minimally increased in cell lines HCT 116
and A-431. The observed decreasing internalization rates are in line with reported partial
recycling of internalized EGFR to the cell membrane and degradation of EGF-activated EGFR
4HCT 116: ErbB2 31.3 nTPM, ErbB3 11.1 nTPM (The Human Protein Atlas 2023)
5MDA-MB-468: ErbB2 17.6 nTPM, ErbB3 23.0 nTPM (The Human Protein Atlas 2023)
6A-431: ErbB2 58.3 nTPM, ErbB3 42.1 nTPM (The Human Protein Atlas 2023)
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Figure 4.18: Cy5-EGF-internalization in target- and non-target cell lines determined by flow cytom-
etry as described in Section 3.4.8. Density plots show aggregated data from three
independent experiments. The position of each peak on the x-axis (fluorescence
intensity in Cy5-channel = peak height in APC-channel) indicates extent of Cy5-EGF
internalization. Peak shape indicates width of the distribution. Cell lines and EGFR
expression levels are given above each plot. Cy5-EGF carried 0.25 equivalents Cy5
per EGF molecule. Sulfo-Cy5-NHS as free dye was tested in parallel as non-targeted
control, 250 nM free dye equals 1 000nM targeted dye.
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Figure 4.19: Time dependency (left) and competitive inhibition (right) of Cy5-EGF-internalization.
Cells were incubated with 100 nM Cy5-EGF in both assays. Incubation time in the
competitive inhibition assay was 4 h. Mean and standard deviation of three indepen-
dent experiments are shown. Fluorescence intensity in Cy5-channel = peak height in
APC-channel.

in the lysosomes (Roepstorff et al. 2009), which in total results in EGFR down-regulation
upon stimulation with EGF.

The hypothesis of EGFR-dependent internalization of the Cy5-labeled EGF mutant was
further investigated by an assay examining the competitive inhibition of Cy5-EGF internal-
ization by an excess of unlabeled EGF. As expected and shown in Figure 4.19, right panel,
reduced Cy5-EGF internalization in presence of EGF excess was observed for the EGFR-
expressing target cell lines. The amount of Cy5-EGF that was taken up decreased with
increasing EGF excess.7 This observed EGFR expression-dependent competitive inhibition
provided further evidence for the assumed EGFR-mediated uptake of fluorescently labeled
EGF. Interestingly, in the non-target cell line A2058, an up to 100-fold molar excess of
unlabeled EGF did not influence the uptake of Cy5-EGF. This observation contradicts the
hypothesized uptake of Cy5-EGF in A2058 cells via ErbB2 and ErbB3 and rather suggests
the internalization of Cy5-EGF through receptor-independent endocytosis.

It must be stated, that analysis by flow cytometry in principle does not allow any state-
ment about the localization of the fluorescence-labeled EGF, so in principle the discussed
observations could be due to both internalization and extracellular binding to the receptors.
Thorough washing of the cells with DPBS twice after incubation and before flow cytometric
evaluation should have removed extracellularly associated EGF, but this assumption was
not experimentally validated.

To confirm the internalization of Cy5-EGF in its EGFR-expressing target cell lines, incu-

7It should be noted that there is no saturation of the uptake capacity at the EGF concentration of 100nM
used. Therefore, a reduction in the amount of Cy5-EGF incorporated by the factor corresponding to the
excess of unlabeled EGF is not expected.

84



bation of A-431 cells with Cy5-EGF was observed with fluorescence microscopy. Due to the
detection limit of the used live cell imaging fluorescence microscope, A-431 cells were cho-
sen based on their abnormally high EGFR-expression. In addition, a high EGF-concentration
of 1 000nM was used. As shown in Figure 4.20, a Cy5-related red fluorescence associated
with cells was detected. The proportion of fluorescent cells (calculated by the fluorescence
coverage as described in Section 3.5.3) increased steadily, reaching 12% after 60 h. The
detected Cy5-related fluorescence was clearly located in the cytosol of the cells, thereby
confirming the internalization of the fluorescently labeled EGF-mutant.

A further indication that internalization has taken place is the observed toxic effect of
EGF on the A-431 cells evident by the change of cell morphology that is clearly recognizable
in Figure 4.20. EGF-mediated apoptosis has been described by several researchers for cell
lines that overexpress the EGFR such as A-431 and MDA-MB-468 cells (Armstrong et al.
1994; Gill and Lazar 1981; Kottke et al. 1999; Tikhomirov and Carpenter 2004). Hyatt
and Ceresa (2008) demonstrated that only internalized, activated EGFRs induce cell death,
so the observed apoptotic effect indicates internalization of the Cy5-labeled EGF mutant.

0h 8 h 16 h 24 h

200µm 200µm 200µm 200µm

32h 40h 48h 56 h

200µm 200µm 200µm 200µm

Figure 4.20: Fluorescence micrographs of Cy5-EGF-internalization in A-431 cell line. Cells were
incubatedwith Cy5-EGF and evaluated as described in Section 3.5.5, incubation time is
given on top of the micrographs. All presented micrographs were taken with constant
exposure time, gain, and intensity. n=1.
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4.5.1.2 Transfection Efficiency of Epidermal Growth Factor Receptor-Targeted
Nanoplexes

For the preparation of EGFR-targeted nanoplexes, a DBCO-functionalized variant of the
previously described EGF mutant was covalently conjugated to the nanoplexes via SPAAC
as introduced in Section 1.4 and described in Section 3.3.1. The loading of EGF in percent
refers to the molar amount of azide groups accessible for SPAAC bioconjugation. As each
peptide scaffold carries one free azide group, EGF loading in percent therefore indicates
the proportion of peptide scaffolds that are bioconjugated to EGF.

The EGF mutant used has an isoelectric point of 5.87 (determined with Isoelectric Point
Calculator by Kozlowski (2016)). In the buffer used for nanoplex formulation, 10mM
HEPES, pH7.1, EGF is accordingly negatively charged. Attachment to the K16Ceq0.25-
nanoplexes with their positive ζ-potential (see Table 4.3) due to electrostatic attraction is
therefore also possible without the covalent linkage. In order to investigate the influence
of these parallel attachment mechanisms, nanoplexes with the same molar amounts of the
non-functionalized EGF mutant (i.e. without the DBCO functionality) were prepared and
examined for their transfection efficiency in parallel. For the formulation of the non-covalent
EGF/nanoplex complexes, different incubation times of 30min and 16h (equivalent to the
incubation for SPAAC bioconjugation) were tested.

Figure 4.21 shows the transfection efficiencies of the prepared targeted nanoplexes in
the non-target cell line A2058 and the target cell lines HCT 116 and MDA-MB-468. As
hypothesized, targeted nanoplexes carrying 1% to 10% covalently conjugated EGF yielded
higher transfection efficiencies than the non-functionalized (0% EGF loading) nanoplexes
in the target cell lines. In the non-target cell line A2058, targeted (≤10% EGF loading) and
non-targeted K16Ceq0.25-nanoplexes transfected with comparable efficiency. In view of the
low EGF loading, unaltered uptake of the nanoplexes by non-receptor-mediated endocytosis
was probably responsible for this. In this low loading range, the nanoplexes with covalently
bound EGF tended to transfect best, further indicating the observed slight transfection-
enhancing effect of EGF in the target cell lines. This observation may be attributed not only
to increased EGFR-mediated uptake but also to the endosomolytic effect of the introduced
histidine residues of the EGF mutant functionalized with a polyhistidine-tag.

Transfection efficiency was noticeably reduced in all investigated cell lines for EGF-
loadings ≥25%. Given the higher EGF loading, which shields the positive surface charge
of the nanoplexes, this reduced transfection efficiency is likely due to reduced uptake by
receptor-independent endocytosis. This hypothesis is supported by the observation that the
decrease in transfection efficiency was lowest for the EGF/nanoplex complexes incubated
for only 30min, which most presumably had the least effective EGF loading. Reduced
transfection efficiencies were observed in all cell lines which suggests that the decrease in
non-specific uptake in the target cell lines was not compensated by specific, EGFR-mediated
transfection.

86



Figure 4.21: Transfection efficiency of EGF-functionalized nanoplexes in non-target and target
cell lines. Cell line and EGFR-expression level are given on top of each graph, color
of the bars indicates mode of EGF attachment. Bar height indicates mean of three
independent experiments, error bars show standard deviation. Unpaired, two-sided
Student’s t-test was used to test for significant differences between attachmentmodes
within the same EGF loading and between EGF loadings for constant attachmentmode,
* p < 0.05. No significant differences were found for 0% to 10% and 25% to 100% EGF
loading. Significant differences between EGF loadings are only depicted for 0% to
25% to avoid overloading of the graph.
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Various explanations are conceivable for the observed lack of a distinct transfection-
enhancing effect of EGF conjugation. The physicochemical characterization of the prepared
EGF-functionalized nanoplexes indicated a strong aggregation tendency and thus massively
increased Dhs. Unfortunately, no accurate data could not be obtained by DLS due to
the presence of large sedimenting particles. However, it is safe to say that the Dhs of
the EGF-decorated nanoplexes exceeded 200nm, the established upper size limit for
clathrin-mediated endocytosis (Rejman et al. 2004). It therefore seems likely that the
targeted nanoplexes are not internalized via EGFR uptake due to their size. As ζ-potentials
of ≈30mV determined for the non-functionalized nanoplexes (see Table 4.3) indicated
stabilization of their suspension by electrostatic repulsion, a reduction of the suspension
stability in the case of the targeted nanoplexes due to reduced ζ-potential appears likely.
Such a reduction of the surface charge is conclusive in view of the functionalization with
ligands on the nanoplex surface. Unfortunately, this hypothesis could not be confirmed
analytically because accurate measurement of the ζ-potential by electrophoretic light
scattering is not possible for aggregated particles. Another reason for the observed aggregate
formation could be the increased ion concentration in the buffer due to the addition of the
EGF stock solution prepared in PBS. In support of this theory, J. Li et al. (2015) and Zhang
et al. (2012) reported the preparation of EGF/dendriplexes of ≈300nm in diameter using
PBS for the nanoparticle formulation. This would not have been possible with the PLL-based
nanoplexes investigated in this thesis, as these rapidly aggregated in the presence of high
ion concentrations.8

Furthermore, fluorescence microscopy images of the transfection of EGF-functionalized
nanoplexes in MDA-MB-468 cells indicated a toxic effect of EGF exposure (Figure 4.22). As
discussed in Section 1.1.2, transcription of the plasmid DNA vector required for successful
transfection inevitably requires cell division, so the apoptotic effect of EGF exposure inhibits
transfection. The difference in cell morphology after 48 h incubation with the nanoplexes
was obvious between 10% and 25% EGF loading and was in good agreement with the
sudden drop in transfection efficiency at exactly the same EGF loading. As discussed in
the previous section, the observed toxic effect is consistent with published data from other
researchers and suggests internalization of EGF-activated EGFR.

At first sight, this seems to be in contradiction with the hypothesis of a blockade of the
uptake of the EGF-functionalized nanoplexes due to their size. However, both hypotheses
can be combined by assuming an incomplete aggregation and/or stabilization of the
particles in the serum-containing transfection medium by the formation of a protein corona
(Aggarwal et al. 2009). Studies on the trafficking of the functionalized nanoplexes in a
large number of cells would be necessary to elucidate the mechanisms responsible for the
reduced transfection efficiency at EGF loadings ≥25%.

8As the aggregated samples contained large sedimenting particles, determination of the Dhs by DLS was not
possible.
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Figure 4.22: Fluorescence micrographs of transfections with EGF-functionalized nanoplexes in
MDA-MB-468 cell line. Nanoplexes were formulated as described in Section 3.3,
fluorescence microscopy is described in Section 3.5.3. EGF loading is indicated
above the micrographs. n=1.

4.5.2 Targeting with Peptide Y

Within ENDOSCAPE, various targeting ligands (EGF, Cetuximab, Transferrin, ApoAI,
GalNAc) were bioconjugated to the SO1861-equipped peptide scaffolds and evaluated in
vitro for their transfection efficiency. The latter was partially performed by the ENDOSCAPE
consortium partners. The analysis of the EGF-loaded nanoplexes was performed in the
scope of this thesis, but the results presented in the previous Section 4.5.1.2, in particular
the significantly reduced transfection efficiencies upon bioconjugation of targeting ligands,
serve as an example of the in vitro transfection-enhancing capabilities of all prepared
targeted SO1861-equipped nanoplexes.

Aggregation of the targeted nanoplexes was macroscopically evident by the formation of
colored particles during incubation for SPAAC-functionalization of the nanoplexes with the
fluorescently labeled targeting ligands. As discussed for EGF-functionalized nanoplexes,
this aggregation is most probably due to the reduced ζ-potential and/or the lack of nanoplex
stability in ionic solutions.

In view of these observations, short peptide sequences were identified as alternative,
less bulky targeting motif. For nanoplex formulation, the peptides can be used dissolved in
water, which prevents the introduction of destabilizing salt concentrations by PBS addition.
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In addition, the smaller size of the peptide ligands should shield the surface charge of the
nanoplexes to a lesser extent, which enables the stabilization of the nanoplex suspension
via the ζ-potential.

As introduced in Section 1.3, pepY has been exploited for targeted delivery to the murine
neuroblastoma cell line Neuro-2a using the two-component sapofection approach in vitro
and in vivo. Based on these reports, pepY was selected as the first prototype for peptide
motif targeting of SO1861-equipped nanoplexes.

4.5.2.1 Transfection Efficiency In Vitro

To integrate both SO1861 as endosomal escape enhancer and the targeting motif of
pepY into the nanoplex, the equipped peptide scaffold K16CPEGeq0.5 and pepY were
used in parallel for nanoplex formulation. K16CPEGeq0.5 was chosen based on the size,
homogeneity and stability of the nanoplexes formulated with it (Table 4.3 and Figure
4.11). As described in Section 3.3, the peptides were mixed prior to addition of pDNA. The
resulting mixed nanoplexes are in the following referred to as PepMix-nanoplexes.

For the optimization of the ratio of K16CPEGeq0.5 and pepY, PepMix-nanoplexes varying
in their peptide components proportions were tested for their transfection efficiency in vitro.
As control, nanoplexes with equivalent peptide composition, but lacking the covalently
conjugated saponin were assessed in parallel, both with and without the supplementation
of SO1861-EMCH in the transfection medium (“SO1861 supplementation”).

For transfections without SO1861 supplementation (yellow bars in Figure 4.23), decreas-
ing transfection efficiencies were observed with decreasing pepY content in the nanoplex,
from 4.9% for a nanoplex formulated exclusively with pepY to 2.4% for a nanoplex formu-
lated exclusively with K16CPEG, although not statistically significant. When SO1861-EMCH
was supplemented in the cell culture medium in amounts equivalent to the conjugated
amount of SO1861 in the respective equipped nanoplex (red bars), increasing transfec-
tion efficiencies from 10% for 20 ng SO1861-EMCH to 81% for 200ng SO1861-EMCH in
100µL well volume were observed, which is in line with previous observations of dose-
dependent transfection-enhancing properties for the group of eee triterpenoid saponins
(Clochard et al. 2020). Strikingly, when the same amount of SO1861 was covalently
conjugated to the peptide scaffold (blue bars), transfection was significantly more efficient,
with transfection efficiencies of 82% to 91% for saponin amounts of 20 ng to 200ng. The
absence of a significant dose-dependency effect of conjugated saponin in the investigated
quantity range showed a clear superiority of conjugated over externally supplemented
saponin and already comparatively low amounts of conjugated saponin were proven to be
sufficient for the investigated cell line to achieve maximum transfection efficiency. This
observation is consistent with the classification of Neuro-2a cells as readily transfectable
based on previous experience (Clochard et al. 2020; Sama et al. 2017).
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Figure 4.23: In vitro transfection efficiency of PepMix-nanoplexes in Neuro-2a cell line. Nanoplexes
were formed and evaluated as described in sections 3.3 and 3.5.3. Upper panel of
the x axis labeling gives the proportion of peptides K16CPEG (for the yellow and red
bars) or K16CPEGeq0.5 (for the blue bars), the proportion of pepY is calculated by
subtracting the given values from 100%. The lower panel of the x axis labeling states
the absolute amount of SO1861-EMCH per well, which is the same for externally sup-
plemented (red bars) and conjugated (blue bars) SO1861-EMCH. Bar height indicates
mean of three independent experiments, error bars show standard deviation. Signifi-
cant differences were calculated with unpaired, two-sided Student’s t-test. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

Based on in vitro transfection efficiencies, a nanoplex formulated with 70% pepY and
30% K16CPEGeq0.5 incorporating NP-Sap, in the following referred to as pepY-SO1861-
nanoplex, was selected as the most promising candidate for an in vivo anti-tumor efficacy
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Figure 4.24: Kinetic profile of eGFP expression in Neuro-2a cell line during transfection with pepY-
SO1861-nanoplexes (NP-eGFP complexed with 70% pepY and 30% K16CPEGeq0.5).
Transfection was performed as described in Section 3.5.2, evaluation is given in
Section 3.5.3. Fluorescence Coverage is indicating the share of eGFP-expressing
cells. n=1.

study.
To evaluate the kinetics of the transfection with this pepY-SO1861-nanoplex, NP-eGFP

was used for complexation and the cells were constantly observed with a fluorescence
microscope during transfection. The first eGFP-expressing cells were detected as early as
5.5 h after transfection and the percentage of transfected cells increased continuously until
48 h after transfection (Figure 4.24 and video in the Appendix 7.3).

To evaluate the effect of the different nanoplex components, dose-response curves of
the pepY-SO1861-nanoplex and corresponding controls, in each of which one element
was changed, were generated and are shown in Figure 4.25. As saporin is a ribosome-
inactivating protein leading to cell death, transfection efficiency was determined by mea-
suring cell viability 72 h after transfection using MTS assay in comparison to an untreated
control cell population. In comparison of the pepY-SO1861-nanoplex (with conjugated
saponin, dark blue line) with a targeted non-equipped nanoplex (pepY-nanoplex, green
line), the transfection-enhancing effect of the conjugated SO1861-EMCH was confirmed.
Interestingly, in the case of NP-Sap transfections, supplementation with equivalent amounts
of free SO1861-EMCH in the transfection medium led to comparable effects as transfection
with the SO1861-nanoplexes, which had the same amounts of saponin conjugated to the
complexing peptide. The incorporation of targeting pepY instead of a non-targeted K16
peptide (red line) reduced cell viability by approximately 25% at all nanoplex concentra-
tions examined, confirming the hypothesized enhancement of the internalization of the
nanoplexes by pepY. Transfection with the pepY-SO1861-nanoplex formulated with the
nontoxic eGFP-encoding plasmid pEGFP-N3 (light blue line) did not significantly reduce
cell viability, except for the highest nanoplex concentration of 834 ng complexed DNA per
well. At this high nanoplex concentration, a total of ≈500ng of conjugated SO1861-EMCH
is available per well, which is readily internalized due to its integration into the pepY-
nanoplex. The observed reduced cell viability is therefore probably due to the toxic effect
of high concentrations of nanoplex-conjugated SO1861-EMCH (Section 4.4.3).

92



Figure 4.25: Dose-response curves of PepMix-nanoplexes in Neuro-2a cell line. Nanoplexes were
formed in HBM at N/P 10 as described in Section 3.3. Cells were incubated with
nanoplexes and external SO1861-EMCH optionally for 72 h before cell viability was
determined usingMTS assay, details are given in sections 3.5.2 and 3.5.3. Amounts of
externally supplemented SO1861-EMCH (yellow line) were equivalent to the amounts
of conjugated saponin in the equipped nanoplexes. All nanoplexes were prepared with
70% of the first-named peptide and 30% of the second-named peptide (see Nanoplex
composition). Symbols indicate mean, error bars indicate standard deviation of three
independent experiments with each of them performed in triplicate, resulting in n = 9.

4.5.2.2 Characterization of PepY-Nanoplexes

Physicochemical characterization of the pepY-SO1861-nanoplex and a pepY-nanoplex
lacking the SO1861-EMCH-conjugation (NP-Sap complexed with 70% pepY and 30%
K16CPEG) preceded in vivo tolerability and efficacy testing. The preparation of the PepMix-
nanoplexes for their characterization was carried out in HEPES-buffered mannitol (HBM),
as this buffer was intended for i.v. injection in the in vivo study.

DNA complexation efficiency was determined to be 96.71 ± 0.04% and 96.95 ± 0.07%
for pepY-SO1861-nanoplexes and pepY-nanoplexes, respectively. DLS analysis of the PepMix-
nanoplexes revealed Dhs well below 90nm. Pdis <0.3 and the particle size distributions
indicated a minimal extent of aggregate formation (Figure 4.26 and Table 4.4). The
pepY-SO1861-nanoplexes, prepared with the functionalized peptide K16CPEGeq0.5, were
slightly larger. After 72 h incubation at room temperature, both nanoplexes studied were
enlarged marginally, but the hydrodynamic diameters were clearly maintained below
100nm, indicating stability of the nanoplex suspension.

93



Table 4.4: Hydrodynamic diameter (Dh), polydispersity index (Pdi), and ζ-potential of pepY-
nanoplexes and pepY-SO1861-nanoplexes formulated at N/P 10 in HBM and evaluated
as described in Section 3.4.6. Mean of triplicates ± standard deviation is reported.

Nanoplex Incubation time Dh (nm) Pdi ζ-Potential (mV)

pepY-nanoplex 30min 68.20 ± 1.11 0.232 ± 0.015 25.8 ± 1.0
72 h 75.77 ± 0.32 0.248 ± 0.003

PepY-SO1861- 30min 80.93 ± 1.26 0.260 ± 0.016 26.9 ± 1.4
nanoplex 72 h 90.60 ± 1.75 0.268 ± 0.014

30min 72 h

pepY-nanoplex

pepY-SO1861-nanoplex

Figure 4.26: Size distribution by intensity of pepY-nanoplexes and pepY-SO1861-nanoplexes.
Nanoplexes were formulated at N/P 10 in HBM and evaluated as described in Section
3.4.6. First row shows the size distribution of pepY-nanoplexes 30min (left) and
72 h (right) after nanoplex formulation. Lower panel shows size distribution of pepY-
SO1861-nanoplexes 30min (left) and 72 h (right) after nanoplex formulation. Size
distributions of three measurements (different colors) are shown.

The determination of particle size by DLS is performed under certain assumptions that
reduce the accuracy of the results (see Section 3.4.6). The size of the nanoplexes was
therefore additionally determined using electron microscopy.

First, the nanoplexes were examined with a scanning electron microscope (Figure 4.27).
Unfortunately, upon drying of the samples, the nanoplexes aggregated. In addition, the
samples had to be sputtered with gold to improve secondary electron emission for detection.
Because of these difficulties, the nanoplexes were additionally examined by Cryo-TEM
(Figure 4.28). Here, the analysis of the sample in vitrified ice made it possible to visualize
the nanoplexes virtually in their solution state.
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A B

Figure 4.27: Scanning electron micrographs of pepY-nanoplexes (A) and pepY-SO1861-nanoplexes
(B) acquired as described in Section 3.4.7. Single particles are highlighted with the
red arrows.

The measurement of individual nanoparticles revealed nanoplex diameters of 30 nm to
100nm, which confirmed the sizes determined by DLS. Nanoplexes were shown to exhibit
spherical shape. PepY-nanoplexes (without SO1861-EMCH conjugation) showed slightly
smaller sizes on average.
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Figure 4.28: Cryogenic transmission electron micrographs of pepY-nanoplexes (A) and pepY-
SO1861-nanoplexes (B) acquired and evaluated as described in Section 3.4.7. White
lines indicate the diameters used for the calculation of nanoplex sizes (white letters,
in nm) based on the calibrated pixel size.
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As described in Section 1.1.2, a Dh of ≈50nm is optimal for uptake of nanoparticles
via clathrin-mediated endocytosis. The presented size distribution of the nanoplexes with
Dhs of 30 nm to 100nm lied slightly above this optimum, but still ensured uptake of the
nanoplexes via clathrin-mediated endocytosis.

Both nanoplexes exhibited moderately strong positive surface charge with ζ-potential
values around 26mV (Table 4.4). This cationic surface charge contributes to efficient
internalization of the nanoplexes, due to the negatively charged character of the cell
plasma membrane (Rivolta et al. 2012).

4.5.2.3 Tolerability In Vivo

Before the start of the therapy study to test the anti-tumor efficacy, the tolerability of
the pepY-SO1861-nanoplexes was first examined in three non-tumor-bearing mice. As
described in Section 3.6.1, the mice received a total of five injections of the pepY-SO1861-
nanoplex (NP-Sap complexed with 70% pepY and 30% K16CPEGeq0.5, analogous to the
planned efficacy study.

All three mice in the tolerance study did not show any sign of therapy related side
effects over the two-week study. Their body weight was stable with minimal fluctuations.
All mice gained approximately 2 g of body weight over the two weeks(Figure 4.29); no
loss of body weight >10% was observed. As massive hemolysis at the injection site was
expected for i.v. injection of free SO1861 (Gilabert-Oriol et al. 2013), the injection site was
closely monitored during the study. Here, only minimal short term flush was noticed at
the injection sites and no other severe alterations were observed. This indicated that the
i.v.ly administered pepY-SO1861-nanoplexes were well tolerated in mice, thus allowing the
initiation of the therapeutic study.

4.5.2.4 Efficacy In Vivo

Anti-tumor efficacy of pepY-SO1861-nanoplexes (pepY-SO1861-nanoplex) was investigated
in vivo in an aggressively growing Neuro-2a neuroblastoma allograft model in mice, with
non-equipped pepY-nanoplexes (NP-Sap complexed with 70% pepY and 30% K16CPEG)

Figure 4.29: Body weight of three mice during
tolerability study. Each color represents a sin-
gle mouse.
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Figure 4.30: Anti-tumor efficacy of pepY-SO1861-nanoplexes and pepY-nanoplexes in vivo indicated
by TVs and survival rates during the study period. Boxes of the box plots represent
the middle 50% of the data, the interquartile range (IQR). The horizontal line inside the
box is the median. Whiskers represent minimum and maximum values. Any values
lying outside 1.5 × IQR are plotted separately as filled dot. All data points were plotted
as dots and above each box plot the number of observations per group is given in bold,
indicating survival rates. Decreasing group sizes over the course of the study were due
to the termination of animals with tumor volumes >1.5 cm3. Significant differences
were calculated with unpaired, two-sided Student’s t-test, the highest value in the
pepY-SO1861-nanoplex group was confirmed to be an outlier using Grubbs’s test and
was not taken into account for statistical testing. * p < 0.05.

and buffer (HBM) as control. As described in Section 3.6.2, ten mice per group received
five i.v. injections (100µL with 30 µg complexed NP-Sap in the tail vein) each on days 1, 3,
5, 7, and 9 after s.c. tumor induction. Tumor volumes (TVs) were measured to determine
treatment efficacy.

TV changes during the treatment clearly showed slowed tumor growth by treatment
with pepY-nanoplexes (red boxes) or pepY-SO1861-nanoplexes (blue boxes) compared to
placebo (vehicle control, yellow boxes) as depicted in Figure 4.30. Nine days after tumor
induction, tumors in the vehicle group had a mean volume of 0.87 cm3. Treatment with
pepY-nanoplexes resulted in a reduced mean TV of 0.68 cm3. Conjugation of SO1861 in
the pepY-SO1861-nanoplexes further reduced mean TV to 0.41 cm3 (excluding 1 confirmed
outlier, mean TV including the outlier: 0.63 cm3). At day 14, tumors in the pepY-SO1861-
nanoplex group were significantly smaller than those in the pepY-nanoplex control group
(mean TV 1.23 cm3 vs. mean TV 2.57 cm3, respectively), with both groups consisting of

97



five animals at that time.
Treatment efficiency was also illustrated by improved survival rates in the treatment

groups. Since the Neuro-2a allograft tumor model is an aggressively growing tumor
model, untreated, tumors reach the limiting size of >1.5 cm3 already 14 days after tumor
inoculation; 80% of the animals from the placebo group had to be sacrificed for ethical
reasons. The remaining animals showed slow tumor growth throughout the study. This
suggests problems with tumor cell inoculation. With a survival rate of 50% after 14 days
for both the pepY-nanoplex and the pepY-SO1861-nanoplex group, treatment was shown
to prolong survival (Figure 4.30).

Compared to the promising efficacy of the pepY-SO1861-nanoplexes in vitro, the observed
effect in the in vivomodel seems to be smaller. This is not surprising, assuming a potentially
complex biodistribution in vivo. After i.v. injection, the nanoplexes encounter several
barriers that compete with or influence their delivery to the tumor tissue. These include,
but are not limited to, particle aggregation, protein adsorption, uptake by cells of the
mononuclear phagocyte system (MPS), and renal clearance (Wilhelm et al. 2016; Zhu
et al. 2022). The significantly enlarged livers of three mice in the pepY-SO1861-nanoplex-
treatment group compared to three mice in the vehicle control group (600.4 ± 35.4mg vs.
326.1 ± 21.2mg, raw data in Appendix 7.1) suggest an interaction of the nanoplexes with
Kupffer cells. These liver-resident macrophages are part of the MPS and the accumulation
of the injected nanoplexes may have led to Kupffer cell hyperplasia and inflammatory cell
infiltration as observed for silver nanoparticle exposure by Al‐Doaiss et al. (2020). The
analysis of 117 manuscripts from 2005 to 2015 on the administration of nanoparticles
by Wilhelm et al. (2016) showed that on average (median) only 0.7% of the injected
nanoparticle dose reached the tumor. The tested pepY-nanoplexes give no reason to assume
that their delivery efficiency is significantly higher than 1%, so this is a key element for
optimization.

The enormously high growth rate of the tumor is another factor that could contribute
to the observed lower efficacy. Even with high transfection efficiencies, non-transfected
cells remain unaffected and continue to divide leading to progressive tumor growth. This
effect is more pronounced in the in vivo evaluation after several days than in the in vitro
evaluation after 48 h to 72 h. In addition, the complex three-dimensional structure of the
tumor in vivo has to be taken into account, which makes a comparison with in vitro cell
culture data somewhat difficult and of limited value.

Although the pepY-SO1861-nanoplexes were more effective than the non-equipped
pepY-nanoplexes in the therapy study, the effect of SO1861 incorporation into the pepY-
nanoplexes was smaller in vivo than suggested by preliminary in vitro experiments. This
may be due to the slightly larger particle size of the pepY-SO1861-nanoplexes (see Table
4.4 and Figure 4.26), which reduces the internalization efficiency compared to the smaller
pepY-nanoplexes. It is also conceivable that optimization of SO1861 loading in vivo would
lead to different results. Therefore, different saponin loadings should be considered for
future in vivo optimization studies.
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Summary

• Dibenzocyclooctene-functionalized protein ligands were covalently conjugated
to SO1861-EMCH-equipped nanoplexes using strain-promoted azide-alkyne-
cycloaddition (SPAAC). The resulting targeted, equipped nanoplexes exhibited
significantly increased hydrodynamic diameters and a strong tendency to ag-
gregate. This observation was attributed to the introduction of PBS as an ionic
solution and the shielding of the suspension-stabilizing surface charge of the
nanoplexes, associated with ligand conjugation via SPAAC.

• As demonstrated for EGF-functionalized nanoplexes, ligand loadings ≥25% led
to a drastic reduction of transfection efficiency in both target and non-target
cells. Thus, the hypothesized reduction of non-specific uptake of the nanoplexes
by targeting ligand functionalization could not be compensated by the receptor-
mediated uptake of the functionalized nanoplexes.

• Short peptide sequences were identified as less bulky targeting motifs that
can be introduced to the nanoplexes by linking of the targeting sequence to a
DNA-complexing K16-segment. Peptide Y (pepY), which was successfully used
for the targeted delivery of nanoplexes to Neuro-2a cells for two-component
sapofection, was tested as a first prototype for peptide motif targeting.

• Complexation of the DNA with pepY and K16CPEGeq0.5 in parallel resulted
in the formation of pepY-SO1861-nanoplexes. In vitro transfection studies of
these nanoplexes confirmed the superiority of conjugated over externally sup-
plemented SO1861-EMCH, and pepY was shown to further enhance transfection
efficiency, presumably due to enhanced uptake.

• A pepY-SO1861-nanoplex, prepared by complexing NP-Sap, encoding the cyto-
toxic protein saporin, with 70% pepY and 30% K16CPEGeq0.5 and a control
nanoplex lacking the the conjugated SO1861-EMCH were tested in vivo in
mice. The nanoplexes were shown to encapsulate ≈97% of the DNA. Electron
microscopy revealed diameters of 30 nm to 100nm and the nanoplexes were
shown to exhibit spherical shape. PepY-SO1861-nanoplexes were shown to be
well tolerated in vivo. In the aggressively growing Neuro-2a allograft model,
treatment with the pepY-SO1861-nanoplex and the pepY-nanoplex without
conjugated SO1861-EMCH resulted in slower tumor growth, with the pepY-
SO1861-nanoplex being more effective. The anti-tumor efficacy was further
confirmed by improved survival rates in the treatment groups compared to the
vehicle control.
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4.6 Molecular Biology

The aim of the molecular biology work in this thesis was to compare and optimize different
pDNA vectors as component of the envisaged optimized, non-viral gene delivery tool.
Based on the established in vitro evaluation of transfection efficiency, eGFP-encoding pDNA
vectors were used. A transfer of the obtained findings to other genes of interest is plausible,
the investigations can therefore be regarded as universal.

4.6.1 Molecular Cloning of Minicircle DNA Vectors

The established and widely used vector pEGFP-N3 was to be compared with a pDNA
vector having the same promoter and gene sequence but smaller overall size to assess
the influence of plasmid size on transfection efficiency. As described in Section 3.1.4, the
reduced backbone of mcDNA was used for this purpose. Thus, the goal of molecular cloning
was to introduce the promoter and gene sequence of pEGFP-N3 into the mcDNA-generating
plasmid MN501A1. Unfortunately, the introduction of the complete insert, i.e. promoter
and gene sequence, in one cloning step was not successful, so a two-step molecular cloning
process was applied. A vector with the eGFP gene sequence was generated first (construct
eGFP/MN501A1), whose promoter sequence was then replaced by the CMV enhancer +
promoter sequence of pEGFP-N3 in the subsequent cloning process.

To evaluate target-specific expression of plasmid vectors containing the hybrid liver
promoter (HL promoter, HLP), a mcDNA-vector containing eGFP as gene of interest under
control of the HL promoter was created. For this purpose, an insert consisting of the
HL promoter and hFIX gene (generously provided by Prof. Pinotti, Università degli studi
di Ferrara) was first inserted into the mcDNA-generating vector creating the construct
HLP/hFIX/MN501A1. From this vector, the hFIX gene sequence was excised by restriction
digestion with NheI-HF and the plasmid was recircularized by subsequent ligation yielding
the construct HLP/MN501A. This vector was then used for the final molecular cloning
process as the receiving backbone plasmid for the eGFP-encoding gene sequence.

The steps of the molecular cloning processes were performed as described in Section
3.1.3. Quality control of the prepared pDNA vectors is shown in Figure 4.31 for eGF-
P/MN501A1 and CMV/eGFP/MN501A1 and in Figure 4.32 for HLP/hFIX/MN501A1 and
HLP/eGFP/MN501A1. Restriction digests confirmed the expected total size of the con-
structs and the integration of the insert flanked by the introduced restriction sites. Multiple
bands in the pDNA preparation are due to different conformations, acceptable purity of
all preparations was confirmed by linearization. The sequences of all described constructs
were additionally confirmed by Sanger sequencing.
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eGFP/MN501A1
L R

10 kb

6 kb

3 kb

6495bp
5 752bp

CMV/eGFP/MN501A1
L R

10 kb

6 kb

3 kb

6 124 bp
6640bp

Figure 4.31: Quality control of constructs eGFP/MN501A1 and CMV/eGFP/MN501A1. Plasmid
DNA was prepared as described in Section 3.1.3.5 and analyzed using agarose gel
electrophoresis as described in Section 3.1.1. Name of constructs is given on top
of each panel. Leftmost lane: 1 kb Plus DNA ladder, on the right of it: plasmid DNA
preparation undigested, linearized (L) and double-digested (R). Restriction digests
were performed as described in Section 3.1.3.2 using the following restriction enzymes:
eGFP/MN501A1 L: NheI-HF and R: NheI-HF + SalI-HF & CMV/eGFP/MN501A1 L: SalI-HF
and R: SalI-HF + SpeI-HF.

4.6.2 Preparation of Minicircle DNA

McDNA was prepared as described in Section 3.1.4 and analyzed using restriction digest
(Section 3.1.3.2) and agarose gel electrophoresis (Section 3.1.1, 2% agarose gel) (Figure
4.33).

McDNA preparations were shown to contain almost exclusively mcDNA in the supercoiled
together with minimal amounts of mcDNA in the open-circular conformation, which is
desirable as the supercoiled pDNA conformation has been shown to be most efficient for
transfection purposes due to its ability to reach the perinuclear region (Cherng et al. 1999;
Remaut et al. 2006; Weintraub et al. 1986). The FDA recommends >80% supercoiled
plasmid content for industrially produced therapeutic pDNA (FDA 2007), both mcDNA
preparations clearly meet these requirements. Comparing the feeding solution (FS) added
to the SEC column and the collected fraction (F), it is clear that both genomic DNA and
parental plasmid contamination (above the mcDNA bands) and RNA (large, smeared band
in the lower part of the gel) were successfully removed by SEC. Linearization confirmed
the total size of the mcDNA vectors, the integration of both the promoter and the eGFP
sequence flanked by the introduced restriction sites was confirmed by parallel digestion
using three restriction enzymes (Figure 4.33)
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HLP/hFIX/MN501A1
R1 R2 R3 L

10 kb
6 kb

3 kb
2 kb

1.5 kb
1.0 kb

8 527 bp
6973 bp
5661 bp
5417 bp
2866bp
3 110 bp
1 554bp

HLP/eGFP/MN501A1
L R

10 kb

6 kb

3 kb

6 124 bp
5 197 bp

Figure 4.32: Quality control of constructs HLP/hFIX/MN501A1 and HLP/eGFP/MN501A1. Prepa-
ration and labeling as given in Section 4.31 description. The following restriction
enzymes were used: HLP/hFIX/MN501A1 R1: SalI-HF + SpeI-HF, R2: XbaI-HF, R3:
NheI-HF, and L: XbaI-HF & HLP/eGFP/MN501A1 L: NheI-HF and R: NheI-HF + AatII.

MC-eGFP
FS F L R

10 kb

3 kb
2 kb

1.2 kb
1.0 kb

700bp
500bp

2602bp

1 343bp

743bp

516 bp

MC-HLP/eGFP
FS F L R

10 kb
3 kb
2 kb

1.2 kb
1.0 kb

700bp

500bp

1 906bp
1 644bp

897 bp
747 bp

280bp

Figure 4.33: Quality control of producedmcDNAMC-eGFP andMC-HLP/eGFP. Name of constructs
are given on top of each panel. Leftmost lane: 1 kB Plus DNA ladder; FS: feeding
solution for SEC; F: collected fraction containing mcDNA, concentrated and desalted;
L: linearized mcDNA; R: triple-digested mcDNA. Restriction digests were performed
using the following restriction enzymes: MC-eGFP L: NheI-HF & R: NheI-HF + SpeI-HF
+ SalI-HF; MC-HLP/eGFP L: NheI-HF & R: NheI-HF + SpeI-HF + AatII.
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4.6.3 Optimization of DNA Vector

Table 4.5: Overview of GFP-encoding pDNA vectors tested in vitro.

Name Size (bp) Promoter GFP variant Antibiotic resistance

pEGFP-N3 4729 CMV enhancer + promoter eGFP Kanamycin
NP-eGFP 2487 CMV enhancer + promoter

+ HTLV-I R
eGFP none

MN601A1 5562 CMV promoter copGFP Kanamycin
MC-GFP 1523 CMV promoter copGFP none
CMV/eGFP/

MN501A1
6640 CMV enhancer + promoter eGFP Kanamycin

MC-CMV/GFP 2602 CMV enhancer + promoter eGFP none
HLP/eGFP/

MN501A1
5944 HL promoter eGFP Kanamycin

MC-HLP/eGFP 1906 HL promoter eGFP none

A set of GFP-encoding pDNA vectors varying in size, promoters, GFP variants and the
presence of antibiotic resistance genes in the pDNA (Table 4.5) were investigated for their
influence on transfection efficiency in vitro in cell lines A2058 and Huh-7 (Figure 4.34).

Higher transfection efficiencies were achieved by mcDNA vectors in comparison with
their parental plasmids (MC-GFP vs. MN601A1, MC-CMV/eGFP vs. CMV/eGFP/MN501A1,
and MC-HLP/eGFP vs. HLP/eGFP/MN501A1), although not statistically significant in all
cases. This confirms the results of various authors (Chen et al. 2003; Florian et al. 2021;
Munye et al. 2016). It should be noted that the study design allows further explanations for
these observations besides the pure vector length. On the one hand, the varying quality of
the pDNA preparations with a higher proportion of the preferred supercoiled conformation
in the mcDNA preparations, and on the other hand, the correspondingly higher amount
of complexing peptide scaffold in the larger parental plasmids and possibly associated
toxicity (see Section 4.4.3) could have contributed to the superiority of the smaller vectors.
However, the larger amount of peptide scaffold per plasmid molecule also results in a larger
amount of complexed SO1861, which should contribute to increased transfection efficiency
of the larger vectors due to its eee properties.

Liver-specific expression by incorporation of the HL promoter was evident to some
extent but cannot be confirmed in the absoluteness described by McIntosh et al. (2013).
Whereas transfection efficiency in the non-target cell line was significantly reduced by
replacement of CMV enhancer + promoter with HL promoter, the reduced transfection
efficiency similarly observed in the target cell line Huh-7 was not significant. Furthermore,
for the interpretation of the achieved transfection efficiency of 31% for MC-HLP/eGFP in
the non-target cell line A2058, the generally easy transfectability of this cell line has to be
taken into account.
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Figure 4.34: In vitro transfection efficiency of nanoplexes formulated with different GFP-encoding
pDNA vectors in cell lines A2058 and Huh-7. To minimize other factors influencing
transfection efficiency, all nanoplexes were formulated with K16Ceq0.25 at N/P 10,
and the molar amount of transfected pDNA per well was kept constant at 65 fmol
(= 100 ng NP-eGFP). Transfection was performed and evaluated as given in sections
3.5.2 and 3.5.3. Bar width indicates mean of three independent experiments, error
bars show standard deviation. Significant differences were calculated with unpaired,
two-sided Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001.

The nanoplasmid™ vector NP-eGFP achieved highest transfection efficiencies in both
cell lines. The comparison with MC-CMV/eGFP, which is of approximately the same size
but lacks the incorporation of the human T-lymphotropic virus type I region (HTLV-I R),
confirms the increased transgene expression of the combined CMV-HTLV-I R promoter
(incorporation of HTLV-I R as part of exon 1 and intron 1 downstream of the CMV promoter)
in NP-eGFP described by Luke et al. (2010).

Examination of expression kinetics after transfection with NP-eGFP or pEGFP-N3 revealed
no clear differences with respect to the detection of first eGFP-positive cells. However, for
NP-eGFP, an increase in eGFP-expressing cells was shown up to 72h after transfection,
whereas for pEGFP-N3 transfection, no further increase of transfection efficiency was
observed from 48h after transfection (Figure 4.35). One possible explanation for this
observation is the increased mRNA translation efficiency described for the incorporation of
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Figure 4.35: Kinetic profile of eGFP expression after transfection with pEGFP-N3 and NP-eGFP in
cell lines A2058 and Huh-7. Fluorescence coverage is indicating the share of eGFP-
expressing cells and was calculated as described in Section 3.5.3. Data acquisition
and image analysis was done with constant settings within each cell line to ensure
comparability of the results. n=1.

the combined CMV-HTLV-I R promoter by Luke et al. (2010). In addition, due to the longer
extragenic spacer length, transgene silencing as discussed in Section 1.1.2 is expected to
be much more pronounced in the case of pEGFP-N3. The absolute fluorescence coverage
values shown in Figure 4.35 are lower than the transfection efficiencies determined by flow
cytometry analysis due to the much less sensitive evaluation in the fluorescence microscope.

As described in detail in Section 1.1.2.1, the minimized bacterial backbone, the resulting
reduced immunogenicity, and the absence of antibiotic resistance-conferring gene sequences
are further advantages of the minimized nanoplasmid™ and mcDNA vectors, especially
for in vivo applications, in addition to their reduced size. As evident from the previous
sections, commercially available nanoplasmid™ vectors were ultimately used for the in
vivo studies within this thesis. In addition to their superior transfection performance, the
time-consuming nature and low yields of mcDNA production led to this decision. All basic
physicochemical and in vitro studies, on the other hand, were performed with pEGFP-N3, as
this could be produced inexpensively in sufficient quantities in-house (see Section 3.1.3.5).

Summary

• McDNA vectors encoding eGFP under control of CMV enhancer + promoter and
HL promoter were produced in high purity with >80% supercoiled conforma-
tion.

• Reducing the size of the pDNA while maintaining the sequences of the promoter
and transgene significantly increased the transfection efficiency (constant molar
amount of pDNA).

• Nanoplasmid™ vectors achieved highest transfection efficiency due to the incor-
poration of the combined CMV-HTLV-I R promoter.
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5 Conclusion and Outlook

The objective of the scientific work presented in this thesis was to develop an optimized
targeted non-viral gene delivery vehicle incorporating a pDNA vector, a polymeric molec-
ular carrier, the endosomal escape-enhancing (eee) triterpenoid saponin SO1861, and a
targeting ligand as an i.v. injectable one-component formulation. The goal was for the
gene delivery vehicle to exhibit efficient and stable nucleic acid complexation, appropriate
size, size distribution and surface charge, high transfection efficiency in vitro and in vivo,
good tolerability in vitro and in vivo as well as selective delivery to target tissues.

To achieve this goal, a PLL-derived peptide scaffold was designed to contain not only
a K16-motif for nucleic acid complexation, but also one cysteine for covalent conjugation
of SO1861-EMCH via Michael-type thiol-maleimide addition, and an azidolysine, whose
azide group is accessible for conjugation of a DBCO-functionalized ligand using SPAAC.

Using the optimized reaction conditions for thiol-maleimide addition, SO1861-equipped
peptide scaffolds carrying either 0.25 or 0.5 equivalents of covalently conjugated SO1861-
EMCH molecules per peptide molecule were obtained. After purification by anion-exchange
chromatography, the peptide-triterpene conjugates were found free of unreacted SO1861-
EMCH. The SO1861-equipped peptide scaffolds were able to efficiently condensate pDNA
(≥98% at N/P 10) and the resulting nanoplexes exhibited appropriate sizes (Dhs≤160nm),
low-to-moderate Pdis of 0.1 to 0.4, moderately high ζ-potentials of ≈30mV, and adequate
stability for 48 h incubation at room temperature.

The conjugation of SO1861-EMCH to the peptide scaffolds forming the nanoplexes
significantly increased the in vitro transfection efficiency of the nanoplexes, while exposure
to the SO1861-equipped nanoplexes was well tolerated. The comparison of equal amounts
of nanoplex-conjugated and externally supplemented SO1861-EMCH revealed a clear
superiority of the single-component formulation over the previously practiced combinatorial
sapofection approach of parallel application of the nanoplexes and the saponin. These
effects were demonstrated in numerous cell lines, highlighting the universal applicability
of the developed saponin-containing nanoplexes for transfection of cells of different origin.
The higher activity of nanoplex-conjugated SO1861-EMCH was hypothesized to be due to
higher concentrations of SO1861-EMCH in the endosomes. This hypothesis was supported
by earlier endosomal release of the SO1861-containing nanoplexes and slightly increased
toxicity of nanoplex-integrated SO1861-EMCH.

As shown exemplary for EGF, conjugation of a DBCO-functionalized targeting ligand
via SPAAC resulted in targeted, SO1861-equipped nanoplexes. These ligand-decorated
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nanoplexes exhibited a strong aggregation tendency. Their transfection efficiency in non-
target and target cells was significantly reduced at ligand loadings high enough to suppress
unspecific, non-receptor-mediated internalization in non-target cell lines.

Short peptide sequences were identified as alternative, less bulky targeting motifs. Their
incorporation into the nanoplexes was achieved by linking the targeting sequence to a
DNA-complexing K16-motif. The parallel use of the targeting peptide and the SO1861-
equipped peptide scaffold for DNA complexation enabled the preparation of peptide-
targeted nanoplexes including conjugated SO1861-EMCH as endosomal escape enhancer
(EEE). The introduction of the targeting peptide pepY further enhanced the transfection
efficiency in vitro.

A pepY-SO1861-nanoplex (NP-Sap complexed with 70% pepY and 30% K16CPEGeq0.5)
and a control nanoplex lacking the conjugated SO1861-EMCH (pepY-nanoplex), both
carrying pDNA encoding the cytotoxic protein saporin were tested for their anti-tumor
efficacy in vivo in a mouse neuroblastoma model. The integration of SO1861 into the
nanoplex eliminated the need to harmonize different biodistribution and application routes
for two components, as required by the previously used combinatorial sapofection process.
The pepY-nanoplexes were shown to encapsulate ≈97% of the DNA. Diameters of 30 nm
to 100nm and spherical shape were observed by electron microscopy. The pepY-SO1861-
nanoplexes proved to be i.v. injectable and well-tolerated in vivo in mice. In the allograft
model with an aggressively growing neuroblastoma (Neuro-2a) tumor, treatment with
the pepY-SO1861-nanoplexes and the pepY-nanoplexes resulted in slower tumor growth,
with the SO1861-containing nanoplexes being more effective. Improved survival rates in
the treatment groups compared to the vehicle control further confirmed the anti-tumor
efficacy.

Returning to the goal of this work, the intended development of an optimized non-
viral gene delivery system was successful with minor deviations from the original plan.
The conjugation of a protein as a targeting ligand proved to be difficult. Nevertheless,
i.v. injectable and effective SO1861-containing targeted nanoplexes were prepared by
integrating a targeting peptide sequence.

The present work is the first report of successful gene delivery using a covalently con-
jugated triterpenoid saponin as EEE and provides evidence for the safety and efficacy of
the prepared SO1861-peptide conjugates for improved gene delivery. Since the exchange
of the therapeutic DNA vector is easy to implement, this is of interest not only for the
treatment of cancer, but also for other indications that can be treated by gene therapeutic
approaches. The conjugates presented here are the first representatives of a new class of
compounds that offer numerous opportunities for optimization.

Manipulation of the nanoplex surface, e.g. by extensive PEGylation could lead to
increased stability of the nanoplex suspension in ionic solutions. In addition, PEGylation
is described to prolong blood circulation, which could consequently improve the efficacy
of delivery. The efficacy of targeted delivery could also be improved by using alternative
peptide ligands such as GE11 to target the EGFR.
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The use of other triterpenoid saponins with eee properties and better activity-to-toxicity
ratio, such as AG1856, as well as optimization of the linker chemistry (e.g., degradation
by lysosomal enzymes or reductive environment, improvement of pH-triggered release in
acidic environment) between saponin and peptide is conceivable.

In addition, the use of the presented saponin-peptide conjugates for the delivery of
other nucleic acids such as mRNA is a plausible option. This would eliminate the need for
nuclear delivery, thereby extending the applicability of the described gene delivery vehicle
to non-dividing cells.

Finally, the optimized reaction conditions for the thiol-maleimide addition, together with
the developed protocol for the removal of unreacted SO1861-EMCH, allow the use of an
excess of SO1861-EMCH for the peptide functionalization reaction in future studies. In
addition, since conjugation of a targeting ligand via SPAAC has not proven to be successful,
the azidolysine in the peptide sequence could be omitted, allowing the use of TCEP for
disulfide reduction prior to the conjugation of SO1861-EMCH. Implementation of these
changes could allow the production of a simple K16-derived peptide with exactly one saponin
molecule per peptide. The use of this peptide for the production of mixed nanoplexes would
allow for a higher proportion of the targeting peptide and consequently a potentially better
targeting effect. The production of this stoichiometrically precisely characterizable peptide
would also permit the formulation of nanoplexes with higher saponin concentrations and
therefore the optimization of the amount of saponin over a wider mass range.
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7 Appendix

7.1 Organ Weights of Mice

Table 7.1: Organ weights of mice included in the in vivo efficacy study. Liver, spleen, and kidney of
three mice from each the vehicle control group (indicated by C in the column header)
and the pepY-SO1861-nanoplex-receiving treatment group (indicated by T in the column
header) were removed and immediately frozen in liquid nitrogen. After thawing, the
organs were carefully dissected and weighed. Organ weights are given in mg.

Organ C1 C2 C3 T1 T2 T3

liver 311.1 313.4 341.0 636.1 565.3 599.8
spleen 220.8 254.7 198.3 249.4 186.8 221.1
kidney 228.0 197.1 203.3 244.9 208.1 198.1

7.2 MALDI-Spectra of Peptide Batches

For all batches of SO1861-equipped peptide scaffolds, successful conjugation of SO1861-
EMCH to the peptide was confirmed using MALDI-TOF-MS as the following spectra indicate.
The peptide, batch, matrix and mode of MALDI-measurement are given below each spec-
trum. Peaks with Δm/z=–129 relative to the peptide peaks represent peptides which lost
one lysine. Peaks with Δm/z=≈+208 relative to the peptide peak represent the addition
of the matrix substance SA. Peaks with Δm/z=≈ –909 relative to the conjugate peaks
represent peptide-SO1861-conjugates which lost the sugar chain at C-28.
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K16C
K16C-dimer

K16C batch MT10, matrix HCCA, linear mode, m/z reported as [M+H]+ (average)

K16C

K16C-dimer

K16C batch MT20, matrix HCCA, linear mode, m/z reported as [M+H]+ (average)

K16C K16C-dimer

K16C batch MT30, matrix HCCA, linear mode, m/z reported as [M+H]+ (average)
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K16C
K16C-SO1861

K16Ceq0.25 batch MT11, upper panel: matrix SA, reflector mode, m/z reported as [M+H]+ (mono-
isotopic), lower panel: matrix HCCA, linear mode, m/z reported as [M+H]+ (average)

K16C

K16C-SO1861

K16Ceq0.25 batch MT24, upper panel: matrix SA, linear mode, m/z reported as [M+H]+ (average),
lower panel: matrix HCCA, linear mode, m/z reported as [M+H]+ (average)
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K16C
K16C-SO1861

K16Ceq0.25 batch MT31, upper panel: matrix SA, linear mode, m/z reported as [M+H]+ (average),
lower panel: matrix HCCA, linear mode, m/z reported as [M+H]+ (average)

K16C

K16C-SO1861

K16Ceq0.5 batch MT25, upper panel: matrix SA, linear mode, m/z reported as [M+H]+ (average),
lower panel: matrix HCCA, linear mode, m/z reported as [M+H]+ (average)
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K16CPEG

K16CPEG-dimer

K16CPEG batch MT26, upper panel: matrix HCCA, linear mode, m/z reported as [M+H]+ (average),
lower panel: matrix SA, linear mode, m/z reported as [M+H]+ (average)
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K16CPEG

K16CPEG-dimer

K16CPEG batch MT33, upper panel: matrix HCCA, linear mode, m/z reported as [M+H]+ (average),
lower panel: matrix SA, linear mode, m/z reported as [M+H]+ (average)
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K16CPEG K16CPEG-SO1861

K16CPEGeq0.25 batch MT28, upper panel: matrix HCCA, linear mode, m/z reported as [M+H]+
(average), lower panel: matrix SA, linear mode, m/z reported as [M+H]+ (average)

K16CPEG K16CPEG-SO1861

K16CPEGeq0.5 batch MT29, upper panel: matrix HCCA, linear mode, m/z reported as [M+H]+
(average), lower panel: matrix SA, linear mode, m/z reported as [M+H]+ (average)
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K16CPEG K16CPEG-SO1861

K16CPEGeq0.5 batch MT32, upper panel: matrix HCCA, linear mode, m/z reported as [M+H]+
(average), lower panel: matrix SA, linear mode, m/z reported as [M+H]+ (average)
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7.3 Kinetics of Transfection with PepY-SO1861-Nanoplex

A time-lapse video of fluorescence micrographs recorded during transfection of Neuro-
2a cells with pepY-SO1861-nanoplexes (NP-eGFP complexed with 70% pepY and 30%
K16CPEGeq0.5) was uploaded associated with this document.
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